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Keywords: Thermal bridges have a significant impact on the energy efficiency of buildings, but their accurate
Thermal bridges assessment remains a challenge. In this paper, a novel method for estimating the W-values of
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thermal bridges and their contribution to the transmission heat losses (Hy, 1) is proposed to solve
this problem. The proposed method involves calculating the total heat flux across the building
cross-sections and subtracting the 1D heat flux of the individual components to derive the
Y-values. Horizontal and vertical cross-sections are extracted from a 3D BIM (Building Infor-
mation Modelling) model in Archicad. Numerical simulations are carried out on these cross-
sections, which represent the entire building envelope. The method was validated on two
buildings: a simple building and a complex multi-part building. The results show that with only
three cross-sections (one horizontal and two vertical) Hy g can be estimated with less than 2 %
error compared to the standard numerical analysis method defined in EN ISO 10211, where each
thermal bridge is calculated individually. The proposed method is faster and eliminates the need
for manual identification and measurement of thermal bridges. This simplified approach achieves
equivalent accuracy and is particularly beneficial for smaller projects. The study emphasises the
potential of using BIM tools for practical, efficient thermal bridge analysis.

1. Introduction

Nearly Zero Energy Buildings (nZEB) are designed for very high energy performance, with the energy required coming largely from
renewable sources generated on site or close to the building location. One of the biggest challenges in the realization of nZEB and
ultimately in the transition to Zero-Emission Buildings (ZEB) is the effective management of thermal bridges, i.e. places in the building
envelope where the heat flow is significantly higher than in the surrounding areas. Thermal bridges can lead to increased heat loss,
condensation problems and lower overall energy efficiency of buildings [1]. Modern materials and construction techniques are used to
mitigate these effects. For example, the use of high-performance insulation materials, thermal breaks and continuous insulation layers
are key strategies for minimizing thermal bridges [2]. Building information modeling (BIM) also plays an important role in identifying
and eliminating thermal bridges during the design phase and enables precise simulation and optimization of building components to
effectively reduce heat loss [3]. The elimination of thermal bridges not only improves the energy efficiency of nZEBs but is also crucial
for meeting the demanding performance criteria of ZEBs and ensures that the buildings contribute to sustainability goals and climate
change mitigation [4]. The recast EU Energy Performance of Buildings Directive (EU/2024/1275) requires all new residential and
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non-residential buildings to be ZEBs from 2028 (public buildings) or 2030 (all other buildings). This directive focuses on high energy
performance and the use of renewable energy to achieve climate neutrality by 2050 [5].

The numerical calculations of thermal bridges can be performed using both two-dimensional (2D) and three-dimensional (3D)
modeling approaches. While 2D models focus on cross-sections of building components and evaluate the linear thermal transmittance
(W-value), they cannot fully capture the complexity of thermal bridges at intersections and corners [6]. In contrast, 3D models offer a
more comprehensive analysis by taking into account the full geometric and material complexity of the building elements and provide
detailed insights into thermal bridging effects. Despite their accuracy, 3D models require considerable computational resources and
detailed input data, which can limit their wide application [7].

Building Information Modeling (BIM) has proven to be a valuable tool for addressing these complexities. BIM integrates detailed
geometry and material data into thermal simulations, improving the accuracy of 2D and 3D thermal bridge analysis. This integration
enables the automation of thermal bridge identification and calculation, streamlining the design process and optimizing the energy
performance of buildings from the early design stages [8]. In addition, BIM facilitates the implementation of advanced energy effi-
ciency measures and ensures compliance with evolving energy regulations and standards [9].

Recent studies have shown that BIM-based approaches not only improve the accuracy of energy simulations, but also support
comprehensive sustainability assessments. For example, Carvalho et al. [10] demonstrated the application of BIM for energy analysis
and sustainability assessment in Portuguese buildings and showed how it can modernize the assessment of energy performance and
support sustainable building practices. Similarly, Tkal¢i¢ et al. [11] investigated different insulation materials and configurations, such
as Lightweight Steel Frame (LSF) walls with a 6-m span, demonstrating reductions of up to 67 % in heat transfer losses when optimized
thermal bridge designs were employed. These findings underline the importance of detailed and accurate thermal bridge analysis in
achieving nZEB and ZEB goals.

While previous studies have provided valuable insights, existing methods often require significant computational resources or rely
on approximations that lack precision in capturing complex thermal bridge interactions. Moreover, there is a need for a streamlined
methodology that balances computational efficiency with accuracy. This study addresses these challenges by introducing a simplified
section method for assessing H, tg using BIM tools. The method reduces computational effort while maintaining accuracy, demon-
strating its potential as a practical tool for thermal bridge analysis in energy-efficient buildings.

BIM is increasingly being used to integrate Building Energy Modeling (BEM) and Building Energy Simulation (BES) to improve the
energy efficiency of buildings. Gao et al. [12] emphasize that BIM-based BEM overcomes traditional modeling limitations, improves
consistency and reduces costs. Sanhudo et al. [13] investigate the role of BIM in energy retrofit and emphasize the possibilities of data
collection and energy analysis. Vaz et al. [8] investigate the interoperability between BIM and BES and point out that the simplification
of complex geometries improves data transfer, increasing simulation accuracy and energy performance.

Simplifications in thermal bridge calculations are often necessary to achieve a balance between accuracy and calculation efficiency.
Common approaches to these simplifications include the use of thermal bridge atlases or predefined W-values from standards, which
provide quick estimates but may not offer the precision of detailed simulations. Designers often struggle with the absence of repre-
sentative details in thermal bridge atlases. Numerical calculations, while accurate, require significant time and resources. It is essential
for both atlases and numerical methods to focus on construction details that have the most significant impact on the building physics
design. Although there is a growing appreciation for the importance of thermal bridges among engineers and architects, they often lack
the time to thoroughly address them.

It is crucial to emphasize the role of designers’ expertise in identifying and prioritizing thermal bridges that require detailed
analysis. Studies have shown that there is still a knowledge gap and lack of skills among designers regarding thermal bridges. Surveys
indicate that many engineers and architects do not fully understand where or when thermal bridges occur. This lack of understanding
is concerning because if a junction is not recognized as a potential thermal bridge, it may not be investigated, leading to substantial
errors in energy calculations and the sizing of heating and cooling systems [14].

Comparative studies have evaluated the effectiveness of both simplified and detailed modeling techniques in assessing thermal
bridges. For instance, dynamic analysis methods integrated with BIM environments have been shown to enable more accurate and
efficient energy simulations [15]. Experimental methods such as the guarded hot box and numerical simulations have been used to
determine the thermal transmittance of Lightweight Steel Frame (LSF) walls, emphasizing the significant influence of point thermal
bridges [16-18]. Santos et al. [19,20] demonstrated that optimized configurations of LSF walls and detailed analyses are critical for
achieving accurate energy efficiency assessments. Tkalci¢ et al. [11] showed that the use of advanced materials and design strategies,
such as PVC spacers, can reduce heat transfer losses by up to 67 % in extreme cases. These findings highlight the importance of effective
thermal bridge management in achieving energy-efficient building designs.

This study introduces a novel BIM-based method for calculating W-values and total transmission heat losses (Hi, tg) of thermal
bridges using a simplified section method. The primary objectives of this research are: (1) to compare the accuracy and efficiency of the
section method with the standardized EN ISO 10211 approach, and (2) to demonstrate that the section method can reliably
approximate Hy g using only three cross-sections (one horizontal and two vertical). By leveraging BIM tools to streamline cross-
section extraction and thermal analysis, the section method is shown to achieve a high level of accuracy (less than 2 % error) with
significantly reduced computational effort. These results highlight the practical advantages of the section method in optimizing
thermal bridge analysis for highly energy-efficient buildings.
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Table 1

Table of variables.
Variable Definition Units
Wi, Linear thermal transmittance in the horizontal direction W/m-K
Wy, Linear thermal transmittance in the vertical direction W/m-K
Wy, Linear thermal transmittance in the perpendicular vertical direction W/m-K
Wavg,H Average linear thermal transmittance for horizontal cross-sections W/m-K
Wavg,v Average linear thermal transmittance for vertical cross-sections W/m-K
Wavg,u Average linear thermal transmittance for perpendicular vertical cross-sections W/m-K
Lap Thermal coupling coefficient, total heat transfer across a 2D surface W/m-K
Lop,eq i Equivalent thermal coupling coefficient for horizontal cross-sections W/m-K
Lop,eqv Equivalent thermal coupling coefficient for vertical cross-sections W/m-K
Lop,equ Equivalent thermal coupling coefficient for perpendicular vertical cross-sections W/m-K
U; Thermal transmittance of 1D building elements (walls, slabs, windows, etc.) W/m2K
L Length of a 1D element (extent of the thermal bridge) m
He Total transmission heat losses W/K
Hy s Total transmission heat losses due to thermal bridges W/K
Ly Total building height m
Ly, Ly Total building lengths in two horizontal dimensions m
Wi Weighting factor for each thermal bridge’s contribution to Htr,TBH_{tr, TB}Htr,TB %
Tint Indoor temperature °C
Text Outdoor temperature °C
hin Indoor surface heat transfer coefficient W/m2K
hex Outdoor surface heat transfer coefficient W/m2K
Lmax Length of the longest thermal bridge in a cross-section m
WYmax Linear transmittance of the longest thermal bridge in a cross-section W/m-K

2. Methodology

Accurately approximating total transmission heat losses in buildings due to thermal bridges (H g) typically requires complex
numerical calculations. These calculations are often limited to a small number of thermal bridges, providing only partial insight into
the total transmission heat losses. This study addresses this limitation by introducing a simplified methodology for evaluating H; 1
through the analysis of entire building cross-sections, reducing the need for extensive and time-consuming numerical calculations. This
approach aims to bridge the knowledge gap in quantifying the impact of thermal bridges by considering the entire building envelope.

This research introduces a simplified formulation for calculating the thermal performance of the entire building using the build-
ing’s cross-sections, referred to as the section method. This formulation isolates thermal bridge contributions by combining thermal
coupling coefficients, linear thermal transmittance, and building dimensions for the calculation of H. 1p.

The research follows a structured methodology, as illustrated in Fig. 1, with the following steps.

Extract Representative
Cross-Sections

'

T

Prepare _ Calculate W-Values:
Qruss-Secpons. Subtract 1D Heat Fluxes
Assign Materials and from Lap
Boundary Conditions

v

Numerical analysis:
Calculate Lap

Fig. 1. Methodology flowchart.
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1. Selection of Representative Cross-Sections

Horizontal and vertical cross-sections are extracted from a 3D BIM model using Archicad. For validation, two buildings were

analyzed.

o EnergyPlus BESTTEST 960 (simple building) [22]: A test case with six cross-sections (two horizontal and four vertical).
o Multi-Section Building: A more complex building with 32 cross-sections. The cross-sections were chosen to represent the geo-
metric characteristics of the buildings, approximating the 3D BIM model with 2D sections.

2. Preparation of Cross-Sections

The selected cross-sections were processed for thermal bridge analysis by assigning material properties and boundary conditions.
Modern BIM tools (e.g., Archicad) simplify the extraction process, ensuring efficiency.

3. Numerical Calculations of Thermal Coupling Coefficients (Lap)

Thermal bridge analysis was conducted using CRORAL software [21]. The results of numerical calculations for each cross-section
were Lop, which represents the thermal coupling coefficient.

4, Calculation of W-Values

Using the equation below, the W-values for vertical (¥y) and horizontal (Wy, Wy) directions were calculated by subtracting the 1D
heat fluxes (3> U;j x L;) from Lop:

Whj=Lap — Z(Ui -Ly)
i j=1 to Ny

Wyj=Lap— Y (Ui~ L)
i j=1 to Ny

Wyj=Lap — Y (Ui~ L) m
i j=1 to Ny

5. Calculation of Transmission Heat Losses (Hir, )

The calculated ¥-values were multiplied by the main building dimensions (Ly, Ly, Ly) to estimate Hy; g, representing transmission
heat losses due to thermal bridges.

6. Validation and Comparison

To validate the proposed method (referred to as the Section Method), results were compared to those obtained using the classical
approach outlined in EN ISO 10211. The classical method involves detailed numerical analysis of all thermal bridges and manual

identification of bridge lengths.
2.1. Key outcomes

The Section Method demonstrated its capability to approximate H¢, g with a minimal number of cross-sections, achieving less than
2 % error. Compared to the EN ISO 10211 standard [22], the proposed method eliminates the need for exhaustive thermal bridge
identification and provides a streamlined, cost-effective alternative for practical applications.

2.2. Bridging the knowledge gap

This research addresses the challenge of balancing accuracy and efficiency in thermal bridge calculations. By leveraging BIM tools
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and focusing on representative cross-sections, the Section Method offers a novel approach to simplifying the evaluation of transmission
heat losses without compromising precision.

The variables used in the calculations are defined in Table 1. This table provides a detailed explanation of each symbol, its physical
meaning, and its units.

2.3. Creating cross-sections

The cross-sections were exported from the 3D Archicad BIM model (Fig. 2). These cross-sections were generated at each point
where the geometry or material changed. A total of 6 cross-sections were created for a simple building model (Fig. 3), while 32 cross-
sections were required for a multi-section building model (Fig. 4). In Fig. 4, horizontal cross-sections are labeled as “HXXX,” where
“XXX” represents the cross-section number (e.g., “H001"). Vertical cross-sections are labeled as “UXX” and “VXX,” with “XX” also
representing the cross-section number (e.g., “U01” and “V01”). This stage is crucial as it is necessary to capture all thermal bridges in
each cross-section in order to determine the minimal cross-sections required for accurate estimation of the effect of thermal bridges on
total transmission heat losses.

I— T —
.._____________‘_—___—___ = -
- i
_

b)

Fig. 2. Archicad 3D models; a) simple building, b) multi-section building.
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Fig. 3. Simple building cross-section locations; a) vertical and b) horizontal.

2.4. Numerical analysis

Numerical analysis was conducted using CRORAL, a software specialized in analyzing thermal bridges. CRORAL employs the
Control Volume Method (CVM) for solving the heat equation, which discretizes the domain into control volumes and ensures energy
conservation within each volume. This method is computationally efficient and well-suited for modeling complex thermal bridge
geometries.

The analysis was based on cross-sections extracted from a 3D BIM model in Archicad. These cross-sections were transformed for
compatibility with CRORAL to ensure seamless integration into the software. The results of the numerical analysis included detailed
temperature data, which was used to calculate the thermal coupling coefficients (Lyp) for each cross-section. The analysis followed
these steps.

1. Import Transformed Files: Transformed cross-section files exported from Archicad were imported into CRORAL.

2. Apply Boundary Conditions and Material Properties: Surface heat transfer coefficients, as detailed in Table 4, and material
thermal properties were assigned to simulate realistic building conditions Table 3.

3. Calculate Thermal Coupling Coefficient (Lap): Using the boundary conditions and material properties, coefficient Ly are
calculated, which quantifies the total heat transfer for a cross-section.

4. Calculate W-Values: The linear thermal transmittance (¥) was calculated by subtracting the sum of all 1D transmission heat losses
(ZUi-Li) from the thermal coupling coefficient (Lgp) for each cross-section. Fig. 5 provides an example of this calculation.

5. Repeat Calculations for All Dimensions: The procedure was repeated for all cross-sections in the three primary building di-
mensions: height (Ly) and two lengths (Ly and Ly).

The heat source in this analysis was a constant temperature gradient applied across the building envelope, simulating indoor and
outdoor conditions of 20 °C and —10 °C, respectively. These temperatures represent typical winter conditions for evaluating heat losses
in the building. The chosen gradient reflects real-world scenarios where thermal bridges play a significant role in heat transfer.
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Fig. 4. Multi-section building cross-section locations; a) vertical and b) horizontal.

When calculating the 1D transmission heat losses, it was crucial to use the exact dimensions from the building physics design to
ensure consistency and accuracy. By aligning the dimensions, potential inconsistencies that might arise from mismatched measure-
ments were eliminated, maintaining the integrity of the thermal analysis.

The final results of the numerical analysis were used to estimate the total transmission heat losses due to thermal bridges (Hy,,ts) for
the building. These results were validated by comparing the section method with the EN ISO 10211 approach. Errors were calculated as
the percentage difference between the two methods, providing insight into the accuracy and computational efficiency of the proposed
approach.
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Table 2
Material characteristics for a simple building.
Material name Thermal conductivity
A [W/(m K)

Plasterboard 0.160

Fiberglass Quilt 0.040

Wood Siding 0.140

Roof Deck 0.140

Timber Flooring 0.140

Insulation 0.040

Common Wall 0.510

Table 3
Material characteristics for a multi-section building.
Material name Thermal conductivity
A [W/(m K)

Mineral wool 0.035
Reinforced concrete 2.600
Extruded polystyrene (XPS) 0.035
Gravel 2.000
Concrete 2.000
Screed 1.600
Expanded polystyrene (EPS) 0.040
Ceramic tiles 1.300
Parquet 0.150
Shutter box 0.600
Polyurethane foam 0.023
Window 0.130
Plasterboard 0.250

Table 4
Boundary conditions.
Material name Surface heat transfer coefficient h [W/(m? K)]
Interior (horizontal) 7.69
Interior (upwards) 10.00
Interior (downwards) 5.88
Exterior 25.00
019
v 7
2
-
A A
i : i
L. .
Jrsran §
'/

8 ey
il

10819

Fig. 5. 1D transmission heat losses (U-values and dimensions in milimeters).
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2.4.1. Material characteristics and boundary conditions

The material properties are listed in Tables 2 and 3. The boundary conditions derived from EN ISO 9469 [23] (Table 4) depend on
the environment (internal and external) and the direction of heat flow (horizontal, upward or downward). These conditions were
applied uniformly across all modeled elements unless otherwise stated. The surface heat transfer coefficients (h) represent the rate of
heat transfer per unit area due to conduction, convection, and radiation at the interior and exterior surfaces of the building elements.
Interior boundaries, such as those separating conditioned spaces, were treated so the temperature between those spaces is equal and no
heat is moving through those boundaries. Interior boundaries separating external and internal environment were modeled using a
constant temperature of the interior air and heat transfer coefficient (h) for internal surfaces given in ISO 9469 (Table 4). External
surface were modeled the same way as the internal surfaces but with heat transfer coefficient h for external surfaces (Table 4). Cutt-off
planes (internal walls, floors, etc.) were modeled as adiabatic surfaces. The values of the internal and external temperatures are not
important because unit temperature difference (1 K) is sufficient for calculating heat losses. The ground was not modeled, but an
external boundary condition below the foundation was applied. This simplification was made as the focus of this work is to show the
differences between the classical numerical analysis of thermal bridges and the approach presented here. However, if detailed ground
modeling is required, as specified in EN ISO 10211 and EN ISO 13786 [24], the same approach as described in this paper can be
applied. An additional approximation was applied to windows and doors, modeling them as a homogeneous material with uniform
thermal conductivity and thickness. This approach is considered acceptable by Schild [25] in situations where specific window
properties are unavailable during the design phase.

Typical building elements and their thicknesses are shown in Figs. 6 and 7.

WUB) (1) Wood siding (9 mm)
|~ (2} Insulation {66 mm)
L (3) Plasterboard (12 mm)

n (1) Common Wall (200 mm)
(1
“— (1) Wood siding (% mm)
|~ {2) Insulation (61.5 mm)

{(3) Common Wall (100 mm}

a)

(1) Roof deck (19 mm)
{2) Insulation (112 mm)
(3) Plasterboard (10 mm)

()
¥
@) "
NG (1) Wood siding (9 mm) nHgm (1) Common wall {200 mm)
(2) Insulation {66 mm}
— {3) Plasterboard (12 mm)

(1) Timber flooring (25 mm}
(2) Insulation (1003 mm)

b)

Fig. 6. Simple building’s element thicknesses; a) horizontal, b) vertical.
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(1) Plasterboard (25 mm
- {2) Mineral wool (50
(3) Plasterboard (25 mm)

(1) Mineral wool (160 mm)
(2) Reinforced concrete (200 mm)

a)

(2) Gravel (60 mm)
- (2) XPS (200 mm)
(3) Concrete (70 mm)
{1}~ (4) Reinforced concrete (200 mm

i8] (6] (1) Plasterboard (25 mm)
|- {2) Mineral wool (50 mm)
(3} Plasterboard (25 mm)
el W (1) Mineral wool (160 mm)
L (2) Reinforced concrete (200 mm)
@ {1} Parquete (20 mm)
{2) Sereed (50 mm)
{3) EPS (50 mm)

{4) Remforced concretg (200 mm)

(1)

(1) Parquet (20 mm)
(2) Screed (50 mm)
(3) EPS (50 mm)
(4) Concrete (150 mm)
(5) XPS (150 mm)

(6) Concrete (60 mm)
(7) Gravel (100 mm)

b)

Fig. 7. Multi-section building’s element thicknesses; a) horizontal, b) vertical.
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3. Results

This study compares two methods for calculating the W-values of thermal bridges: the section method described in this paper and
the standardized approach described in EN ISO 10211.

3.1. Section method

The approach presented in this paper can be used to approximate the real 3D heat flux by creating horizontal (H) and vertical (V
and U) sections. The best approximation is achieved when all sections are used (Fig. 8).

Fig. 8 presents the temperature distribution obtained from the numerical analysis of the multi-section building. This distribution,
calculated for each of the 32 cross-sections shown in Fig. 3, is critical for estimating the heat flux through thermal bridges. The cross-
sections were extended along their corresponding lengths to reconstruct the building’s 3D geometry, allowing for an accurate
approximation of actual 3D heat losses. The figure highlights higher temperature gradients at junctions and corners, indicating sig-
nificant heat loss through these areas. These findings demonstrate the section method’s ability to capture the thermal behavior of the
building envelope, aligning with the research objective of simplifying and improving the accuracy of thermal bridge analysis.

Figs. 9 and 10 show the W-values calculated for the cross-sections of a simple building and a multi-section building, respectively.
These values quantify the linear heat transfer characteristics of thermal bridges across the three primary dimensions: height (Ly) and
lengths (Ly, Ly). The average ¥-values (¥,yg) provide a straightforward comparison of ¥-values across all cross-sections, revealing
their overall variability. In contrast, the equivalent W-values (¥eq), calculated using Equation (2), normalize these values to the
building dimensions, enabling a proportional analysis of heat transfer contributions.

For the simple building, the W-values are relatively consistent across cross-sections, reflecting its simpler geometry. Equally, the
multi-section building exhibits greater variability, particularly in vertical sections, due to its more complex structure and material
interactions. These findings demonstrate the section method’s ability to capture the thermal behavior of building envelopes while
maintaining accuracy, even for more geometrically complex buildings. The W-values shown in these figures form the basis for
calculating total heat losses (Hy,tg), validating the research objective of providing an efficient alternative to the EN ISO 10211 method.

Z (TH:)
Yoo =—
q.H Ly
Yy
, )
eq,V LV
Zk: (\PUk)
lyeq,U = Li (2)
U

After calculating the W-values, it is possible to calculate the Hy, tg by multiplying the W-values by the corresponding lengths — Eq
(2).

Hirg = Weqp - Ly + Weqv - Ly + Wequ - Lu 3)

In Equation (3), Weqn, Weqv and Weqy are W-values normalized for the building dimensions Ly, Ly, and Ly.

Tables 5 and 6 summarize the equivalent (¥eq) and average (¥,vg) W-values and coupling coefficients (Lap) for the simple and multi-
section buildings, respectively. These results provide critical insights into the heat transfer characteristics across the three main
building dimensions: height (H) and lengths (V and U).

\Pavg,V =

\Pavg,U = = (4)

In Table 5, the vertical dimension of the simple building shows significantly larger average ¥-values (Wayg,v = —1.051) compared to
the horizontal dimension (Wavgu = —0.066), indicating that vertical thermal bridges dominate the overall heat loss contributions.
Similarly, Table 6 reveals greater variability in ¥,y for the multi-section building, reflecting the influence of its complex geometry and
material interactions.

11
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a)

Temp
-10.0 -5.0 0.0 5.0 10.0 15.0 20.0
| | | |

c)

Fig. 8. Reconstructed multi-section building from the results of numerical analysis for all cross-sections (section method); a) Horizontal (H), b)
Vertical (V) and c) Vertical (U).
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Fig. 9. Simple building W-values (section method); a) horizontal, b) and c) vertical.
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Fig. 10. Multi-section building ¥-values (section method); a) horizontal, b) and c) vertical.
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Table 5
Equivalent W-values and coupling coefficients Lyp (simple building).
H S (P x L) —0.238 S (Lo X L) 76.459
Ly = 3.8690
Pequ ~0.062 Lapeq 19.762
Waven ~0.066 LopavgH 18.763
v S (Wy; x Li) ~8.730 S (Lopyi x 1) 60.211
Ly = 8.3410
Peqv ~1.047 Lo eqv 7.219
Wavgv -1.051 Lop,avg,v 6.638
U S (Wyi x Ly -8.830 S (Top,ui X L) 49.391
Ly = 8.4575
Wequ —1.044 Lop,eq,u 5.840
Wavg,u —1.052 Lop,avgu 5.841
H,V,U Horizontal and vertical sections of the building.

Equivalent and average transmittance values for horizontal sections [W/(m K)]
Lop,eqs L2p,avg Equivalent and average thermal coupling coefficient for sections [W/(m K)]
Ly Total height of the building (m)

> (Wui x L) Summation of 1D heat transfer contributions.

Weq,n, Yavg

If all sections are evaluated numerically, as in this work, it is possible to determine the total transmission heat losses (Hy) using

Equation (5). This calculation accounts for contributions from all cross-sections and provides a benchmark for evaluating the accuracy
of the section method. Table 6 compares the total heat losses (H) with the heat losses due to thermal bridges alone (Hy,tg), as
calculated using the section method. The difference (Hy — Hir rg) corresponds to the sum of all 1D heat losses.

As shown in Table 7, the simple building exhibits a larger difference between H, and Hy s, indicating the dominance of 1D el-
ements in its overall heat transfer. In contrast, the multi-section building shows a smaller difference, reflecting its more complex
geometry and the distributed influence of thermal bridges. These ressults validate the section method’s ability to accurately estimate
Hy: 78 using a limited number of cross-sections, supporting the research objective of providing an efficient and practical alternative to
detailed numerical analysis as described in ISO 10211 standard.

Hie = Lopeqa - L + Lopeqy - Lv + Lopequ - Ly

(5)

Table 6
Equivalent W-values and coupling coefficients Lyp (multi-section building).
H S (P x L) —1.839 > (Lop,mi x L) 98.810
Ly = 6.4800
Weqn —0.284 Lop,eqn 15.248
Pavg —0.264 Lopavg 17.126
v S (Wy; x Li) 7.495 S (Lopvi % L) 86.107
Ly = 10.8200
Weqv 0.693 Lop,eqv 7.958
Wavg,v 0.703 Lop,avg,v 7.660
U 2 (Fui x L) 9.909 S (Lop,ui x L)) 90.208
Ly = 9.2200
Wequ 1.075 L2n,equ 9.784
Yavgu 1.076 Lop,avg,u 9.050
H,V,U Horizontal and vertical sections of the building.

Equivalent and average transmittance values for horizontal sections [W/(m K)]
Lop,eqs Lap,avg Equivalent and average thermal coupling coefficient for sections [W/(m K)]

Ly Total height of the building (m)

S (Pui x Ly Summation of 1D heat transfer contributions.

Weqn, Pavgn

Table 7
Transmission heat losses (all cross-sections).

Building case Hers [W/K] He [W/K] Hy — He s [W/K]
Simple building -17.799 186.062 203.861

Detailed multi-section building 15.564 275.125 259.561

H e Total transmission heat losses due to thermal bridges (W/K).

Hy Total transmission heat losses for the entire building (W/K)

15



M. Gasi et al Journal of Building Engineering 101 (2025) 111796

Equation (6) calculates the weighting factors (wi), which quantify the relative importance of each cross-section in contributing to
Her, 8.

!THi|

()

w;=100- %] (6)

i

Table 8 presents the cross-sections with the highest weighting factors (w;), which quantify the relative influence of individual cross-
sections on the total heat losses due to thermal bridges (H tg). These weighting factors, calculated using Equation (6), help prioritize
thermal bridges that have the most significant impact on heat transfer, enabling a more efficient analysis process.

For the simple building, cross-section HO01 exhibits the highest weighting factor (57.2 %), despite its length (1.87 m) being slightly
shorter than the longest thermal bridge (2.00 m). This is due to its higher W-value, which dominates the heat transfer contribution.
Conversely, in the multi-section building, cross-sections such as U03 (2.30 m) dominate the weighting factors due to their combined
length and high W-values.

Arranging the weighting factors in descending order highlights the most critical thermal bridges, simplifying the analysis process.
These findings validate the section method’s capability to focus on key contributors to Hy 1, reducing computational effort while
maintaining accuracy. Additionally, the minimal variation in W-values observed in Figs. 9 and 10 supports the trends in Table 8, where
the dominance of specific cross-sections is influenced by a combination of ¥-values and thermal bridge lengths.

The comparison of W-values in Table 8, representing the thermal bridges with the longest lengths, and the equivalent W-values in
Table 5 and 6 reveals notable differences. For the simple building, the maximum absolute difference is 17.74 % (cross-section HO01),
while for the multi-section building, the maximum difference is 5.86 % (cross-section U3). These differences arise because the
equivalent W-values in Table 5 and 6 average the contributions of all cross-sections in a given dimension, whereas Table 8 focuses on
individual thermal bridges with the longest lengths and highest weighting factors (w;).

When these values are used to calculate the total transmission heat losses due to thermal bridges (H, tg) using Equation (3), as
shown in Table 9, the maximum absolute difference is significantly reduced to just 1.53 % for the multi-section building, despite the
17.74 % difference observed for cross-section HOO1 in the simple building. This result demonstrates that the section method is effective
in balancing these variations and accurately estimating Hi, g, even when individual thermal bridges exhibit significant differences in
their W-values.

These findings underscore the robustness of the section method in capturing the overall heat transfer characteristics of a building
while simplifying the calculation process. The ability to use a limited number of cross-sections while maintaining accuracy validates
the method’s practicality and aligns with the research objective of reducing computational effort without compromising performance.

Table 8
Maximal weight factors.
CS name Y-value L w Lmax WLmax WiLmax
W/(m K) [m] [%] [m] W/(m K) [%]
Simple building HO001 —-0.073 1.87 57.2 2.00 —0.051 42.8
V02 —1.043 6.00 71.7 6.00 —1.043 71.7
uo02 —1.034 6.09 71.3 6.09 —1.034 71.3
Multi-section building HO001 —0.281 1.30 19.90 1.30 —0.281 19.90
Vo2 0.659 3.10 27.26 3.10 0.659 27.26
uo3 1.138 2.30 26.42 2.30 1.138 26.42
Y-value Linear thermal transmittance of the thermal bridge [W/(m K)]
L Length of the thermal bridge (m).
w Weighting factor of the thermal bridge, indicating its contribution to the Hy, g (%)
Lmax Length of the longest thermal bridge in the cross-section (m)
Wl max Linear thermal transmittance for the thermal bridge with the longest length
Wimax Weighting factor for the thermal bridge with the longest length
Table 9
Comparison of W-value (equivalent Vs. longest length).
Building case Hyrs [W/K] |Diff| [%] Her — Hyrs [W/K] |Diff| [%]
Equivalent Longest length Equivalent Longest length
Simple building -17.799 —17.642 0.88 186.062 179.424 3.57
Multi-section building 15.564 15.802 1.53 275.125 273.469 0.60
H e Total transmission heat losses due to thermal bridges (W/K)
Hy Total transmission heat losses (W/K)
|Diff] (%) Percentage difference in H, rg between the equivalent and longest length calculation
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3.2. Calculations according to EN ISO 10211

In order to compare the results of the section method, a classic thermal bridge analysis was carried out in accordance with the EN
ISO 10211 standard for all thermal bridges that can be located on both the simple and the multi-section building. A total of 13 thermal
bridges were identified for the simple building and 30 thermal bridges for the multi-section building.

The results of the numerical analysis are W-values which, multiplied by lengths of the corresponding thermal bridges, give an
approximate value for the H 1p.

After the numerical analysis was done, as with the section method, the results were normalized to show which thermal bridges have
the greatest influence on the Hy; rg. The weighting factors w; were also calculated according to Equation (6) and also arranged from the
largest to the smallest value (Fig. 10). Normalization was carried out twice in order to bring the sum of the weighting factors w; to 100 %.

The red line in Tables 10 and 11 shows the limiting factor for the calculation, for which the difference between the Hy, rp calculated
using all thermal bridges and a limited number of thermal bridges is less than 5 %. For a simple building this limit is 8 and for a multi-
section building 11 thermal bridges, meaning that one has to recognize and numerically calculate at least 8 and 11 thermal bridges,
respectively to achieve the difference below 5 %.

It should be emphasized that 8 and 11 thermal bridges are not chosen at random. These thermal bridges have the greatest influence on
the Hy;,rp. In practice, it is very difficult to determine which thermal bridge has the greatest influence, mainly because more than one
parameter influences the W-value of thermal bridges: materials, thicknesses, boundary conditions and geometry of the thermal bridge.
The W-value is a relative value based on the calculation of 1D transmission heat losses. The dimensions used for these calculations should
be known, as these dimensions determine whether the ¥-value is negative or positive. Another problem with using this method is the fact
that a designer does not know where he is with his calculation, as the W-values can be both negative and positive, as can be seenin Fig. 11,
and Tables 10 and 11. For example, if only 5 thermal bridges are used to approximate the Hy; 1g, the error in determining He, g is 12.0 %
for a simple building and 34.2 % for a multi-section building compared to the Hy; g calculated with the effect of all thermal bridges.

LX) 80.0%
-2.0 70.0%
4.0 60.0%
-6.0 50.0%
4 8.0 40.0%
-10.0 30.0%
o120 20.0%
-14.0 10.0%
-16.0 0.0%
-18.0 -10.0%
-20.0 -20.0%
L 4 7 10 13
Number of TBs
Cumul. ——Error = = =5% limiting factor
a)
18.0 B0%
16.0 70%
14.0 60%
120 50%
] =
z 100 40% nt.
_E 8.0 30% E
= 6.0 20%
4.0 10%
2 0%
0.0 -10%

1 4 7 10 13 16 19 22 25 28
Number of TBs

Cumul. =——Error == =35% limiting factor

b)

Fig. 11. Convergence of the W-value for a calculation according to standard ISO 10211; a) simple building, b) multi-section building.
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Table 10

Classical analysis according to EN ISO 10211 (simple building).
# TB name 4 L ¥ xL w Whorm Cumul. Error

W/(m K) m W/K - - W/(m K) %
1 TM6 —0.450 20.52 -9.224 52.6 47.8 -9.224 47.4
2 TM8 —0.457 7.08 -3.239 18.5 16.8 —12.463 28.9
3 TM12 —0.407 6.00 —2.442 13.9 12.6 —14.905 15.0
4 TM11 —0.067 20.52 -1.374 7.8 7.1 -16.279 7.2
5 TM2 0.110 7.74 0.853 4.9 4.4 —15.426 12.0
6 TM9 —0.078 7.08 —0.555 3.2 2.9 —15.981 8.9
7 TM3 —0.064 7.74 —0.494 2.8 2.6 —16.474 6.1
8 TM13 —-0.071 6.00 —0.428 2.4 2.2 —16.903 3.6
9 TM4 —0.081 4.00 -0.323 1.8 1.7 -17.226 1.8
10 TM1 —0.086 3.74 —-0.322 1.8 1.7 —17.548 —-0.1
11 TM10 —0.003 8.34 —0.024 0.1 0.1 —17.572 -0.2
12 TM5 0.011 2.00 0.022 0.1 0.1 —17.550 -0.1
13 T™7 0.002 8.34 0.014 0.1 0.1 —17.536 0.0
> —17.536 110.1 100.0

g Linear thermal transmittance of the thermal bridge [W/(m K)]
L Length of the thermal bridge (m)
¥ x L Heat loss through the thermal bridge [W/(m K)]
w Weighting factor, indicating the contribution of the thermal bridge to the Hy g
Whorm Normalized weighting factor, expressing the relative importance of the thermal bridge
Cumul. Cumulative contribution of the thermal bridges to Hy s
Error Cumulative error in estimating Hy, g due to including only the most significant thermal bridges

Table 11

Classical analysis according to EN ISO 10211 (multi-section building).
# TB name g L ¥ x1 w Whorm Cumul. Error

W/(m K) m W/K - - W/(m K) %
1 TM9 0.164 30.180 4.953 32.29 24.77 4.953 67.7
2 TM11 0.161 20.240 3.265 21.28 16.33 8.218 46.4
3 TM29 0.295 6.890 2.035 13.26 10.18 10.253 33.2
4 TM1 —0.064 27.540 -1.753 11.43 8.77 8.499 44.6
5 TM14 0.160 9.900 1.588 10.35 7.94 10.087 34.2
6 TM25 0.400 3.300 1.319 8.60 6.60 11.406 25.6
7 T™M27 0.154 7.700 1.183 7.71 5.92 12.589 17.9
8 TM13 0.135 4.800 0.646 4.21 3.23 13.235 13.7
9 TM23 0.476 1.280 0.609 3.97 3.04 13.844 9.8
10 TM26 0.268 2.240 0.601 3.91 3.00 14.444 5.8
11 TM21 0.293 1.330 0.389 2.54 1.95 14.833 3.3
12 TM28 0.096 3.380 0.324 2.11 1.62 15.157 1.2
13 TM19 0.337 0.860 0.290 1.89 1.45 15.447 -0.7
14 TM24 —0.049 4.300 -0.211 1.38 1.06 15.236 0.7
15 TM30 0.191 1.000 0.191 1.25 0.96 15.427 -0.6
16 TM4 —0.004 36.680 -0.137 0.90 0.69 15.290 0.3
17 TM16 0.171 0.800 0.137 0.89 0.68 15.426 -0.6
18 TM6 —0.073 1.180 —0.086 0.56 0.43 15.341 0.0
19 TM18 0.104 0.600 0.063 0.41 0.31 15.403 -0.4
20 TM5 0.011 4.400 0.049 0.32 0.25 15.453 -0.7
21 TM3 —0.002 20.360 —0.032 0.21 0.16 15.421 -0.5
22 T™M17 —0.033 0.800 -0.027 0.17 0.13 15.394 -0.3
23 TM8 —0.001 22.340 —0.022 0.14 0.11 15.372 -0.2
24 TM10 —0.001 12.680 —0.019 0.12 0.10 15.353 -0.1
25 ™7 —0.016 1.180 —0.018 0.12 0.09 15.335 0.0
26 TM15 —0.003 5.800 —0.016 0.10 0.08 15.319 0.1
27 TM20 0.003 4.320 0.014 0.09 0.07 15.333 0.1
28 TM22 0.001 9.220 0.007 0.05 0.04 15.341 0.0
29 T™M12 0.001 8.500 0.006 0.04 0.03 15.347 0.0
30 TM2 0.000 14.360 —0.006 0.04 0.03 15.341 0.0
> 15.341 130.33 100.00

g Linear thermal transmittance of the thermal bridge [W/(m K)]
L Length of the thermal bridge (m)
¥ x L Heat loss through the thermal bridge [W/(m K)]
w Weighting factor, indicating the contribution of the thermal bridge to the Hy, g
Whorm Normalized weighting factor, expressing the relative importance of the thermal bridge
Cumul. Cumulative contribution of the thermal bridges to Hy: 1
Error Cumulative error in estimating Hy, g due to including only the most significant thermal bridges
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Figs. 12 and 13 highlight the thermal bridges with the greatest impact on the total transmission heat losses due to thermal bridges
(Hir,rB) for the simple and multi-section buildings, respectively as calculated as per EN ISO 10211 standard. These thermal bridges,
identified based on their W-values and weighting factors (w;), represent the most critical contributors to overall heat losses.

External wall and foundation junction (1) External wall and foundation junction (2)
w=47.8% w=16.8%

o |

TM12 TMI1
External wall, foundation and window

External wall and roof junction (1)

junction
w=12.6% w=T1%
T2 TMY
Internal and external wall junction External wall and roof junction (2)
w=4.4% w=2.9%
TM3 TM™MI3
External wall junction Roof and window junction
w=2.6% w=22%

Fig. 12. Thermal bridges with the most influence for simple building.
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: wall and window external wall
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d_
I

TM26 T™21

Junetion of the foundation

slab, foundation, external
wall and staircase

w= 3.00% w=1.95%

Foundation and internal wall
Junetion

Fig. 13. Thermal bridges with the most influence for multi-section building.

3.3. Comparison of the section method and the EN ISO 10211 method

This study compared the accuracy, computational efficiency, and practicality of the section method and the EN ISO 10211 method
for calculating W-values and transmission heat losses (Hy,tg) due to thermal bridges. The results of this comparison are summarized
below.

1 Accuracy:

The section method achieved less than 2 % error in estimating H, g compared to the EN ISO 10211 method. Table 12 demonstrates
the calculated Hy, g values for both methods, with differences of 0.88 % for the simple building and 1.53 % for the multi-section
building. By contrast, the EN ISO 10211 method showed larger errors due to its reliance on adiabatic surface placement, which
does not account for the interaction between nearby thermal bridges. The EN ISO 10211 results were obtained using CRORAL software,
which has been validated against benchmark examples provided in the EN ISO 10211 standard. As such, these results serve as reliable
references for comparing the performance of the section method. This approach ensures that the accuracy of the section method is
validated for thermal bridge analysis.
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Table 12
Comparison of section method and EN ISO 10211 results.
Metric Section Method ~ EN ISO 10211 Method
Hir, s (Simple Building) —17.799 W/K —17.642 W/K
Hir,rs (Multi-Section) 15.564 W/K 15.802 W/K
Error (%) (Simple Building) 0.88 % -
Error (%) (Multi-Section) 1.53 % -
Number of Cross-Sections 3 13 (Simple), 30 (Multi-Section)
Computational Effort Low High
Hy,p Total transmission heat losses due to thermal bridges (W/K)
Error (%) Percentage difference between the Hy,, 1 calculated between section method and EN ISO 10211

2 Computational Effort:

The section method requires only three cross-sections (one horizontal and two vertical) to achieve accurate results, significantly
reducing computational effort compared to the EN ISO 10211 method, which involves detailed modeling of all thermal bridges. The EN
ISO 10211 approach required the identification and modeling of 13 thermal bridges for the simple building and 30 for the multi-
section building, resulting in greater time and resource demands.

3 Practicality:

The section method leverages BIM tools, such as Archicad, to streamline the extraction of cross-sections, making it more accessible
for designers and engineers. In contrast, the EN ISO 10211 method involves more manual effort in identifying thermal bridges and
calculating their lengths, which can introduce errors and inconsistencies.

The results indicate that the section method offers significant advantages in computational efficiency and practicality while
maintaining a high degree of accuracy. Its reliance on a minimal number of cross-sections simplifies the modeling process, making it an
attractive option for rapid thermal bridge assessments in the early design stages. The EN ISO 10211 method, while precise, is resource-
intensive and may not be practical for all projects, especially those with complex geometries.

4. Discussion

This study evaluates and compares two methods for calculating ¥-values of thermal bridges: the section method proposed in this
paper and the standardized approach outlined in EN ISO 10211. While both methods aim to quantify thermal bridge effects, the section
method simplifies the process by approximating real 3D heat flux through a limited number of horizontal (H) and vertical (V and U)
cross-sections. The EN ISO 10211 method, in contrast, involves detailed numerical calculations for all identified thermal bridges,
which can be computationally intensive and time-consuming.

The section method achieves its best results when all significant cross-sections are utilized. By calculating W-values for these cross-
sections and multiplying them by the corresponding building dimensions (Ly, Ly and Ly), it provides a streamlined approach to
estimating the total transmission heat losses (H¢,,tg). This eliminates the need to explicitly calculate the lengths of individual thermal
bridges, a labor-intensive step in the EN ISO 10211 method.

Tables 5 and 6 demonstrate that both equivalent (¥eq) and average (Wayg) P-values provide consistent results across the three
primary building dimensions, confirming the reliability of the section method.

The accuracy of the section method is further validated by the results in Tables 7 and 9, which compare Hy, g values calculated
using the section method and the EN ISO 10211 standard. The section method achieves a maximum difference of 3.57 % for the simple
building and 0.60 % for the multi-section building when using the longest length approach. In contrast, the EN ISO 10211 method
exhibits errors of 40.56 % for the simple building and 6.26 % for the multi-section building, even when all thermal bridges are
included. These discrepancies in the EN ISO 10211 results are primarily attributed to the placement of adiabatic surfaces, which fail to
account for the interaction effects of nearby thermal bridges.

A key advantage of the section method is its integration with Building Information Modeling (BIM) tools, such as Archicad. These
tools streamline the extraction of cross-sections and preparation of models for numerical analysis, significantly reducing the time and
effort required for thermal bridge evaluation. This integration makes the section method particularly valuable for early-stage design
evaluations, where detailed modeling may not be feasible.

While the section method simplifies the calculation process, the EN ISO 10211 standard still provides valuable insights into the
impact of individual thermal bridges. The weighting factors calculated for thermal bridges in Tables 10 and 11 demonstrate the
importance of identifying and prioritizing the most critical thermal bridges. For example, the dominant cross-sections identified by
weighting factors can guide designers in focusing mitigation efforts on areas with the greatest potential for reducing heat losses. This
strategic advantage underscores the complementary roles of both methods: the section method for efficient and broad evaluations, and
the EN ISO 10211 method for detailed assessments when required.

The results of this study demonstrate that the section method achieves a practical balance between computational effort and

21



M. Gasi et al. Journal of Building Engineering 101 (2025) 111796

accuracy, making it a viable alternative to the EN ISO 10211 standard. The results validate the proposed formulation by demonstrating
its ability to approximate total transmission heat losses with high accuracy and significantly reduced computational effort compared to
conventional methods. By focusing on a minimal number of cross-sections and leveraging modern BIM tools, the section method
provides an efficient framework for thermal bridge analysis that aligns with the needs of contemporary building design and energy
efficiency optimization.

The results shown in this paper validate the proposed formulation by demonstrating its ability to approximate total transmission
heat losses with high accuracy and significantly reduced computational effort compared to conventional methods.

5. Conclusion

This study introduced a novel approach for calculating ¥-values of thermal bridges using the section method and compared it to the
standardized EN ISO 10211 approach. The section method was developed to simplify the estimation of total transmission heat losses
due to thermal bridges (H, tg) while maintaining high accuracy. By utilizing Building Information Modeling (BIM) tools, such as
Archicad, this method allows for the extraction of horizontal and vertical cross-sections, reducing computational effort significantly.

The findings demonstrate that the section method achieves accuracy levels comparable to the EN ISO 10211 approach, with dif-
ferences in Hy, g as low as 0.88 % for a simple building and 1.53 % for a detailed multi-section building. Despite its simplicity, the
section method effectively minimizes computational resources by requiring only three cross-sections (one horizontal and two vertical)
to estimate Hi, p. In contrast, the EN ISO 10211 method involves detailed numerical analysis of all thermal bridges, which can be
resource-intensive and impractical for certain projects.

This research highlights the practical advantages of the section method, particularly for projects where computational efficiency is
critical. By leveraging BIM integration, the process of cross-section extraction and thermal bridge analysis is streamlined, enabling
designers to manage and mitigate heat losses due to thermal bridges more effectively. The study also underscores the importance of
simplified numerical approaches in achieving practical and economically viable solutions for building energy efficiency, especially in
smaller projects where detailed analysis may not be feasible.

The limitations of the section method lie in its reliance on assumptions regarding cross-section selection and material properties.
However, its ability to approximate Hy, tg accurately with fewer computational resources demonstrates its potential for widespread
application. Future research will focus on validating the method on buildings with more complex geometries and varying window-to-
wall ratios, further refining its applicability to diverse building types.

By bridging the gap between computational efficiency and accuracy, this study contributes to the advancement of thermal bridge
analysis techniques, supporting the development of highly energy-efficient buildings.
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