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Abstract: The construction sector, a significant consumer of energy, possesses the potential to realize
substantial environmental and economic advantages through the adoption of innovative technologies
and design approaches. Notably, the Passive House standard, exemplified by energy-efficient single-
family homes, emerges as a prominent solution. This study analyzes five external wall systems
across multiple stages: (i) a literature review and examination of external wall techniques within the
passive standard, utilizing the Passive House Database; (ii) a material and technological assessment
of three wood-based and two masonry constructions; (iii) an in-depth thermal performance analysis
of selected external partitions; and (iv) a Life Cycle Assessment (LCA) of the external wall systems.
Our findings indicate that among the single-family homes built to the passive standard, 50.94%
utilized timber constructions, while 34.21% employed masonry. Thermal analysis revealed that
the masonry wall, EW-M-01, exhibited superior thermal efficiency with a heat transfer coefficient
(U-value) of 0.0889 W/m2K. Meanwhile, the wooden wall, EW-T-01, led its category with a U-value of
0.1000 W/m?K. The LCA highlighted that the wooden wall EW-T-02 presented the lowest integrated
non-renewable energy demand (PENTR) at 425.70 MJ /kg and the most favorable Global Warming
Potential (GWP), with a reduction of 55.51 kg CO,e. Conversely, the masonry wall EW-M-01 recorded
the highest energy demand and CO,e emissions, at 780.96 MJ /kg and 90.59 kg COye, respectively.
Water consumption was lowest for the EW-T-02 wooden wall (0.08 m®) and highest for the EW-M-02
masonry wall (0.19 m?). Conclusively, our analysis of passive house external walls demonstrates that
wood-based systems offer superior performance in terms of materials, thermal efficiency, and LCA
indicators, positioning them as the preferred option for sustainable passive construction.

Keywords: passive building design; energy efficiency; Life Cycle Assessment (LCA); green building;
carbon footprint; sustainable architecture; thermal performance

1. Introduction

Today’s challenges in securing energy supply for the construction sector include a
number of problems such as scarcity of raw materials, limited supply availability, and
significant price fluctuations [1,2]. These challenges are linked to the meeting of a wide
range of societal needs, including the three traditional dimensions of a sustainable energy
system: environmental balance, energy security, and economic stability [3]. The problems
of energy security for the construction sector are exacerbated by the increasingly visible
effects of climate change, which has a significant impact on this sector [4,5]. In 2022, the
construction sector will account for 34% of total global energy demand, resulting from both
operational emissions from the use of building services and emissions associated with the
production of building materials. The share of this sector in global energy consumption
is significant, reaching about one third of the total demand [6,7]. A detailed analysis
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shows that emissions from the operation of buildings account for 26% of total emissions,
while emissions from the production of materials such as cement, steel, and aluminium
account for 7% [8]. These data underline the need to seek energy savings and to implement
sustainable methods of energy production in order to reduce the negative impact of human
activity on the environment [9-12].

As a major energy consumet, the building sector has the opportunity to achieve sig-
nificant environmental and economic benefits through the implementation of modern
technologies and design practices [13]. In particular, these changes are expected in technolo-
gies for heating and cooling buildings, which account for 40-50% of the total global final
energy demand of buildings [14]. In this context, an increasing number of investors are
paying attention to the realization of buildings characterized by reduced energy demand
and the possibility of economic use [15-17]. An example of this thinking is the concept of
passive buildings, which set new standards in sustainable design due to their exceptionally
low energy consumption for heating and cooling. It is estimated that passive buildings can
save 80-90% of operating energy compared to standard buildings, depending on the climate
zone [18,19]. Passive houses, with their unique architecture and use of innovative technolo-
gies, provide comfortable indoor conditions in both summer and winter without the need
for traditional heating or cooling systems. Often, a suitable membrane used in the wall
construction is sufficient to provide durable protection to the wall structure and improve
thermal insulation efficiency [20]. A key aspect of achieving such high energy efficiency is
maintaining the thermal load of the building at a level not exceeding 10 W/m? [19,21]. The
application of strict criteria in passive houses, such as limiting the annual heating demand
to about 15 kWh/(m? /year), significantly reduces the need to use external energy sources.
Achieving energy efficiency requires an integrated design approach, taking into account
the site, the orientation of the building relative to the compass, the foundation methods,
as well as the use of advanced insulation materials and airtightness [21-24]. In addition,
the design of passive houses often incorporate renewable energy sources, such as solar
panels or heat pumps. Such solutions allow not only a significant reduction in the carbon
footprint, but also a reduction in the operating costs associated with heating and cooling
the building. This is confirmed by a study conducted by Oddbjern [25], according to which
the use of passive internal building partitions in combination with a heat pump system can
provide savings of almost 40% compared to electrically heated houses.

Energy-efficient construction, with a particular focus on passive buildings, is a key
element of strategies to reduce energy consumption and greenhouse gas emissions in the
construction sector [26,27]. Passive buildings can reduce cooling requirements in multi-
storey residential buildings by up to 36.8% due to their unique construction and applied
building solutions, including external partitions [28]. The savings in energy consumption
are significant, but a full environmental impact also requires consideration of information
on the building materials used [29,30]. A holistic approach to analyzing such buildings,
taking into account their impact on the natural environment throughout their life cycle, is
possible through the application of Life Cycle Assessment (LCA) methodology [31-34]. The
LCA method allows a thorough assessment of the environmental footprint of a building,
covering all stages from the extraction of raw materials, production of building materials,
construction, and operation to demolition and recycling [35-37]. Such a comprehensive
analysis enables not only an understanding of the direct energy savings resulting from the
use of the building, but also an assessment of its overall environmental impact, which is
crucial for promoting sustainable development in the construction sector [38,39]. Build-
ings constructed in accordance with the principles of the passive construction standard
can significantly contribute to the reduction of greenhouse gas emissions, as confirmed
in LCA, particularly in the building use phases defined as B1 to B6. Passive houses are
designed to maximize their energy efficiency, allowing for heating, cooling, and the produc-
tion of domestic hot water with minimal energy consumption, often utilizing renewable
sources [40,41]. This directly results in lower greenhouse gas emissions during phases
Bl—building use, B6—energy use, and B7—water use. LCA analyses show that passive
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buildings have a significantly lower energy demand compared to traditionally constructed
buildings, which directly contributes to the reduction of CO,e emissions. This is possible
thanks to the use of advanced insulation solutions, air tightness, and the optimization
of natural light and heat. Moreover, careful design and construction in accordance with
the rigorous standards of passive buildings, the use of high-quality building materials,
and modern technologies are crucial for increasing the durability of the building and
its components, positively impacting LCA phases such as B2—maintenance, B3—repair,
B4—replacement, and B5—renovation [42,43]. Thus, passive construction not only offers
benefits in terms of energy efficiency and occupant comfort but also plays a significant
role in strategies to reduce the construction sector’s impact on climate change. By ap-
plying the principles of passive construction, it is possible to significantly lower CO,e
emissions over the entire life cycle of the building, making these technologies and design
approaches key elements in the pursuit of sustainable development and environmentally
friendly construction.

The aim of this publication is to carry out an environmental assessment of the materials
used in the construction of external walls of passive single-family dwellings, considering
different technologies and material configurations. The publication serves as a supplement
to other research in the field of environmental LCA studies conducted for buildings con-
structed to passive house standards. A publication by Kylili et al. [44], which presents the
LCA of a passive house in a subtropical climate zone, suggests that additional insulating
materials in the building’s wall systems do not significantly affect the energy embodied
in the building. On the other hand, Utama et al. [45] highlight that the construction costs
of external walls can account for up to 50% of a passive house’s budget; also considering
their lifespan, they constitute a significant element of a single-family building. Therefore,
the current state of research, well indicated by Palumbo [46], shows that passive buildings
should take into account not only the energy efficiency of these materials and devices but
also the environmental profiles of the materials they are made from. LCA analysis will
make it possible to evaluate and compare different methods of constructing external walls
in terms of their environmental impact. The research focuses on identifying materials and
construction solutions that provide optimal thermal insulation and minimize negative
impacts on the natural environment. This publication aims to provide best practice in the
design and implementation of passive buildings, which can serve as a model for future
construction projects aiming to achieve high energy efficiency and low environmental
impact. By analyzing various material options for external partitions, this work contributes
to the development of knowledge on sustainable construction and promotes an approach
that combines economic benefits with environmental protection.

2. Materials and Methods

In this article, the methods of implementing external walls of single-family buildings
in the energy-efficient passive standard were analyzed. The research was conducted in the
following stages (Figure 1).

e Stage 1. Literature analysis and technical methods of implementing external wall
systems in the energy-efficient passive standard. For this purpose, the Passive House
Database (https:/ /passivehouse-database.org), managed by the Passive House Insti-
tute, Passivhaus Dienstleistung GmbH, Darmstad, Germany, IG Passivhaus Deutsch-
land, and the iPHA (International Passive House Association) was analyzed. Based
on the analysis of the database of examples of single-family buildings in the energy-
efficient passive standard, it appears that in over 85% of cases, the most commonly
used types of construction are wooden (50.94%) and masonry (34.21%) (Results 3.1).

e  Stage 2. External partitions. In this part of the research, a material and technological
analysis of external walls in realized passive homes using wooden and masonry
technology was conducted. This part of the study presented five typical types of
external wall partitions used in the construction of passive homes—three wooden
partitions and two in masonry technology (Results 3.2).
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e  Stage 3. Thermal analysis of external partitions. Additionally, to obtain more accurate
results, calculations of the heat transfer coefficient of walls and temperature distri-
bution in the partition using the Finite Element Method (FEM) were conducted with
THERM 7.7 software. These results are a key source of information about the thermal
performance of external partitions, which is significant for designing buildings with
high energy efficiency (Results 3.3).

e  Stage 4. Environmental LCA studies. The LCA analysis was conducted in accordance
with the EN 15978 standard [47]. The authors applied the cradle-to-gate methodology
for the product phase: Al (raw material extraction), A2 (transport to the production
site), A3 (product production). The research analyzed emissions generated by the
building materials used in the external wall partitions as specified in Tables 2 and 3.
Table 4 contains a summary of the building materials used in the partitions. Meanwhile,
information about the emissivity of materials was obtained from the public database
OKOBAUDAT [48], which is in accordance with the EN 15804+A2 standard [49]
(Results 3.4).

Stage 1.
[
| ‘ LITERATURE REVIEW DATABASE REVIEW
[
[ ‘ 51% OF BUILDINGS IN WOODEN ‘34% OF BUILDINGS IN BRICK ‘ OTHER ‘
| TECHNOLOGY TECHNOLOGY
.5 8 3 g 8 J
= = = =
v T 0 T Stage 2.
lE 5 i & &

|
| ‘ ANALYSIS OF EXTERNAL WALL CONSTRUCTION SYSTEMS ‘

|
’ ANALYSIS OF THE U-VALUE OF HEAT TRANSFER

o L L s

|
| ’ ENVIRONMENTAL LIFE CYCLE ASSESSMENT

RESULTS

Figure 1. Methodology scheme. The abbreviations EW-T-01, EW-T-02, EW-T-03, EW-M-01, EW-M-02
refer to the case studies described in Section 3.2.

To conduct environmental studies in construction, the Life Cycle Assessment (LCA)
analysis method is becoming increasingly common practice. The basis for the studies are
the ISO 14040 [50] and ISO 14044 [51] standards, which are key standards concerning the
assessment in studies of the carbon footprint of buildings and building materials [52]. The
LCA analysis method is a comprehensive research method that considers all stages of
a building’s life cycle: from raw material acquisition, through production, construction,
and use, to demolition and recycling [53,54]. The LCA method is widely used in studies
of buildings” carbon footprint due to its holistic approach and consideration of many
aspects [55-57].

In this publication, the LCA method was applied to conduct environmental impact
studies of analyzed building partitions: (i) three in wooden construction and (ii) two in
masonry construction. Following the LCA methodology guidelines, the studies consist of
the following stages:

e  Defining the goal and scope. In accordance with the guidelines of the ISO 14040
standard [50], this part of the study should define:

O The intended application. The main goal of the LCA study is to compare five
external wall building partitions used in single-family residential construction
in the passive (energy-efficient) building system. The authors applied the
cradle-to-gate methodology for the product phase: Al (raw material extraction),
A2 (transport to the production site), A3 (product production). The scope of the
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study includes three external wall partitions in wooden construction (named:
EW-T-01, EW-T-02, and EW-T-03) and two partitions in masonry construction
(named: EW-M-01 and EW-M-02). A detailed listing of building materials and
information about their thickness are described in Tables 1 and 2. The sample
for the study is a rectangular prism being a fragment of the analyzed external
wall, according to Figure 2.

O Reasons for carrying out the study. The main reason for conducting the study
is the need to understand and assess the environmental impact of different
external wall constructions used in single-family residential construction. The
LCA method allows for a holistic approach to analysis, covering various aspects
of the carbon footprint of buildings and building materials, in accordance with
ISO 14040 [50] and ISO 14044 [51] standards.

O The audience. The research is directed to a wide audience in the construction
industry, including designers, engineers, contractors, and institutions regu-
lating building standards. Additionally, the results of the study may interest
researchers and ecologists focused on sustainable development and minimizing
the impact of construction on the environment.

O Whether the results will be used in a comparative assertion released publicly.
The results of the study will be made publicly available and may be used for
further research. The conducted studies are of a public nature, with no private
client for the research.

Inventory Analysis. At this stage, a detailed analysis of the building materials used in
the construction was conducted. For this purpose, the publicly available OKOBAU-
DAT database [48], in accordance with the EN 15804+A2 standard [49], was referenced.
The OKOBAUDAT platform, provided by the Federal Ministry for Housing, Urban
Development, and Construction, serves as a standard database designed to facili-
tate ecological assessments of buildings. This comprehensive platform is integral in
promoting sustainable construction practices, as it offers valuable data on the envi-
ronmental impact of various building materials and components. It provides access
to a wealth of information, including Life Cycle Assessment (LCA) results and other
relevant environmental data. Table 4 contains a compilation of the building materials
used in the partitions. It should be noted that this method refers exclusively to the
embodied impact (embodied carbon footprint).

Impact Assessment. The environmental impact assessment of the building’s external
wall samples includes a compilation of three environmental issues: (1) Total consump-
tion of non-renewable primary energy (PENRT), expressed in MJ; (2) Emission of
Global Warming Potential (GWP), expressed in kg CO,e; and (3) Net water consump-
tion (FW), expressed in m3.

Data Interpretation. Identifying significant issues for the presented LCA studies of
building partitions in passive (energy-efficient) buildings concerns three partitions
in wooden construction and two in masonry construction. The configuration of the
layer system in the walls and selected building materials were prepared by the study’s
authors. In comparative studies of research results with other authors’ findings, it
should be considered whether it is possible to compare these partitions regarding the
layout and thickness of layers or the material used. Next, the source of data on the
emissivity of building materials should be compared. The OKOBAUDAT database
focuses on the reliability of information provided by manufacturers of building materi-
als used in Germany, but also in parts of Europe (including Poland). Compiling study
results with publications based on data from other countries or parts of the world can
be significantly different due to factors including the production process, the source of
the raw material, and transportation.
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Table 1. Emissions produced by construction materials, data source [48].
Embodied Ener Carbon Data
; ; ; 3 8y 3
Material Unit Density (kg/m”) (MJ) PENRT A1-3 (kg CO/unit) Water m
Construction timber kg/m3 492.92 1142.7 —671.84 0.1558
Internal gypsum plaster kg/ m3 1000.00 87.27 119.40 0.2412
Steel galvanized kg 7850.00 25.86 2.78 0.0031
Gypsum plaster board kg/m? 10.00 35.23 1.67 0.0094
SwisskronO OSB kg/m3 614.50 3950.00 —890.00 0.7980
Stone wool insulation kg/m?> 155.00 1836.00 196.60 0.4590
PE foil dimpled kg/m? 1.20 114.70 412 0.0161
Cross-laminated timber CLT kg/m3 489.41 1851.91 —659.8 0.3983
Silicone resin plaster kg 13.79 0.6921 0.0219
Wood fiber insulation 3
(wood-based panels) STEICO kg/m 60.00 1065.50 —28.27 0.22465
Plywood of hardwood veneer kg/ m3 796.24 6212.55 —914.83 1.4789
Expanded polystyrene (EPS), gray kg/m3 15.00 1439.73 58.61 0.2822
Lime cement mortar kg/m3 1800.00 823.93 187.7 0.4509
Sand-lime brick kg/m3 2000.00 2219.37 305.53 0.04119
AAC block kg/m3 - 1225.00 171.49 0.41376
DIMENSIONS:
LT T a=60.00 cm
L ’ b =EW-T-01=48.25 cm
C EW-T-02 = 42.25 cm
3 EW-T-03 =43.75 cm
N5 b EW-M-01 = 62.00 cm

EW-M-02=57.00 cm

¢=100.00 cm

Figure 2. Diagram of the research sample.

3. Results
3.1. Database of Analyzed Passive Energy-Efficient Buildings

Within the scope of this research, an analysis of single-family homes built in energy-
efficient passive construction technology was conducted. Data concerning these buildings
were verified and sourced from the publicly accessible “Passive House Database” [58]. The
database contains information about buildings varying in many aspects—f{rom function,
through sizes, to location. For the purposes of this research, buildings were selected for
analysis that meet specific criteria: (i) the primary function of the building is residential,
(ii) the maximum size is 2 stories, additionally, it may contain a usable attic, and
(iii) availability of complete data about their structural layout. The publication utilized
a division into construction types of buildings, which was previously established by the
authors of the “Passive House Database” [58]. Five types of construction, representative
for single-family residential buildings in the passive standard, were distinguished:

e Insulated Concrete Forms, ICF: This construction type uses synthetic material forms
that serve as permanent insulation for concrete walls. ICFs provide excellent thermal
and acoustic insulation and are exceptionally resistant to external factors, such as
extreme weather conditions or pests.

e  Masonry Construction: These constructions rely on the use of bricks, concrete blocks,
or other masonry materials. They are valued for their durability, fire resistance, and
thermal mass, which helps maintain a stable temperature inside the building.
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e  Mixed Construction: This category includes buildings that combine different tech-
niques and construction materials, e.g., steel and concrete, wood and brick, etc. Such
a configuration allows for the optimization of the building’s thermal and structural
properties, as well as greater flexibility in design.

e  Steel Construction: Steel is used in both the framework and the external elements of
the structure. It is characterized by high strength, long lifespan, and is often used in
modern construction. Steel constructions can be efficiently insulated and are usually
faster to construct than traditional techniques.

e  Timber Construction: Wood is a renewable resource that, if properly managed, can
be an ecological choice for construction. Timber constructions offer good insulation
properties, are lightweight, and can be relatively quickly assembled. Wood also adds a
natural aesthetic element to the building design.

In Figure 3, the construction types of buildings along with their division into building
types are presented. Each of the building types possesses unique features and advantages
in the context of energy efficiency and application in passive construction. The discussion
of these aspects constitutes an essential part of this research work, allowing for a deeper
understanding and assessment of the efficiency of various construction methods in the
context of achieving high energy savings.

2000
1800 —

1600
1400
5 1000
a 800
8 600
[}
.g 400 —
=1
0 |
insulated masonry mixed steel timber
concrete forms construction construction construction construction
M terraced house 5 138 38 1 95
B semi-detached house 12 113 36 0 100
B two-family house 9 99 21 0 78
single-family house + separate apartment 4 42 13 0 37
B detached single family house 80 967 362 9 1714

Figure 3. Division of construction types in energy-efficient residential construction in the passive
standard, based on the database [35].

Based on the data presented in Figure 3, a clear trend can be observed among in-
vestors in choosing wood-based technology for the realization of single-family residential
construction. Detached single-family houses show a decisive quantitative advantage in
the database, accounting for 3132 of the 3973 buildings in the entire analyzed database.
Detached single-family houses constitute 78.83% of all buildings in the database. Next are
terraced houses, with a quantity of 277 units, accounting for 6.97% of the entire database. A
similar percentage, also 6.57%, is represented by semi-detached houses, with a number of
261 units. These data indicate a lesser, but stable, popularity of this form of residential build-
ings among investors and developers. In the context of the above data, it can be concluded
that the real estate market for single-family residential buildings in the passive standard is
dominated by detached single-family houses in wooden technology, constituting 43.14% of
the database. For buildings of the semi-detached house (2.84%) and terraced house (3.47%)
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0% 10%

types, the greatest interest is in the realization of homes in masonry technology, but it is
worth noting that the quantity is only slightly greater than in wooden technology.

Further quantitative analysis presented in Figure 4 showed that the most commonly
used types of construction are wooden constructions, constituting 50.94% of all analyzed
cases, and masonry with a share of 34.21%.

20% 30% 40% 50% 60% 70% 80% 90% 100%

B insulated concrete forms M masonry construction M mixed construction

M steel construction M timber construction

Figure 4. Percentage share of types of construction systems in the analyzed database of single-family
residential buildings realized in the passive construction standard.

3.2. External Partitions

In the next stage of research, a material analysis of the external walls of single-family
homes in the passive standard, for two construction systems—wooden and masonry, will
be conducted. It is planned to develop and examine three typical types of external wall
partitions for wooden construction and two for masonry construction. This approach was
chosen to provide a focused and detailed examination of these prevalent construction
methods within the context of passive house standards. By focusing on these five walls,
the study aims to cover a broad spectrum of real-world applications and provide insights
that are directly applicable to the majority of passive house constructions. A key element
of the analysis will be the evaluation of the heat transfer coefficient and the distribution
of temperatures inside the partition for the assumed external temperature for each of the
selected partitions, which will allow for determining their energy efficiency and impact on
the overall energy balance of the building. The goal is to identify construction solutions
that provide optimal thermal insulation and minimize heat loss, which is crucial for passive
construction standards.

3.2.1. External Walls in Wooden Construction

External walls in wooden construction are a popular choice for energy-efficient build-
ings, as well as those in the passive standard. Computational and in situ studies confirm a
number of positive properties of such a solution [59-61]. The most frequently discussed
property is thermal resistance, which allows for reducing the thickness of the external wall
partition while maintaining high resistance to heat [62-64]. At the same time, the frame
construction of external walls enables the elimination of thermal bridges, thanks to the
use of additional insulating partitions. The elimination of thermal bridges is one of the
basic design principles of passive buildings [65,66] which enables energy savings. This
dependency was confirmed in the study by H. Zou [67], who examined the walls of a
passive house in a cold region.

In this part of the publication, the authors have conducted a detailed analysis of the
construction solutions applied in the buildings discussed in Section 3.1. Ultilizing their
expertise and a thorough case study of buildings documented in the Passive House Database,
the research team prepared detailed wall sections for buildings meeting passive construction
standards. These sections, precisely described and classified in Tables 2 and 3, contain
comprehensive information on materials, insulation techniques, and construction methods
that are crucial for achieving high energy efficiency and minimizing energy demand in
passive buildings. The work emphasizes the importance of accurate design and precise
execution of construction details, which are key to ensuring the continuity of thermal
insulation and eliminating thermal bridges, essential for meeting the rigorous criteria of
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the passive building standard. The presentation of these sections in Tables 2 and 3 constitutes
a significant contribution to the subject literature, providing practical guidance for designers
and engineers aiming to achieve the highest energy efficiency in construction projects.

Table 2. Cross-sections of external walls in wooden construction.

. ... d A%
Lp. 3D View Description of Layers (mm) (W/mK)
Plasterboard 12.5 0.250
Thermal insulation/ 60 0.039
wooden battens 60 x 60 mm 0.180
EW-T-01 Vapor barrier membrane (airtight layer) - 0.200
CLT wall (5 layers) 100 0.240
Wood fiber insulation 300 0.037
Mineral plaster 10 0.900
Plasterboard 12.5 0.250
Thermal insulation/ 60 0.039
wooden battens 60 x 60 mm 0.180
Vapor barrier membrane (airtight layer) - 0.200
OSB/3 15 0.130
EW-T-02
Thermal insulation/ 160 0.037
Wooden structure 160 x 60 mm 0.180
OSB/3 15 0.130
Thermal insulation—facade wool 150 0.037
Mineral plaster 10 0.900
Plasterboard 12.5 0.250
Thermal insulation/ 60 0.039
wooden battens 60 x 60 mm 0.180
Vapor barrier membrane (airtight layer) - 0.200
EW-T-03 OSB/3 15 0.130
STEICO wall beams
(plywood bottom and top flange of 300 -
I-beam—0.24 W/mK; MDF web—0.18 W/mK)
STEICO protect board 40 0.048
Mineral plaster 10 0.900

* The values of thermal conductivity coefficients come from the standard [68] or declaration of product
performance values.
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Table 3. Cross-sections of external walls in masonry construction.

. - d A*
Lp. 3D View Description of Layers (mm) (W/mK)

Gypsum plaster (airtight layer) 20 0.900

Masonry wall, sand-lime block 240 0.550
EW-M-01

Graphite polystyrene 350 0.033

Mineral plaster 10 0.900

Gypsum plaster (airtight layer) 20 0.900

Masonry wall, aerated concrete 240 0.170
EW-M-02

Graphite polystyrene 300 0.033

Mineral plaster 10 0.900

* The values of thermal conductivity coefficients come from the standard [68] or declaration of product
performance values.

Based on the information provided in Table 2, it can be concluded that proper design
of the external wall in terms of continuous thermal insulation is a key aspect of passive
building construction standards. This is due to their high thermal resistance and the
ability to eliminate thermal bridges, which is key to reducing energy demand for heating
buildings. It is also important to focus on thermal insulation to eliminate potential thermal
bridges [69,70]. The use of additional insulating partitions in the construction of external
walls allows for the elimination of thermal bridges, which is in accordance with the basic
principles of designing passive buildings. The elimination of thermal bridges contributes
to significant energy savings, as confirmed by research. Elimination of thermal bridges
significantly reduces the annual energy demand for heating spaces by 38—42% and reduces
the energy demand for cooling by 8-26% [71]. The presented cross-sections of external
walls represent innovative and ecological construction technologies; in particular, the use of
CLT boards or hard wooden insulation boards, to ensure high energy efficiency and thermal
comfort in buildings [72,73]. Wooden constructions, due to their insulating properties and
the possibility of using ecological insulation materials, represent a promising solution in
the context of sustainable construction. They promote not only energy savings but also the
use of renewable natural resources. It should also be noted that the exact efficiency of wall
sections depends on the climatic context in which a given building will be constructed [24].

When calculating the heat transfer coefficient, it is important to note that it is a
thermally non-homogeneous partition due to the different arrangement of materials in
the cross-section through the insulation and wooden posts. Analytically, the value of the
heat transfer coefficient according to the EN ISO 6946 standard [74] can be approximately
calculated by the so-called Finite Element Method (FEM) or more accurate calculations
which can be performed using the FEM.

3.2.2. External Walls in Masonry Construction

In masonry constructions, where brick and concrete blocks are the dominant mate-
rials, a significant challenge is achieving high thermal insulation without leading to an
excessive increase in wall thickness. The production process of traditional building mate-
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rials, such as cement, concrete, and bricks, is characterized by high energy consumption,
which translates into significant carbon dioxide emissions [75,76]. In particular, cement
production is a significant source of greenhouse gases, meaning that the building materials
themselves can contribute significantly to the total CO,e emissions associated with the
construction of a house [77,78]. The use of bricks with insulation filling or lightweight aer-
ated concrete blocks not only improves thermal insulation but also maintains the necessary
structural properties of the wall without the need to increase its thickness [79,80]. This
approach not only favors better energy efficiency but also reduces the use of high-carbon
emission materials.

Ensuring the continuity of thermal insulation and the elimination of thermal bridges be-
comes a key challenge in designing energy-efficient external wall cross-sections in masonry
construction. It is crucial to apply detailed design solutions and construction techniques
that prevent heat penetration through uninsulated parts of the structure. Moreover, high-
quality execution and ensuring the tightness of connections are of paramount importance,
directly affecting the building’s energy parameters and its long-term performance [81-83].
In this context, the development and application of new, ecological building materials,
which are both energy-efficient and have a lesser impact on the environment, become
essential. Research into innovative materials with reduced CO,e emissions, such as low-
carbon concretes or ecological types of bricks, opens up new possibilities for the future
development of the construction sector. Such materials can also fit into a circular economy
by incorporating various types of industrial waste into their composition. Research on such
materials was conducted by Wisniewski et al. [84]

Based on the information provided in Table 3, it can be concluded that external walls in
masonry construction achieve the required thermal insulation through the use of a massive
masonry wall and a layer of thermal insulation. The use of bricks with insulation filling
or lightweight aerated concrete blocks allows for improved thermal insulation. In both
examples of walls EW-M-01 and EW-M-02, a dual-layer wall system was used with a wall
thickness of 24 cm and thermal insulation of 30 to 35 cm. However, it is important to
remember that the production process of building materials, such as cement, concrete, and
bricks, is characterized by high energy consumption and COye emissions, highlighting the
need for ecological solutions. The quality of masonry walls is influenced by the execution
method and the tightness of connections, as well as ensuring thermal continuity, which
enables the elimination of thermal bridges [85].

3.3. Heat Transfer Coefficient Analysis for Selected External Wall Systems

The methodology of linear simulations for calculating the heat transfer coefficient in
THERM 7.7 software is based on the use of the Finite Element Method (FEM) for the analysis
of heat conduction in building elements. The software was developed and made available
by Lawrence Berkeley National Laboratory (LBNL) in accordance with ISO 15099:2003 [86],
ISO 10077 [87], PN-EN ISO 10456:2009 [68], PN-EN ISO 6946:2017-10 [88], and PN-EN ISO
10211:2017-09 [89]. This program is particularly useful in modeling complex geometries,
such as thermal bridges, windows, or various types of partitions. This method requires
dividing the cross-section into a grid consisting of non-overlapping elements. This process
is automatically performed by THERM using the Finite Quadtree method. After defining
the geometry of the cross-section, material properties, and boundary conditions, THERM
creates a grid of the section, conducts heat transfer analysis, estimates errors, if necessary,
refines the grid and returns a convergent solution. Such simulations are crucial in the
design of energy-efficient buildings, allowing for the identification and minimization of
thermal bridges, thereby significantly improving the thermal insulation of buildings. The
aim of this element of the analysis is to assess the heat transfer coefficient for each of
the selected partitions, which will determine their energy efficiency and impact on the
overall energy balance of the building. Calculations of the heat transfer coefficient and
temperature distributions inside partitions were conducted for the winter season, assuming
an indoor temperature of +20 °C and an external temperature of —18 °C, corresponding
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to the average calculated external temperature of European countries located in Zone 4
according to the report Towards nearly zero-energy Buildings [90], i.e., countries such
as the Netherlands, Germany, Belgium, Denmark, Ireland, the United Kingdom, France,
Czech Republic, Poland, which are countries with a temperate continental climate/humid
continental climate without a dry season and with warm summer.

For all analyzed partitions in wooden and masonry construction, the heat transfer
coefficient value is less than 0.15 W/m?K. The U-values of partitions in wooden construction
are slightly higher than those in masonry construction due to their specific structure, as
they are thermally non-homogeneous partitions, and the total U-value is the result of
individual wall sections. For this reason, the U-value calculations were conducted using
the FEM. The non-homogeneity of these partitions is also evidenced by the presented
temperature distributions (compare Tables 4 and 5). Plotted isotherms confirm that all
analyzed partitions are correctly designed, and interlayer condensation of water vapor will
not occur, although it should be noted that a detailed thermal-humidity analysis should be
conducted individually for each climatic zone in a given country, as, for example, in Poland
there are five climatic zones where the largest area of the country belongs to Zone III, for
which the calculated external temperature in the winter period is —20 °C, while for Zone V,
this temperature is —24 °C. At the same time, summers are moderately hot. As a result,
indoor temperatures in buildings can vary significantly depending on the season. Well-
designed and constructed external walls of a building should lower heating costs in winter
and cooling costs in summer. With the appropriate construction, they should increase
thermal comfort in the building, i.e., cool the rooms on hot days and protect the rooms from
cooling down in winter. Theoretical approaches to this problem are discussed, for example,
in [91]. In the context of the above, it is worth noting that in the case of partitions in passive
buildings, thermal stability of the partition, which is determined by so-called thermal mass,
also plays an important role. Buildings constructed with wooden frame technology, due
to their lightweight construction, have a low capacity for heat storage. Such houses heat
up quickly, but at the same time, they lose accumulated heat quickly. A low heat storage
capacity may seem like a disadvantage, but if properly utilized, it can become an advantage
and have a positive impact on the thermal comfort of the occupants.

Buildings in masonry technology are characterized by a large heat accumulation (load-
bearing elements). Such buildings take longer to heat up, but they also lose accumulated
heat more slowly. However, heating the rooms of a masonry house to a set temperature
takes much more time than achieving the same temperature in a house of wooden con-
struction. This is because, in a masonry house, in addition to the air inside the rooms, the
walls (load-bearing element made of heavy material) must also be heated. This may make
it difficult to control the temperature in the rooms and adjust it to the individual needs
of the occupants. This means that in masonry buildings, thermal energy accumulated in
excess is inefficiently used. In a building constructed with wooden frame technology, only
the air inside the rooms is heated, not the walls, which means that raising or lowering the
temperature occurs almost instantly and is not associated with high fuel costs. Thanks to
this sensitivity of frame constructions to changes, air conditioners of lower power can be
used in the home, which will simultaneously need less energy to cool the air inside the
rooms than would be the case in a masonry construction building.

The accuracy of the heat transfer coefficient analysis of partitions is undoubtedly
influenced by reliable data regarding the thermal conductivity of materials that make
up a given partition. Values should be based on precise laboratory measurements or
appropriately verified from reliable sources, such as technical standards or manufacturers’
catalogs. Additionally, these values should be continuously updated, as technologies and
materials can evolve, which may affect their thermal properties. The issue of the impacts of
various factors, such as sample size, drying temperature, or measuring instruments on the
accuracy of thermal conductivity measurement is analyzed in the study [92].
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Table 4. Heat transfer coefficient analysis for walls in wooden construction.

Name of partition: EW-T-01

U-factor (W/mzK) Length Color Legend

mm -17.8° -13.2° -85° -38° 09° 55° 102° 14.9° 19.6°
|

0.1000 600
Name of partition: EW-T-02
Color Legend
U-factor (W/m?K) Dilta T Length ’
C mm C17:828= 132081503 82N 0192 5152 | 102SSR141928819.62
0.1118 38.0 600
Name of partition: EW-T-03
U-factor (W/m2K) Deolta T Length Color Legend
C mm

—17:920-1322 5-8.59 1 -3:820 0192552 - 102° 14.9° 19.6°

0.1048 38.0 600
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Table 5. Heat transfer coefficient analysis for walls in masonry construction.

Name of partition: EW-M-01

16.611.36.1.0.8-4.4.9.614.9

Urfactor (W/m?K) Deol?T Lf;lgfh U i s S0 G s G L0 0
0.0889 38.0 600 ‘
Name of partition: EW-M-02
U-factor (W/m?K) Deoléa ! Lfrrllrgnﬂi A3 b S8 05 ss 102 14 196
0.0934 38.0 600

3.4. Environmental Life Cycle Assessment Studies for Selected External Wall Systems
3.4.1. Embodied Energy

Embodied energy, the energy invested in the production of a building material, is a
key factor in sustainable construction and its environmental impact. To accurately assess
the energy expenditures for a specific material, it is essential to trace the entire flow of
energy, from raw material extraction to final application [93]. This embodied energy was
divided by Venkatarama Reddy and Jagadish [94] into three main areas: (1) energy used
for the production of basic building materials, (2) energy needed for the transport of these
materials, and (3) energy required for the assembly of various materials to erect a building.

Such activities require significant energy consumption, often from non-renewable
sources, posing a threat to the biosphere. Identifying embodied energy is inseparably linked
to CO,e emissions. As a result, the use of building materials that intensively consume
energy worsens the state of the natural environment. However, it is important to note
that some data provided by manufacturers of building materials may be unreliable, which
constitutes a significant drawback of these analyses. This unreliability raises concerns about
the accuracy of embodied energy calculations and subsequent environmental assessments.
This work focuses on production stages A1-A3 for research purposes.

In Figure 5, within the conducted LCA analysis using the cradle-to-gate method for
five different wall constructions, significant differences in embodied energy were identified.
Wooden walls, marked as EW-T-01, EW-T-02, and EW-T-03, showed a lower content of
accumulated energy than their masonry counterparts, marked as EW-M-01 and EW-M-02.
In particular, the EW-T-02 construction had the lowest level of embodied energy, amounting
to 425.70 MJ / kg, suggesting exceptional energy efficiency among the studied wooden walls.
Close to this result is the wall EW-T-01 with a value of 478.66 MJ/kg, which also indicates
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a favorable energy profile. Meanwhile, the wall EW-T-03, with embodied energy at the
level of 602.02 MJ/kg, indicates a significant increase in energy consumption compared
to the two previous wooden walls. Between the lowest (EW-T-01) and highest (EW-T-03)
result, there is a difference of 141.56 MJ /kg, which constitutes 23.5% of the value of the
wall EW-T-03. Masonry constructions presented higher values of embodied energy. The
EW-M-01 wall achieved the highest result in the analysis, with a value of 780.96 MJ/kg,
implying the least energy efficiency among all considered options. The EW-M-02 wall, with
embodied energy equal to 580.07 MJ /kg, although performing better than EW-M-01, still
remains less energy-efficient compared to wooden walls.

900.00
LEGEND
800.00
- Wooden walls
700.00
- Masonry walls 600.00
500.00
400.00
300.00
200.00
100.00
0.00
EW-T-01 EW-T-02 EW-T-03 EW-M-01 EW-M-02
Embodied energy (M]/kg) PENRT A1-3 478.66 425.70 620.22 780.96 580.87

Figure 5. Comparison of PENRT [M]] at production stages A1-A3.

The results indicate that the choice of building materials has a significant impact on
the total energy consumption necessary for material production. Wooden constructions,
presenting lower values of embodied energy, can be considered more sustainable from an
energy perspective. Nonetheless, it should be emphasized that embodied energy is only
one of many indicators for assessing sustainable development.

3.4.2. Global Warming Potential

GWP (Global Warming Potential) expressed in units of [kg CO,e] refers to the process
of assessing the impact that various greenhouse gases have on the greenhouse effect, using
carbon dioxide as a reference point [95]. GWP is a measure of how much heat a greenhouse
gas traps in the atmosphere, converting it into a mass equivalent of CO; and considering a
specific time frame, most commonly 100 years [96]. This allows for the comparison of the
impact of different greenhouse gases on Earth’s warming on a common scale.

In Figure 6, the CO,e emission results for five different types of walls in the context
of their LCA stages A1-A3, which cover raw material acquisition, transport, and the pro-
duction process, are presented. The COje emission data were expressed in kilograms
per unit of wall construction. The analysis of the chart reveals clear differences in the
COye emission profile between wooden and masonry constructions. Wooden construc-
tions (EW-T-01, EW-T-02, EW-T-03) showed negative CO,e emissions, which is interpreted
as a result of carbon sequestration by the wooden material. The EW-T-01 construction
achieved a value of —55.51 kg COye, which is the highest level of sequestration among
the studied walls. Wall EW-T-02 also showed significant sequestration, with a result
of —26.44 kg COye, and wall EW-T-03 reached a value of —21.18 kg COye. In contrast,
masonry walls (EW-M-01 and EW-M-02) present high values of CO,e emissions. The
EW-M-01 wall showed the highest emission, reaching 90.59 kg CO,e, highlighting the
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LEGEND
- Wooden walls

- Masonry walls

significant energy consumption and associated emissions during its production. The
EW-M-02 wall also showed high emission, though lower than EW-M-01, amounting to
69.53 kg CO,e. The results emphasize the significant impact of the choice of building mate-
rials on the carbon footprint. Negative CO,e emission values for wooden walls indicate
their potential role as carbon reservoirs, which is extremely important in the context of
reducing the negative impact of the construction sector on the environment and climate
change. Meanwhile, high positive CO,e emission values for masonry walls underscore the
necessity of seeking more sustainable production methods or using alternative materials
with a lower carbon footprint. Nonetheless, a comprehensive environmental impact as-
sessment requires consideration of the entire product life cycle, not just stages A1-A3, to
more accurately determine the environmental impact of a building material. Particularly
for wood-based building materials, if not reused or recycled in stage D, it results in the
release of accumulated CO, in stages C1-C4.

100.00
80.00
60.00
40.00
20.00
0.00
-20.00 . .
-40.00

-60.00

-80.00
EW-T-01 EW-T-02 EW-T-03 EW-M-01 EW-M-02

Carbon data (kg CO2/unit) -55.81 -26.44 -21.18 90.59 69.53

Figure 6. Comparison of GWP [kg CO;e] at production stages A1-A3.

3.4.3. Water Footprint

Comparing the Water Footprint (FW) at the production stages A1-A3 of the Product
Life Cycle (LCA) is crucial for understanding the impact that production processes have
on water resources [97]. Stages A1-A3 include raw material acquisition, production, and
transport of building materials, which have a significant impact on the use of freshwater
and can generate potential effects on humans, ecosystems, and water resources. The use of
freshwater in the production process of building materials such as cement, steel, or wood
is critical. The production of these materials requires intensive water consumption, both in
direct processes and indirect ones, such as cooling, mixing raw materials, or processing.
Water scarcity, water functionality, its ecological value, and the renewability rate are factors
that should be considered when assessing the production impact on water resources [98,99].

In Figure 7, the results of water consumption analysis per cubic meter (m?/m?3) for five
different types of walls within the A1-A3 stages of the LCA analysis are presented. Wooden
walls show lower water consumption values, which may suggest a more sustainable
approach in the context of water resource management. The lowest water consumption
level was shown by the wall EW-T-02 and amounts to 0.08 m?, which is a relatively low
value, suggesting efficiency in water resource management for this type of construction. A
similar result was obtained by the wall EW-T-01 with 0.09 m3, while for the wall EW-T-03,
an increase in consumption to 0.12 m? is observed, which is a higher value than for the
other two wooden constructions. For walls in masonry construction, the results are higher,
with the wall EW-M-01 consuming 0.15 m?, while the wall EW-M-02 consumes 0.19 m?>.
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- Masonry walls

The higher water consumption may be associated with the production process of masonry
structural elements, which is typically more intensive in terms of water consumption than
the production of wooden elements. In summary, these results show a variation in water
consumption between wooden and masonry constructions, with an emphasis on greater
use of water resources in the case of masonry materials. The low water consumption value
for wooden constructions may indicate their potential in sustainable construction where
water resource management is becoming increasingly important.

0.25
0.20
0.15
0.10
) I I
0.00
EW-T-01 EW-T-02 EW-T-03 EW-M-01 EW-M-02
Water m3 0.09 0.08 0.12 0.15 0.19

Figure 7. Comparison of FW [m3] at production stages A1-A3.

4. Discussion and Conclusions

The analysis of construction types of single-family residential buildings in the passive
standard, based on data from the “Passive House Database”, reveals significant trends
and preferences in construction technologies. The results indicate a dominance of wooden
constructions, which account for over half of all analyzed cases (50.94%), highlighting a
growing interest in ecological and renewable materials in construction. Masonry construc-
tions, despite their traditional role, make up 34.21% of the analyzed buildings, indicating
lesser use in the context of passive construction. These results are confirmed by the publica-
tion of Kuzman et al. [100], in which the authors suggest that wooden construction is the
most suitable option for passive houses, based on comfort, psychological aspects, and func-
tionality. This choice is also confirmed for technical reasons, where [61] conducted a thermal
evaluation of selected wooden house constructions and demonstrated that they meet the
strictest thermal requirements, highlighting their potential in the field of low-energy and
passive construction.

This study sheds light on key aspects of material and construction technique choices
in the realization of energy-efficient and passive buildings, focusing on external partitions.
External walls in wooden construction, thanks to their high thermal resistance and ability
to eliminate thermal bridges, represent a promising solution for passive buildings. Their
use allows for significant reductions in energy demand for heating, as confirmed in studies
and in situ practice. These conclusions are supported by H. Ge et al. [101], who indicate
that thermal bridges in the external partitions of buildings significantly increase annual
heating and cooling loads, and their impact on energy characteristics is underestimated
using traditional methods. The possibility of using additional insulating partitions and
eliminating thermal bridges, in accordance with the basic principles of passive building
design, contributes to significant energy savings.

On the other hand, external walls in masonry construction present a traditional ap-
proach, which can also meet the requirements of passive construction, though it is associated
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with challenges. Ensuring high thermal insulation with limited wall thickness requires the
use of materials with better insulating properties, such as bricks with insulation filling or
aerated concrete blocks. However, the high energy consumption of producing traditional
building materials and associated carbon dioxide emissions pose significant challenges for
sustainable construction. The development of ecological building materials and construc-
tion techniques that reduce CO,e emissions is crucial for the future of the sector. According
to the publication by Sathre and O’Connor [102], replacing non-renewable building materi-
als, such as concrete or steel, with wood can lead to a significant reduction in greenhouse
gas emissions. The authors emphasize that wood, as a renewable material, has significant
potential for carbon storage, contributing to the reduction of the building’s total CO,e
emissions, provided that forests are managed sustainably and wood residues are used
responsibly. Similar conclusions were also presented by Werner and Richter [103], who
in their study highlighted that wood as a construction material generally has a favorable
CO,e emission profile. Biogenic carbon, playing a crucial role in the emission balance of
construction, is a significant element in the context of wooden walls in buildings [104]. The
use of wood in building walls allows for the “sequestration” of biogenic carbon within the
structure for a long period, instead of releasing it into the atmosphere. Thus, buildings
with wooden walls can contribute to the reduction of overall carbon dioxide emissions,
while also serving as an example of utilizing a renewable resource [105].

The analysis of the heat transfer coefficient (U-factor) for selected external wall systems
in wooden and masonry construction provides significant information regarding the energy
efficiency of these solutions. The presented data show that walls in masonry construction
(EW-M-01 and EW-M-02) exhibit a lower heat transfer coefficient compared to walls in
wooden construction (EW-T-01, EW-T-02, EW-T-03), suggesting better thermal insulation of
masonry systems. These results may be surprising, given the common perception of wood
as a material with the best insulating properties. Modern masonry construction systems
offer significant advantages, as highlighted by Hendry et al. [106], pointing out their
improvements. This is confirmed by Brameshuber et al. [107], indicating that innovative
ideas in masonry construction have led to improved thermal insulation, increased efficiency,
and reduced labor costs.

Environmental studies conducted using the Life Cycle Assessment (LCA) method for
selected external wall systems indicate the complexity and multidimensionality of assessing
the impact of construction on the environment. The analysis of energy consumption
and CO,e emissions shows that wooden constructions have a lower accumulated energy
content and are characterized by negative CO,e emission values, resulting from carbon
sequestration by the wooden material. This suggests that the use of wood in construction
can contribute to the reduction of the overall carbon footprint of buildings, which is crucial
in the context of global efforts to limit climate change. In contrast, masonry constructions
show higher accumulated energy values and positive CO,e emission values, emphasizing
the need for further research on sustainable production methods and the use of masonry
materials. Water consumption in the material production process was also analyzed.
Wooden constructions may be more sustainable in terms of water resource management,
which is an important aspect in the context of limited freshwater resources worldwide. The
LCA analysis reveals the complexity of assessing the environmental impact of construction
and points out significant differences between wooden and masonry constructions in terms
of energy consumption, CO,e emissions, and water usage. This highlights the importance
of choosing materials and construction technologies in the context of striving for sustainable
development. These results suggest that wooden constructions may offer a more favorable
environmental profile, which should be considered in the design and construction process of
sustainable buildings. However, it is important to remember that LCA is just one element of
assessing sustainable construction, and a comprehensive environmental impact assessment
requires considering a broader context, including durability, insulation properties, and the
possibility of material reuse.



Buildings 2024, 14, 742 19 of 22

Author Contributions: Conceptualization, L.M.; methodology, £.M.; software, M.P. and O.S.; valida-
tion, K.J.; formal analysis, O.S. and K.J.; data curation, M.P.; writing—original draft preparation, £.M.,
M.P, O.S. and KJ.; writing—review and editing, £.M., M.P, O.S. and K.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Arunachalam, V.S; Fleischer, E.L. The Global Energy Landscape and Materials Innovation. MRS Bull. 2008, 33, 264-288.
[CrossRef]

2. Guo, S.; Zheng, S.; Hu, Y.; Hong, J.; Wu, X.; Tang, M. Embodied Energy Use in the Global Construction Industry. Appl. Energy
2019, 256, 113838. [CrossRef]

3. Costa-Campi, M.T.; Del Rio, P.; Trujillo-Baute, E. Trade-Offs in Energy and Environmental Policy. Energy Policy 2017, 104, 415-418.
[CrossRef]

4. Starzyk, A.; Donderewicz, M.; Rybak-Niedziétka, K.; Marchwiniski, J.; Grochulska-Salak, M.; Lacek, P.; Mazur, L.; Voronkova, L;
Vietrova, P. The Evolution of Multi-Family Housing Development Standards in the Climate Crisis: A Comparative Analysis of
Selected Issues. Buildings 2023, 13, 1985. [CrossRef]

5. Poizot, P; Dolhem, F. Clean Energy New Deal for a Sustainable World: From Non-CO, Generating Energy Sources to Greener
Electrochemical Storage Devices. Energy Environ. Sci. 2011, 4, 2003. [CrossRef]

6.  Cerezo-Narvaez, A.; Bastante-Ceca, M.-].; Pifiero-Vilela, ].-M. Economic and Environmental Assessment on Implementing Solar
Renewable Energy Systems in Spanish Residential Homes. Energies 2021, 14, 4183. [CrossRef]

7. Opoku, R;; Mensah, H.; Ahadzie, D.K. Guest Editorial: Global Energy Transformation for Combating Climate Change in the Built
Environment: Challenges and Opportunities in Developing Countries. Int. J. Build. Pathol. Adapt. 2022, 40, 161-164. [CrossRef]

8.  International Energy Agency (IEA); International Renewable Energy Agency (IRENA); Un Climate Change High-Level Champi-
ons. The Breakthrough Agenda Report 2023; IEA: Paris, France, 2023.

9.  Brusseau, M.L. Sustainable Development and Other Solutions to Pollution and Global Change. In Environmental and Pollution
Science; Elsevier: Amsterdam, The Netherlands, 2019; pp. 585-603. ISBN 978-0-12-814719-1.

10. Executive Board. 144 Implementation of the 2030 Agenda for Sustainable Development: Report by the Director-General; World Health
Organization: Geneva, Switzerland, 2018.

11.  Foley, A.; Smyth, B.M.; Puksec, T.; Markovska, N.; Dui¢, N. A Review of Developments in Technologies and Research That Have
Had a Direct Measurable Impact on Sustainability Considering the Paris Agreement on Climate Change. Renew. Sustain. Energy
Rev. 2017, 68, 835-839. [CrossRef]

12.  Sas, W,; Dzieciot, J.; Radzevitius, A.; Radziemska, M.; Dapkiené, M.; Sadzevitius, R.; Skominas, R.; Gtuchowski, A. Geotechnical
and Environmental Assessment of Blast Furnace Slag for Engineering Applications. Materials 2021, 14, 6029. [CrossRef]

13. Mazur, L.; Ba¢, A.; Vaverkova, M.D.; Winkler, J.; Nowysz, A.; Koda, E. Evaluation of the Quality of the Housing Environment
Using Multi-Criteria Analysis That Includes Energy Efficiency: A Review. Energies 2022, 15, 7750. [CrossRef]

14. Seyboth, K.; Beurskens, L.; Langniss, O.; Sims, R.E.H. Recognising the Potential for Renewable Energy Heating and Cooling.
Energy Policy 2008, 36, 2460-2463. [CrossRef]

15. Was, K; Rador, J.; Sadtowska-Satega, A. Maintenance of Passive House Standard in the Light of Long-Term Study on Energy Use
in a Prefabricated Lightweight Passive House in Central Europe. Energies 2020, 13, 2801. [CrossRef]

16. Stavrakakis, G.M.; Bakirtzis, D.; Drakaki, K.-K.; Yfanti, S.; Katsaprakakis, D.A.; Braimakis, K.; Langouranis, P.; Terzis, K.; Zervas,
P.L. Application of the Typology Approach for Energy Renovation Planning of Public Buildings” Stocks at the Local Level: A Case
Study in Greece. Energies 2024, 17, 689. [CrossRef]

17.  Harkouss, F.; Fardoun, F.; Biwole, P.H. Passive Design Optimization of Low Energy Buildings in Different Climates. Energy 2018,
165, 591-613. [CrossRef]

18.  Schnieders, J.; Feist, W.; Rongen, L. Passive Houses for Different Climate Zones. Energy Build. 2015, 105, 71-87. [CrossRef]

19. Schnieders, J.; Hermelink, A. CEPHEUS Results: Measurements and Occupants’ Satisfaction Provide Evidence for Passive Houses
Being an Option for Sustainable Building. Energy Policy 2006, 34, 151-171. [CrossRef]

20. Szlachetka, O.; Witkowska-Dobrev, J.; Dohojda, M. Vapor-Permeable PP Membranes—Tensile Properties and Surface Structure.
Case Stud. Constr. Mater. 2023, 18, e01871. [CrossRef]

21. Feist, W. First Steps: What Can Be a Passive House in Your Region with Your Climate? 2015. Available online: https://www.
solaripedia.com/files/170.pdf (accessed on 29 October 2023).

22.  Godlewski, T.; Mazur, L.; Szlachetka, O.; Witowski, M.; Lukasik, S.; Koda, E. Design of Passive Building Foundations in the Polish
Climatic Conditions. Energies 2021, 14, 7855. [CrossRef]

23. Corner, D.; Fillinger, J.C.; Kwok, A.G. Passive House Details: Solutions for High Performance Design; Routledge: New York, NY, USA,

2018; ISBN 978-1-138-95825-8.


https://doi.org/10.1557/mrs2008.61
https://doi.org/10.1016/j.apenergy.2019.113838
https://doi.org/10.1016/j.enpol.2017.01.053
https://doi.org/10.3390/buildings13081985
https://doi.org/10.1039/c0ee00731e
https://doi.org/10.3390/en14144183
https://doi.org/10.1108/IJBPA-04-2022-156
https://doi.org/10.1016/j.rser.2016.11.215
https://doi.org/10.3390/ma14206029
https://doi.org/10.3390/en15207750
https://doi.org/10.1016/j.enpol.2008.02.046
https://doi.org/10.3390/en13112801
https://doi.org/10.3390/en17030689
https://doi.org/10.1016/j.energy.2018.09.019
https://doi.org/10.1016/j.enbuild.2015.07.032
https://doi.org/10.1016/j.enpol.2004.08.049
https://doi.org/10.1016/j.cscm.2023.e01871
https://www.solaripedia.com/files/170.pdf
https://www.solaripedia.com/files/170.pdf
https://doi.org/10.3390/en14237855

Buildings 2024, 14, 742 20 of 22

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.
46.

47.
48.

49.
50.
51.
52.
53.

54.

James, M.; Bill, J. Passive House in Different Climates: The Path to Net Zero; Routledge: New York, NY, USA; Taylor & Francis Group:
New York, NY, USA, 2016; ISBN 978-1-138-90403-3.

Dahlstrem, O.; Sernes, K.; Eriksen, S.T.; Hertwich, E.G. Life Cycle Assessment of a Single-Family Residence Built to Either
Conventional- or Passive House Standard. Energy Build. 2012, 54, 470-479. [CrossRef]

Oh, J.; Hong, T.; Kim, H.; An, J.; Jeong, K.; Koo, C. Advanced Strategies for Net-Zero Energy Building: Focused on the Early
Phase and Usage Phase of a Building’s Life Cycle. Sustainability 2017, 9, 2272. [CrossRef]

Pombo, O.; Rivela, B.; Neila, ]. The Challenge of Sustainable Building Renovation: Assessment of Current Criteria and Future
Outlook. J. Clean. Prod. 2016, 123, 88-100. [CrossRef]

Cheung, C.K.; Fuller, R].; Luther, M.B. Energy-Efficient Envelope Design for High-Rise Apartments. Energy Build. 2005, 37, 37-48.
[CrossRef]

Mazur, L.; Resler, M.; Koda, E.; Walasek, D.; Daria Vaverkova, M. Energy Saving and Green Building Certification: Case Study of
Commercial Buildings in Warsaw, Poland. Sustain. Energy Technol. Assess. 2023, 60, 103520. [CrossRef]

Rybak-Niedziétka, K.; Starzyk, A.; Lacek, P.; Mazur, L.; Myszka, I.; Stefariska, A.; Kurcjusz, M.; Nowysz, A.; Langie, K. Use of
Waste Building Materials in Architecture and Urban Planning—A Review of Selected Examples. Sustainability 2023, 15, 5047.
[CrossRef]

Buyle, M.; Braet, J.; Audenaert, A. Life Cycle Assessment in the Construction Sector: A Review. Renew. Sustain. Energy Rev. 2013,
26, 379-388. [CrossRef]

Cole, RJ.; Kernan, P.C. Life-Cycle Energy Use in Office Buildings. Build. Environ. 1996, 31, 307-317. [CrossRef]

Potr¢ Obrecht, T.; Rock, M.; Hoxha, E.; Passer, A. BIM and LCA Integration: A Systematic Literature Review. Sustainability 2020,
12, 5534. [CrossRef]

Cardoso, V.E.M.; Simées, M.L.; Ramos, N.M.M.; Almeida, RM.S.E; Almeida, M.; Mateus, R. Impact of Air Barriers Application in
LCA and LCC of Naturally Ventilated Dwellings in Mild Climate Regions. Energy Build. 2023, 279, 112667. [CrossRef]

Mesa, J.A.; Faquene-Retamoso, C.; Maury-Ramirez, A. Life Cycle Assessment on Construction and Demolition Waste: A
Systematic Literature Review. Sustainability 2021, 13, 7676. [CrossRef]

Mazur, L.; Olenchuk, A. Impact of Building Design in BIM on the Carbon Footprint of Single-Family Houses: Life Cycle
Assessment (LCA) and Case Study of Masonry and Timber Technology. Sustainability 2023, 15, 15486. [CrossRef]

Di Santo, N.; Guante Henriquez, L.; Dotelli, G.; Imperadori, M. Holistic Approach for Assessing Buildings’ Environmental Impact
and User Comfort from Early Design: A Method Combining Life Cycle Assessment, BIM, and Active House Protocol. Buildings
2023, 13, 1315. [CrossRef]

Curran, M.A. (Ed.) Goal and Scope Definition in Life Cycle Assessment; LCA Compendium-The Complete World of Life Cycle
Assessment; Springer: Dordrecht, The Netherlands, 2017; ISBN 978-94-024-0854-6.

Skaar, C.; Lausselet, C.; Bergsdal, H.; Brattebg, H. Towards a LCA Database for the Planning and Design of Zero-Emissions
Neighborhoods. Buildings 2022, 12, 512. [CrossRef]

Badescu, V.; Sicre, B. Renewable Energy for Passive House Heating. Energy Build. 2003, 35, 1077-1084. [CrossRef]

Grossi, F.; Ge, H.; Zmeureanu, R. Life Cycle Assessment of the Environmental Benefits of Using Wood Products and Planting
Trees at an All-Electric University Laboratory. Buildings 2023, 13, 1584. [CrossRef]

Di Ruocco, G.; Gaita, A. Life Cycle Assessment from Cradle-to-Handover Approach to Greenhouse Gas Emissions Mitigation:
Carbon Storage in Timber Buildings. Buildings 2023, 13, 1722. [CrossRef]

Zhang, X.; Huang, W.; Khajehpour, M.; Asgari, M.; Tannert, T. Seismic Performance and LCA Comparison between Concrete and
Timber—Concrete Hybrid Buildings. Buildings 2023, 13, 1714. [CrossRef]

Kylili, A.; Ilic, M.; Fokaides, P.A. Whole-Building Life Cycle Assessment (LCA) of a Passive House of the Sub-Tropical Climatic
Zone. Resour. Conserv. Recycl. 2017, 116, 169-177. [CrossRef]

Utama, A.; Gheewala, S.H. Life Cycle Energy of Single Landed Houses in Indonesia. Energy Build. 2008, 40, 1911-1916. [CrossRef]
Palumbo, E. Effect of LCA Data Sources on GBRS Reference Values: The Envelope of an Italian Passive House. Energies 2021,
14, 1883. [CrossRef]

EN 15978:2011; Sustainability of Construction Works. CEN: Brussels, Belgium, 2011.

Bundesministerium fiir Wohnen, Stadtentwicklung und Bauwesen OKOBAUDAT. Available online: www.oekobaudat.de
(accessed on 20 May 2023).

EN 15804+A2; Sustainability of Construction Works—Environmental Product Declarations—Core Rules for the Product Category of
Construction Products. CEN: Brussels, Belgium, 2019.

ISO 14040:2006; Environmental Management—Life Cycle Assessment—Principles and Framewor. ISO: Geneva, Switzerland, 2006.
ISO 14044:2006; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. ISO: Geneva, Switzerland, 2006.
Pacheco-Torres, R.; Jadraque, E.; Roldan-Fontana, J.; Ordéiez, J. Analysis of CO, Emissions in the Construction Phase of
Single-Family Detached Houses. Sustain. Cities Soc. 2014, 12, 63-68. [CrossRef]

Vilches, A.; Garcia-Martinez, A.; Sanchez-Montaries, B. Life Cycle Assessment (LCA) of Building Refurbishment: A Literature
Review. Energy Build. 2017, 135, 286-301. [CrossRef]

Banias, G.F,; Karkanias, C.; Batsioula, M.; Melas, L.D.; Malamakis, A.E.; Geroliolios, D.; Skoutida, S.; Spiliotis, X. Environmental
Assessment of Alternative Strategies for the Management of Construction and Demolition Waste: A Life Cycle Approach.
Sustainability 2022, 14, 9674. [CrossRef]


https://doi.org/10.1016/j.enbuild.2012.07.029
https://doi.org/10.3390/su9122272
https://doi.org/10.1016/j.jclepro.2015.06.137
https://doi.org/10.1016/j.enbuild.2004.05.002
https://doi.org/10.1016/j.seta.2023.103520
https://doi.org/10.3390/su15065047
https://doi.org/10.1016/j.rser.2013.05.001
https://doi.org/10.1016/0360-1323(96)00017-0
https://doi.org/10.3390/su12145534
https://doi.org/10.1016/j.enbuild.2022.112667
https://doi.org/10.3390/su13147676
https://doi.org/10.3390/su152115486
https://doi.org/10.3390/buildings13051315
https://doi.org/10.3390/buildings12050512
https://doi.org/10.1016/j.enbuild.2003.10.001
https://doi.org/10.3390/buildings13071584
https://doi.org/10.3390/buildings13071722
https://doi.org/10.3390/buildings13071714
https://doi.org/10.1016/j.resconrec.2016.10.010
https://doi.org/10.1016/j.enbuild.2008.04.017
https://doi.org/10.3390/en14071883
www.oekobaudat.de
https://doi.org/10.1016/j.scs.2014.01.003
https://doi.org/10.1016/j.enbuild.2016.11.042
https://doi.org/10.3390/su14159674

Buildings 2024, 14, 742 21 of 22

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

Rodriguez, L.; Martinez, L.; Panamefio, R.; Paris, O.; Muros, A.; Rodriguez, R.; Javier, R.; Gonzalez, C. LCA of the NZEB El
Salvador Building, a Model to Estimate the Carbon Footprint in a Tropical Country. J. Clean. Prod. 2023, 408, 137137. [CrossRef]
Tulevech, S.M.; Hage, D.J.; Jorgensen, S.K.; Guensler, C.L.; Himmler, R.; Gheewala, S.H. Life Cycle Assessment: A Multi-Scenario
Case Study of a Low-Energy Industrial Building in Thailand. Energy Build. 2018, 168, 191-200. [CrossRef]

Goldstein, B.; Rasmussen, EN. LCA of Buildings and the Built Environment. In Life Cycle Assessment: Theory and Practice; Hauschild,
M.Z., Olsen, S.I, Rosenbaum, R.K., Eds.; Springer International Publishing: Cham, Switzerland, 2018; ISBN 978-3-319-56475-3.
Passivhaus Dienstleistung GmbH; Passivhaus Institut; International Passive House Association; IG Passivhaus Deutschland
Passive House Database. Available online: https://passivehouse-database.org (accessed on 20 May 2023).

Leszczyszyn, E.; Herédjarvi, H.; Verkasalo, E.; Garcia-Jaca, J.; Araya-Letelier, G.; Lanvin, J.-D.; Bidziriska, G.; Augustyniak-Wysocka,
D.; Kies, U.; Calvillo, A.; et al. The Future of Wood Construction: Opportunities and Barriers Based on Surveys in Europe and
Chile. Sustainability 2022, 14, 4358. [CrossRef]

Herzog, T. (Ed.) Timber Construction Manual; Birkhduser: Basel, Switzerland; Boston, MA, USA, 2004; ISBN 978-3-7643-7025-1.
Ku&erova, L.; Cernikovéa, M.; Hrub4, B. Thermal Technical Assessment of Selected Constructions of Wooden Houses. Appl. Mech.
Mater. 2013, 470, 988-991. [CrossRef]

Michélkova, D.; Durica, P. Theoretical-Experimental Analysis of Selected Passive Timber House Wall. IOP Conf. Ser. Mater. Sci.
Eng. 2021, 1015, 012039. [CrossRef]

Dietenberger, M. A.; Hasburgh, L.E. Wood Products: Thermal Degradation and Fire. In Reference Module in Materials Science and
Materials Engineering; Elsevier: Amsterdam, The Netherlands, 2016; p. B9780128035818033385. ISBN 978-0-12-803581-8.
Ferdyn-Grygierek, J.; Grygierek, K.; Guminiska, A.; Krawiec, P.; O¢wieja, A.; Poloczek, R.; Szkarlat, J.; Zawartka, A.; Zobczyrniska,
D.; Zukowska-Tejsen, D. Passive Cooling Solutions to Improve Thermal Comfort in Polish Dwellings. Energies 2021, 14, 3648.
[CrossRef]

Palko, M. House in Passive Standard-Thermal Bridges. Adv. Mater. Res. 2014, 899, 42-45. [CrossRef]

Sadauskiene, J.; Ramanauskas, J.; geduikyté, L.; Dauksys, M.; Vasylius, A. A Simplified Methodology for Evaluating the Impact
of Point Thermal Bridges on the High-Energy Performance of a Passive House. Sustainability 2015, 7, 16687-16702. [CrossRef]
Zou, H.; Yue, Z.; Yin, M. Review on Heat and Mass Coupled Transfer of Wooden Passive House Wall in the Cold Region. In
Proceedings of the 11th International Symposium on Heating, Ventilation and Air Conditioning (ISHVAC 2019); Wang, Z., Zhu, Y.,
Wang, F., Wang, P.,, Shen, C,, Liu, J., Eds.; Environmental Science and Engineering; Springer: Singapore, 2020; pp. 177-185.
ISBN 9789811395277.

PN-EN IS0 10456:2009; Building Materials and Products—-Hygrothermal Properties-Tabulated Design Values and Procedures for
Determining Declared and Design Thermal Values (ISO 10456:2007). ISO: Geneva, Switzerland, 2009.

Zalewski, L.; Lassue, S.; Rousse, D.; Boukhalfa, K. Experimental and Numerical Characterization of Thermal Bridges in
Prefabricated Building Walls. Energy Convers. Manag. 2010, 51, 2869-2877. [CrossRef]

Iodice, P.; Massarotti, N.; Mauro, A. Effects of Inhomogeneities on Heat and Mass Transport Phenomena in Thermal Bridges.
Energies 2016, 9, 126. [CrossRef]

Ge, H.; Baba, F. Effect of Dynamic Modeling of Thermal Bridges on the Energy Performance of Residential Buildings with High
Thermal Mass for Cold Climates. Sustain. Cities Soc. 2017, 34, 250-263. [CrossRef]

Khavari, A.M.; Pei, S.; Tabares-Velasco, P.C. Energy Consumption Analysis of Multistory Cross-Laminated Timber Residential
Buildings: A Comparative Study. J. Archit. Eng. 2016, 22, 04016002. [CrossRef]

Setter, L.; Smoorenburg, E.; Wijesuriya, S.; Tabares-Velasco, P.C. Energy and Hygrothermal Performance of Cross Laminated
Timber Single-Family Homes Subjected to Constant and Variable Electric Rates. J. Build. Eng. 2019, 25, 100784. [CrossRef]

EN ISO 6946:2017; Building Components and Building Elements Thermal Resistance and Thermal Transmittance Calculation
Methods. ISO: Geneva, Switzerland, 2017.

Kim, T.; Chae, C. Environmental Impact Analysis of Acidification and Eutrophication Due to Emissions from the Production of
Concrete. Sustainability 2016, 8, 578. [CrossRef]

Mohamad, N.; Muthusamy, K.; Embong, R.; Kusbiantoro, A.; Hashim, M.H. Environmental Impact of Cement Production and
Solutions: A Review. Mater. Today Proc. 2022, 48, 741-746. [CrossRef]

Andrew, R.M. Global CO, emissions from cement production. Earth Syst. Sci. Data 2018, 10, 195-217. [CrossRef]

Mikul¢i¢, H.; Klemes, J.J.; Vujanovi¢, M.; Urbaniec, K.; Dui¢, N. Reducing Greenhouse Gasses Emissions by Fostering the
Deployment of Alternative Raw Materials and Energy Sources in the Cleaner Cement Manufacturing Process. J. Clean. Prod. 2016,
136, 119-132. [CrossRef]

Suleymanova, L.A.; Pogorelova, I.A.; Marushko, M.V.; Ryabchevsky, I.S. Energy-Efficient Double-Row Masonry of the Exterior
Walls in the Buildings Made of Cellular Concrete Blocks. IOP Conf. Ser. Mater. Sci. Eng. 2020, 913, 022044. [CrossRef]

Mohith, Y.S.; Abdul, M.; Harshith, U.S.; Sudhanvakrishna, G.; Sucharitha, K. Cellular Light Weight Concrete Blocks (4 August
2020). Institute of Scholars (InSc). 2020. Available online: https:/ /Ssrn.Com/Abstract=3666932 (accessed on 15 December 2023).
Van Linden, S.; Van Den Bossche, N. Airtightness of Sealed Building Joints: Comparison of Performance before and after Artificial
Ageing. Build. Environ. 2020, 180, 107010. [CrossRef]

Katunsky, D.; Nemec, M.; Kamensky, M. Airtightness of Buildings in Slovakia. Adv. Mater. Res. 2013, 649, 3-6. [CrossRef]
Miszczuk, A.; Heim, D. Parametric Study of Air Infiltration in Residential Buildings—The Effect of Local Conditions on Energy
Demand. Energies 2020, 14, 127. [CrossRef]


https://doi.org/10.1016/j.jclepro.2023.137137
https://doi.org/10.1016/j.enbuild.2018.03.011
https://passivehouse-database.org
https://doi.org/10.3390/su14074358
https://doi.org/10.4028/www.scientific.net/AMM.470.988
https://doi.org/10.1088/1757-899X/1015/1/012039
https://doi.org/10.3390/en14123648
https://doi.org/10.4028/www.scientific.net/AMR.899.42
https://doi.org/10.3390/su71215840
https://doi.org/10.1016/j.enconman.2010.06.026
https://doi.org/10.3390/en9030126
https://doi.org/10.1016/j.scs.2017.06.016
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000206
https://doi.org/10.1016/j.jobe.2019.100784
https://doi.org/10.3390/su8060578
https://doi.org/10.1016/j.matpr.2021.02.212
https://doi.org/10.5194/essd-10-195-2018
https://doi.org/10.1016/j.jclepro.2016.04.145
https://doi.org/10.1088/1757-899X/913/2/022044
https://Ssrn.Com/Abstract=3666932
https://doi.org/10.1016/j.buildenv.2020.107010
https://doi.org/10.4028/www.scientific.net/AMR.649.3
https://doi.org/10.3390/en14010127

Buildings 2024, 14, 742 22 of 22

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

Wisniewski, K.; Rutkowska, G.; Jeleniewicz, K.; Dabkowski, N.; Wéjt, J.; Chalecki, M.; Siwiriski, J. The Impact of Fly Ashes from
Thermal Conversion of Sewage Sludge on Properties of Natural Building Materials on the Example of Clay. Sustainability 2022,
14, 6213. [CrossRef]

Zedan, M.; Al-Sanea, S.; Al-Mujahid, A.; Al-Suhaibani, Z. Effect of Thermal Bridges in Insulated Walls on Air-Conditioning Loads
Using Whole Building Energy Analysis. Sustainability 2016, 8, 560. [CrossRef]

1SO 15099:2003; Thermal Performance of Windows, Doors and Shading Devices. ISO: Geneva, Switzerland, 2003.

ISO 10077-1:2017; Thermal Performance of Windows, Doors and Shutters Calculation of Thermal Transmittance. ISO: Geneva,
Switzerland, 2017.

PN-EN ISO 6946:2017-10; Building Components and Building Elements-Thermal Resistance and Thermal Trans-Mittance—
Calculation Methods. ISO: Geneva, Switzerland, 2017.

PN-EN ISO 10211:2017-09; Thermal Bridges in Building Construction—Heat Flows and Surface Temperatures—Detailed Calcula-
tions (ISO 10211:2017). ISO: Geneva, Switzerland, 2017.

Pagliano, L.; Hermelink, A.; Schimschar, S.; Boermans, T.; Zangheri, P.; Armani, R.; Voss, K.; Musall, E. Towards Nearly
Zero-Energy Buildings. Definition of Common Principles under the EPBD. European Commission, 2012. Available online:
https:/ /energy.ec.europa.eu/system/files /2014-11/nzeb_full_report_0.pdf (accessed on 15 December 2023).

Wozniak, C.; Wagrowska, M.; Szlachetka, O. Asymptotic Modelling and Design of Some Microlayered Functionally Graded Heat
Conductors. ZAMM ]. Appl. Math. Mech. Z. Angew. Math. Mech. 2012, 92, 841-848. [CrossRef]

Yang, W.; Wang, Y.; Liu, J. Optimization of the Thermal Conductivity Test for Building Insulation Materials under Multifactor
Impact. Constr. Build. Mater. 2022, 332, 127380. [CrossRef]

Holtzhausen, H.J. Embodied Energy and Its Impact on Architectural Decisions. In Proceedings of the Sustainable Development and
Planning I1I; WIT Press: Algarve, Portugal, 2007; Volume II, pp. 377-385.

Venkatarama Reddy, B.V.; Jagadish, K.S. Embodied Energy of Common and Alternative Building Materials and Technologies.
Energy Build. 2003, 35, 129-137. [CrossRef]

Shine, K.P. The Global Warming Potential—The Need for an Interdisciplinary Retrial: An Editorial Comment. Clim. Chang. 2009,
96, 467-472. [CrossRef]

Peters, G.P.; Aamaas, B.; Berntsen, T.; Fuglestvedt, J.S. The Integrated Global Temperature Change Potential (iGTP) and
Relationships between Emission Metrics. Environ. Res. Lett. 2011, 6, 044021. [CrossRef]

Ridoutt, B.G.; Sanguansri, P.; Harper, G.S. Comparing Carbon and Water Footprints for Beef Cattle Production in Southern
Australia. Sustainability 2011, 3, 2443-2455. [CrossRef]

Kounina, A.; Margni, M.; Bayart, J.-B.; Boulay, A.-M.; Berger, M.; Bulle, C.; Frischknecht, R.; Koehler, A.; Mila I Canals, L.;
Motoshita, M.; et al. Review of Methods Addressing Freshwater Use in Life Cycle Inventory and Impact Assessment. Int. |. Life
Cycle Assess. 2013, 18, 707-721. [CrossRef]

Berger, M.; Finkbeiner, M. Water Footprinting: How to Address Water Use in Life Cycle Assessment? Sustainability 2010, 2,
919-944. [CrossRef]

Kuzman, M.K.; Grogelj, P; Ayrilmis, N.; Zbasnik-Senega¢nik, M. Comparison of Passive House Construction Types Using
Analytic Hierarchy Process. Energy Build. 2013, 64, 258-263. [CrossRef]

Ge, H.; Baba, F. Dynamic Effect of Thermal Bridges on the Energy Performance of a Low-Rise Residential Building. Energy Build.
2015, 105, 106-118. [CrossRef]

Sathre, R.; O’Connor, J. Meta-Analysis of Greenhouse Gas Displacement Factors of Wood Product Substitution. Enwviron. Sci.
Policy 2010, 13, 104-114. [CrossRef]

Werner, E; Richter, K. Wooden Building Products in Comparative LCA: A Literature Review. Int. J. Life Cycle Assess. 2007, 12,
470-479. [CrossRef]

Breton, C.; Blanchet, P.; Amor, B.; Beauregard, R.; Chang, W.-S. Assessing the Climate Change Impacts of Biogenic Carbon in
Buildings: A Critical Review of Two Main Dynamic Approaches. Sustainability 2018, 10, 2020. [CrossRef]

Head, M.; Magnan, M.; Kurz, W.A.; Levasseur, A.; Beauregard, R.; Margni, M. Temporally-Differentiated Biogenic Carbon
Accounting of Wood Building Product Life Cycles. SN Appl. Sci. 2021, 3, 62. [CrossRef] [PubMed]

Hendry, E.A.W. Masonry Walls: Materials and Construction. Constr. Build. Mater. 2001, 15, 323-330. [CrossRef]

Brameshuber, W.; Saenger, D.; Winkels, B. Recent Developments in Masonry Construction/Neuere Entwicklungen Im Mauerw-
erkbau. Mauerwerk 2014, 18, 151-163. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/su14106213
https://doi.org/10.3390/su8060560
https://energy.ec.europa.eu/system/files/2014-11/nzeb_full_report_0.pdf
https://doi.org/10.1002/zamm.201100092
https://doi.org/10.1016/j.conbuildmat.2022.127380
https://doi.org/10.1016/S0378-7788(01)00141-4
https://doi.org/10.1007/s10584-009-9647-6
https://doi.org/10.1088/1748-9326/6/4/044021
https://doi.org/10.3390/su3122443
https://doi.org/10.1007/s11367-012-0519-3
https://doi.org/10.3390/su2040919
https://doi.org/10.1016/j.enbuild.2013.05.020
https://doi.org/10.1016/j.enbuild.2015.07.023
https://doi.org/10.1016/j.envsci.2009.12.005
https://doi.org/10.1065/lca2007.04.317
https://doi.org/10.3390/su10062020
https://doi.org/10.1007/s42452-020-03979-2
https://www.ncbi.nlm.nih.gov/pubmed/33490873
https://doi.org/10.1016/S0950-0618(01)00019-8
https://doi.org/10.1002/dama.201400624

	Introduction 
	Materials and Methods 
	Results 
	Database of Analyzed Passive Energy-Efficient Buildings 
	External Partitions 
	External Walls in Wooden Construction 
	External Walls in Masonry Construction 

	Heat Transfer Coefficient Analysis for Selected External Wall Systems 
	Environmental Life Cycle Assessment Studies for Selected External Wall Systems 
	Embodied Energy 
	Global Warming Potential 
	Water Footprint 


	Discussion and Conclusions 
	References

