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INTRODUCTION

In European Union countries, buildings are 
responsible for the consumption of 28% of final 
energy [1]. Natural gas consumption in this sector 
is significant and amounts to 36% [1]. Moreover, 
due to the growing population, it is predicted [2] 
that by 2050 there will be a 50% increase in en-
ergy demand in this sector of the economy. In ad-
dition, two-thirds of the European building stock 
was built before 1980 and has the low energy 
efficiency. These factors, along with the deple-
tion of non-renewable energy sources and the 

cumulative risks and effects of climate change, 
have resulted in increasing measures being taken 
to reduce energy consumption. As a result, the 
EU has undertaken a number of legal initiatives 
to improve energy efficiency, including the en-
ergy performance of buildings. These activities 
have included the implementation of the Energy 
Performance of Buildings Directive [3], modified 
in 2018 [4], along with its revision in 2021. In 
light of these assumptions, the implementation of 
the Nearly Zero Energy Buildings (NZEB) model 
in Europe became mandatory on December 31, 
2018 for new public buildings, and for all new 
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ABSTRACT
Actions aimed at improving the energy performance of buildings increase the share of heat loss through thermal 
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decreased by more than 6%. Thus, there is also a positive effect on the linear thermal bridge at the joint of the glass 
pane with the window frame.
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buildings starting on December 31, 2020. This 
made national regulations more stringent and 
the vast majority of countries associated with 
the United Nations Economic Commission for 
Europe (UNECE) already have formal require-
ments for energy efficiency standards in build-
ings [5]. Depending on the climatic conditions, 
the U-value of external partitions ranges from 
0.15 W/m2K to 0.30 W/m2K [6], and for win-
dows it ranges from 1 W/m2K to 1.5 W/m2K [7]. 
In Poland, in accordance with the regulations in 
force from December 31, 2020 for the tempera-
ture in rooms kept above 16°C [8], the maximum 
thermal transmittance coefficient for buildings 
should not exceed the following values: for exter-
nal walls, 0.2 W/m2K; for windows and balcony 
doors 0.9 W/m2K, 1.1 W/m2K for roof windows; 
0.15 W/m2K for roofs, and 1.3 W/m2K for exter-
nal doors. Actions aimed at improving the energy 
performance of buildings increased the share of 
heat loss through thermal bridges and windows 
in the building’s energy balance. For example, for 
unrenovated buildings from the 70’s, the share 
of thermal bridges in heat loss is 2–7% [9, 10], 
and for renovated and insulated buildings it rises 
to 17% [9]. On the other hand, for modern low-
energy buildings built in Europe in moderate cli-
mate conditions (Dfb) [11] they do not exceed 8% 
[17]. On the other hand, for the Mediterranean 
climate (Csa) [11], [12] it was found that reducing 
the impact of thermal bridges is a very effective 
means to reduce primary energy demand, and the 
average annual energy savings are around 8.5%. 
Windows are one of the most important elements 
of buildings and play a key role not only in illu-
minating building interiors with daylight [13], but 
also in shaping the overall energy demand.

Traditional (regular) glass window panes are 
typically the coldest area in buildings. On the other 

hand, in windows with low-emission panes, the 
coldest place, which also has the greatest risk of 
moisture condensation, are the joints between the 
pane and the window frame [14], Fig. 1a. More-
over, windows are responsible for about 30% of 
heat loss from a building [15], but for low energy 
buildings this loss can reach higher values   due to 
the large proportion of window area in relation to 
wall area. On the other hand, for a hot climate, 
linear thermal bridges have a significant impact 
on the energy demand for cooling a building [16]. 
Therefore, one way to effectively reduce heat loss 
in new buildings and renovate old buildings is to 
use new, energy-efficient windows and radically 
reduce the impact of linear thermal bridges. This 
also requires the correct installation of windows. 
Experience shows that the correct installation of 
windows is still one of the most difficult obstacles 
that must be overcome in order to achieve higher 
energy efficiency in buildings and reduce the in-
fluence of linear thermal bridges [18]. This is im-
portant because heat losses through linear thermal 
bridges at the connection of windows with walls 
may constitute up to 40% of heat losses from all 
thermal bridges in the building [19].

The problem that results from faulty window 
installation and the low torsional stiffness of PVC 
window profiles are leaks caused by frame de-
formation, Fig. 1b. This can also result from the 
use of open steel profiles that stiffen PVC win-
dow frames, the stiffness of which is many times 
lower than closed metal profiles. It should also be 
emphasized that a window frame deformed dur-
ing cannot be repaired.

The thermal transmittance coefficient of the 
window joinery is still much higher than for ex-
ternal walls [15, 20, 21] which is the syntax for 
actions to reduce it [22, 23, 24] and it is also 
forced by the legal requirements related to the 

Fig. 1. Linear thermal bridges and leaks: (a) thermal bridge on joint of PVC 
frame and glazing; (b) window frame deformation and air leakage
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tightening of formal energy efficiency standards 
in buildings [25, 26].

The weakest points of the window in terms of 
its thermal characteristics are the window frame 
and the linear thermal bridge that is formed at the 
pane-frame connection and the cable-type ther-
mal bridge at the window-wall connection.

The thermal transmittance coefficient of the 
window frame depends on many factors, includ-
ing the geometry, dimensions of the recesses and 
the emissivity of the surface [24, 27]. On the 
other hand, the value of heat loss through the lin-
ear thermal bridge at the connection between the 
window and the wall depends on the structure of 
the internal window frame, the wall structure, the 
location of the thermal insulation layer, the loca-
tion of the window in relation to the wall and the 
quality of workmanship [28, 29, 30].

In order to reduce the risk of deformation of 
the window, it is very important to obtain high 
strength parameters. This is due to the fact that 
the window frame made of PVC has a very low 
torsional stiffness. However, nowadays, open 
metal stiffening profiles are used, almost ex-
clusively Fig 2a. It is true that closed profiles, 
Fig. 2b, are more expensive than open profiles. 
However, their undeniable advantage is that they 
show many times greater torsional stiffness com-
pared to open profiles, which reduces the risk of 
frame deformation during installation and reduc-
es leakage.

Based on the classical structural mechanics 
and hydrodynamic analogy [31], the torsional 
stiffness of closed profiles 𝐶𝐶! 	 can be expressed by:

𝐶𝐶! = 4
𝐺𝐺	𝐴𝐴"#

∑ 𝑙𝑙$
𝑑𝑑$

%
$&'

	(1) (1) 

where: 𝐺𝐺 =
𝐸𝐸

2 ∙ (1 + 𝜈𝜈) − shear modulus 

(Kirchhoff modulus),
 𝐸𝐸 −  Young modulus;
 𝜈𝜈 −  Poisson’s ratio,
 𝐴𝐴! −  the mean area enclosed within the 

boundary of the centerline of the closed 
profiles’ thickness is shown shaded in 
Fig. 3,

 𝑙𝑙! −  length of a constant thickness profile 
segment,

 𝑑𝑑! − thickness	profile	segment,  
 𝑁𝑁 −  number of segments along the entire 

perimeter of the profile.

On the other hand on the basis Saint-Venant 
torsion theory and membrane analogy the torsion-
al stiffness of open profiles 𝐶𝐶!	 can be expressed 
by [31]:

𝐶𝐶! =
1
3𝐺𝐺&𝑙𝑙" 	𝑑𝑑"#

$

"%&

	(2) (2) 

Fig. 2. Cross-section of the window frame analysed in the study (dimensions in mm): 
a) PVC frame with open steel profile; b) PVC frame with closed steel profile and insulation
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For structures composed of open and closed 
profiles, the torsional stiffness can be expressed 
as follows:

𝐶𝐶 = 𝐶𝐶! + 𝐶𝐶"(3) (3) 

As can be seen (Table 1), closed profiles show 
much higher torsional stiffness in relation to open 
profiles (from several dozen to several hundred 
times greater). Therefore, it is advisable to use 
closed profiles.

In this study, an analysis was performed to 
determine the influence of additional thermal in-
sulation on the thermal transmittance coefficient 
for window frames made of PVC, in which closed 
metal stiffening profiles were used in order to im-
prove stiffness and reduce the risk of deforma-
tion during installation. Be aware that the use of 
closed metal stiffening profiles may have a nega-
tive effect on the thermal properties of the win-
dow frame. Therefore, additional insulation of 
the PVC frame was used. There have been many 
studies that focused on the influence of various 
window frame insulating materials [22, 24, 32] 
on the thermal characteristics of windows [33, 34, 
35]. It has been shown in [35] that the use of poly-
urethane foam placed in large air cavities of PVC 
window frames can reduce the heat transfer coef-
ficient by 10%. In turn, the authors of the work 
[34] managed to develop a window solution for 
which the thermal transmittance coefficient was 
8.5% lower compared to a PVC window with a 
thermal transmittance coefficient of 0.7 W/m2K. 

In the work [24] it was found that filling the air 
cavities of window frames with polyurethane 
foam can reduce the thermal transmittance coef-
ficient of the frame by about 27%. The authors of 
the works [21, 22] used aerogel to fill recesses in 
the hollow profiles of PVC windows. The research 
[21, 22] shows that filling the hollow spaces (air-
filled PVC cavities) in window frames with aero-
gel granules can reduce the thermal transmittance 
coefficient of the frame by up to 30%, depending 
on the frame’s structure. However, the work pre-
sented above did not analyse the effect of closed 
stiffening profiles on the thermal characteristics 
of windows.

NUMERICAL EVALUATION OF THERMAL 
PERFORMANCE IN WINDOWS

Mathematical model and 
boundary conditions

In the first stage, the thermal transmittance 
coefficient of the window frame Uf was deter-
mined. The analysed window frames were mod-
elled in accordance with the requirements con-
tained in the standards [36, 39]. The steady state 
two-dimensional heat conduction through a win-
dow with convective boundary conditions was 
analysed. The numerical calculation of tempera-
ture field was used to determine frame thermal 
transmittance.

Fig. 3. Comparison between closed and open profiles
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In this case was solved the energy equation 
(Laplace’s equation) for solid:

𝜕𝜕!𝑇𝑇
𝜕𝜕𝑥𝑥! +

𝜕𝜕!𝑇𝑇
𝜕𝜕𝑦𝑦! = 0, (4) (4) 

where: 𝑇𝑇 = 𝑇𝑇(𝑥𝑥, 𝑦𝑦)  is the temperature.

All of the solid body and fluid properties re-
mained constant. Heat flow through PVC window 
frame air-filled cavities were modelled by means 
of heat conduction. The cavities were represented 
by equivalent thermal conductivity. This equiva-
lent thermal conductivity coefficient includes the 
heat flow by conduction, convection and radia-
tion and depends on the geometry of the cavity.

Perfect contact between adjacent materials 
was established. On the basis of energy balance 
and Fourier law for solid – solid interface, the 
heat flux density can be described:

𝑘𝑘!
𝜕𝜕𝑇𝑇!
𝜕𝜕𝜕𝜕 = 𝑘𝑘"

𝜕𝜕𝑇𝑇"
𝜕𝜕𝜕𝜕 (5) 

(5) 

where: n denotes the normal direction to the 
surface,

 ki, kj the thermal conductivity of the adja-
cent materials.

The heat flux conditions for internal and ex-
ternal surfaces were given by Newton’s law of 
convection.

For the internal side, Fig. 4:

−𝑘𝑘
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕 = ℎ!"(𝑇𝑇" − 𝑇𝑇!")	(6) (6) 

where: ℎ!" =
1
𝑅𝑅!"

−  heat transfer coefficient on 
the internal boundary, 

 𝑇𝑇! −  indoor temperature,
 𝑇𝑇!" −  surface temperature on the internal 

boundary of the model,
 𝑅𝑅!" −  thermal surface resistance on the 

internal boundary of the model. And for 
external side, Fig. 4:

−𝑘𝑘
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕 = ℎ!"(𝑇𝑇!" − 𝑇𝑇"), (7) (7) 

where: ℎ!" =
1
𝑅𝑅!"

−  heat transfer coefficient, 
𝑇𝑇! −  outdoor temperature, 𝑇𝑇!" −  surface tem-
perature on the external boundary of the model, 
𝑅𝑅!" −  thermal surface resistance on the exter-
nal boundary of the model. Internal and external 
thermal surface resistances are not equal. Further-
more, on boundaries linked to the internal side, an 
increased thermal resistance according reduced 
radiation/convection in edges or junctions be-
tween two surfaces (corners) in accordance with 

[36]. An adiabatic conditions 
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕 = 0  at the other 

walls were assumed. Heat loss analysis and iden-
tification of the thermal transmittance coefficient 
were carried out using the finite element method. 
Numerical simulations were made using the com-
mercial software COMSOL Multiphysics.

Frame geometrical model

In order to determine the thermal transmit-
tance coefficient Uf of the frame, a geomet-
ric model of the PVC window frame was built, 
Fig. 4. Model dimensions are shown in Table 2.

The boundary conditions and thermal prop-
erties were assumed in accordance with [36] are 
presented below, in Tables 3 and 4.

Table 1. Torsional stiffness analysis of the steel 
profiles (Young modulus E = 210 GPa and Poisson’s 
ratio ν = 0.3)

No. Torsional stiffness 𝐶𝐶, [
𝑁𝑁𝑁𝑁
𝑟𝑟𝑟𝑟𝑟𝑟] 

1 16
2 1103
3 6
4 2700

Table 2. Frame window model dimensions

Description Designation Value, mm

Width of the insulation panel bp 191

Width of the window frame bf 119

Thickness of the insulation panel (glazing) dp 48

Thickness of the window frame df 85
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The equivalent thermal conductivity coef-
ficients 𝑘𝑘!"  for the air-filled PVC profile spaces 
(air cavities) were determined according to the 
procedure described in [36]. For the rectangular 
air cavity, the equivalent thermal conductivity 
𝑘𝑘!" 	 was defined by:

𝑘𝑘!" =
𝑑𝑑
𝑅𝑅#
, (8) (8) 

where: d is the air cavity dimension in the heat 
flow rate direction, and 

 𝑅𝑅!  is the cavity thermal resistance given by:

𝑅𝑅! =
1

ℎ" + ℎ#$%&
	(9) (9) 

where: ℎ!"#$  – the convective heat transfer 
coefficient,

 ℎ!   – the „radiative” heat transfer coeffi-
cient. These coefficients are defined by:

ℎ!"#$ = #

𝐵𝐵%
𝑑𝑑
	𝑖𝑖𝑖𝑖	𝑏𝑏 ≤ 5	mm

𝑚𝑚𝑚𝑚𝑚𝑚 0
𝐵𝐵%
𝑑𝑑
, 𝐵𝐵&	Δ𝑇𝑇'()

% *⁄ 4 	othewise
(10) (10) 

ℎ! = 4 ∙ σ ∙ 𝐹𝐹 ∙ 𝐸𝐸𝐸𝐸 ∙ 𝑇𝑇"#(11) (11) 

where: 𝐵𝐵! = 0.025	𝑊𝑊 (𝑚𝑚	𝐾𝐾)⁄  ,
 𝐵𝐵! = 0.73𝑊𝑊 (𝑚𝑚!	𝐾𝐾" #⁄ ,⁄  ,
 ∆𝑇𝑇!"# −  is the maximum surface 

temperature difference in the cavity,

Table 3. Boundary conditions

Description Designation Thermal surface resistance, m2K/W Temperature, °C
Adiabatic conditions A ∞ -
Boundary conditions on external side of the model B Rse 0.04 Te 0
Boundary conditions on internal side of the model C/C1 Rsi 0.13/0.2 Ti 20

Fig. 4. Window frame with insulation panel-boundary conditions: a) PVC frame with 
open steel profile; b) PVC frame with closed steel profile and insulation
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 σ = 5.67 ∙ 10!" 	𝑊𝑊 (𝑚𝑚#𝐾𝐾$)⁄   – 
the Stefan-Boltzmann constant,

 Tm – the average temperature on 
the boundaries of the cavity.

Surface emittance 𝐸𝐸𝐸𝐸  is determined by 
equation:

𝐸𝐸𝐸𝐸 = $
1
𝜀𝜀!
+
1
𝜀𝜀"
− 1)

#!

	(12) (12) 

where: 𝜀𝜀!	and	𝜀𝜀"  – the emissivity of the surfaces.

View factor F is expressed by formula:

𝐹𝐹 = 0.5 ∙ '1 + *1 + +
𝑑𝑑
𝑏𝑏.

!

−
𝑑𝑑
𝑏𝑏0	(13) (13) 

where: 𝑏𝑏 −  width of the equivalent air cavity.

Non-rectangular cavities are transformed into 
rectangular cavities of same area and aspect ratio 
according to defined rules in [36].

Thermal performance

In particular, to evaluate the frame thermal 
transmittance, the glazing system is replaced by 
an insulation panel with a thermal conductivity 
of 0.035 W/(m K) in accordance with the rec-
ommendations of the standard [36]. In order to 
identify the thermal transmittance of the frame 
𝑈𝑈! , it is necessary to define a thermal coupling 
coefficient 𝐿𝐿!"	 that is the two-dimensional heat 
transfer coefficient, expressed in W/(mK). The 
thermal coupling coefficient 𝐿𝐿!" was determined 
as follows:

𝐿𝐿!" =
Φ#

(𝑇𝑇$ − 𝑇𝑇%)
	(14) (14) 

where: Φl – heat flow rate per metre length 
through the window,

 𝑇𝑇! −  outdoor temperature,
 𝑇𝑇! −  indoor temperature.

In turn, the flow rate Φl was determined by 
numerical integration by using trapezoidal rule 
over interior boundary surface, the heat flux 𝑞𝑞! 

𝑞𝑞! =
𝑇𝑇" − 𝑇𝑇#"
𝑅𝑅#"

	(15) (15) 

where: 𝑅𝑅!" −  thermal surface resistance on the 
internal boundary of the model,

 𝑇𝑇!" −  surface temperature on the inside 
boundary of the model.

Φ! =
1
2%

(𝑞𝑞"#$% + 𝑞𝑞"#)∆𝑙𝑙#

&

#'%

	(16) (16) 

where: ∆𝑙𝑙! −	 lenght of the k-th subinterval,
 N – number of subintervals on internal 

side of the model.

The thermal transmittance coefficient of the 
window frame Uf was determined from the fol-
lowing relationship [36]:

𝑈𝑈! =
𝐿𝐿"# − 𝑈𝑈$ ∙ 𝑏𝑏$

𝑏𝑏!
(17) (17) 

where: 𝐿𝐿!" −  linear thermal coupling coefficient 
of the frame in W/(m K),

 𝑈𝑈! −  panel thermal transmittance 
coefficient,

 𝑏𝑏! −  panel width. In the analysed case, 
the thermal transmittance coefficient 
of the insulation panel was equal to 
𝑈𝑈! = 0.64565  W⁄ (m2K) and deter-
mined on the basis [40]:

𝑈𝑈! =
𝑈𝑈!"! ∙ 𝑏𝑏!"! + (𝑏𝑏! − 𝑏𝑏!"!) ∙ 𝑈𝑈!"#

𝑏𝑏!
	(18) (18) 

Table 4. Thermal properties of the model

Material Thermal conductivity, W/(m K) Emissivity Reference
Insulation panel 0.035 0.9 [36]

PVC 0.17 0.9 [36]
Steel 50 0.6 [36]

EPDM 0.25 0.9 [36]
Polyurethane foam PUR 0.025 0.9 [21]
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𝑈𝑈!"! =
1

𝑅𝑅! + 𝑅𝑅#$"! + 𝑅𝑅#%
	(19) (19) 

𝑈𝑈!"# =
1

𝑅𝑅! + 𝑅𝑅$% + 𝑅𝑅$&
	(20) (20) 

where: 𝑅𝑅! = 𝑑𝑑! 𝑘𝑘!⁄ −	 panel thermal resistance,
 𝑘𝑘! = 0.035	𝑊𝑊 (𝑚𝑚	𝐾𝐾)⁄ −	 thermal con-

ductivity of the panel,
 𝑏𝑏!"! −  width of the segment where re-

duced radiation/convection takes place in 
edges between two surfaces,

 𝑅𝑅!"#$ = 0.2 	𝑚𝑚%	𝐾𝐾 𝑊𝑊⁄ −  internal ther-
mal surface resistance where reduced ra-
diation/convection takes place,

 𝑅𝑅!" −  thermal surface resistance on the 
outer surface,

 𝑅𝑅!" −  thermal surface resistance on the 
internal surface.

In the next stage, a numerical model was built 
using the finite element method, Fig. 5. The nu-
merical model was built in accordance with the 
requirements included in the standard [36]. The 
computational domain was modelled using three-
node triangular finite elements and two-node edge 
elements with a smooth change in mesh density 
to reduce the risk of numerical errors. The best 
finite element mesh was determined by perform-
ing three simulations for different finite element 

densities, starting with the mesh with the lowest 
density and fine-tuning it to the point where the 
numerical results no longer depended on the size 
of the finite elements.

To estimate the quality of numerical calcula-
tions, the so-called grid convergence index (GCI) 
was based on Richardson’s extrapolation [37]. 
The GCI Index shows how the computed value is 
far from the asymptotic numerical value. The grid 
convergence index was calculated from equation 
[38]:

𝐺𝐺𝐺𝐺𝐺𝐺!" = 𝑓𝑓	
|𝑒𝑒"#!|
𝑟𝑟"#!
$ − 1

	(21) (21) 

where: 𝑓𝑓 = 1.25  – safety factor for comparisons 
of the at least three grids,

 |𝑒𝑒!"#| = |(𝑈𝑈! − 𝑈𝑈#) 𝑈𝑈!⁄ | −	 r e l a t i v e 
error,

 𝑟𝑟 −  is the grid refinement factor,
 𝑝𝑝 −  is the order of convergence.

The results of the evaluation of the calcula-
tions’ quality are presented in Table 5.

Based on numerical calculations, the linear 
thermal coupling coefficient 𝐿𝐿!"	 and the frame 
thermal transmittance coefficient Uf were de-
termined, as shown in Table 6. Below, Figure 6 
shows the isotherms in the window frame cross-
section and the heat flux density for the two ana-
lysed cases. For a window frame with insulation 
and closed stiffening profiles, the shift of the low 
temperature zone closer to the outer surface is 

Fig. 5. Finite element grid
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noticeable. A very intense heat transfer through 
the metal profiles is visible, which is caused by a 
very high thermal conductivity coefficient. This 
is evidenced by very high values   of the heat flux 
density. Therefore, it is advisable to replace the 
windows’ metal stiffening profiles with compos-
ite profiles with a much lower thermal conduc-
tivity coefficient. In addition, the sensitive places 
through which heat losses are intense are the 
connection of the shaft with the window frame 
and the space separating the sash profile from the 
frame profile.

As shown in the simulation results, filling 
large air spaces with insulating material allowed 
the Uf frame thermal transmittance coefficient to 
be reduced by over 10%. Thus, the use of closed 
metal profiles that stiffen the window frame, 
together with additional insulation, improves 
not only the mechanical, but also the thermal 

properties of the window. Thermal insulation of 
the PVC frame reduces the negative energy effect 
caused by the use of closed metal profiles.

In the next step, the value of the linear ther-
mal transmittance coefficient at the window-wall 
connection was determined. Two cases were ana-
lysed: the first was a window with a PVC frame 
with open steel stiffening profiles, and the second 
was a PVC frame with closed steel stiffening pro-
files and thermal insulation. For this purpose, a 
geometric model was built, Fig. 7, in accordance 
with the requirements included in [39]. The geo-
metric dimensions of the model and its thermal 
properties are presented in Tables 7 and 8. The 
wall thermal transmittance coefficient 𝑈𝑈  was de-
termined from equation (22) in accordance with 
[40] and it amounted to:

U = 0.188 
𝑊𝑊

(𝑚𝑚!𝐾𝐾) 

Fig. 6. Temperature distribution of the standard frame and with insulating inserts:  
a) PVC frame with open steel profile-temperature field, b) PVC frame with open steel 

profile-heat flux, c) PVC frame with closed steel profile and insulation-temperature 
field, d) PVC frame with closed steel profile and insulation-heat flux

Table 5. GCI index for the window frame with closed metal profiles and additional insulation

Grid No. 1 2 3 GCI21, ‰
Number of finite elements 60242 49061 38615 0.1

Frame heat transfer coefficient, 𝑈𝑈!, W (m"K)(  1.112627 1.112651 1.112658
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𝑈𝑈 =
1

𝑅𝑅!" + ∑
𝑑𝑑#
𝑘𝑘#

$
#%& + 𝑅𝑅!'

(22) 
(22) 

where: 𝑑𝑑! −  thickness of the of j-th of any ho-
mogenous layer which is part of the build-
ing component,

 𝑘𝑘! −  thermal conductivities of these ho-
mogenous layers,

 𝑁𝑁 −  the number of the layers of the build-
ing component,

 𝑅𝑅!" −  thermal surface resistance on 
the external boundary of the building 
component,

 𝑅𝑅!" −  thermal surface resistance on 
the internal boundary of the building 
component.

The boundary conditions were adopted as in 
the previous case, Table 3, and a numerical model 
was built using the finite element method. The 
computational domain was created using three-
node triangular finite elements and two-node 
edge elements with a smooth change of mesh 
density to reduce the risk of numerical errors. As 

before, the quality of the numerical calculations 
was assessed using the GCI mesh convergence in-
dex and in this case GCI index not exceed 0.5%.

On the basis of numerical calculations, at the 
given boundary conditions, the temperature field 
was obtained at the connection of the window 
with the wall, Fig. 8, and the value of the linear 
heat transfer coefficient at the connection of the 
window with the wall was determined using the 
relationship:

Ψ = 𝐿𝐿!"#"$#% −𝐿𝐿#"$#% − 𝑈𝑈 ∙ 𝑏𝑏!"#		(23) (23) 

where: Ψ – linear thermal transmittance coef-
ficient at the joint of the window frame 
with the wall,

 	𝐿𝐿!"#!$ −  linear thermal coupling coeffi-
cient of the frame,

 𝐿𝐿!"#"$#% −	 linear thermal coupling coef-
ficient of the frame with the wall,

 𝑈𝑈 −  wall thermal transmittance coeffi-
cient. Linear thermal coupling coefficient 
𝐿𝐿!"#  and heat flow rate per metre length 
Φ!   was determined using the relationship 
(14-16). 

Table 7. Thermal properties of the wall model

Material Thermal conductivity, W/mK Reference
Polyurethane foam PUR 0.025 [21]
Plaster 1.0 [40]
Autoclaved aerated cellular concrete wall 0.35 [40]
Warm windowsill – extruded polystyrene (XPS) 0.036 [40]
Wall insulation – expanded polystyrene (EPS) 0.036 [40]
Lintel-reinforced concrete 1.7 [40]

Table 8. Dimensions of the geometric model of the window-wall connection

Description Designation Value, mm
Width of the frame b2-3 310
Width of the wall b1-2 1010
Wall thickness dwall 240
Wall insulation thickness dins 160
Internal plaster thickness doi 15
External plaster thickness doe 5
Width of the lintel bt 220

Tab. 6. Linear thermal coupling coefficient and frame heat transfer coefficient

Model 𝐿𝐿!",
W

(mK) 𝑈𝑈!,
W

(m"K) 

PVC frame with open stiffening profiles without insulation 0.27098 1.241 
PVC frame with closed stiffening profiles and insulation 0.25572 1.113 
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On this basis, the linear thermal transmittance 
coefficient was determined at the joint of the win-
dow with the wall Ψ, Table 9. As can be seen, 
there is a significant reduction in the influence of 
linear thermal bridges on heat losses. There was 
a 9.6%, 1.0% and 3.5% reduction in the value of 
the linear heat transfer coefficient Ψ in compari-
son to the frame without insulation, respectively 
for the window sill, the jamb and the lintel. Thus, 
the thermal insulation of the PVC frame not only 
reduces the thermal transmittance coefficient of 
the Uf frame, but also has a positive effect on re-
ducing the linear thermal bridges at the connec-
tion between the window and the wall.

EXPERIMENTAL ANALYSIS

In order to analyse the influence of the insula-
tion in the PVC window frame with closed metal 
stiffening profiles on the linear thermal bridge 
at the junction with the glass, experimental tests 
were conducted. The windows were installed in 
the wall of the heated measuring chamber, Fig.9.

Measurements were performed under steady-
state conditions. During the measurements, the 
ambient temperature and humidity were recorded 
by datalogger, Table 10.

The simple and rapid operation of the infra-
red cameras and a non-invasive measurements 

a)

b)

c)

Fig. 7. Connection of the window frame with the wall (a) sill, (b) jamb, (c) lintel
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way make thermography a widely applied for 
many years technique in various fields such as 
for example building [41, 42, 44, 45, 46]. There-
fore, in this case, this technique was used to 
identify linear thermal bridges. A FLIR P640 
thermal imaging camera with 640×480 detec-
tor resolution, 30 mK thermal sensitivity and 
7.5–13 µm spectral range was used to measure 
the temperature field.

First, the “reflected” temperature, Fig. 10, 
was measured in accordance with the standard 
[43]. For this purpose, the average temperature on 
the “diffusion” mirror surface was measured for 
the emissivity ε =1. The reflected temperature, 
measured in this way, was 24.3 °C.

In order to identify the influence of linear 
thermal bridges on heat loss through windows, 
the so-called the incidence factor of the thermal 

Fig. 9. The test chamber

Fig. 8. Temperature distribution at the at the joint of the window with the wall (a) sill, (b) jamb, (c) lintel

Table 9. Linear heat transfer coefficient at the joint of the window with the wall

Model L!"#"$#% ,
W

(mK) L!"#!$ ,
W

(mK) Ψ,
W

(mK) 

PVC frame with open stiffening profiles without insulation – window sill 0.49519 0.27098 0.0343 
PVC frame with insulation and closed stiffening profiles – window sill 0.47661 0.25572 0.0310 
PVC frame with open stiffening profiles without insulation – jamb 0.49937 0.27098 0.0385 
PVC frame with insulation and closed stiffening profiles – jamb 0.48367 0.25572 0.0381 
PVC frame with open stiffening profiles without insulation – lintel 0.52588 0.27098 0.0650 
PVC frame with insulation and closed stiffening profiles – lintel 0.50829 0.25572 0.0627 
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bridge Itb [44, 45, 46] was utilized, which is de-
fined as follows:

𝐼𝐼!" =
∑ $𝑇𝑇# − 𝑇𝑇$,&''
&()

𝑁𝑁	$𝑇𝑇# − 𝑇𝑇$*'
, (24) (24) 

where: 𝑇𝑇! −	 fluid (environmental) temperature,
 𝑇𝑇!,# −	 thermal image temperature of the 

partition surface along the line,
 N-number of pixels,
 𝑇𝑇!" −	 surface temperature in the area not 

affected by the thermal bridge.

The incidence factor of the thermal bridge Itb is 
defined as the ratio between the heat flow through 
building component in real conditions (with thermal 
bridge presence) and the heat flow in absence of the 
thermal bridge. If there is no thermal bridge then Itb 
= 1, and if there is thermal bridge, then Itb> 1. Thus, 
the higher the Itb value, the greater the influence of 
the thermal bridge on heat losses. There is a rela-
tionship between Itb and the linear thermal trans-
mittance coefficient Ψ [44, 45]:

	𝐼𝐼!" =
Ψ+∑ 𝑈𝑈#	𝑙𝑙#%

#&'

∑ 𝑈𝑈#	𝑙𝑙#%
#&'

=
𝑈𝑈!"	𝐴𝐴
𝑈𝑈	𝐴𝐴 =

𝑈𝑈!"
𝑈𝑈 , (25) (25) 

where: Uj – thermal transmittance coefficient 
of the j-th component adjacent to the 
sternum,

 𝑙𝑙! −	 length of the j-th component adja-
cent to the sternum,

 A-surface area,
 Utb – thermal transmittance coefficient 

taking into account the thermal bridge,
 𝑈𝑈 −  thermal transmittance coefficient 

without taking into account the bridge.

Multiplied the incidence factor of the thermal 
bridge Itb obtained from the thermal image by the 
U-value of building component not influenced by 
thermal bridge U, gives the U-value of a compo-
nent including thermal bridging Utb:

𝑈𝑈!" = 𝐼𝐼!"	𝑈𝑈	(26) (26) 

The incidence factor 𝐼𝐼!"	 clearly describes the 
influence of linear thermal bridges on the heat 
transport process and its value is proportional to 
the value of the linear heat transfer coefficient. In 
order to determine the value of the incidence fac-
tor Itb, and, thus, the linear thermal transmittance 
coefficient Ψ, the temperature was measured from 
the place of the linear thermal bridge at the junc-
tion of the glass pane with the window frame, 
Fig. 11. Then the temperature values were gener-
ated along measurement lines, Fig. 12. The value 
of the emissivity window glazing, ε = 0.88, in the 
spectral range operation of the thermal camera 
was determined on the basis [47, 48] and [49, 50].

Table 10. Environmental parameters

Measured environmental parameter Value

Air temperature, 𝑇𝑇! 21.7 °C
Relative humidity, RH 56%

Fig. 10. Measurement of the “reflected” temperature
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In order to determine the surface tempera-
ture in the area not disturbed by the thermal 
bridge, the arithmetic mean of the line fragment 
for which the temperature stabilized on the glass 
surface was calculated. The temperature 𝑇𝑇!"  was 
calculated as the arithmetic mean:

𝑇𝑇!" =#𝑇𝑇!,$(27)
%

$&'

 (27) 

where: M – number of measurement points from 
an area not affected by the thermal bridge.

Finally, the measurement uncertainty was 
analysed. The analysis of measurement errors is 

necessary to give a quantitative description of the 
validity of the experimental results and therefore 
an analysis of the uncertainty of the incidence 
factor Itb was performed. The uncertainty in de-
termining the incidence factor depends on the 
uncertainties in the parameters which are directly 
measured. The combined standard uncertainty of 
the composite quantity 𝑌𝑌 = 𝑌𝑌(𝑋𝑋!, 𝑋𝑋", … , 𝑋𝑋#)  
was calculated according [51, 52] from:

𝑢𝑢!(𝑌𝑌) = &'(
𝜕𝜕𝑌𝑌
𝜕𝜕𝑋𝑋"

	𝑢𝑢(𝑋𝑋"),
#$

%&'

, (28) (28) 

Fig. 12. Temperature distribution along the measurement line on the glass surface

Fig. 11. Thermogram of the tested window
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where: 𝑢𝑢(𝑋𝑋!) − the standard uncertainties of the 
partial measurements.

The standard uncertainty of the thermal im-
age temperature and emissivity were estimated on 
the basis [53, 54, 55]. Values of the uncertainties 
of parameters were presented in Table 11.

As a part of the research, the values of the 
Itb factor were determined for the window with 
closed stiffening profiles, Table 12, and additional 
thermal insulation, and for windows with open 
stiffening profiles, Table 13.

A lower Itb value for a window with closed 
stiffening profiles and additional thermal in-
sulation – as compared to open stiffening pro-
files – indicates a lower linear thermal bridge at 
the joint between the glass pane and the window 
frame. The percentage reduction in the value of 
the linear thermal transmittance coefficient Ψ at 
the junction of the glass pane with the frame PVC 
profile is directly proportional to the percentage 
reduction in the incidence factor Itb. In this case, it 
amounted to 6.5%.

CONCLUSIONS

The work covers numerical and experimen-
tal studies of the energy properties of a window 
frame made of PVC. In order to increase torsional 
stiffness and reduce the risk of deformation of the 

window frame during the window’s installation, 
closed metal profiles have been used to stiffen 
the PVC frame, which are characterized by much 
greater torsional stiffness than the commonly used 
open profiles. In addition, additional thermal in-
sulation of air spaces in the PVC frame was used 
to improve the thermal properties of the window 
and reduce the negative energy effect caused by 
the use of closed metal profiles. The simulation re-
sults demonstrated that filling the air cavities with 
insulating material allowed for a reduction in the 
thermal transmittance coefficient Uf of the frame 
by over 10%. Moreover, at the juncture of the win-
dow and the wall, there is a reduction in the influ-
ence of linear thermal bridges on heat losses.

The reduction of the linear thermal transmit-
tance coefficient Ψ, compared to the frame with-
out insulation, was: 9.7% for the window sill, 
1.2%, for jamb, and 3.6% for lintel.

That is, the thermal insulation of the PVC 
frame not only reduces the thermal transmittance 
coefficient Uf of the frame, but also has a positive 

Table 11. Values of uncertainties

Parameter Standard uncertainty
Fluid temperature ±0.3 °C
Thermal image temperature ± 1.1 °C
Window glazing emissivity ±0.02
Relative humidity ±5%
Incidence factor ±25%

Table 12. Results of the incidence factor Itb for a window with closed steel stiffening profiles

No. Tf, °C !"𝑇𝑇! − 𝑇𝑇"%
#

"$%

 
, °C

M 𝑇𝑇!" , °C Itb

L1 21.7 -258.30 119 23.80 1.032
L2 21.7 -232.79 102 23.82 1.078
L3 21,7 -300.98 128 23.93 1.056
L4 21,7 -326.29 132 24.02 1.065
L5 21.7 -372.43 151 24.03 1.060

Average 1.058

Table 13. Results of the incidence factor Itb with open steel stiffening profiles

No. Tf, °C !"𝑇𝑇! − 𝑇𝑇"%
#

"$%

 
, °C

M 𝑇𝑇!" , °C Itb

L1 21.7 -333.18 174 23.36 1.153
L2 21.7 -329.71 172 23.42 1.112
L3 21.7 -294.55 156 23.42 1.100
L4 21.7 -235.16 99 23.84 1.113
L5 21.7 -510.83 196 23.90 1.183

Average 1.132
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effect on reducing the influence of linear thermal 
bridges at the connection of the window with the 
wall. It was also found that the incidence factor Itb 
decreased by more than 6% when the thermal in-
stallation was used. Thus, there is also a positive 
effect on the linear thermal bridge at the joint of 
the glass pane with the window frame.
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