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and Paris A. Fokaides 1,4

1 Faculty of Civil Engineering and Architecture, Kaunas University of Technology, Studentų Str. 48,
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Abstract: The investigation of building elements regarding energy saving is a paramount issue,
with EU Directives driving achievement goals, focusing on buildings’ energy performance and
energy efficiency. This work focuses on investigating thermal bridges in a new high-performance
window installation. This work aims to investigate the thermal properties of windows installed in the
thermal insulation layer and to compare different installation methods and thermal bridge evaluation
methodologies from the point of view of thermal physics. The results show that comparing the
obtained values of the thermal bridge according to two- and three-dimensional domain (2-D and 3-D)
calculation methods, the values show a difference of 68%. After examining the method of installing
a new high-performance window in the thermal insulation layer, the effect of installing a window
on the wall of a building is highlighted in this work. Given that windows are the most thermally
conductive elements in a building, this paper provides guidance for both the scientific community
and practitioners regarding trends in thermal bridges that change completely when using different
assessment methods.

Keywords: thermal bridges; thermal transmittance; thermal insulation; passive energy buildings;
window; building envelop

1. Introduction

The universal climate change problem has made it crucial for the European Union to
invest in energy-saving methods. For this reason, members of the European Union have
created an integrated national energy and climate plan from 2021 to 2030 [1]. The Energy
Union and the Energy and Climate Policy Framework for 2030 pledge to reduce the amount
of emitted gas, which is known to cause the greenhouse effect, by at least 40% compared to
the amount emitted in 1990. According to the data of 2014, buildings used approximately
40% of all the energy generated in the EU countries. They emitted more than a third of the
universally emitted amount of CO2 gas [2]. Hence, it was concluded that the buildings
sector has much potential to save energy.

Legal requirements for the new generation of buildings are stated in the renewed
Directive (EU) 2018/844 [3], which focuses on the energy performance of buildings and
energy efficiency. The Union’s goal to develop an effective energy system by 2050 is
difficult, since breakthroughs in energy efficiency move slowly. In 2014, about 3% of
European buildings were Nearly Zero Energy Buildings (NZEB). That means 97% of the
buildings were of low energy efficiency [4]. Currently, about 75% of buildings in the
European Union are not energy efficient, but in 2050, 85–95% of them will still be in use.
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Much effort is being put into renewing and supplementing the buildings’ funds,
because countless buildings were previously built following low energy usage efficiency
standards. Nevertheless, only 1% of buildings are being efficiently renovated each year.
For this reason, decisive action is required in order to achieve Europe’s climate-neutral (net
zero emissions) goals by 2050. According to the European Commission’s 17 September
Communication, due to Europe’s 2030 climate ambitions [5], this norm must increase twice
in order to achieve a more ambitious 2030 climate target of at least 55%. The Commission
determined that renovation would be needed at an average rate of 3% annually in order
to cost-effectively implement the Union’s energy efficiency ambitions. For this reason, on
14 October 2020, the Commission presented a new renovation strategy called “A Renovation
Wave for Europe—Greening our buildings, creating jobs, improving lives” [6].

In most European cities, buildings appeared during the past few decades and have
not been properly taken care of for a long time. In most cases, buildings cannot satisfy
modern requirements related to the quality of accommodation, energy usage efficiency,
economy, and environmental protection. Doubtlessly, to achieve sustainability, one must
emphasize the modern integrated renovation of already-built buildings and take notice
of the usage of renewable energy and building insulation, heating, ventilation, and air
conditioning (HVAC).

1.1. Thermal Bridge

One of the ways to effectively renovate buildings is to apply new high-performance
windows. However, judging from experience, the low energy efficiency is often related to
low quality of construction. Correct window installation is still one of the most difficult
hurdles that must be overcome to achieve a higher energy efficiency in buildings [7].
Thermal imaging performed by professionals clearly shows thermal bridges at window
openings (Figure 1) [8].
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Figure 1. Thermal images of thermal bridges at window openings.

Thermal bridges are caused by full or partial penetration of the building envelope
by materials with different thermal conductivities, changes in fabric thickness, and/or
differences between internal and external areas, such as those found at wall/floor/ceiling
junctions) [9]. According to a literature review, the total impact of thermal bridges on
heating energy demand is generally significant, ranging from 5% to 39% [10–13]. The
factors mentioned above are determined by weather conditions, insulation level, thermal
bridge constructive solution, building type (use and geometry), and the method used to
implement its effect within the calculation of the building energy demand [14].

Thermal bridges can impact a single point, a linear area, or an entire spatial con-
figuration. Typically, the linear thermal bridges (LTB) that occur at the junction of two
or more building envelope elements are evaluated in the calculations of the building’s
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energy demand. Several scientific studies have been conducted in which LTB was investi-
gated using various calculation and simulation methodologies, such as static/dynamic and
1D/2D/3D [15–18].

The majority of studies present empirical LTB dependences, which determine the
linear thermal transmittance value of a specific construction element [19]. On these founda-
tions, numerical calculation software and catalogues have been developed. The European
Standard EN ISO 14683 contains seventy-six cases referring to eight thermal bridge typolo-
gies (roofs, corners, intermediate floors, internal walls, slab-on-ground floors, suspended
ground floors, pillars, window and door openings), and is one of the most widely used
atlases. On the other hand, these atlases provide thermal bridge values calculated using
the 2-D method. These calculations exclude point thermal bridges (PTB), which are formed
by thermally conductive fasteners such as waxes, varnishes, etc. In terms of PTB, the effect
of PTB is often neglected in analyses aimed at defining a building’s energy performance.
This study also addresses the significance of PTB in the calculation of thermal losses from
thermal bridges in window installations.

1.2. A New High-Performance Window Installation

To partly resolve this problem, a new requirement was included in the Lithuanian
national document [20], which stated that the thermal transmittance of a linear thermal
bridge (LTB) of an NZEB or passive house must be a maximum of 0.05 W/(m·K). However,
attaining this value presents a severe difficulty for project designers and builders [21].
However, a new method of installing window frames directly onto thermal insulation
layers has been found to reduce the effect of LTB [22].

Nowadays, a few alternative installation solutions are applied in the practical area
of construction. Most window frameworks are pendent on reinforced anchor brackets
(Figure 2a) or on rectangular wooden frames (chipboard) (Figure 2b) that are installed on
a wall. However, these different cases of window mounting do not ensure that thermal
bridges at the junction of wall and window will be avoided. Insufficiently isolated joints of
window frames and facade walls increase the impact of building thermal leaks, and it does
not ensure the required value of the airtightness of passive house, which must be equal
to 0.6 air change rate at 50 Pa per hour. Furthermore, it is important to mention that the
possibility of condensation and humidity increases when using the mentioned window
mounting methods [23,24]. In this way, the building may lose its passive house status
because of window installation defects [25,26].
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Figure 2. System of window installation in the insulation layer: (a) on anchor brackets [27]; (b) on
chipboard frame [28].

It is often incorrectly thought that by installing a window in the isolation layer, the
thermal bridge will have no impact on the building’s energy consumption. The value of
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the thermal bridge of the openings depends on the length from the load-bearing layer and
the mounting place of the window, and on the materials used to mount the window, such
as installing foam, framework, fasteners and finishing elements. The longer the length
between the wall and the window, the higher the required number of anchor brackets
attached directly to the window frame and the outer wall retaining layer. However, point
thermal bridges (PTB) appear at the points where the anchor brackets are attached. Thus,
using a lot of them is not efficient.

Anchor holders are often made of plastic, which has a much lower thermal conduc-
tivity value than metal, to reduce energy loss due to point thermal bridges. However, the
support force of this type of bracket has drawbacks: plastic is flexible. It may not withstand
heavy high-performance windows in the thermal insulation layer that have a greater length
than the load-bearing layer. The weight of the opening parts of such glass systems is a
minimum of 130 kg. Therefore, only steel brackets, whose thermal transmittance value
is 50 (W/(m·K)), are suitable for installing windows in passive houses. This means the
material of anchor brackets has a huge impact on the efficiency of high-energy-performance
buildings. To assess the real energy consumption, buildings must evaluate the additional
heat losses due to PTB. Otherwise, the energy efficiency calculations for the building might
be incorrect.

Designers and builders are looking for new ways to reduce the impact of PTB on a
building’s energy costs [29]. A new method for installing windows in a thermal insulation
layer is currently being applied in practice. A prefabricated frame, made of higher-density
stone wool boards (SWB) and auxiliary elements, is being used for the installation of
window frames (Figure 3). Practice shows that such window installation is not complicated
due to the lightness of the thermal insulation board and the simplicity of the fastening
elements. Moreover, it is suitable for installation on any retaining wall, and the thermal
conductivity of the frame made of thermal insulation material is low. Such a frame’s static
properties are sufficient for installing a high-performance window up to 350 mm away
from the retaining wall layer. Since metal fasteners do not connect, it is unlikely to create
a PTB effect. However, installing windows in this way is little studied compared to the
general thermal research context. Therefore, this work aims to investigate the thermal
properties of windows installed in the thermal insulation layer in detail and to compare
different installation methods and thermal bridge evaluation methodologies from the point
of view of thermal physics.

A major concern regarding the design and manufacturing of advanced windows is
related to their sound insulation performance. Recent studies have demonstrated the
effectiveness of porous absorbent materials in the cavity perimeter of windows [30], as well
as the effect of ventilation-enabling façade noise control devices for congested high-rise
cities [31]. Active noise control, which uses a secondary sound to cancel unwanted noise,
has been successfully implemented and is considered to be an established technique for
enhancing the sound insulation of windows [32].

2. Methodology
2.1. Research Object

The schemes of the investigated wall structure and the window frame are given
in Figure 3. Additionally, the values of the layer’s thickness and thermal conductivity
coefficient are shown in the same figure. Accordingly, the heat transfer coefficient of the
wall structure is U = 0.12 W/(m2·K).
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Figure 3. The scheme of the investigated wall structure (a) and of the investigated window frame (b).

The wooden frame of the analyzed window consists of 6 chambers, and its thickness
is 100 mm. The value of the thermal conductivity coefficient λ = 0.13 W/(m·K). The
calculations were simplified and the heat exchange over the glass area was not detailed.

The installation of a window on the wall’s opening using stone wool boards (SWB)
was chosen for the study (Figure 4). The thermal conductivity coefficient of the special
rigid SWB is λ = 0.059 W/(m·K). The window frame fastener W length is 192 mm; width—
50 mm; wall thickness—2 mm; thermal insulation thickness—48 mm. The length of the
corner fastener CL of the thermal insulation panels (when the thickness of the thermal
insulation layer was > 200 mm) is 192 mm; width—192 mm (respectively 96 mm on one
side of the corner); wall thickness—2 mm. The thermal insulation board interconnect EL
length was 192 mm; width—192 mm; wall thickness—2 mm. The investigation evaluated
two wall installation fasteners measuring 80 × 100 mm. The calculations estimated one
wall installation fastener measuring 80 × 100 mm. This method of installation does not
require gaskets, as the thermal insulation material is flexible and allows the window frame
to be installed tightly.
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Figure 4. System of window installation in the insulation layer using the stone wool boards (SWB)
REDAir TM LINK [33].

2.2. Thermal Bridge Evaluation Methodology

Regarding the evaluation of the thermal bridges, the standard EN ISO 14683:2017 [34]
presents three different methodologies:

• Numerical simulation (3-D);
• Choosing from catalogues and atlases;
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• Calculation under steady-state conditions (2-D).

This study was guided by methodologies 1 and 3, as this work investigated a new
way of connecting windows using SWB. The thermal bridge values of such a connection
between a window and the walls have not been studied so far. Therefore, these values are
not given in catalogues.

Thermal bridges may be defined according to EN ISO 10211: 2017 [9]. The calculation
scheme is given in Figure 5.
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The LTB around the openings was calculated using the 2-D software THERM [36].
This method is based on the 2-D dimensions. The heat flow moves horizontally in the x-
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and y-axis directions. The linear thermal transmittance of the thermal bridges (Ψ) was
calculated according to Equation (1):

Ψ = L2D − ΣUj·lj (1)

where L2D is the linear thermal coefficient obtained by calculating the 2-D component for
the two environments considered; Uj is the thermal transmittance of the 1-D component j
separating the two environments being considered; lj is the length within the 2-D model
applied in the value of Uj.

At the beginning of the study, the LTB was calculated for installation of the window in
a load-bearing layer without innovative installation elements and additional insulation;
thus, standard ΨST. The ΨSWB of the window opening with an SWB was determined in
parallel using the same calculation method. Metal fasteners were not considered at this
stage of the calculation.

To evaluate the influence of fasteners on heat loss through the window opening edge,
the software HEAT3 [37], with a 3-D temperature field calculation, was used in this study.

For installing windows in the cross-section of thermal insulation material, various
fasteners are used, and their influence on heat loss can be assessed by point thermal
transmittance χ, W/(m·K). The point thermal transmittance (value—χ) was calculated as
in Equation (2):

χ = L3D −
Ni

∑
i=1

Ui − Ai −
Nj

∑
j=1

Ψj (2)

where L3D is the linear thermal coefficient obtained by calculating the 3-D component for
the two environments considered; Uj is the thermal transmittance of the 1-D component I
separating the two environments considered; Ai is the area applied in the value Ui; Ψj is
linear thermal transmittance; lj is the length which the value of Ψj applies; Nj is the number
of 2-D components; Ni is the number of 1-D components.

The partial differential equation is replaced by a discrete approximation in the numeri-
cal formulation. Values at discrete points are used to approximate the temperature field. A
computational mesh is created because of this. ∆xi, ∆yj, and ∆zk, are the increments in the
x-, y-, and z-directions, respectively [38].

A cell (i,j,k) with the side lengths ∆xi, ∆yj, and ∆zk is shown in Figure 6. Figure 6 also
indicates (i, j, k+1) directly above the cell. There are six cells next to each other.
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The heat flow Q i, j, k+1/2, (W), from cell (i,j,k) to cell (i,j,k+1) is given by the thermal con-
ductance multiplied by the temperature difference between these two cells (Equation (3)):

Qi,j,k+1/2 = Ki,j,k+1/2·
(

Ti,j,k − Ti,j,k+1

)
(3)

where Ki, j, k+1/2 is the conductance between the two cells (i,j,k) and (i,j,k+1), W/K; (Ti,j,k −
Ti,j,k+1) is the temperature difference between the two cells.

The other five heat flows pertaining to cell (i,j,k) are calculated correspondingly.
Figure 7 shows the six-thermal conductance of cell (i,j,k). The conductance Ki,j,k+1/2,

(W/K), between the two cells (i,j,k) and (i,j,k+1) is calculated as [38]:

Ki,j,k+1/2 =
∆xi·∆yi

∆zk
(2·λi,j,k)

+
∆zk+1

(2·λi,j,k+1)
+ Ri,j,k+ 1

2

(4)

where λi,j,k is the thermal conductivity in cell (i,j,k), W/(m·K); (∆xi·∆yi) is the conductance
refers to the total heat flow through the area, m; ∆zk is the z-direction for half of the cell
(i,j,k); Ri,j,k+1/2 is an optional additional thermal resistance at the interface between the two
cells (i,j,k) and (i,j,k+1), (m2·K/W).
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The thermal resistance in the z-direction for half of the cell (i,j,k) is the first term in the
denominator, and the resistance for half of the cell (i,j,k+1) is the second term. Ri,j,k+1/2 is an
optional extra thermal resistance at the interface between the two cells (i,j,k) and (i,j,k+1).

Equation (4) is valid for all internal cells (an internal cell has at least one cell on each
side). For boundary cells, the Equation (4) was modified in the following way. Consider
cell (1,j,k), which lies at a boundary. The conductance that couples the temperature T1,j,k
with a boundary temperature is as shown in Equation (5):

K 1
2 ,j,k =

∆yj·∆zk
∆x1

(2·λ1,j,k)
+ R 1

2 ,j,k

(5)

where R1/2,j,k is the boundary surface resistance, (m2·K/W).
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An energy balance is made for each cell. The total heat flow to cell (i, j, k) from the six
adjacent cells is put in the variable Hi,j,k, (W) (Equation (6)):

Hi,j,k = Ki− 1
2 ,j,k ·

(
Ti−1,j,k − Ti,j,k

)
+ Ki+ 1

2 ,j.k·
(

Ti+1,j,k − Ti,j,k

)
+ Ki,j− 1

2 ,k·
(

Ti,j1,k − Ti,j,k

)
+Ki,j+ 1

2 ,k·
(

Ti,j+1,k − Ti,j,k

)
+ Ki,j,k− 1

2
·
(

Ti,j,k−1 − Ti,j,k

)
+ Ki,j,k+ 1

2

·
(

Ti,j,k+1 − Ti,j,k

) (6)

For a more quantitative comparison later, the average point thermal transmittance χ,
W/(m·K), was calculating using Equation (7):∫ b

a χ dl
b − a

(7)

where a—starting position; b—end position; χ—point thermal transmittance as a function
of length from the masonry layer. In practice, the latter is determined by fitting a function
over the graph.

At this stage of the calculation, two cases of window frame installation in SWB were
analyzed (Figure 5):

1. A part of the wall 1 m high and with three fasteners: corner fastener CL, interconnect
fastener EL, and window fastener W (Figure 4). The values χCL, χEL, χW4 were
determined;

2. A part of the wall 1 m high and with two corner fasteners CL and two window
fasteners W (Figure 4). The values χ2xCL, χ2xW were determined.

The supplement ∆Ψ to the value of the LTB was evaluated in two ways:
The supplement of the total linear thermal bridge ∆ΨS of the separate fasteners was

calculated according to Equation (8):

∆ΨS = (n·χ)i + ((n·χ)j+ . . . +(n·χ)m (8)

where n—average number of fasteners per meter of opening; i,j,..,m—different types of
metal fasteners.

The supplement ∆ΨC of the LTB was calculated comprehensively for all fasteners used
in the calculation. These results were provided by the HEAT3 computer program.

Thus, the total ΨT of the thermal bridges using SWB and metal fasteners was calculated
from Equation (9):

ΨT = ΨSWB + ∆Ψ (9)

An analysis was also performed showing how the values of thermal bridges were
distributed by changing the installation place of the window in the thermal insulation layer.
Changing the place of the window installation was evaluated in the calculation. A value
of 0 mm means that the window is mounted next to the edge of the load-bearing layer,
and a value of 150 mm means that the window is installed right outside the wall (thermal
insulation layer). Therefore, 75 mm denotes the middle of the thermal insulation layer
(Figure 8). The values of the longitudinal thermal bridge in the thermal insulation layer
were calculated starting from a value of 0 by adding 10 mm towards the outer side of the
barrier, i, from 0 + 10i + 10j . . . + 10n = 150 mm.
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Figure 8. Schema of basic positions of the window frame in the section of the thermal insulation layer
using SWB.

3. Results
3.1. Linear Thermal Bridges at Window Openings without Considering the Influence of
Metal Fasteners

The results of the study show that the thermal bridge through the standard installation
site (old building, without insulating the window frame with SWB) gives a transmittance
of ΨST = 0.13 W/(m·K), while using SWB for window framework insulation, the value of
the thermal bridge transmittance is ΨSWB = 0.026 W/(m·K). The difference between these
values is 80%.

By analyzing the dependence of the LTB on the window installation length in the
thermal insulation material, the obtained results show (Figure 9) that the lowest value
ΨSWB is obtained when the window-mounted place is at a distance of 70–80 mm from the
load-bearing layer. The thermal transmittance average slowly increases, moving along the
thermal insulation layer to the edge of the load-bearing layer.
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Figure 9. Dependence of the value of thermal transmittance on the installation length in SWB from
the place of window to the load-bearing layer.
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3.2. Thermal Bridges by Assessing the Influence of Metal Fasteners
3.2.1. Point Thermal Bridges

A computer simulation was performed to evaluate the influence of metal fasteners
on the heat loss of the building. The results (Figure 10) show that χCL = 0.0114 W/(m·K);
χEL = 0.0225 W/(m·K) and χw = 0.0181 W/(m·K) when the mounting place of the window
is 100 mm from the supported wall.
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By assessing how the values of the χCL, χEL, χW48 depend on the distance between the
window installation and the edge of the load-bearing layer wall for separate window mount-
ing elements CL, EL, W, the research results (Figure 10) show that using corner fastener CL
and interconnect fastener EL, the PTB is the highest at a distance of 50–100 mm from the load-
bearing layer (χCL = 0.0313 W/(m·K) and χEL = 0.0629 W/(m·K)). Meanwhile, the lowest
values are obtained when l = 150 mm (χCL = 0.0034 W/(m·K) and χEL = 0.00606 W/(m·K)).
However, analyzing the PTB of fastener W, the results are the opposite. As the length l
(length between the installed window framework and the load-bearing layer) decreases,
the value of the PTB decreases, with a maximum value χW = 0.021 W/(m·K) and minimum
χW = 0.0067 W/(m·K) at l = 150 mm and l = 50 mm, respectively.

In addition, the average value of χ was calculated for each fastener. The results were
χW = 0.0168 W/(m·K), χCl = 0.0161 W/(m·K) and χEL = 0.0319 W/(m·K). Thus, on average,
the interconnect fastener EL has twice the thermal transmittance as the corner fastener CL.

3.2.2. The Supplement of the Linear Thermal Bridges

The calculation of LTB’s supplement was performed in two ways: 1 case summing
the χ of separate fasteners (Figure 11b,c) (in this case, the value of LTB’s supplement was
found to be ∆Ψs1 = 0.0521 W/(K·m)), and 2 case HEAT3 software provided the value of
all three investigated fasteners in combination (Figure 11a). The described value of LTB’s
supplement was determined for separate fasteners (the 1 case in Figure 5). In this case,
LTB’s supplement’s value was lower, and was equal to ∆Ψc1 = 0.0515 W/(K·m).
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CL, interconnect fastener EL, and window frame fastener W; (b) separate W fastener; (c) separate
EL fastener.

Analyzing the 2 case (Figure 5), involving an opening edge 1 m long with 2 × CL
and 2 × W, it was found that when evaluating the influence of four metal elements in
a combination (calculation option 2), supplement heat loss through this element was
∆Ψc2 = 0.0591 W/(K·m). After summing (calculation option 1) the point thermal bridges
of separate fasteners (2 × CL and 2 × W), the supplement of the linear thermal bridges was
∆Ψs2 = 0.0592 W/(K·m).

3.2.3. Total Linear Thermal Bridge

The results reveal that the sum of the separate fasteners’ total linear thermal trans-
mittance value is ΨTS1 = 0.0781 W/(K·m). A similar result ΨTC1 = 0.0775 W/(K·m) was
obtained using the HEAT3 software, where the influence of the combination of metal
fasteners was assessed.

In the case using 2 × CL and 2 × W, the total thermal transmittance was found to be
ΨTS2 = 0.0852 W/(K·m) (considering metal fasteners separately) and ΨTC2 = 0.0852 W/(K·m)
(assessing the influence of the combined metal fasteners).

3.3. Comparison of the Values of Thermal Bridges Analyzed by Different Calculation Methods

A comparison of the values of all LTB analyzed in this study is presented in Figure 12.
The study results show that the thermal bridge through the standard installation site
(old building, without insulating the window frame with SWB) gives a transmittance of
ΨST = 0.13 W/(m·K). Meanwhile, using SWB for window framework insulation, the value
of the thermal bridge transmittance is ΨSWB = 0.026 W/(m·K). The difference between these
values is 80%. However, after estimating the metal fasteners, the difference is 37%.
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Figure 12. Comparison of the values of thermal bridges analyzed using different calculation methods.

If we compare the calculation results according to different methodologies, it can be seen
that when the window is mounted into the load-bearing layer (l = 0 mm), the results of the
total thermal bridge (ΨTS1 = 0.0781 W/(m·K); ΨTS2 = 0.0852 W/(m·K)) are almost the same
(difference 0.8% and 0%) as those for the complex thermal bridge (ΨTC1 = 0.0775 W/(m·K);
ΨTC2= 0.0852 W/(m·K)); therefore, the calculation results according EN ISO 10211: 2008 [9]
differ fractionally from the results provided by the HEAT3 program.

However, when assessing changes in the mounting place of the window in the thermal
insulation layer, a discrepancy appears between the results of the different methodologies
used. In this study, the distribution of the value of ΨT was analyzed by changing the
window installation location in the thermal insulation layer and using different calculation
methods to determine the supplement thermal bridge values: complex ∆ΨC (calculation
option (2)) and summed ∆ΨS (calculation option (1)). The results (Figure 13) reveal that the
summing values of the supplement thermal bridge (∆ΨS2) of 2 × CL and 2 × W may vary
from 26.2% to 40.9% compared to the complex values ∆ΨC2 used in the same calculations
performed by the HEAT3 program. The thermal bridge values depend on the mounting
location in the opening in terms of distance from the load-bearing layer. The trends indicate
that the further away from the load-bearing layer, the bigger the difference between the
thermal bridge values determined by different methods.
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The results (Figure 13) also show that in the calculations, applying the summing
(calculation option (1)) of thermal bridge values (∆ΨS2) and the value of thermal bridges of
the window mounted in the thermal insulation layer at a length of 50–100 mm from the
load-bearing layer was 28% greater than the window mounted in the span of 100–150 mm.
The highest value of the thermal bridge (ΨTS2 = 0.1122, W/(m·K)) was at a length of 70 mm
from the load-bearing layer, and the lowest value of ΨTS2 (0.0820, W/(m·K)) was at a length
of 130 mm from the load-bearing layer.

The results (Figure 13) show that by applying ∆ΨC2 (calculation option (2)) and
mounting the window at a length of 50–100 mm from the load-bearing layer, the values of
thermal bridges increased by 30% compared to the values of thermal bridges at a distance
of 100–150 mm from the load-bearing layer. The highest value of the thermal bridge
(ΨTC2 = 0.0861, W/(m·K)) was at 70 mm from the load-bearing layer, and the lowest value
of ΨTC2 (0.0484, W/(m·K)) was at a length of 150 mm from the load-bearing layer.

4. Discussion

To meet the EU’s goals of creating a sustainable, competitive, secure, and decarbonized
energy system by 2050, the EU is stepping up the renovation process to turn old buildings
into NZEB. Following Directive (EU) 2018/844 [3], the renovation of old buildings will
mainly focus on renewable sources. However, important issues remain, namely, the insu-
lation of the building envelope, the modernization of HVAC, and similar [22,39,40]. This
work focused on the subtleties of installing new high-performance windows, which will en-
sure high energy efficiency, sufficient air thickness, and a comfortable indoor microclimate.
Several assumptions have been made in analyzing this problem, such as that installing
a window in a thermal insulation layer results in a zero thermal bridge or those metal
fasteners have a negligible effect on thermal transmittance. However, the investigation has
shown that these two assumptions were incorrect. A certain value of the thermal bridge of
the opening edge is usually obtained due to the difference in the thickness of the window
and wall structures and the different materials used at the window installation site.

The authors of this study analyzed the installation of windows using SWB. The study
results revealed that the insulation of the window frame was a very important issue related
to the energy consumption of the building. By insulating the window frame with SWB,
it was possible to reduce the value of the thermal bridge at the junction of the wall and
the window framework by 80% (but not 100%). Meanwhile, other researchers who have
examined the issue of the thermal bridge of the window opening have stated that for some
cases, placing the window in the most energy-efficient position reduces the linear thermal
transmittance by more than 50% [41].

This excellent 80% result due to the heat saving of the building is given by the 2-D
calculation method when neglecting the fasteners used in the installation scheme that are
used for fastening a special thermal insulation board to the masonry and the window. It is
always an important question what influence the attachment of metal elements (various
bolts, etc.) to the load-bearing structure and each other has on the evaluation of thermal
bridges. The study showed that using SWB and considering the metal reinforcement
details reduces the value of the thermal bridge by up to 37% compared to the standard
without the insulation option. In this case, the metal elements closer to the warm and cold
partition sides do not come into contact, so there is no continuous heat flow through the
metal elements.

The maximum value of χ was achieved for the fastener W. In practice, the middle
fastener W, which is used to join the insulation boards, may be missing if the window is
not large, because the length of the insulation boards is 1500 mm. Therefore, if the window
dimension is less than 1400 mm, no joining of the panels will be required, which means
that the parts will need W either. Therefore, the total value of the thermal bridge will
change significantly.

Analysis of the different calculation methods revealed a 0.8% difference between 2-D
(calculation according to EN ISO 10211: 2017) and 3-D (numerical simulation with HEAT3).
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Comparing calculation options of the composite (2) and summing (1) models of evaluation
of the thermal bridge with the fasteners 2xCL and 2xW at a length of 1 m, the opening
edge showed no difference between the results. However, the study results showed that
different calculation methodologies could significantly skew the results if the length from
the load-bearing layer assesses. As the window mount further away from the load-bearing
layer, the thermal bridge values difference due to using the different methods is bigger.
Calculating the total thermal bridge regarding summing model of separate fasteners (∆ΨS2)
might change the results by 26% to 41% compared to the same calculations using composite
model (∆ΨC2), calculated by the HEAT3 program. The above-mentioned appears because
the heat flows of these fasteners interact with each other, even though a large thermal
insulation layer allocates these fasteners. Therefore, it would be appropriate to evaluate
the PTB of each fastener separately. It would also be easy to estimate the additional heat
loss through the opening edge of any particular window by having PTB for the individual
elements and a mounting scheme for any window. However, it is very difficult to assess
these small fasteners properly, as they can vary greatly in dimensions (length, cross-section),
numbers (depending on loads, base, technological requirements) and the materials to which
they are attached (different bases). Therefore, the calculations may differ from case to case.

3-D thermal numerical simulation is required to estimate the influence of metal fas-
teners on heat loss accurately. This study shows that evaluating the composite model of
these fasteners (using HEAT3) results in a lower additional heat flux compared to the total
heat fluxes of the summing of separate fasteners. However, to properly assess the influence
of metal fasteners, the composite thermal bridge model should be calculated using the
3-D calculation method for each window according to a separate installation scheme. For
designers, such a calculation method would become a serious challenge because, without
special software, it is impossible to do so. Therefore, in the frequent case of assessing the
energy performance of a building, the second assumption is made not to evaluate metal
fasteners and to limit oneself to the 2-D calculation method.

The authors compared the obtained values of the thermal bridge by using the 2-D
and 3-D calculation methods, and the calculation results using a 2-D environment showed
that ΨSWB = 0.026 W/(m·K), while in the 3-D environment, this value was accordingly,
ΨT = 0.0815 W/(m·K). The difference was 68%. From the results of this study, one can con-
clude that by ignoring PTB and using metal elements for window mounting, a significant
difference can be obtained between the calculated (2-D method) and the expected real heat
loss (3-D method). This fact is confirmed by other scientists [42].

Additionally, comparing 2-D and 3-D calculation methodologies, the arrangement of
thermal bridge values by length l took the opposite trend (Figure 7). In the 2-D temperature
field, the thermal bridge values were lowest when the window was installed in a layer
of thermal insulation material at a distance of 70–80 mm from the load-bearing layer
ΨSWB ≈ 0.026 W/(K·m). The results presented in Figure 9 show that with increasing length
l, the value of the thermal bridge also increased. Similar results have been obtained by other
researchers [11,17,43]. Ilomets et al. [44] state that insulating the walls of an existing building
with a > 200-mm-thick layer of thermal insulation increases the value of the thermal bridge
at the window opening by 34%. The authors mentioned above investigated cases where
metal parts were fixed directly to the load-bearing layer or brackets. Meanwhile, the values
of thermal bridges calculated by the 3-D method were distributed with the opposite trend:
as the length l increased, the thermal bridge values decreased. This can be explained by
the fact that when using SWB, metal fasteners do not cross the layer of thermal insulation
material directly and do not come into contact with each other—they do not act as direct
heat conductors. Therefore, it is risky to evaluate thermal bridges only using the 2-D
methodology when designing energy-efficient buildings.

In addition, looking at the results shown in Figure 14, an interpolation of the curves
can be performed to deduce the crossing point of both graphs. In this case, both curves
cross at around 180 mm with 0.0408 W/(K·m). It follows that there is no difference between
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2-D and 3-D methodologies around that point. Thus, metal fasteners do not affect the
window’s overall thermal performance.
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Figure 14. Trends in the values of thermal bridges due to the change of the installation location in the
layer of thermal insulation material, applying different calculation methodologies.

The linear thermal transmittance of the NZEB must be a maximum of 0.05 W/(K·m) ac-
cording to the Lithuanian national document STR 2.01.02: 2016 [20]. The results (Figure 15)
show that if thermal bridges are evaluated using the 2-D method, i.e., without considering
metal fasteners, then the solution for window mounting using SWB always complies with
the requirements of STR. If one considers metal fasteners, the window must be installed
no closer than 100 mm from the retaining wall for the value of the thermal bridge at the
window opening to meet the requirements of STR (Figure 15). The study results show that
the installation position of the window in the layer of thermal insulation material is a very
important issue. The results show that in NZEB buildings where the wall insulation layer
is greater than 200 mm, the windows need to be mounted using SWB. This installation
method ensures the lowest thermal bridges and sufficient static loads by extending the
window frame into the thermal insulation layer at a length of more than 100 mm from
the retaining wall. The farther from the retaining wall, the smaller the thermal bridge.
It has been mentioned earlier that other methods of installing windows show the oppo-
site results, which makes it difficult to ensure the status of an NZEB when using such
mounting methods.
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Figure 15. Compliance of the linear thermal transmittance of the investigated metal fasteners with
the normative requirements.
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This study focused on only one method of window installation using SWB. This
preliminary study has given rise to a focus on ever-improving design solutions. This
construction progress is influenced by energy policy, forcing us to rethink whether we
are evaluating the energy efficiency of buildings or whether the standardized values for
thermal bridges in the atlases are inappropriate. Therefore, from a prospective point of
view, it would be possible to investigate other window installation types proposed in
several atlases or in passive houses, thus providing solutions with extremely low thermal
bridging effects.

5. Conclusions

This work is another small step towards improving the assessment of the energy
performance of a building. Examining the method of installing a new high-performance
window in a thermal insulation layer is important for highlighting the effect of installing a
window on the wall of a building. Given that windows are the most thermally conductive
elements in a building, this paper guides both the scientific community and practitioners on
trends in thermal bridges that are completely changing using different assessment methods.

Comparing the values obtained by using 2-D and 3-D thermal bridge calculation
methods, the values show a difference of 68%. The investigation showed that by insulating
the window frame with SWB and not evaluating the metal fasteners, we can reduce the
value of the thermal bridge at the junction of the wall and the window frame by 80%.
However, the evaluation of metal fasteners reduces the thermal bridge value by up to 37%
compared to the standard option without insulation.

Furthermore, comparing the results of 2-D and 3-D calculation methodologies, the
arrangement of the thermal bridge values according to the length l from the load-bearing
layer took the opposite trend. Therefore, it is risky to evaluate thermal bridges only with
the 2-D methodology when designing energy-efficient buildings.
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