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Abstract: Thermal bridges constitute a significant share in the overall heat losses through building
partitions. This is an important issue not only in traditional but also ecological buildings, where the
load-bearing structure is often a wooden frame. In partitions insulated with hemp-lime composite,
the skeleton is usually hidden in the insulation. However, in some nodes or jambs, wooden elements
may be exposed or have a large cross-section, intensifying the heat transfer. This work presents
simulations of energy demand in a single-family building insulated with hemp-lime composite,
using the BSim dynamic simulation program. The calculations take into account the linear thermal
transmittance of structural nodes modeled in the THERM program. The energy demand for heating
and the share of thermal bridges in the heat loss of the entire building were calculated for different
locations of the structural framework in the walls, as well as the size and number of windows. The
share of thermal bridges in heat losses was about 10%, and the differences in energy demand for
heating using various frame locations in the wall were negligible.

Keywords: hemp-lime composite; thermal bridge; energy demand; building partition; structural node

1. Introduction

The aim of the sustainable development policy pursued by the European Union
(EU) is to reduce greenhouse gas emissions, including in the construction sector, which
accounts for nearly 40% of world energy consumption [1] and about a third of global CO2
emissions [2]. The EU policy aims to improve the energy efficiency of buildings by around
30% by 2030 [3]. One factor that contributes to the increased energy consumption in the
use phase of a building is thermal bridges, which are sometimes difficult to avoid, mainly
due to improperly constructed nodes in the building envelope.

Thermal bridges occur mainly in places where various building elements with different
thermal parameters are connected, or where the continuity of the insulation is broken.
Examples of the occurrence are, among others, the connection of a roof and external wall,
the placement of facade and roof windows and external doors, the connection of a balcony
with a ceiling, rims, and lintels, and the connection of a foundation wall with a floor on the
ground and an external wall. To minimize the presence of thermal bridges, the continuity of
the insulation should be maintained along the building envelope [4]. A seamless connection
of the floor, wall, and roof thermal insulation should be designed. In the case of insulating
wall blocks, the mortar used as a joint can have a large influence on the heat loss [5].

In the area of thermal bridges, such as the corners of external walls, there is a greater
thermal phase lag and thermal amplitude than in the rest of the wall [6]. Properly insulating
the window-wall connection can also significantly minimize the heat transfer through this
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linear thermal bridge [7]. Unfortunately, windows are often installed in the wrong way in
terms of maintaining the continuity of insulation [8].

The result of the occurrence of thermal bridges is uncontrolled heat loss during winter,
as a result of which large energy losses take place, adversely affecting the thermal balance
of the building. In this case, the cost of heating the room increases significantly (compared
to a properly insulated building). In addition, in these places, during the summer period,
there is an excessive flow of heat into the interior of the building [9,10]. According to one
of the studies, thermal bridges in the building envelope may increase the annual energy
demand for space heating by 13–42% [11–15].

Another negative effect of the occurrence of thermal bridges in the partitions is the
cooling of their internal surface, which may lead to dampness as a result of surface con-
densation [16,17]. Maintaining a high level of humidity for a long period promotes the
development of biological corrosion [18]. Ilomets et al. [19] investigated the possibility of
mold occurrence at the location of thermal bridges on the surface of concrete and wooden
walls with similar thermal resistance, at an increased relative humidity of internal air. The
possibility of mold occurrence on a concrete wall was 54%, and 46% on a wooden wall.
Mold or various types of fungi negatively affect the microclimate and, consequently, the
health of the inhabitants, as they can release toxic substances. They can contribute to the
development or aggravation of allergies and cause rheumatic diseases or diseases of the
respiratory system [20–22].

Building materials based on components of plant origin, such as hemp shives, which
are used as a filler in an insulation material such as a hemp-lime composite, are particu-
larly sensitive to the destruction caused by biological corrosion in long-term unfavorable
humidity conditions [23,24]. The presence of a highly alkaline lime binder has a protective
effect, but prolonged contact with water and temperature conditions favorable to mold may
cause corrosive processes. Nevertheless, hemp-lime is a moisture-buffering material which
stabilizes indoor humidity conditions in the rooms, which also reduces the risk of mold
growth on the walls and improves the comfort of living [25]. In the technology of buildings
insulated with a hemp-lime composite, the wooden structure is also exposed to the negative
effects of thermal bridges. Wood is characterized by a low coefficient of thermal conductiv-
ity, about 0.16 W/(m·K) [26] (although about twice as high as composite insulation), and
unlike concrete elements, wooden elements are negligible thermal bridges. However, in
some construction nodes, there is a need to use increased wooden cross-sections, and the
heat transfer coefficient will consequently increase in these areas [27,28].

The thermal bridge can also damage the structure. Temperature differences in adjoin-
ing building elements can cause cracks and scratches. If condensation appears, damage
may occur at negative temperatures due to the increased stresses caused by the increased
volume of freezing water in the capillary pores of the material.

Summarizing the above, the disadvantages of the thermal bridge occurrence in con-
struction are well recognized. However, the characteristics of building partitions with
a wooden frame as a load-bearing structure filled with insulation material cause some
difficulties in the evaluation of the influence of construction joints on the energy demand in
a building. The external walls in such cases may be assembled in two ways: with the con-
struction frame located centrally in relation to wall thickness, or located on the inner side
of the wall. Both types of partitions have the same thermal transmittance coefficient (U) if
the materials of the same type and thickness are used. Nevertheless, the construction joints
may show different linear thermal transmittance (ψ) values, depending on the location of
the timber frame and the area of wooden elements in contact with internal air [27,28]. For
instance, external wall corners, a connection of the floor on the ground with external walls,
and a connection of a roof with external walls gave smaller heat losses in the case of the
central location of the load-bearing frame [27,28]. In the other case (load bearing frame
on the inner side of the wall), the joints such as a connection of walls and a ceiling and a
window placement in walls demonstrated the smaller ψ values.
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These properties caused the choice of the construction of the walls to not be obvious
and the final energy demand to be connected with the types of thermal bridges together
with their length. The mentioned issues concerning the partitions with a wooden frame
were not investigated in the literature before, and the presented paper is intended to fill
this gap with some initial analyses on the subject.

This article presents simulations of heat losses taking into account the influence of
linear thermal bridges in a building with two types of external partitions insulated with
a hemp-lime composite in Polish climatic conditions. Different variants of walls and
structural nodes that had already been presented in [27,28] were considered. For the
current work, the remaining thermal bridges in the building were modeled and their linear
thermal transmittance coefficients were calculated. The length of most construction joints
is strictly dependent on the geometry of the building. However, the perimeter of windows
may vary independently from the walls’ dimensions. To check if this specific node may
change the recommended wall type, three windows of different sizes were taken into
account in the simulations. Thermal parameters of composites used in the studies were
taken from our own laboratory tests.

2. Materials and Methods
2.1. Materials Used in Calculations

In the analyzed single-family building, the external walls, roof, and ground floor were
insulated with a hemp-lime composite. The calculations used composites tested in other
own works [27,28]. The binder of these composites was based on hydrated lime (75% wt.),
metakaolin (15% wt.), and gypsum (10% wt.). Table 1 contains data on hemp-lime mixtures
used in external partitions.

Table 1. Recipes of hemp–lime mixes (weight ratio), apparent density, and thermal conductivity of
the tested composites.

Composite
Symbol

Binder:
Hemp

Shives Ratio

Binder:
Water Ratio

Apparent
Density
[kg/m3]

Thermal
Conductivity
Coefficient
[W/(m·K)]

Standard
Deviation
[W/(m·K)]

Floor mix 2.1:1 1:1.35 627.5 0.112 ±0.005
Roof mix 1:1 1:1.5 238.0 0.065 ±0.002
Wall mix 1.4:1 1:1.45 362.5 0.080 ±0.002

In many publications one can find the results of research on the thermal conductivity
coefficient of the hemp-lime composite [29–31]. However, the authors, conducting and
continuing many years of research related to this material, decided to use their own results
in these calculations. Many factors, for example the type of shives used, have a great
influence on the results [32–35]. The authors use shives of local origin in their research
(Podlaskie Konopie, Białystok, Poland).

2.2. Building and Junctions Used in Calculations

The analyses concern a single-family, two-story house made of lime and hemp technol-
ogy, with 133.5 m2 of usable space. Figures 1 and 2 show schematic plans and a cross-section
of the building, respectively.
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Figure 2. Schematic vertical section (A–A) of the analyzed building.

The calculations used the solutions analyzed in our previous works [27,28], and the
remaining linear thermal bridges (connection of roof with knee and gable wall) were cal-
culated especially for this study. External walls were assumed to have a timber frame
positioned centrally in relation to the wall thickness and in the second case on the internal
side of the wall. Both types of walls were insulated with a hemp-lime composite layer
400 mm thick, fulfilling the current requirements in Poland concerning the thermal trans-
mittance coefficient (U ≤ 0.20 W/(m2·K). Diagrams of the analyzed junctions are shown in
Figures 3–8. These solutions are commonly used in practice, so only one type of each of the
nodes was used.
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2.3. Modelling of the Thermal Bridges

The linear thermal transmittance coefficients (ψ) of thermal bridges included in the
model were calculated according to the ISO 10211 algorithms [36]. The analyses were based
on the stationary, two-dimensional heat transfer and used the THERM program (V 7.6.1.0,
Lawrence Berkeley National Laboratory, Berkeley [37]) to determine the temperature field in
the nodes. Details on modeling assumptions can be found in publications [27,28]. Thermal
properties of materials and elements used in modelling together with boundary conditions
are compiled in Tables 2 and 3. Lambda values of materials other than hemp-lime were
acquired from ISO 10456 standard [26]. The estimated error energy norm (related to the
gradient of heat flux) of the models did not exceed 5% in any of the cases.

Table 2. Thermal properties of main materials and elements.

Building Material/Element Thermal Properties

Hemp-lime mix (wall) λ = 0.08 W/(m·K)
Hemp-lime mix (floor) λ = 0.065 W/(m·K)

Timber construction element λ = 0.16 W/(m·K)
OSB board λ = 0.13 W/(m·K)

Lime plaster λ = 0.70 W/(m·K)
Gravelite λ = 0.1 W/(m·K)
Concrete λ = 1.3 W/(m·K)
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Table 3. Boundary conditions adopted in modelling.

Surface Temperature Surface Resistance Description

Internal +21 ◦C 0.13 (m2·K)/W Heat flow horizontal, simplified *
Internal +21 ◦C 0.10 (m2·K)/W Heat flow upwards, simplified *
Internal +21 ◦C 0.17 (m2·K)/W Heat flow downwards, simplified *
External −18 ◦C 0.04 (m2·K)/W Simplified *

Cut-off planes - - Adiabatic
* The simplified model means that convective and radiative heat exchange is described by one common
surface resistance.

For bridges such as external corners, connections of walls and ceilings, and connections
of roofs and knee or gable walls, the values of the linear thermal transmittance coefficients
were fixed. These joints are usually constructed in a typical way, and therefore the values of
theψ factors were not expected to change significantly. For the remaining joints (connection
of walls and a ground floor, window placement in external walls) the best case of the linear
thermal transmittance coefficients (based on previous research) was taken into account
in the current analyses [27,28]. The lengths of the particular bridges together with their
ψ values are gathered in Table 4.

Table 4. Diagrams of the bridges modeled in the THERM program (best cases) together with their
geometric and thermal properties.

Description Thermal Bridge Diagram Length of the Bridge in the Building
[m]

Linear Thermal Transmittance
[W/(m·K)]

External corner with a timber frame
located centrally in relation to

wall thickness
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Table 4. Cont.

Description Thermal Bridge Diagram Length of the Bridge in the Building
[m]

Linear Thermal Transmittance
[W/(m·K)]

Connection of a wall and a ceiling
with a timber frame located on the

inner side of the wall
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Table 4. Cont.

Description Thermal Bridge Diagram Length of the Bridge in the Building
[m]

Linear Thermal Transmittance
[W/(m·K)]

Connection of a wall and a ground
floor with a timber frame located

centrally in relation to the wall
thickness (fragment of the model)
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Table 5. Parameters of the windows facing south.

No of Windows Size of the Window
Opening [m]

Area of the Window
Opening [m2]

Length of the
Thermal Bridge [m]

3 1.20 × 1.50 5.40 16.20

3 1.50 × 1.50 6.75 18.00

3 1.80 × 1.50 8.10 19.80

4 1.20 × 1.50 7.20 21.60

4 1.50 × 1.50 9.00 24.00

4 1.80 × 1.50 10.90 26.40

Many of the thermal bridges studied in the paper had reported negative linear thermal
transmittance coefficient values. It is a common situation if the well-insulated joints form
convex shapes and the ψ calculations include external dimensions of the partitions [27],
as demanded by the methodology for preparing energy certificates in Poland [38] and
recommended by the BSim simulation manual [39].

2.4. Simulations

Calculations were made using the BSim dynamic simulation program (V 7.16.8.11),
enabling analyses of heat transfer and energy demand in living quarters and public utility
facilities based on the control volume method [39]. It was validated as a part of the work of
IEA Annex 21 and 41 [40–42], providing good agreement with the measured parameters.
The program was also validated in two ways by one of the authors: according to EN 15265
standard [43], and based on the measurements carried out in the climatic chambers of the
Rzeszów University of Technology. The validation procedures were described in detail
in [44–46].

During the simulations, nodal points with defined physical parameters (such as
density, conductivity, and heat capacity) represent closed air zones and elements of a
building’s structure. For each air zone, a separate balance equation is created, including
heat flux inflowing and outflowing through the control surface. These include transmission
of solar radiation through transparent elements, heat flux generated by installation systems,
or temperature differences between outdoor and indoor environments, as well as heat
transported through ventilation, infiltration, or other mechanisms of air exchange between
the exterior and the interior of a building. Continuous time processes are modeled by
division into discrete time steps having a finite length of one hour or less.

The equation of the energy balance for the single zone (ignoring the thermal capacity
of air) was as follows [39]:

θz·
(

∑i
Ai
Rsi

+ ∑j Awj·Uwj + ∑k ψk·lk + ν·ρ·cp·(ne + ∑m nzm)
)

= ∑i
Ai
Rsi
·θs + (∑j Awj·Uwj + ∑k ψk·lk)·θe + ν·ρ·cp·(ne·θe + ∑k nzk·θzk) + Φz,sol + Φz,syst

(1)

where:
i—number of partitions enclosing the zone,
j—number of glazed elements in the partitions enclosing the zone,
k—number of thermal bridges in the partitions enclosing the zone,
m—number of zones,
θz—air temperature in the zone [◦C],
θs—temperature of the internal surfaces of the partitions enclosing the zone [◦C],
θe—outside air temperature [◦C],
A—area of the surfaces enclosing the zone [m2],
Aw—area of the glazed elements in the partitions enclosing the zone [m2],
Rsi—thermal resistance on the internal surfaces of the partitions enclosing the

zone [(m2·K)/W],
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Uw—thermal transmittance coefficient of the glazed elements in the partitions enclos-
ing the zone [W/(m2·K)],

ψ—linear thermal transmittance of the thermal bridges [W/(m·K)],
l—length of the thermal bridges [m],
v—air volume in the zone [m3],
ρ—air density [kg/m3],
cp—specific heat of the air [J/(kg·K)],
ne—number of air exchanges between the zone and the external air [1/s],
nz—number of air exchanges between the zone and the adjacent zones [1/s],
Φz,sol—heat transferred to the zone by solar radiation [W],
Φz,syst—heat transferred to the zone by installation systems [W].
Heat transfer in the construction was treated as non-stationary, including the thermal

capacity of each layer. The energy balance for each of the elements allowed for the calcula-
tion of the heat inflowing and outflowing to the adjoining elements, and the temperature
change within their volume (knowing the specific heat of building materials used).

The climatic data used in simulations may come from the user’s measurements and
observations, or typical meteorological years (TMYs) collected according to the national
procedures. The range of necessary input parameters includes air temperature, directional
incident radiation, diffuse sky radiation, and relative air humidity. Wind direction and ve-
locity might also be necessary, especially when a more accurate model of natural ventilation
is needed.

The simulations used climatic data from the TMY for the Warsaw Okęcie station
(latitude 52◦10′ E, longitude 20◦58′ N, the height of station 107 m a.s.l.). Warsaw is often
considered a representative of Poland’s climate because the air temperature and insolation
there correspond to the average values for the entire country. The need for heating rooms
in the Polish climate conditions usually appears between September and May. During that
time, according to TMY, the mean external temperature was 5.1 ◦C, and the monthly mean
insolation on a horizontal plane was 59.6 kWh/m2.

The modeled building was a single-family building with 133.5 m2 of usable space. It
had a ground floor and a habitable attic under a sloped roof. The building was oriented
in such a way that the wall opposite the entrance was facing south, and the size and the
number of windows placed there were changing

External partitions were simulated in two construction variants, with a load-bearing
timber frame located centrally in relation to the wall thickness or located on the inner side
of the wall. All of the partitions complied with the current regulations in force in Poland,
and the heat transfer coefficients were as follows: U = 0.20 W/(m2·K) for external walls,
U = 0.15 W/(m2·K) for roofs, U = 0.30 W/(m2·K) for floors, and U = 0.77 to 0.78 W/(m2·K)
for windows. The thermal bridges were modeled according to the description in Section 2.2.

The building’s interior was treated as one thermal zone (excluding the space below
the ridge and above the collar beams) with a heating setpoint of 20 ◦C. In the building,
there was gravity ventilation with an air exchange rate equal to 0.5 per hour. Internal gains
were assumed as 6.8 W/m2, as set in the methodology for preparing energy certificates in
Poland [38].

For the two versions of wall construction (with the load-bearing structure located
centrally in relation to the wall thickness or located on the inner side of the wall), different
numbers and sizes of windows facing south were taken into account to check the influence
of the thermal bridges along the window’s perimeter on the total energy needs. (Table 5).

3. Results and Discussion

For the basic case (three windows 1.20 m× 1.50 m on the south wall), the energy demand
calculated during the heating season excluding thermal bridges was 39.3 kWh/(m2·year).
This enabled the building to be classified as “low-energy”, for which the limit of the heating
demand is often presumed as 40–50 kWh/(m2·year) [47,48]. In this case, the results were
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the same for both types of walls because their thermal transmittance did not differ and the
modifications connected with thermal bridges were not taken into account in the analyses.

The thermal bridges were then included in the simulations by assigning the linear
thermal transmittance coefficients to the specific edges in the geometry model of the
building. As the majority of them had negative values of thermal transmittance, the final
values of the energy need were smaller by approximately 16% compared with the base case.
This may seem not obvious, but is a natural consequence of performing calculations using
the external dimensions of the building, recommended by [38,39]. The results also illustrate
the fact that the calculation of energy demand using external dimensions overestimates the
heat losses in buildings, allowing to be on “the safe side” if thermal bridges are not taken
into account in the modeling.

If the thermal bridges were included in the calculations and the load-bearing frame was
placed centrally on the wall, the energy needs for heating amounted to 32.8 kWh/(m2·year).
In the other case, when the frame was located on the inner side of the wall, the heating
demand was slightly higher and amounted to 33.0 kWh/(m2·year). Therefore, the differ-
ences between the two analyzed variants may be considered negligible and both types
of walls may be treated as solutions comparable from the point of view of the building’s
heating demand.

An increment of the window height resulted in a linear decrease of the energy demand
(Figure 9), as the greater solar gains prevailed over greater heat losses through the area
of the windows and edge thermal bridges. The differences between energy needs in the
cases with the smallest and the biggest window area were approximately 5%. In all of
the analyzed cases, heating demand was slightly lower (approximately 0.7%) if the load-
bearing structure was located centrally on the wall. The changes in the length of the thermal
bridges with positive thermal transmittance did not cause any major effect on the thermal
properties of the building as a whole, confirming the results obtained in the base case (with
the smallest size of the windows).
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For the same window area, the smaller number of openings is more beneficial from
an energy point of view, as the length of the thermal bridges is smaller. Additionally,
the non-glazed, composite-insulated partition is characterized by a lower heat transfer
coefficient than the window, which means that heat loss is lower.

Table 6 shows the share of the thermal bridges in total heat transfer. These proportions
were estimated by dividing the heat transfer coefficients of the buildings’ envelope into
the parts representing the linear heat transfer through the homogenous partitions and
two-dimensional heat transfer through the linear joints. As the thermal conditions inside
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and outside of the building are universal, the share of the heat transfer coefficients of the
particular bridges in the overall heat transfer coefficient of the buildings’ casing were equal
to their share in the heat losses.

Table 6. Share of the thermal bridges in the total heat transfer.

Thermal Bridge Share in the Total Heat Transfer [%]

Timber Frame
Located Centrally in

Relation to Wall
Thickness

Timber Frame
Located on the Inner

Side of the Wall

External corner −2.5 −2.3

Connection of a wall and a ceiling 0.3 0.3

Connection of a roof and a knee wall −0.9 −0.6

Connection of a roof and a gable wall −2.3 −2.1

Connection of a wall and a ground floor −8.3 −8.2

Window placement in a wall 3.5 to 3.8 3.1 to 3.3

Sum −10.2 to −9.9 −9.8 to −9.6

The bridges representing the connection of walls and the ground floor, together with
the window placement in a wall, took the biggest part of the heat transfer. It was not
the longest thermal bridge (the linear bridge around the windows was longer), but it was
characterized by the highest value of the linear thermal transmittance coefficient. It is worth
noting, however, that it was a negative value, as opposed to the thermal transmittance
around the windows. Connections of the walls and the ceiling had the smallest influence on
the total heat transfer, and these bridges may be treated as negligible despite their extensive
length. The nodes appearing along the roof joining the gable and knee wall have a bigger
share in the total heat transfer, together with external corners.

The remaining partitions have an approximate share in the heat transfer by transmis-
sion as follows: walls—35.5%, roof—18.8%, floor on the ground—33.5%, windows—22.1%.

4. Conclusions

The presented calculations allowed to for the comparison of the influence of two types
of walls constructed with the load-bearing wooden frame and insulated with a hemp-lime
composite on the heating demand of an exemplary building. The analyses included the
thermal bridges formed along the connections of the partitions, causing some differences in
the final energy needs. The negative value of the joints’ heat transfer coefficients was not a
sign of the inflow of heat into the building, but a consequence of the adopted assumptions
concerning the dimensions of the partitions, coherent with the regulations in Poland and
the modeling recommendations in the used simulation program.

The analyses showed that both types of wall construction were comparable as to the
final energy demand, despite differences in the thermal quality of the bridges typical for
the placing of the wooden frame inside the wall or along its inner surface. Addressing
the up-to-date research on the subject, the analyses proved the important influence of
thermal bridges on the thermal quality of a building’s fabric. However, in this specific case,
the differences between the two analyzed types of construction were negligible regarding
energy demand in the building.

The studies allowed for the formulation of additional detailed conclusions, which are
as follows:

• the percentage share of thermal bridges in heat loss through transmission in the
analyzed building was −9.6 to −10.2;

• the greatest absolute share in heat loss through transmission had the connection
between the floor on the ground and the outer wall, and the lowest absolute value had
the connection between the ceiling and the wall;
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• linear heat transfer coefficient of the window’s placement in a wall had the biggest
positive value, so this node could play the decisive role in the choice of the preferred
wall type; however, it turned out that the changes in its length did not modify the
trend beneficially for the walls with the central location of the timber frame;

• while maintaining a constant glazing area, it was more advantageous to minimize the
number of windows, because shorter thermal bridges helped to reduce heat losses.

The building itself was classified as a low-energy one, proving the usefulness of
ecological building materials and constructions in diminishing energy demand in the
heating season.

The studies had some limitations, above all concerning the influence of the length
of the remaining bridges (except for the window perimeter) on the energy demand or
varying the insulation properties of the external partitions. This would require creating
additional models of the building with different sizes of walls and roofs and different
thermal properties of the materials included in the partitions. Such research is planned in
the future, and it could help in a more in-depth understanding of the interactions between
energy needs and building structure.
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