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Abstract:

Thermal bridges significantly contribute
to heat loss in buildings, increasing energy
demand and environmental impact. This
study evaluates the effectiveness of ther-
mal bridge mitigation strategies in renova-
tion projects across three building types:
a single-family house (new building for
comparison), a multi-storey residential
building, and a kindergarten. Using HT-
flux simulations, transmission loss calcu-
lations, and life cycle assessment (LCA)
via LCAbyg, the research quantifies the
impact of thermal bridges and assesses
the trade-offs between insulation improve-
ments and embodied carbon emissions.
Findings show that thermal bridges ac-
count for 30–52% of total transmission
losses, excluding point losses, which
could further increase this percentage. Im-
plementing optimized solutions reduces
global warming potential (GWP) by
3.96–10.95%, demonstrating that thermal
bridge optimization is a viable strategy
for sustainable renovations. While addi-
tional insulation reduces operational en-
ergy demand, it slightly increases embod-
ied emissions. However, the net impact re-
mains positive, supporting the integration
of thermal bridge mitigation in energy-
efficient renovations. The study provides
practical recommendations for balancing
building performance and environmental
sustainability.
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Preface viii

Abbreviation
and symbols

Full Form Unit

A Area m²
d Thickness m
l Length m
R Thermal resistance m².K/W
U Thermal transmittance W/(m².K)
θ Temperature °C
λ Design thermal conductivity W/(m.K)
Φ Heat flow rate W
Ψ Linear thermal transmittance W/m.K
χ Point thermal transmittance W/K
DPM Damp proof membrane -
EPDs Environmental Product Declarations -
SFH Single Family House -
kWh Energy consumption kWh
GWP Global Warming Potential kg CO2-eq
LCA Life Cycle Assessment -
LCC Life Cycle Costing -
HT f lux Heat Transfer Simulation Software -
BE18 Building Energy Calculation Tool -
BR18 Danish Building Regulation 2018 -
LCAbyg Environmental Impact Assessment Tool -
∆T Temperature difference K
Ti Indoor temperature °C
Te Outdoor temperature °C
E Total energy demand kWh/m²
Φtotal Total heat flux through the analyzed junction W
A1-A3 Raw material extraction, transportation, and

manufacturing
-

B4 Emissions from material replacements -
C3 Waste processing before disposal -
C4 Final disposal of materials -
D Benefits or burdens from material reuse, recy-

cling, or energy recovery
-

XPS Extruded polystyrene insulation -
ISO International Organization for Standardization -
DS Danish Standards -
EN European Norm (European Standard) -
SBI Danish Building Research Institute -

Table 1: List of Abbreviations and Symbols



Chapter 1

Introduction

1.1 Introduction

Buildings account for approximately 30% of global energy consumption and 26% of energy-
related CO2 emissions, making them a significant contributor to climate change. As energy
demands continue to rise, improving building efficiency through sustainable renovation
has become crucial for reducing carbon footprints and meeting global climate goals. How-
ever, one of the main challenges in achieving energy-efficient buildings is the presence of
thermal bridges, which can significantly undermine insulation performance and increase
overall energy use [1].

Thermal bridges occur at junctions between walls, floors, roofs, and around windows
and doors, where insulation continuity is disrupted. These weak points allow excessive
heat transfer, leading to higher heating demands in winter and increased cooling loads in
summer. In some cases, thermal bridges can account for up to 30% of total heat loss and
increase cooling loads by 20% [2]. This inefficiency not only raises energy consumption
but also affects occupant comfort and increases operational costs [16].

In addition to energy inefficiencies, thermal bridges can cause secondary issues such
as condensation and mold formation. These problems may compromise the structural in-
tegrity of buildings and negatively affect indoor air quality, posing risks to occupant health.
Addressing these challenges requires a targeted approach, focusing on insulation strate-
gies that effectively minimize heat transfer at critical junctions in the building envelope [6,
9, 32].

Several methods exist to mitigate thermal bridges, including enhanced insulation, im-
proved construction detailing, and thermally broken materials. However, while these
strategies can reduce heat transfer, they often result in increased material usage and em-
bodied carbon emissions. Existing research has primarily focused on the thermal perfor-
mance benefits of mitigation strategies, yet fewer studies have comprehensively analyzed
the trade-offs between operational energy savings and environmental impact using Life
Cycle Assessment (LCA). Understanding these trade-offs is essential for developing reno-
vation strategies that are both energy-efficient and environmentally sustainable [1, 5, 28].

This study investigates the impact of thermal bridges on building performance and
evaluates the effectiveness of mitigation strategies through energy and environmental anal-

1
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ysis. By assessing transmission heat losses using BE18 and HTflux simulations and eval-
uating sustainability aspects through LCAbyg, this research aims to provide insights into
optimizing building envelopes for lower energy consumption and reduced global warming
potential (GWP).

1.2 Purpose

This study investigates strategies for mitigating thermal bridges in buildings, with a focus
on balancing energy efficiency and environmental sustainability. Thermal bridges con-
tribute to significant heat loss, and while mitigation measures such as improved insulation
and advanced construction techniques enhance energy performance, they can also lead to
increased material use and embodied carbon emissions.

To address this challenge, the study examines various insulation methods and renova-
tion strategies, assessing their energy savings and environmental trade-offs. By analyzing
material production, installation processes, and life cycle impacts, this research provides a
comprehensive evaluation of sustainable thermal bridge mitigation. The goal is to identify
practical solutions that enhance building thermal performance while minimizing envi-
ronmental impact, ensuring that mitigation strategies align with sustainable construction
practices.

1.3 State of the art

Thermal bridges have been extensively studied due to their impact on building energy
efficiency and thermal performance. This section provides an overview of the classification
of thermal bridges, their effects on heat loss, and current methodologies for evaluating
and mitigating their impact. By reviewing existing research and standards, this section
establishes the foundation for assessing thermal bridges in renovation strategies.

1.3.1 Classification of thermal bridges

Thermal bridges are classified based on their geometry, material properties, or location
within a building structure. Understanding these classifications is essential for evaluating
their impact on energy efficiency and selecting appropriate mitigation strategies.

1. Geometrical Thermal Bridges: These occur due to discontinuities in a building’s
shape, such as corners, junctions between walls and floors, and roof intersections. Differ-
ences in surface area exposure result in increased heat transfer.

2. Constructional (Material-Related) Thermal Bridges: These arise from variations
in material properties, where materials with higher thermal conductivity—such as metal
fasteners, reinforced concrete, or structural steel—create localized areas of increased heat
loss.

3. Repetitive Thermal Bridges: These occur due to repeated interruptions in the insu-
lation layer, such as timber wall studs, wall ties, or balcony supports. While individually
small, their cumulative effect can significantly reduce the thermal resistance of the building
envelope.
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4. Structural Thermal Bridges: These result from design elements that penetrate the
insulation layer, such as cantilevered balconies, window frames, and structural connec-
tion points. They create direct pathways for heat loss, making them critical targets for
mitigation.

Thermal bridges can also be classified based on their heat transfer behavior, distin-
guishing between linear and point thermal bridges:

• Linear Thermal Bridges: These occur along extended surfaces, such as wall-to-
floor or roof junctions, and are quantified using linear thermal transmittance (ψ-
value). Examples include window-to-wall connections and slab edges. The heat loss
is calculated as:

ϕlinear = ψ · l · (θi − θe)

where ψ is the linear thermal transmittance (W/m.K), l is the length of the thermal
bridge (m), θi is the indoor temperature, and θe is the outdoor temperature. Standard
tables in DS418 provide typical ψ-values, though complex junctions may require
numerical simulation [20, 21, 23, 31].

• Point Thermal Bridges: These occur at discrete points, such as structural penetra-
tions, anchors, or fasteners, and are represented by the point thermal transmittance
(χ-value). The heat loss is calculated as:

ϕpoint = χ · (θi − θe)

where χ is the point thermal transmittance (W/K), and θi and θe are the indoor and
outdoor temperatures, respectively [11, 21].

1.3.2 Importance and consequences

As insulation standards improve, thermal bridges remain one of the most significant
sources of heat loss, contributing between 20–30% of total energy losses in well-insulated
homes. Their relative impact increases as overall insulation levels improve, making them
a growing concern in modern construction. Beyond energy loss, thermal bridges create
localized cold spots, increasing the risk of condensation and mold, which can damage
materials and negatively affect indoor air quality [20, 24].

1.3.3 Assessment and standards

Accurate assessment of thermal bridges is critical for compliance with energy performance
standards such as ISO 10211 [21], ISO 14683 [22], and DS418 [31]. These standards define
calculation methods for thermal bridge heat losses and ensure reliable energy performance
evaluations. Analytical methods for assessing thermal bridges include:

• Simplified Calculations: These rely on tabulated ψ-values for common junctions, as
specified in standards such as DS418. While these methods provide a quick estimate
of heat loss, they often assume idealized conditions and may underestimate the
impact of thermal bridges [31].



1.3. State of the art 4

• Numerical Simulations: More advanced methods use software tools such as THERM
(2D analysis), ANSYS (3D finite element analysis), and HTflux to model heat transfer
through complex junctions. HTflux, in particular, follows ISO 10211 for calculating
linear thermal transmittance (ψ-values) and incorporates surface temperature anal-
ysis to assess mold and condensation risks, aligning with ISO 13788. These models
account for detailed material properties and geometric configurations, providing
more accurate results than simplified methods [11, 18, 24].

Additional tools such as BE18 and LCAbyg are used for broader energy and environ-
mental assessments. These tools are discussed in more detail in the methodology section.

1.3.4 Mitigation strategies

Effective mitigation strategies aim to reduce thermal bridging through design improve-
ments and material selection, ensuring better energy performance and thermal comfort.
These strategies can be categorized into insulation continuity, thermal break integration,
and enhanced detailing:

• Ensuring continuity of insulation layers: Minimizing interruptions in insulation,
especially at critical areas such as corners, junctions, roof-wall connections, and floor
edges, helps reduce thermal bridging effects [23].

• Incorporating thermal breaks: Using insulated balcony connectors, thermally effi-
cient lintels, or other structural break solutions reduces heat transfer at penetrations
and connections [20].

• Applying exterior or interior insulation systems: Continuous insulation layers,
sandwich panels, or interior insulation can effectively minimize heat loss. How-
ever, interior insulation requires careful moisture control to prevent condensation
issues, particularly in heritage buildings where external insulation is restricted [23,
24].

• Optimizing construction detailing: Special attention to windows, doors, balconies,
and foundation junctions is essential to mitigate both linear and point thermal bridges.
Proper design detailing reduces unintended energy losses [23].

These strategies are particularly crucial in renovation projects, where structural limi-
tations and budget constraints often complicate implementation. Detailed numerical sim-
ulations provide precise thermal performance evaluations, helping optimize mitigation
measures for both new and existing buildings[17, 23].

1.3.5 Challenges in renovations

Renovation projects often face challenges due to older construction methods, material lim-
itations, and restricted access to critical junctions. Many older buildings feature wooden
beam floors or uninsulated masonry walls, limiting the use of external insulation due to
structural constraints. In such cases, interior insulation becomes the only viable option,
but it increases the risk of condensation and moisture accumulation, particularly at beam
ends and masonry interfaces.
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For more recent buildings, fewer structural restrictions exist, but economic feasibility
and construction detailing remain key factors in selecting cost-effective thermal bridging
mitigation measures. Regardless of building age, balancing energy efficiency, cost con-
straints, and potential structural impacts remains a major challenge in renovations. Nu-
merical simulations and detailed assessments are essential for identifying the most effective
and feasible solutions [23, 24].

1.4 Study cases

This study examines three distinct building types selected as reference cases to evaluate
the effectiveness of thermal bridge mitigation strategies. These buildings represent a range
of construction methods, architectural designs, and energy performance levels, providing
a diverse basis for analysis.

For each case, key thermal bridges were identified and analyzed, focusing on those
with the most significant impact on heat loss. Figures of the selected buildings illustrate
the primary thermal bridges considered in this study, ensuring that the analysis addresses
the most critical factors influencing building performance.

1.4.1 Case 1: single–family house

The first case study examines a single-family house in Aalborg, Denmark, built in 2023 to
meet BR15 energy requirements. The house has a total floor area of 181 m2, consisting of a
90.5 m2 ground floor and a 90,5 m2 first floor. It is designed as an energy-efficient structure
with a specific heat capacity of 80 Wh/K·m2, contributing to improved thermal stability.

The building’s annual energy consumption is approximately 44.4 kWh/m2, and an
airtightness test confirmed a result of 0.8 l/s per m2, meeting BR15 standards [14].

The total design heat loss, excluding windows and doors, is 3.8 W/m2, which is signif-
icantly below the threshold of 5.0 W/m2. The building achieves an estimated annual CO2
emission of 1.58 tons, aligning with Denmark’s climate goals, and holds an A2015 energy
label, reinforcing its energy-efficient and low-emission profile [15].

Construction Details and Thermal Performance

• Total external area: 363 m²

• Lightweight Outer Wall: Cement-bonded particle boards with a PUR insulation
core, U-value: 0.12 W/m².K area: 171 m².

• Sloping Roof: DC elements with PUR insulation, U-value: 0.08 W/m².K area: 120
m².

• Terrain Deck: Polystyrene insulation and reinforced concrete, U-value: 0.08 W/m².K
area: 72 m²..

The foundation system integrates concrete slabs with high-performance insulation, sig-
nificantly reducing thermal losses. The roof construction follows a layered insulation
strategy, incorporating PUR insulation, mineral wool, and ventilated battens to enhance
thermal efficiency.
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This well-insulated envelope ensures compliance with strict energy regulations, mini-
mizing heat loss and improving indoor comfort.

Figure 1.1: Study Case 1 - Single-Family House

1.4.2 Case 2: multi–storey residential building (Magisterparken)

The second case study examines Magisterparken, a large multi-storey residential complex
in Aalborg, Denmark, originally constructed in the 1960s and renovated in 2012 to improve
energy efficiency. Before renovation, the building experienced significant heat loss due to
poor insulation. Following the upgrades, it achieved an energy label C, indicating potential
for further improvements.

The renovation measures included adding 250 mm of mineral wool to the roof and
200–225 mm of insulation to the external walls, significantly reducing heat transmission.
The building’s current energy demand is approximately 75.4 kWh/m2 per year, with a
heat capacity of 120 Wh/K·m2 [26].

The total heated floor area of the building is 1400 m², with no heated basement. The
total developed area is 446.8 m².

Construction Details and Thermal Performance

• Total external area: 1755.8 m²

• External Walls: U-value: 0.158 W/m².K, area: 706.05 m².
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• Roof: U-value: 0.13 W/m².K, area: 468.53 m².

• Ground Floor: U-value: 0.38 W/m².K, area: 468.53 m².

• Staircase Walls: U-value: 0.38 W/m².K, area: 112.86 m².

The renovation included improved insulation on all external walls and the roof to
enhance thermal efficiency. The roof received additional insulation, reducing heat trans-
fer and ensuring better energy performance. The staircase walls and ground floor have
relatively higher U-values; however, they are not included in the heated area. These im-
provements contribute to an overall reduction in energy demand and carbon emissions,
making the building more sustainable while improving indoor comfort.

Figure 1.2: Study Case 2 - Multi-Storey Residential Building

1.4.3 Case 3: kindergarten building (Sønderholm Børnehave)

The third case study focuses on Sønderholm Børnehave, a kindergarten located in Nibe,
Denmark. The building was constructed in the 1980s and renovated in 2017 to improve
energy efficiency. However, no upgrades were made to the construction components.
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The kindergarten has a heated floor area of 540 m² and a heated basement of 60 m².
The total energy frame is 101 kWh/m2 per year, meeting the requirements of "Renovation
Class 2" in BR18 [13]. The construction consists of bricks and concrete, and the building
has a specific heat capacity of 63 Wh/K·m2 [8].

Construction Details and Thermal Performance

• Total external area: 1013 m²

• Hollow External Wall (35 cm Brick/Layer): U-value: 0.33 W/m².K, area: 84 m².

• Beam of Wood (200 mm Insulation): U-value: 0.2 W/m².K, area: 20 m².

• Facade Element (24 cm Concrete/Concrete): U-value: 0.69 W/m².K, area: 17 m².

• Light Wall Towards Unheated Room (Wood/Timber): U-value: 0.22 W/m².K, area:
4 m².

• Ground Floor (50 mm Mineral Wool): U-value: 0.26 W/m².K, area: 235 m².

• Basement Floor (150 mm LECA): U-value: 0.41 W/m².K, area: 145 m².

• Basement External Wall (0-1m Depth): U-value: 0.39 W/m².K, area: 31 m².

• Basement External Wall (1-2m Depth): U-value: 0.31 W/m².K, area: 31 m².

• Basement External Wall (Over 2m - 300 mm): U-value: 0.22 W/m².K, area: 25 m².

• Basement External Wall Against Soil Unheated Room: U-value: 0.22 W/m².K, area:
30 m².

• Attic Space Roof(100-200 mm Insulation): U-value: 0.35 W/m².K, area: 159 m².

• Attic Space Roof (Alternative, 100-200 mm Insulation): U-value: 0.18 W/m².K, area:
232 m².

The construction features a mix of brick, concrete, and insulation elements to ensure
thermal performance. Despite meeting energy efficiency standards, the relatively high
U-value of some elements indicates potential areas for further improvement.
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Figure 1.3: Study Case 3 - Kindergarten Building

1.5 Problem statement

This study examines the environmental and energy impacts of thermal bridges in build-
ings, with a focus on identifying optimal design and insulation strategies to minimize heat
loss and reduce global warming potential (GWP). The research evaluates various insulation
materials and construction techniques in both renovation and new construction scenarios.
Through simulations and real-world case studies, this study aims to address the following
key questions:

• What proportion of total heat loss can be attributed to thermal bridges?

• To what extent can energy consumption and environmental impact be reduced
through effective insulation?

• Which materials are most effective in mitigating thermal bridge effects?

• How can the trade-off between reduced heating and cooling energy demand and
increased embodied emissions from additional insulation be optimized?

1.6 Limitations

This study has several limitations:

• Point thermal losses: Point thermal losses are excluded due to the extensive compu-
tational time required for 3D simulations. Although HTflux supports 3D modeling,
a 2D approach was selected to balance accuracy and computational efficiency [18].
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• Wall corners: Wall corners, including outward and inward connections, are excluded
from the thermal bridge analysis. According to DS418, corner connections may be
disregarded if their impact on heat loss is negligible. Outward corners with uninter-
rupted insulation typically exhibit negative linear thermal transmittance, reducing
heat loss, while inward corners generally contribute to positive linear losses. These
effects tend to balance each other out, simplifying the analysis in compliance with
DS418 [31].

• Moisture analysis: While thermal bridges can lead to secondary issues such as
condensation and mold formation, this study focuses solely on thermal performance.

• Fire and moisture safety considerations: Fire protection and moisture control have
not been assessed in this study. Any implementation of thermal bridge mitigation
strategies should be reviewed by specialists in fire safety and perform building mois-
ture analysis to ensure compliance with regulations.

• Life Cycle Assessment (LCA): This study does not compare insulation materials
based on their environmental impact. Instead, it evaluates the overall embodied
environmental impact of the building after implementing thermal bridge mitigation
strategies. Materials are sourced from Danish Environmental Product Declarations
(EPDs), ensuring standardized data. However, no material ranking is conducted, as
the focus remains on assessing the building’s overall sustainability rather than the
individual performance of materials.



Chapter 2

Methods

2.1 Methodology

This study follows a structured methodology integrating numerical simulations, standard-
based calculations, and life cycle assessment (LCA) to evaluate the impact of thermal
bridges on building performance. The methodology consists of six key steps:

1. Define case study buildings and gather their geometric and material specifications.

2. Identify thermal bridges and analyze heat transfer using HTflux.

3. Perform BE18 calculations to estimate total energy demand, transmission losses, and
regulatory compliance.

4. Compare standardized DS418 linear loss values with simulation-based results.

5. Optimize thermal bridge mitigation strategies and assess improvements.

6. Evaluate environmental impact using LCAbyg to quantify embodied and operational
carbon emissions.

This integrated approach ensures a comprehensive assessment of both energy effi-
ciency and environmental trade-offs.

2.1.1 Tools and standards used

To evaluate thermal bridge effects and the environmental impact of mitigation strategies,
this study employs three primary tools: HTflux, BE18, and LCAbyg. Table 2.1 summarizes
their functions and compliance with relevant standards.

Table 2.1: Overview of Tools and Standards Used in This Study.

Tool Function Standard Used
HTflux Thermal bridge simulations ISO 10211
BE18 Total energy demand, transmission loss, and

compliance verification
DS418

LCAbyg Life cycle environmental impact assessment EN 15804

11
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Each of these tools plays a distinct role in the study, contributing to different aspects
of the thermal and environmental assessment.

2.1.2 HTflux: thermal bridge simulations

HTflux was used to refine the calculation of linear thermal transmittance (Ψ-values), which
quantify the heat loss due to thermal bridges. These calculations comply with ISO 10211,
ensuring standardized heat transfer modeling. The simulation process follows these steps:

1. Define the geometric and material properties of each junction.

2. Assign boundary conditions based on indoor and outdoor temperatures as per
DS418.

3. Conduct steady-state heat flow simulations to determine the thermal bridge effect.

4. Extract refined Ψ-values and compare them to standard DS418 tabulated values.

Although HTflux supports 3D modeling, this study adopts a 2D approach to balance
computational efficiency with accuracy. Point thermal bridges are excluded due to the
extensive computational effort required for 3D simulations.

2.1.3 BE18: total energy demand, transmission loss, and regulatory com-
pliance

BE18 was used to estimate the total energy demand of the selected buildings, ensuring
compliance with Danish energy regulations. The software evaluates multiple energy-
related parameters, including:

1. Total energy demand, including heating, ventilation, and domestic hot water con-
sumption.

2. Transmission heat loss through walls, floors, roofs, and windows, calculated using
U-values and heat transfer coefficients determined according to methods outlined in
DS418.

3. Ventilation and infiltration losses, considering mechanical ventilation efficiency and
air-tightness levels.

4. Internal heat gains from occupants, lighting, and appliances, influencing the net
heating demand.

5. Compliance with Danish building energy performance regulations, verifying whether
the building meets BR18 or BR15 energy requirements.

BE18 provides a comprehensive energy analysis, serving as a baseline before incorpo-
rating refined Ψ-values from HTflux.
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2.1.4 LCAbyg: environmental impact assessment

To quantify the environmental footprint of different thermal bridge mitigation strategies,
LCAbyg was used. The tool evaluates both embodied and operational carbon emissions,
following the EN 15804 standard. The LCA analysis considers:

1. Embodied carbon emissions from insulation materials, structural components, and
other construction materials.

2. Operational energy savings due to reduced thermal bridge effects.

3. End-of-life impacts, including recyclability, disposal, and potential reuse of materi-
als.

The amount of thermal bridges considered in the LCA is calculated based on the total
length of such junctions in the building design, in accordance with ISO 10211, EN ISO
14683, and DS418. To determine the material quantities associated with these thermal
bridges, the total length of each junction type is multiplied by the thicknesses of the in-
volved building elements (e.g., floor slabs, balcony slabs, and walls). This provides the
volume of materials contributing to the thermal bridge, which is then used to assess em-
bodied carbon impacts in LCAbyg.

As illustrated in Figure 2.1, the balcony detail in a multi-storey junction represents a
typical thermal bridge. The structural elements each have a length of 1000 mm, including
the floor, balcony slab, light wall, and brick wall. These dimensions are used to define the
global warming potential (GWP) of the thermal bridge as an individual component in the
case study.

Figure 2.1: LCA – Thermal Bridge Calculation Method – Multi-Storey Building
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2.2 Summary of methodology

This study integrates BE18 for total energy requirement calculations, HTflux for thermal
bridge simulations, and LCAbyg for environmental assessments. The combined method-
ology ensures a comprehensive evaluation of both energy performance and environmental
sustainability.

1. BE18 provides total energy demand calculations, including heating, ventilation, and
transmission losses.

2. HTflux refines thermal bridge calculations in compliance with ISO 10211.

3. LCAbyg evaluates embodied carbon and environmental trade-offs.

This structured approach ensures that thermal bridge mitigation strategies are opti-
mized for both energy efficiency and environmental sustainability.

Figure 2.2: Overview of the Methodological Workflow.



Chapter 3

Findings

3.1 Design transmission losses

Total transmission loss for the building cases is calculated using the methods outlined in
DS418 and the BE18 tool, which is based on the SBI213 standard, depending on the type of
construction. Initially, transmission losses are calculated both with and without windows
and doors to determine their influence on overall thermal performance and to allow a
focused evaluation of structural thermal bridges. Excluding windows and doors provides
a clearer understanding of the relative contribution of thermal bridges to total transmission
losses (see Appendix 6) [27, 31].

Baseline scenarios are then established using linear thermal transmittance (values)
provided in DS418 tables to represent ideal Transmission loss conditions. Subsequently,
thermal bridge simulations are performed using HTflux to evaluate their impact on trans-
mission loss. The results of these simulations, which incorporate material properties, ge-
ometric complexities, and junction-specific heat transfer behaviors, are compared to the
baseline values to quantify the additional transmission loss identified through the detailed
simulation process. This comparison highlights critical areas where improved insulation
strategies can be implemented to reduce the overall transmission loss of the building (see
Appendix 7) [18].

3.1.1 Design transmission losses based on standards

Figure 3.1 highlights the contribution of design linear losses to total transmission losses in
building envelopes, based on DS418 standard table values. The percentages represent the
proportion of design linear losses relative to the total transmission losses, excluding doors
and windows, as these elements typically dominate overall losses. Transmission losses are
presented per square meter, where the total transmission losses are divided by the total
external areas.

The data illustrates that design linear losses, even when calculated using standardized
values, constitute a significant share of transmission losses. In the single-family house,
design linear losses account for 25% of the total losses, while in the multi-storey building,
they contribute 32%. In the kindergarten, the percentage is lower but still notable at 10%.

15
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The highest observed percentage among the cases is 32%, demonstrating that design linear
losses account for approximately 10–32% of the total transmission losses (7).

Figure 3.1: Contribution of Line Losses to Total Transmission Losses in Different Building Types
(DS418)

3.1.2 Design transmission losses based on simulations(baseline)

Thermal bridges with relative length: Figure 3.2 highlights the percentage of transmission
losses caused by thermal bridges, calculated using simulation methods. The results reveal
a significantly higher contribution of thermal bridges compared to the values derived from
DS418 standards, as illustrated in Figure 3.1.

According to the simulations, the impact of thermal bridges is far more substantial than
what is indicated by standardized values. In the single-family house, thermal bridges ac-
count for 51% of the total transmission losses, compared to 20% under the DS418 method-
ology. For the multi-storey building, the contribution reaches 52% in simulations, while the
standardized approach estimates only 24%, showing a 2.2-fold increase. Similarly, in the
kindergarten case, thermal bridges represent 30% of transmission losses in the simulation
results, compared to 9% in the standardized calculations.

The findings reveal that standardized methods often underestimate the role of thermal
bridges. Simulations provide more precise results by incorporating factors such as mate-
rial properties, geometric configurations, and junction-specific heat flow. This enhanced
accuracy highlights the importance of simulations in improving energy performance as-
sessments and guiding strategies to effectively reduce heat loss. Details of the simulations
and methods used can be found in Appendix (8).
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Figure 3.2: Contribution of Line Losses to Total Transmission Losses in Different Building Types
(Baseline-Simulations)

3.2 Solutions for thermal bridges

Based on the analysis of 2D simulations that quantified the precise impact of thermal
bridges on total transmission heat losses (as detailed in the previous chapter), several tar-
geted solutions were developed and applied to three distinct cases. The primary objective
of these interventions was to minimize linear thermal transmittance (Ψ-values) and evalu-
ate the extent to which thermal bridge optimization could improve the energy performance
of buildings.

The analysis highlighted the critical role of thermal bridges in overall transmission
heat loss, particularly at junctions such as wall-to-roof connections, floor-to-wall inter-
faces, window and doors installations, and foundation details. Addressing these areas, the
proposed solutions were designed to reduce thermal losses while ensuring compatibility
with current construction practices. These solutions were informed by an in-depth review
of existing literature, including modeling-based studies and practical examples from the
field [2],[11],[12],[17],[20],[23],[24],[25],[31].

3.3 Thermal bridges – single–family house

This case represents a newly constructed building. The solutions implemented in this
scenario were more straightforward to apply, as the project was assumed to be in the design
phase. Unlike renovation projects, no significant challenges related to structural stability or
accessibility were encountered. Renovation cases often require addressing thermal bridge
connections while overcoming structural constraints and limited access to critical junctions.

Figures (3.3, 3.4) depict cross-sectional simulation results for the single-family house.
This method was employed as a strategy to identify the coldest spots within the construc-
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tion, either by analyzing the temperature distribution throughout the building elements or
by assessing the heat flux direction and intensity. These analyses facilitate the optimization
of thermal bridge mitigation strategies to enhance overall energy performance.

Figure 3.3: Heat Flux Distribution in The Single-Family House Section (W/m²)
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Figure 3.4: Temperature Distribution in The Single-Family House Section (°C)
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Description Baseline Optimized

Door-foundation-floor junc-
tion

In a new construction, there
is a small linear thermal
transmittance at this junction
due to the door frame’s con-
tact with the leveling layer,
which consists of XPS groove
panels.

Increasing the perimeter in-
sulation thickness from 25
mm to 50 mm can enhance
the thermal performance of
the ground floor. Addition-
ally, incorporating a thermal
break, such as ClimaSpec or
Armatherm FRR, beneath the
door frame can further re-
duce thermal bridging [10].

Detail

- Insulation
- Concrete
- Wood
- XPS
- Thermal Break
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.11 W/m.K, Optimized = 0.08 W/m.K
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Description Baseline Optimized

Int. foundation

The linear thermal transmit-
tance in this detail is rela-
tively high for a new build-
ing, that is due to the di-
rect placement of the par-
tition wall on the partition
foundation.

Replacing the partition ma-
terial with lightweight con-
crete, which has lower ther-
mal conductivity, can sig-
nificantly reduce the linear
transmittance. However, this
may not always be feasi-
ble due to structural require-
ments. In this case, it
is considered feasible since
the project involves a single-
family house, which is con-
sidered to be in the design
phase [4].

Detail

- Insulation
- Concrete
- Wood
- XPS
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.31 W/m.K, Optimized = 0.14 W/m.K
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Description Baseline Optimized

Roof-wall

The roof anchor has di-
rect contact with the wooden
boards, which contributes to
a significant thermal bridge.

Increasing the wall insulation
thickness and adding insu-
lated plasterboard to the in-
terior frame significantly re-
duce thermal loss, lowering
the linear thermal bridge by
over 80%.

Detail

- Insulation
- Concrete
- Wood
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.16 W/m.K, Optimized = 0.03 W/m.K
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Description Baseline Optimized

Skylight

The skylight detail is based
on assumptions due to lim-
ited material information;
however, it is sourced from a
manufacturer [3].

The optimized skylight line
loss is achieved by increasing
the skylight frame joint size
and incorporating a 25 mm
thick insulation layer to en-
hance thermal performance
and reduce linear thermal
losses, as specified in Table
6.12.4 of DS418 [31].

Detail

- Insulation
- Concrete
- Wood
- XPS
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.06 W/m.K, Optimized = 0.024 W/m.K



3.3. Thermal bridges – single–family house 24

Description Baseline Optimized

Wall-floor-foundation

The foundation exhibits a
significant thermal bridge,
presenting opportunities for
improvement through the
application of effective solu-
tions.

Adding 100 mm insula-
tion around the foundation
block, extending up to the
lightweight plinth render
above the foundation, helps
to minimize linear thermal
losses.

Detail

- Insulation
- Concrete
- Wood
- XPS
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.13 W/m.K, Optimized = 0.09 W/m.K
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The thermal junctions that no enhancement needed.
Wall-balcony junction The
frame is insulated, which
significantly reduces linear
thermal loss in this connec-
tion. This insulation effec-
tively prevents heat transfer
through the junction, making
further improvements unnec-
essary for this detail.A Ψ
value of 0.02 W/m.K can
be neglected according to
DS418[31].

Wall-storey partition Simi-
lar to the previous junction
with the balcony, the wooden
frame is insulated, resulting
in low linear thermal loss in
this connection, resulting a Ψ
value of 0.019 W/m.K.

Wall-window The window
performs well, with a U-
value of 0.9 W/m²K and min-
imal linear thermal loss with
a Ψ value of 0.03 W/m.K.
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3.3.1 Thermal bridge analysis results – single–family house

Figure 3.5 shows the results of the linear thermal transmittance for the SFH case, Among
the analyzed details, the internal foundation junction exhibited the highest linear thermal
transmittance in the baseline scenario, with a Ψ-value of 0.31 W/m.K. This was primarily
due to direct contact between high-conductivity materials, such as concrete, and insuf-
ficient insulation. However, after optimization, this value was reduced to 0.14 W/m.K,
achieving a 55% reduction in heat loss.

The roof-wall junction showed a baseline Ψ-value of 0.16 W/m.K, where the roof
anchor in direct contact with wooden boards contributed to significant thermal bridging.
Optimized solutions reduced this to 0.03 W/m.K, marking the highest reduction of 81%.

Similarly, the wall-floor-foundation junction, with a baseline Ψ-value of 0.13 W/m.K,
demonstrated notable heat loss due to limited insulation around the foundation block.
After applying improved insulation, this was reduced to 0.09 W/m.K, corresponding to a
31% reduction.

Additional improvements were observed in the walls and doors junction, which ini-
tially had a Ψ-value of 0.11 W/m.K. Optimizations resulted in a reduction to 0.08 W/m.K,
corresponding to a 27% decrease. The roof windows junction experienced a substantial
56% reduction, from 0.054 W/m.K to 0.024 W/m.K.

The applied optimization strategies included replacing high-conductivity materials
with alternatives of lower thermal conductivity and increasing insulation thickness. These
modifications significantly reduced heat loss across all critical junctions, demonstrating the
effectiveness of targeted improvements.

Figure 3.5: Comparison of Linear Thermal Transmittance Losses-Baseline vs Optimized-Single Fam-
ily House
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3.4 Thermal bridges – multi–storey building

A multi-storey building undergoing renovation involves the application of energy perfor-
mance improvements to existing structures. Unlike new constructions, renovation projects
often encounter challenges such as addressing thermal bridge connections while main-
taining structural stability and ensuring accessibility. These solutions require meticulous
planning and precision to minimize energy losses. Moreover, renovations must balance
technical enhancements with the limitations imposed by the existing building [23, 24].

Figure 3.6: Heat Flux Distribution in The Multi-Storey Building Section (W/m²)
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Figure 3.7: Temperature Distribution in The Multi-Storey Building Section (°C)
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Description Baseline Optimized

Balcony

The connection between the
balcony, the external wall,
the storey partition, and the
window board exhibits sig-
nificant linear thermal loss
due to the continuous slab,
which creates a clear path for
heat to escape.

Adding external insulation to
the balcony slab can miti-
gate these losses by reduc-
ing the surface area through
which heat escapes. Al-
ternatively, internal insula-
tion could also lower the
linear thermal losses; how-
ever, it may increase the risk
of condensation. Addition-
ally, small insulation sections
are applied at the points
where the wooden and gyp-
sum boards contact the con-
crete slab.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.56 W/m.K, Optimized = 0.4 W/m.K
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Description Baseline Optimized

External wall - groundfloor
Partition

The inner layer of the exter-
nal wall is in direct contact
with the floor slab, which al-
lows heat to escape into the
unheated basement.

To minimize this linear ther-
mal loss, the inner mate-
rials of the external wall
could be replaced with ma-
terials that have lower ther-
mal conductivity. For exam-
ple, using lightweight aggre-
gate blockwork for the inner
leaf can enhance the thermal
performance of the external
wall by reducing heat trans-
fer through the junction.

Detail

- Insulation
- Concrete
- Wood
- Bricks

- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.3 W/m.K, Optimized = 0.1 W/m.K
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Description Baseline Optimized

Door - groundfloor

This junction is quite similar
to the balcony case; however,
the door is included in the
linear loss calculation, result-
ing in lower heat loss.

Therefore, the solution could
involve a combination of en-
hancing the door’s thermal
performance, adding perime-
ter insulation, and applying
external insulation similar to
that used for the balcony
slab.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.11 W/m.K, Optimized = 0.08 W/m.K
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Description Baseline Optimized

Roof-wall
This connection exhibits sig-
nificant linear thermal loss
due to the brickwork lintel.

The solution for this junc-
tion involves adding insu-
lated plasterboard to the in-
ner side of the external wall,
as well as to the roof, to re-
duce heat transfer.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.39 W/m.K, Optimized = 0.21 W/m.K
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Description Baseline Optimized

Roof-window

The windows have not been
replaced, which is the pri-
mary reason for the high lin-
ear thermal loss.

Similar to the balcony junc-
tion, applying external insu-
lation can enhance the ther-
mal performance of the win-
dow frame, though its impact
is limited. However, replac-
ing the window with a lower
U-value can significantly re-
duce linear thermal loss.

Detail

- Insulation
- Wood
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.18 W/m.K, Optimized = 0.13 / 0,04 W/m.K
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Description Baseline Optimized

Window 1
This is a cross-section of a
window with its board.

To reduce the thermal bridge,
insulation has been added
to the frame of the window
board to prevent line loss
through the frame.

Detail

- Insulation
- Wood
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.20 W/m.K, Optimized = 0.12 W/m.K
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Description Baseline Optimized

Window 2

In this case, the connection is
between the window and the
external wall, which is a com-
mon external wall-window
connection from the 1960s.

To improve the thermal per-
formance of the frame, a
PU/PIR insulation core can
be added to the brickwork
below the frame. Addi-
tionally, applying an insu-
lated plasterboard reveal can
further enhance the thermal
performance of the window
frame.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.25 W/m.K, Optimized = 0.16 W/m.K

The thermal junctions that no enhancement needed.
External wall-storey Parti-
tion: This construction de-
tail does not offer opportuni-
ties for thermal performance
enhancements, as the floor
slab terminates before inter-
secting with the insulation
layer, resulting in a linear
thermal transmittance (Ψ =

0.01 W/m.K), which can be
considered negligible.



3.4. Thermal bridges – multi–storey building 36

3.4.1 Thermal bridge analysis results – multi–storey building

The floor-balcony connection exhibited the highest linear thermal transmittance in the
baseline scenario, with a Ψ-value of 0.56 W/m.K as shown in figure 3.8 This was primarily
due to the direct contact between the balcony slab, storey partition, and external wall,
facilitating significant heat loss. After optimization, this was reduced to 0.40 W/m.K,
achieving a 29% reduction.

Similarly, the roof-wall junction had a baseline Ψ-value of 0.39 W/m.K, where the
presence of brickwork created a thermal bridge. After optimization, the value was reduced
to 0.21 W/m.K, achieving a 46% reduction.

The external wall-ground floor partition also presented a significant Ψ-value of 0.30
W/m.K due to the uninsulated contact between the floor slab and inner wall layers, allow-
ing heat transfer into the unheated basement. Optimized solutions reduced this value to
0.10 W/m.K, marking the highest improvement of 67%.

Additional improvements were observed in joints at windows, which initially had a
Ψ-value of 0.20 W/m.K. Optimization resulted in a reduction to 0.12 W/m.K, correspond-
ing to a 40% decrease. The window 2 junction experienced a 36% reduction, from 0.25
W/m.K to 0.16 W/m.K. The door junction also showed a 27% decrease, improving from
0.11 W/m.K to 0.08 W/m.K.

Conversely, the wall-storey partition remained unchanged at 0.01 W/m.K, indicating
that further modifications may be needed. The roof-window junction demonstrated a 28%
reduction, lowering from 0.18 W/m.K to 0.13 W/m.K.

The applied optimization strategies involved increasing insulation thickness, utilizing
materials with lower thermal conductivity, and enhancing construction detailing, such as
reducing frame height to minimize thermal bridging. These measures effectively lowered
heat loss across the most critical junctions in the multi-storey building.
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Figure 3.8: Comparison of Linear Thermal Transmittance Losses-Baseline vs Optimized-Multi Storey
Building

3.5 Thermal bridges – kindergarten building

Previous studies, including a blower door test, revealed significant air leakage in the
kindergarten, primarily due to its large windows and doors. The building’s poor air-
tightness has resulted in reduced thermal performance and higher energy consumption.
With the help of simulations, it’s now possible to closely examine the thermal bridge per-
formance and identify areas for improvement. Renovating the kindergarten will involve
tackling these thermal bridges and air leakage issues while adhering to modern building
standards and preserving the building’s usability.
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Figure 3.9: Heat Flux Distribution in The Kindergarten Building Section (W/m²)

Figure 3.10: Temperature Distribution in The Kindergarten Building Section (°C)



3.5. Thermal bridges – kindergarten building 39

Description Baseline Optimized

Basement wall-floor

The basement in the kinder-
garten is heated; however,
the floor is not insulated,
leading to a high U-value
and significant linear thermal
bridging.

Adding internal post-
insulation to both the
basement wall and floor can
significantly reduce these
linear thermal losses. To
minimize the risk of con-
densation, diffusion-closed
insulation materials, such as
XPS, can be used [25].

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.72 W/m.K, Optimized = 0.13 W/m.K
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Description Baseline Optimized

Door

The door frame is positioned
above the foundation block.
The insulation within the
block is relatively thin due
to the lower thermal require-
ments of the 1980s. The in-
ner part of the foundation
serves as a primary pathway
for heat loss, allowing heat to
escape through the floor slab
and into the ground. Imple-
menting modifications to the
inner section of the founda-
tion can be extremely chal-
lenging and costly.

This solution involves ei-
ther changing the foundation
block insulation or adding
additional insulation to the
foundation. Both approaches
result in approximately the
same linear thermal trans-
mittance. The best choice de-
pends on feasibility and cost.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.4 W/m.K, Optimized = 0.22 W/m.K
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Description Baseline Optimized

Foundation-Floor

This building has multiple
window-curtain walls where
the window board has a low
U-value, leading to high lin-
ear thermal transmittance.

Adding insulation to the
window board or replacing
it with a thicker, better-
insulated alternative can re-
duce heat loss at this junc-
tion.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.3 W/m.K, Optimized = 0.1 W/m.K
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Description Baseline Optimized

Int. foundation

The linear thermal transmit-
tance in this detail is rela-
tively high, making it a crit-
ical issue to address in the
renovation.

Increasing the insulation
thickness by both 50 mm and
100 mm is proposed to assess
the extent to which heat loss
can be reduced. Addition-
ally, adding 20 mm of edge
insulation is recommended
to prevent direct contact with
the floorboards.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.53 W/m.K, Optimized = 0.39-0.34 W/m.K
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Description Baseline Optimized

Roof-Wall
The roof-wall connection ex-
hibits linear thermal trans-
mittance.

To mitigate heat loss, adding
20 mm of insulated plas-
terboard can enhance the
thermal performance of the
wall. Additionally, applying
20 mm of insulation above
the roof framework can fur-
ther reduce heat loss.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.12 W/m.K, Optimized = 0.07 W/m.K
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Description Baseline Optimized

Roof-Wall 2

The linear thermal trans-
mittance in this roof-wall
connection is relatively low.
However, the simulation
indicates that the wooden
framework provides a direct
path for heat loss, as ob-
served in the previous detail.

Similar to the previous solu-
tion, adding 20 mm of in-
sulated plasterboard can en-
hance thermal performance.
Additionally, the wooden
board can be terminated at
the inner concrete leaf of the
wall, as the concrete func-
tions as the load-bearing el-
ement.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.096 W/m.K, Optimized = 0.05 W/m.K
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Description Baseline Optimized

Skylight

This skylight has not been
renovated since its construc-
tion, as confirmed by thermal
imaging from a previous site
study assessing the building
envelope, indicating a high
linear thermal loss.

The frame joint is 300 mm
thick, making improvements
challenging. However, ac-
cording to DS418 Table
6.12.4 [31], a shorter frame
joint reduces linear thermal
transmittance. Additionally,
adding a small amount of
insulation in the joint and us-
ing insulated plasterboards
to prevent direct contact
between the wooden frames
can further improve the sky-
light’s thermal performance.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.47 W/m.K, Optimized = 0.07 W/m.K
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Description Baseline Optimized

Wall-Floor

According to the detailed
section of the building, some
parts of the basement walls
are not insulated. In this
case, for instance, this results
in a high U-value and, conse-
quently, a high linear thermal
loss.

Two solutions are proposed
for this junction. The first
involves replacing the inner
leaf of the wall with a ma-
terial of lower thermal con-
ductivity, such as lightweight
concrete or light weight ag-
gregate blocks. The second
solution is adding external
insulation to the foundation.
In both scenarios, the total
linear loss is nearly the same.
A combination of these solu-
tions results in a lower lin-
ear loss, approximately 0.06
W/m.K [4].

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.3 W/m.K, Optimized = 0.12 W/m.K



3.5. Thermal bridges – kindergarten building 47

Description Baseline Optimized

Window 1

The window connection ex-
hibits a low linear thermal
transmittance but still has
potential for improvement.

Simulations indicate heat
loss through the wooden
framework. Therefore, incor-
porating PU core insulation
between the frame and
brickwork can help block
the heat escape path. Ad-
ditionally, adding insulated
plasterboard to the window
sill can further reduce linear
thermal transmittance and
enhance the overall thermal
performance of the window.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.13 W/m.K, Optimized = 0.08 W/m.K
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Description Baseline Optimized

Window 2

This window exhibits a sig-
nificantly higher linear ther-
mal transmittance compared
to the previous window. It
is placed on a concrete base-
ment wall, allowing heat to
escape more easily due to the
high thermal conductivity of
the material.

To improve thermal per-
formance, adding insulated
plasterboard to the window
sill and applying external in-
sulation to uninsulated sec-
tions of the basement wall
can significantly reduce heat
loss. These optimizations re-
duce the linear thermal trans-
mittance by approximately
70%.

Detail

- Insulation
- Concrete
- Wood
- Bricks
- Optimized

Heat Flow

Linear Loss, Ψ: Baseline = 0.7 W/m.K, Optimized = 0.22 W/m.K
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3.5.1 Thermal bridge analysis results – kindergarten

According to the analysis and the figure 3.11, the most critical thermal bridging was iden-
tified at the basement wall-floor junction and window 2, both with a Ψ-value of approx-
imately 0.72 W/m.K and 0.7 W/m.K, respectively. These high values were due to the
absence of insulation, allowing substantial heat transfer. After optimization, these were re-
duced to 0.13 W/m.K and 0.22 W/m.K, achieving a 82% and 69% reduction, respectively.

The internal foundation exhibited a Ψ-value of 0.53 W/m.K, highlighting a major
heat loss pathway due to direct thermal contact with structural elements. Optimization
brought this down to 0.34 W/m.K, resulting in a 36% reduction. Similarly, the skylight
frame had a Ψ-value of 0.47 W/m.K, attributed to the height of the joint/frame and the
lack of insulation. This was reduced to 0.07 W/m.K, achieving an 85% reduction.

The door connection to the foundation block displayed a very high thermal loss, with
a Ψ-value of 0.4 W/m.K, primarily caused by insufficient insulation in the foundation
material. Optimized solutions reduced this to 0.22 W/m.K, achieving a 45% reduction.

Additionally, the foundation-floor junction and the wall-floor junction both recorded
a Ψ-value of 0.3 W/m.K, contributing significantly to heat loss. After optimization, these
were reduced to 0.10 W/m.K and 0.12 W/m.K, achieving 67% and 60% reductions, re-
spectively.

Other improvements were observed in roof-wall junctions, with the first instance re-
ducing from 0.12 W/m.K to 0.07 W/m.K (42% reduction) and the second from 0.096
W/m.K to 0.05 W/m.K (48% reduction). The window 1 junction also demonstrated a
38% reduction, lowering from 0.13 W/m.K to 0.08 W/m.K.

The applied optimization strategies included increasing insulation thickness, optimiz-
ing window and door seals, and integrating thermal breaks at key junctions. These mea-
sures effectively reduced both conductive and convective heat losses, enhancing the overall
energy performance of the kindergarten building.
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Figure 3.11: Comparison of Linear Thermal Transmittance Losses- Baseline vs Optimized- Kinder-
garten Building

3.6 Impact of optimizations on thermal bridges and trans-
mission losses across building cases

The implementation of thermal bridge optimizations significantly reduced transmission
heat losses across all analyzed buildings, as illustrated in Figure 3.12. The graph presents
the results following the application of optimization measures, highlighting the overall
reduction in both design transmission losses and linear thermal transmittance (thermal
bridge) losses.

In the single-family house, linear thermal transmittance losses were reduced by 46.8%,
contributing to an overall 23.7% reduction in total design transmission losses. The opti-
mization process in this case was more straightforward, as the building was considered
a new construction in the design phase, where modifications to thermal bridge strategies
could be easily implemented.

For the multi-storey building, thermal bridge losses saw a 41.7% reduction, while
total transmission losses decreased by 21.6%. The graph captures the post-optimization
state, demonstrating the effectiveness of additional insulation in mitigating severe thermal
bridging, particularly at the balcony, roof-wall, and external wall-groundfloor junctions.

The kindergarten exhibited the most significant reduction in thermal bridge losses,
achieving a 75.1% decrease, while total transmission losses were reduced by 22.4%. As
illustrated in the graph, this reduction is primarily due to the building’s initially high
U-values, which minimized the proportional impact of thermal bridge optimizations on
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overall transmission heat loss. Appendix 7 presents the calculations and methodology. The
reduction in design transmission losses lowers the building’s energy demand, which will
be analyzed in the upcoming LCA sections.

Figure 3.12: Reduction of Design (Thermal Bridge and Total Transmission Losses): Baseline vs Opti-
mized

3.7 Life cycle assessment

The life cycle assessment focuses on comparing the baseline and optimized cases to quan-
tify the changes in Global Warming Potential (GWP). The analysis includes the thermal
bridge junctions where optimizations were applied, assessing the environmental impact of
the additional materials and reduced heating demand. The calculations are provided in
Appendix 9.

3.8 LCA – Single–family house

The single-family house is considered to be in the design phase for thermal bridge mitiga-
tion. In the LCA analysis, it is treated as a newly built case to enable a comparison between
the baseline and the optimized scenarios. The stages and materials analysis is conducted
for the optimized scenario, as it provides the final and total GWP of the building after
thermal bridge mitigation.
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3.8.1 Stages and components

The stage analysis shows that the ground floor slabs and foundations have the high-
est GWP contributions in the A1–A3 stage, with approximately 0.57 and 0.54 kg CO2-
eq/m2/year, respectively. In contrast, roofs exhibit a significant negative GWP in A1–A3
(around –1.2), and external walls also show minor negative values in this stage. This is due
to the use of timber-based construction, where the biogenic carbon stored in the wood dur-
ing tree growth is accounted for as negative emissions in the production stage. As a result,
timber elements such as the roof reduce the overall GWP due to their role as temporary
carbon sinks.

Significant contributions from C3 (waste processing) are visible across most compo-
nents—especially roofs, floor slabs, and external walls. The C4 (disposal) stage is present
but remains minimal throughout. B4 (replacements) plays a notable role in roofs and
windows/doors, while Stage D (benefits beyond the system boundary) indicates strong
environmental offsets in roofs, floor slabs, and floor decks.

Looking at the overall results (yellow dots), the highest total GWP contributions come
from the floor slabs (0.824), followed by roofs (0.635), foundations (0.589), and external
walls (0.139). Components like windows/doors (0.082), balconies (0.108), and floor decks
(0.012) have relatively minor impacts. Thermal bridges, included as a distinct component,
contribute approximately 2.8% of the total GWP from building elements, confirming their
relevance in the overall climate impact assessment.

Figure 3.13: LCA-Stages-Single-Family House
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Materials analysis:
In the case of the single-family house, the materials analysis reveals that the largest

contribution to the Global Warming Potential (GWP) comes from insulation materials,
followed by mineral building products such as concrete. Wood also accounts for a sig-
nificant share of the total impact. Other notable contributors include components for
windows and curtain walls, metals, and plastics, which have smaller but still relevant
impacts. These results highlight that the environmental impact is highly influenced by
material choices—particularly insulation and structural elements. Therefore, selecting in-
sulation materials with a low environmental impact is crucial for minimizing the overall
footprint of the single-family house.

Figure 3.14: LCA-Materials-Single-Family House

3.8.2 Single–family house – overview of thermal bridge optimized ma-
terials

Component Description of added materials in optimized version

Door thermal bridge: 50×45 mm perimeter insulation added
and a thermal break placed beneath the door frame.
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Component Description of added materials in optimized version

Roof-wall thermal bridge: 35 mm mineral wool added.

Int. foundation thermal bridge: 140 mm of lightweight concrete
block added.

Skylight thermal bridge: 75 mm of mineral wool insulation
added at the skylight joint.
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Component Description of added materials in optimized version

Wall–floor–foundation thermal bridge: 100 mm of XPS insula-
tion added around the foundation block

3.8.3 Single–family house – LCA for thermal bridges

Figure 3.15 presents the Global Warming Potential (GWP) of each thermal junction in the
single-family house before and after implementing optimized thermal bridge solutions.
The results show that some thermal bridges exhibit minimal changes in GWP, while others
experience notable increases due to material adjustments.

The Door-Thermal Bridge, Wall-Floor, Wall-Floor-Balcony, and Window Thermal
Bridges show negligible or no variation in GWP, indicating that the optimization strategy
had little impact on their environmental footprint or was not applied.

The Roof-Wall Thermal Bridge experiences a 2.50% increase, while the Skylight Ther-
mal Bridge shows a 4.07% increase, suggesting that material changes or insulation modi-
fications slightly affected their embodied emissions. The Wall-Floor-Foundation Thermal
Bridge sees a 1.16% increase, indicating that adjustments to this junction moderately affect
the building’s total environmental impact.

The most significant GWP increase occurs in the Internal Wall-Floor-Foundation Ther-
mal Bridge, with a 10.08% rise, primarily due to the substitution of partition materials with
lower thermal conductivity.
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Figure 3.15: LCA - GWP for Thermal Bridges in The Single-Family House

3.9 LCA – Multi–storey building

Stages and components:
The stage analysis shows that the external walls and ground floor slabs are the main

contributors to the GWP in A1–A3, primarily due to the use of mineral-based materials
such as bricks and concrete. In contrast, the roof presents a negative GWP in this stage,
which is attributed to its timber-based construction.

C3 contributes significantly to the GWP of the roof, with smaller contributions seen
in the external walls and other elements. C4 also adds to the total GWP, although its
impact remains relatively minor across components. B4 has a modest influence, with the
most noticeable contributions appearing in the roof and windows and doors. D introduces
environmental savings across multiple components, especially for the roof, which benefits
from material reuse or recycling at end-of-life.

Looking at the overall results, the highest total GWP contributions are found in the
external walls (1.540 kg CO2-eq/m2/year), followed by ground floor slabs (0.735), founda-
tions (0.273), and windows and doors (0.142). Other components, such as internal walls
(0.092), thermal bridges (0.018), and balconies (0.012), contribute to a lesser extent. The
roof, despite its large role in several stages, ends up with a total GWP of –0.183.

Thermal bridges, treated as a separate component, account for approximately 0.7% of
the total GWP from building elements.
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Figure 3.16: LCA-Stages-Multi-Storey Building

Materials analysis:
The materials analysis shows that the highest GWP contribution comes from mineral

building products, which include materials such as concrete and masonry. This is ex-
pected, as the building is primarily constructed using these materials, resulting in a high
environmental impact from the structural elements. Wood also contributes noticeably, re-
flecting its use in selected building components. Insulation materials and components
for windows and curtain walls account for smaller, yet still relevant, shares of the total
emissions. These results suggest that enhancements to the insulation may not significantly
impact the embodied emissions. However, the enhancements in this case also included
some mineral materials, such as the inner leaf of the external walls (bricks).
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Figure 3.17: LCA-Materials-Multi-Storey Building

3.9.1 Multi–storey building – overview of thermal bridge optimized ma-
terials

Component Description of added materials in optimized version

Door thermal bridge: Several insulation layers applied to sep-
arate high-conductivity materials; total insulation volume of
0.00838 m³/m equals approximately 8 mm thickness per meter
along the thermal bridge.

Roof-wall thermal bridge: 20 mm of mineral wool insulation
added at the roof and wall.



3.9. LCA – Multi–storey building 59

Component Description of added materials in optimized version

Roof-window thermal bridge: 20 mm of external mineral wool
insulation applied over a 240 mm wide area at the roof–window
junction.

Ex. wall-Groundfloor thermal bridge: Lightweight aggregate
blockwork with graphite core added to replace the inner layer
of the external wall at the ground floor junction, totaling 0.108
m³/m.

Wall-floor-balcony thermal bridge: Several insulation layers ap-
plied to separate high-conductivity materials; total insulation
volume of 0.00838 m³/m equals approximately 8 mm thickness
per meter along the thermal bridge.
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Component Description of added materials in optimized version

Window 1 thermal bridge: 25×20 mm mineral wool insulation
added around the window frame

Window 2 thermal bridge: 230×30 mm mineral wool insulation
added to the window sill and 50×55 mm insulation placed below
the window frame to reduce thermal bridging, totaling 0.009
m³/m.

3.9.2 Multi–storey building – LCA for thermal bridges

Figure 3.18 illustrates the GWP impact of various thermal junctions.
The door-thermal bridge, ex. wall-storey partition thermal bridge, wall-floor-balcony

thermal bridge, and window thermal bridges exhibit minimal or no variation in GWP.
This suggests that either no optimization measures were applied or their impact was neg-
ligible due to the structural and design constraints of multi-storey buildings. For instance,
the mitigation of the door-thermal bridge involved applying 20 mm of external insulation
to the balcony slab and adding perimeter insulation to the door frame joint.

Conversely, the roof-wall thermal bridge shows a 0.98% increase, while the roof-
window thermal bridge increases by 0.34%, indicating modifications in insulation or ma-
terial composition. Similarly, the wall-floor-foundation thermal bridge exhibits a 0.08%
increase, reflecting a limited influence of optimization strategies on embodied emissions.

The most significant change is observed in the ex. wall-groundfloor thermal bridge,
where GWP increases by 6.64%. This rise is attributed to the substitution of conventional
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bricks with low thermal conductivity blocks (lightweight aggregate blocks), which enhance
thermal performance but result in higher embodied carbon emissions due to the additional
material use.

Figure 3.18: LCA - GWP for Thermal Bridges in The Multi-Storey Building

3.10 LCA – kindergarten building

Stages and components:
The GWP distribution in the kindergarten building reflects a structure shaped largely

by its material load. Floor decks and external walls stand out as the most emission-
intensive components, with contributions of approximately 1.00 and 0.67 in A1–A3, respec-
tively. This is primarily due to their high material demands during production. Founda-
tions also contribute significantly (0.52), reinforcing the trend observed in major structural
elements. Ground floor slabs contribute around 0.25, while windows and doors show a
lower value of roughly 0.10. The roof shows a negative value of around –0.20 in A1–A3.

C3 has a noticeable impact, particularly on the roof, where it dominates the total GWP
(0.045), followed by moderate contributions in external walls, windows and doors, and
floor decks. B4 remains modest overall but is visible in windows and doors (0.137). C4
is present across components but has a minor influence overall. The roof contributes less
than other major components overall, largely due to lower material intensity and the envi-
ronmental benefits from D, which partly offset its emissions.

The total GWP results, the highest contributors are the floor decks (1.096), followed
by external walls (0.729), foundations (0.552), and ground floor slabs (0.289). Compo-
nents such as windows and doors (0.137), roofs (0.045), internal walls (0.034), and thermal



3.10. LCA – kindergarten building 62

bridges (0.077) show comparatively lower impacts.
Thermal bridges account for approximately 2.6% of the total GWP from building el-

ements. This value highlights their relevance and suggests that design improvements
should take their embodied impact into account.

All values are expressed in kg CO2-eq/m2/year.

Figure 3.19: LCA-Stages-Kindergarten Building

Materials analysis:
The material breakdown for the kindergarten building clearly shows that the largest

share of GWP comes from mineral building products, which include concrete and ma-
sonry elements commonly used in the structure. Insulation materials also contribute
significantly, likely due to additional thermal improvements. Components for windows
and curtain walls and wood follow, though with a smaller share of the total impact. Other
categories such as plastics and metals play only a minor role. These results reflect a
construction profile where structural mass and insulation requirements dominate the en-
vironmental footprint.
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Figure 3.20: LCA-Materials-Kindergarten Building

3.10.1 Kindergarten building building – overview of thermal bridge op-
timized materials

Component Description of added materials in optimized version

Door thermal bridge: 50×265 mm (0.01325 m³/m) of extruded
polystyrene (XPS) added beneath the door frame inside the
foundation block.

Basement wall-floor thermal bridges: 50 mm (0.05 m³/m) of
mineral wool and extruded polystyrene (XPS) were added along
the wall and floor, respectively.
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Component Description of added materials in optimized version

Foundation-floor thermal bridge: 25 mm (0.025 m³/m) of min-
eral wool added at the window board.

Int. foundation thermal bridge: 50 mm (0.05 m³/m) of XPS
added between the internal foundation and the optimized floor
deck.

Roof-wall thermal bridge: 25 mm (0.025 m³/m) of mineral wool
(or insulated plaster board) added to both the roof and the wall.
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Component Description of added materials in optimized version

Roof-wall 2 thermal bridge: 25 mm (0.025 m³/m) of mineral
wool added to both the roof and the wall.

Skylight thermal bridge: The frame height was reduced, and
insulated plasterboards were added to the skylight sill.

wall-floor thermal bridge: 120 mm (0.12 m³/m) of lightweight
concrete blocks and 0.00325 m³/m of XPS were added at the base
of the external wall and floor slab connection.
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Component Description of added materials in optimized version

Window 1 thermal bridge: 0.0072 m³/m of mineral wool was
added around the window frame to improve insulation and re-
duce thermal bridging.

Window 2 thermal bridge: 0.006 m³/m of mineral wool was
added around the window frame.

3.10.2 kindergarten building – LCA for thermal bridges

Figure 3.21 illustrates the GWP impact of various thermal bridges in the kindergarten
building. Unlike multi-storey structures, where structural constraints limit mitigation
strategies, single-storey buildings offer greater flexibility in applying insulation and op-
timizing materials. As a result, thermal bridge mitigation is often more effectively imple-
mented in kindergartens compared to multi-storey buildings, where load-bearing require-
ments and design limitations restrict interventions.

The door-thermal bridge, foundation-floor thermal bridge, roof-wall thermal bridge,
and window thermal bridges show negligible changes in GWP, suggesting that either op-
timization measures were minimal or had little impact due to existing design constraints.
For instance, perimeter insulation was applied to the door-thermal bridge and foundation-
floor thermal bridge, while post-insulation of the roof-wall thermal bridge with 20 mm
thickness resulted in a low GWP increase.

In contrast, the roof-wall thermal bridge recorded a 1.22% increase, indicating that
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material adjustments played a small yet measurable role in embodied emissions. Similarly,
the roof-wall 2 thermal bridge saw a 0.88% rise, underscoring the limited effectiveness of
optimization efforts in these areas.

The most substantial change was observed in the wall-floor thermal bridge, which
experienced a 9.38% increase, while the internal foundation thermal bridge recorded a
5.28% increase in GWP. This rise is attributed to the use of low thermal conductivity mate-
rials that enhance insulation but simultaneously increase embodied carbon emissions due
to the additional material required for improved thermal performance, including 100 mm
of insulation added to the floor below the internal foundation and low thermal conductiv-
ity concrete used in the wall-floor junction.

Figure 3.21: LCA - GWP for Thermal Bridges in The Kindergarten Building

3.11 GWP variation across building cases

The final step of the LCA analysis is to compare the embodied GWP and operational
energy use across the cases over a 50-year span. Figure 3.22 illustrates the total GWP for
each case in both baseline and optimized versions, along with the variations observed after
optimization.

In the single-family house case, the embodied GWP increased by 0.55% due to the
additional materials used for construction optimizations. However, the operational GWP
decreased by 4.51%, attributed to an improved energy performance following enhance-
ments to the building envelope.

For the multi-storey building, a significant reduction in operational GWP was achieved,
decreasing by 14.76%. Meanwhile, the embodied GWP increased by only 3.81%, leading
to an overall improvement of 10.95% in the total GWP of the building.
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The kindergarten case also demonstrated a notable reduction in total GWP, achieving
a 6.14% decrease, highlighting the effectiveness of optimization strategies in reducing the
building’s environmental impact.

Figure 3.22: Comparison of Operational and Embodied GWP Variation Across Building Cases



Chapter 4

Discussion

This chapter presents a critical discussion of the findings from this study, focusing on heat
loss mitigation strategies and their environmental impact. The analysis highlights key
considerations related to thermal bridge solutions, addressing challenges associated with
moisture control, fire safety, structural durability, and the environmental impact of materi-
als. The discussion further examines the life cycle assessment (LCA) results, emphasizing
the implications of material choices on the overall sustainability of the building.

4.1 Heat loss

The mitigation of thermal bridges is a complex process that requires a holistic approach
to ensure both energy efficiency and the long-term integrity of the building. The opti-
mizations applied in this study specifically targeted the reduction of linear thermal trans-
mittance, thereby minimizing the overall transmission losses. However, several additional
factors must be considered when implementing thermal bridge solutions:

• Moisture management: While reducing thermal losses, it is critical to assess moisture-
related risks. Implementing additional insulation or modifying construction ele-
ments may alter the vapor diffusion and condensation behavior within the structure.
This necessitates a thorough evaluation of moisture barriers, such as damp-proof
membranes (DPM), to prevent mold growth and structural deterioration. The correct
placement of these barriers is essential to avoid unintended moisture accumulation.

• Fire safety considerations: Modern fire safety regulations are becoming increas-
ingly stringent, requiring careful assessment of materials used in thermal bridge
mitigation. Some insulation materials with favorable thermal conductivity proper-
ties may not meet fire resistance standards. Collaboration with fire safety specialists
is essential to ensure that the selected materials balance thermal performance with
compliance to fire safety codes. In some cases, alternative fire-resistant materials
with similar thermal conductivity may be required.

• Structural durability and load-bearing capacity: Optimizing thermal bridges in
load-bearing elements presents additional structural challenges. The choice of mate-
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rials must align with both thermal performance and mechanical durability require-
ments. Certain insulation materials may affect the load-bearing strength of structural
elements, necessitating careful selection to ensure long-term stability. Additionally,
optimizing thermal bridges in reinforced concrete or steel structures may require
adjustments in design to maintain the building’s structural integrity over time.

4.2 Life cycle assessment (LCA)

The materials selected for the LCA analysis in this study are conventional construction
materials based on Danish Environmental Product Declarations (EPDs). While these mate-
rials comply with industry standards, recent research highlights the potential of bio-based
and carbon-negative materials in improving both thermal performance and environmental
impact.

Studies indicate that bio-based insulation materials, such as hempcrete, wood fiber,
and straw, offer superior environmental performance compared to synthetic alternatives,
primarily due to their carbon sequestration potential and lower embodied emissions [29].
Additionally, cork-based insulation and mineral wool have been identified as highly ef-
fective materials that balance thermal efficiency with a low environmental footprint [28].
These materials not only reduce operational energy demand but also minimize end-of-life
environmental burdens, making them strong candidates for sustainable renovations [29].

Furthermore, carbon-infused concrete and other carbon-negative materials present an
opportunity to sequester CO2 while simultaneously mitigating thermal bridges, leading
to a net-positive environmental impact [29]. However, despite their promise, challenges
related to scalability, cost-effectiveness, and long-term durability must be addressed before
widespread adoption.

Future research should expand LCA comparisons to a broader range of materials, con-
sidering factors such as resource availability, recyclability, end-of-life impact, and carbon
sequestration potential [28, 29]. A holistic approach integrating thermal simulations, em-
bodied carbon analysis, and economic feasibility (LCC) assessments will be essential in
defining optimal solutions for climate-resilient and energy-efficient buildings.



Chapter 5

Conclusion

This chapter presents the conclusions of the study and addresses the problem statement.

Effective thermal bridge strategies: Thermal bridge mitigation starts with their iden-
tification. In existing buildings, thermographic cameras detect the coldest areas, while
simulations assist in the design and renovation phase. By analyzing heat flow direction
and magnitude, the primary pathways of heat loss are mapped. This process enables the
optimal placement of thermal breakers, enhancing energy efficiency and reducing environ-
mental impact. Additionally, selecting appropriate insulation materials and construction
techniques further minimizes thermal losses while maintaining structural integrity and
regulatory compliance.

The choice of strategy depends on the magnitude and nature of the thermal bridge.
For instance, in a single-family house, the most significant thermal bridge impact was
observed at the internal foundation, where the partition wall’s steel frame is placed on
the partition foundation. In the design phase, this issue can be addressed by selecting a
low-conductivity material for the foundation. However, in a renovation scenario, applying
a thermal breaker beneath the partition wall is the most viable approach, although it may
be less efficient.

In renovation projects, replacing materials can be challenging, making thermal bridge
mitigation more complex. The most effective strategies involve adding materials to disrupt
the thermal bridge and reduce heat loss. Additionally, repositioning elements such as win-
dows, doors, and skylights can improve thermal performance. This was demonstrated in
the kindergarten case, where repositioning the skylight reduced the linear thermal loss. In-
ternal post-insulation and insulated plasterboards are also viable solutions for renovations,
provided that fire safety and moisture control are carefully considered.

Research questions and results

• What proportion of total heat loss can be attributed to thermal bridges? The
contribution of thermal bridges to total heat loss varies depending on the calculation
method. Standardized values from DS418 estimate that thermal bridges account for
10–32% of total transmission losses. However, simulation-based calculations indicate
a higher contribution, ranging from 30–52% or more when point losses are also
included. This difference highlights the importance of detailed simulation methods,
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which better capture the geometric complexity and material behavior of building
components.

• To what extent can energy consumption and environmental impact be reduced
through effective insulation? The results show that mitigating thermal bridges
leads to significant reductions in both energy consumption and environmental im-
pact. Individual thermal bridge optimizations resulted in reductions of up to 85%
as shown in Figure 3.11, and the total linear thermal losses were reduced by approx-
imately 40–75%, depending on the building type and construction details, as shown
in Figure 3.12. The total transmission losses were reduced by 23.7% in the single-
family house, 22.4% in the kindergarten, and 21.6% in the multi-storey building.

In terms of environmental impact, optimization resulted in a 14.76% decrease in
operational energy-related GWP for the multi-storey building, with only a 3.81% in-
crease in embodied GWP, leading to an overall net reduction of 10.95% in total GWP.
The kindergarten case demonstrated a total GWP reduction of 6.14%, highlighting
the effectiveness of thermal bridge mitigation strategies as shown in Figure 3.22.
These findings indicate that the reduction in operational energy demand outweighs
the embodied emissions from additional insulation, making thermal bridge opti-
mization a viable approach for improving building sustainability.

• Which materials are most effective in mitigating thermal bridge effects? A range
of materials can be used to mitigate thermal bridge effects. Thermal breakers are
particularly effective when a frame, structural element, or door is placed directly
against a highly conductive conventional material. Insulated plasterboards are suit-
able in cases where elements cannot be altered, such as the inner leaf of a load-
bearing wall; they can also be used as window sills. Low-thermal-conductivity
blocks are effective in areas where parts of the wall or foundation can be replaced.

Increasing the insulation thickness in building components can also help reduce
thermal bridging by minimizing direct contact between highly conductive materials.

As also discussed in the materials analysis, bio-based insulation materials such
as hempcrete, wood fiber, and straw offer sustainable alternatives with the added
benefit of carbon sequestration. Additionally, carbon-infused concrete and other
carbon-negative materials can further reduce a building’s embodied emissions while
enhancing thermal performance.

• How can the trade-off between reduced heating and cooling energy demand and
increased embodied emissions from additional insulation be optimized? Achiev-
ing an optimal balance between energy efficiency and embodied emissions requires
careful material selection and long-term planning. The findings reveal that insu-
lation upgrades result in substantial operational GWP reductions with relatively
modest increases in embodied emissions. Over a 50-year lifespan analysis, the net
environmental benefit becomes evident—illustrated by a 10.95% total GWP reduc-
tion in the multi-storey building case. This highlights the importance of life cycle
thinking in sustainable building design.
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Chapter 6

Appendix-A-

6.1 Design transmission loss calculation

The design transmission heat loss of the building is calculated using two primary equa-
tions: one for surface elements and another for linear thermal bridges. These equations
are based on DS 418 standards.

6.1.1 Design transmission loss for surface elements

The total design transmission loss (Φt) through building elements such as walls, floors,
and roofs is determined using the equation:

Φt = A · U · (θi − θu) (6.1)

where:

• A = Transmission area of the building element (m2)

• U = Thermal transmittance (U-value) of the building element (W/m2K)

• θi = Indoor design temperature (°C)

• θu = Outdoor design temperature (°C)

6.1.2 Design transmission loss for linear thermal bridges

To account for additional design heat loss at junctions, the transmission loss due to linear
thermal bridges is calculated as:

Φt = l · Ψ · (θi − θu) (6.2)

where:

• l = Length of the thermal bridge (m)

• Ψ = Linear thermal transmittance (W/mK)
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6.2 Line losses in this section based on standard values -
DS418

6.2.1 Analysis Scope: Inclusion of Windows and Doors

The first step in the transmission analysis is to evaluate whether windows and doors
should be included in the heat loss assessment. By comparing scenarios with and with-
out these elements, the impact of their presence on the overall thermal performance is
assessed. This approach helps determine the most effective insulation strategies and iden-
tify critical areas for improvement. Understanding the contribution of windows and doors
to heat transfer is essential for optimizing building envelope performance and minimizing
thermal bridging effects.

6.2.2 Single family house

Heat Loss Distribution: Including Windows and Doors: When including all components,
the windows are identified as the largest contributor to the building’s total heat loss, ac-
counting for 31% or 910 W. This is followed by doors, contributing 22% of the heat loss
at 648 W. Together, windows and doors represent more than half of the total heat losses,
underscoring the importance of addressing these elements in any renovation or insulation
strategy.

The walls also contribute a significant portion of the heat loss, amounting to 21% or 641
W. Roofs contribute 10% (307 W), while floors account for 4% (115 W). These components
indicate further opportunities for improvement through enhanced insulation.

In addition to these main elements, linear thermal losses—which represent heat loss
along joints, edges, and interfaces between building elements—make up a combined 12%
of the total heat loss. These linear losses can be broken down as follows:

• Line loss between the outer wall and windows/doors: 105 W (3%)

• Line losses at foundations with underfloor heating (UFH): 171 W (6%)

• Line loss between the roof structure and windows: 83 W (3%)
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Figure 6.1: Transmission-losses-Percentage-Baseline-single family house

Heat Loss Distribution: Excluding Windows and Doors
The chart 6.2 illustrates the distribution of heat losses across various building compo-

nents in a single-family house, excluding windows and doors from the analysis, in contrast
to Appendix A, where they are included. Walls contribute the largest proportion of heat
loss at 45% (641 W), marking them as a primary focus for insulation improvement. Roofs
account for 22% (307 W), while floors represent 8% (115 W).

In this scenario, linear thermal losses become more significant, making up 25% of the
total heat loss. These are detailed as follows:

• Line losses at foundations with underfloor heating (UFH): 12% or 171 W

• Line losses between walls and windows/doors: 7% or 105 W

• Line losses between the roof structure and windows: 6% or 83 W

This distribution highlights significant thermal bridges within the building structure,
particularly at foundations, wall joints, and roof interfaces. Targeting these areas, along
with walls and roofs, presents substantial opportunities for improving the building’s over-
all energy efficiency.
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Figure 6.2: Transmission-losses-Percentages-Baseline-excluding windows and doors-single family
house

6.2.3 Multi-storey

Heat Loss Distribution: Including Windows and Doors: In Case 2, when all components,
including windows and doors, are considered, the windows and doors contribute the
most to heat losses, accounting for 56% or 14,470 W. This is followed by the walls, which
represent 15% or 3,994 W of the total heat loss. The roofs and floors contribute 8% and 7%,
with losses of 1,949 W and 1,780 W, respectively.

Furthermore, line losses are broken down as follows:

• Line loss at foundations contributes 5% (1,393 W)

• Line loss at walls/windows/doors contributes 9% (2,198 W)

The dominance of windows and doors highlights the need for effective insulation
strategies for these elements to improve energy efficiency.
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Figure 6.3: Transmission-losses-Percentages-Baseline-multi storey

Heat Loss Distribution: Excluding Windows and Doors
The chart 6.4 illustrates the distribution of heat loss across various components in a

multi-storey building, excluding windows and doors, in contrast to Appendix A, where
these elements are included. With windows and doors excluded, walls emerge as the
largest source of heat loss, contributing 35% or 3,994 W. Roofs account for 17% (1,949 W),
while floors represent 16% (1,780 W).

Line losses are also significant in this analysis, with the following contributions:

• Line loss at foundations: 12% or 1,393 W

• Line loss at wall/window/door interfaces: 20% or 2,198 W

This distribution underscores the need for improved wall insulation and highlights
that line losses, particularly at foundations and wall/window interfaces, are substantial
contributors to overall heat loss. Addressing these thermal bridges could yield significant
energy savings.
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Figure 6.4: Transmission-losses-Percentages-Baseline-excluding windows and doors-multi storey

6.2.4 Case 3: Kindergarten

Heat Loss Distribution: Including Windows and Doors:
In this baseline scenario, when considering all components, windows and doors con-

tribute the most to heat losses, representing 36% or 5,450 W. This is followed by the walls,
which account for 17% or 2,504 W of the total heat loss. The roofs and floors contribute
21% and 20%, with losses of 3,121 W and 2,976 W, respectively.

Furthermore, line losses are broken down as follows:

• Line loss at foundations contributes 5% (790 W).

• Line loss at walls/windows/doors contributes a minor 1% (135 W).

The significant heat loss through windows and doors highlights the need for effec-
tive insulation strategies in these elements to improve the overall energy efficiency of the
building.
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Figure 6.5: Transmission-losses-Percentage-Baseline-kindergarten

Heat Loss Distribution: Excluding Windows and Doors
The chart 6.6 shows the distribution of heat loss across various components in a kinder-

garten building, excluding windows and doors. Roofs contribute the largest share of heat
loss at 33% (3,121 W), followed by floors at 31% (2,976 W) and walls at 26% (2,504 W).

Line losses are also notable, with the following contributions:

• Line loss at foundations: 8% or 790 W

• Line loss at wall/window interfaces: 2% or 135 W

This distribution highlights the importance of enhancing insulation in roofs, floors,
and walls, as well as addressing linear thermal bridges at foundations and wall/window
interfaces to improve the building’s overall energy performance.
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Figure 6.6: Transmission-losses-Percentages-Baseline-excluding windows and doors-Kindergarten

6.2.5 Conclusion: Impact of Excluding Windows and Doors

Excluding windows and doors from heat loss analysis enhances the readability of results
by focusing on the structural thermal performance of walls, roofs, floors, and linear thermal
bridges. This approach highlights critical areas like foundation interfaces and wall joints,
making it easier to prioritize insulation strategies and address thermal bridges effectively,
without the overshadowing effect of windows and doors.
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Appendix-B-Transmissions loss anal-
ysis

7.1 Calculation methodology

Figures (7.3, 7.4, 7.7) present the main results from BE18 calculations.
The methodology used in this study calculates transmission losses and the contribu-

tion of thermal bridges in W/m² as shown in figures(7.5, 7.6, 7.8). The primary objective
is to assess the total thermal bridge impact per square meter of the entire building and
evaluate its overall environmental footprint per square meter later. This approach simpli-
fies the calculations and allows for a clear representation of results in percentage form,
facilitating better comparison and interpretation. A similar approach to area-normalized
thermal bridge impact calculations is discussed in the Thermal Bridging Guide, where total
junction heat losses are divided by the exposed building envelope area to determine an
equivalent thermal performance indicator [20].

7.1.1 Total transmission Loss (W/m²)

The total transmission loss per unit area for the building envelope is calculated as:

Total Transmission Loss W/m² =
Total design Transmission losses (W)

Total External Surface Area (m²)
(7.1)

7.1.2 Thermal Bridges (W/m²)

The heat loss contribution from thermal bridges per unit area is determined using:

Thermal Bridges W/m² =
Total Thermal Bridge Loss (W)

Total External Surface Area (m²)
(7.2)

85



7.1. Calculation methodology 86

7.1.3 Percentage of Thermal Bridges from Transmission losses

The relative impact of thermal bridges on total transmission losses is calculated as:

Thermal Bridges percentage =
Thermal Bridges W/m²

Total Transmission Loss W/m² + Thermal Bridges W/m²
× 100

(7.3)
These calculations provide a standardized approach to assessing the significance of

thermal bridges in total building transmission losses.

Figure 7.1: Calculations in diagram-figures(7.5, 7.6, 7.8)
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Figure 7.2: Calculations in diagram figures (7.8, 7.9)

7.2 Baseline

Figure 7.3: calculation based on DS418
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Figure 7.4: calculation based on Simulations-baseline

Figure 7.5: Transmission loss analysis-DS418
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Figure 7.6: Transmission loss analysis-Simulations-baseline
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7.3 Optimized

Figure 7.7: calculation based on Simulations-optimized

Figure 7.8: Transmission loss analysis-Simulations-Optimized

Figure 7.9: Calculation based on Simulations-baseline vs optimized

7.4 Building energy consumption calculation in BE18

BE18 calculates a building’s total energy demand based on transmission losses, ventilation
losses, internal heat gains, solar gains, and system efficiencies.
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Transmission losses are determined by the transmission area, thermal transmittance,
and the temperature difference between indoor and outdoor conditions.

Ventilation losses depend on airflow and heat recovery. Internal gains include occu-
pants, lighting, and appliances. Solar gains consider glazing, shading, and orientation.
Heating/cooling loads are adjusted for system efficiency. Energy supply accounts for dis-
trict heating, heat pumps, and renewables. Some of the values are assumed.

The final energy requirement (kWh/m² per year) ensures compliance with Danish en-
ergy regulations [27].

7.4.1 Single family house

Figure 7.10: BE18-Single family house
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7.4.2 Multi storey building

Figure 7.11: BE18-Multi storey building
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7.4.3 Kindergarten building

Figure 7.12: BE18-Kindergarten
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Appendix-C-Baseline-Simulations

8.1 HTflux simulation method

HTflux is utilized in this study to calculate the Ψ-value of thermal bridges by assessing
additional heat loss at junctions. The calculation follows a steady-state thermal analysis
approach, integrating material properties, geometric configurations, and boundary condi-
tions. The Ψ-value is determined using the following equation:

Ψ =
Φtotal
∆T

− ∑ (U × L) (8.1)

where:

• Φtotal is the total heat flux through the analyzed junction (W).

• ∆T is the applied temperature difference (K).

• U represents the thermal transmittance (U-value) of adjacent building components
(W/m²K).

• L is the corresponding length of each adjacent element (m).

The calculation process involves:

• Determining the total heat flux through the construction detail under defined tem-
perature conditions.

• Computing the heat loss contribution from each adjacent building element using
their respective U-values and lengths.

• Subtracting the conductive heat loss of adjacent elements from the total flux to isolate
the impact of the thermal bridge.

• Normalizing the remaining heat loss by the temperature gradient and the length of
the junction to obtain the linear thermal transmittance (Ψ-value).

This method enables precise evaluation of thermal bridge effects, facilitating the opti-
mization of energy-efficient building designs by identifying critical areas of heat loss [19].
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8.2 Single family house

Materials Dimensions

- Insulation
- Concrete
- XPS
- Thermal Break
- Wood

DS418-Annex C [31]
Door frame 215 mm
Floor 700 mm
Foundation 400 mm

Table 8.1: Thermal bridge-Single family house-Door
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8.3 Multi storey

Materials Dimensions

- Insulation
- Concrete
- Wood
- Brick

ISO 14683 -Table C.2 [22]
Light wall 1000 mm
Floor 1000 mm
Wall 1000 mm
Balcony 600 mm

Table 8.2: Thermal bridge-Multi storey-balcony-floor
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8.4 Kindergarten

Materials Dimensions

- Insulation
- Concrete
- Wood
- Sand

DS418-Annex D [31]
Basement wall 1500 mm
Basement Floor 4000 mm

Table 8.3: Thermal bridge - Kindergarten: Basement wall-floor
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8.5 Simulation validation

Figure 8.1: Thermal bridge-single family house-window-heat flux-validation
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Figure 8.2: Thermal bridge-single family house-window-validation



Chapter 9

Appendix-D-LCA

9.1 Life cycle assessment

This study utilizes LCAbyg, a life cycle assessment (LCA) tool, to evaluate the environmen-
tal impact of various thermal bridge mitigation strategies. LCAbyg assesses building com-
ponents throughout their life cycle, including material production, energy consumption,
and end-of-life disposal. The analysis examines how different thermal bridge solutions
influence both heat loss and the building’s overall environmental footprint [7].

Mitigation strategies considered include enhanced insulation at critical junctions (e.g.,
window and door frames, wall intersections, and roof-wall connections) and the use of
advanced materials. Each strategy is assessed for its effectiveness in reducing transmission
losses while minimizing carbon emissions, resource consumption, and energy demand.

LCAbyg provides a comprehensive framework for evaluating thermal bridge design
choices in relation to environmental sustainability. The results will guide decision-making
by identifying strategies that optimize both energy efficiency and environmental perfor-
mance.

The Global Warming Potential (GWP) metric quantifies CO2-equivalent emissions
across the building’s life cycle. Key life cycle stages include:

• A1–A3: Raw material extraction, transportation, and manufacturing.

• B4: Emissions from material replacements during the operational phase.

• C3: Waste processing before final disposal.

• C4: Final disposal of materials.

• D: Benefits or burdens from material reuse, recycling, or energy recovery [30].

By analyzing these phases, this study aims to identify thermal bridge strategies that
enhance sustainability while maintaining energy efficiency.

The environmental impact of thermal bridges is calculated based on the length of each
construction element. For instance, door, wall-floor-balcony, and foundation-floor junc-
tions are considered thermal bridge elements contributing to the building’s total environ-
mental impact. The length of each element follows the same methodology used for calcu-
lating thermal bridge linear losses, ensuring consistency in assessment (see Appendix 9).
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Figure 9.1: LCA-thermal bridge calculation method-single family house

Figure 9.2: LCA-thermal bridge calculation method-Multi storey building
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Figure 9.3: LCA-thermal bridge calculation method-Kindergarten building

9.1.1 Single family house

Figure 9.4: LCA calculation-single family house-1



9.1. Life cycle assessment 103

Figure 9.5: LCA calculation-single family house-2

Figure 9.6: LCA calculation-single family house-3
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Figure 9.7: LCA calculation-single family house-4

Figure 9.8: LCA calculation-single family house-5
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Figure 9.9: LCA calculation-single family house-6

Figure 9.10: LCA calculation-single family house-7
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Figure 9.11: LCA calculation-single family house-8
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Figure 9.12: LCA calculation for a single-family house, including selected thermal bridge junctions.
The full dataset is large in scale.
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9.1.2 Multi-storey

Figure 9.13: LCA calculation-multi storey-1
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Figure 9.14: LCA calculation-multi storey-2

Figure 9.15: LCA calculation-multi storey-3



9.1. Life cycle assessment 110

Figure 9.16: LCA calculation-multi storey-4
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Figure 9.17: LCA calculation-multi storey-5
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9.1.3 Kindergarten

Figure 9.18: LCA calculation-Kindergarten-1
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Figure 9.19: LCA calculation-Kindergarten-2

Figure 9.20: LCA calculation-Kindergarten-3
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Figure 9.21: LCA calculation-Kindergarten-4
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Figure 9.22: LCA calculation-Kindergarten-5
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