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Abstract: Many buildings have considerable thermal bridges at the junction of balcony slabs with
walls. To achieve the new EU directive targets related to energy efficiency, greater attention should
be paid to such design details. This study analyzes the efficiency of traditional balcony slab mod-
ernization methods, the use of modern insulation materials and a new alternative system: an added
self-supporting light balcony system (LKBD) in retrofitted large-panel buildings. The main objective
was to capture cost-effective renovation methods from both the heat loss reduction perspectives and
risk of surface condensation. The analyses, carried out in four buildings, have shown that at current
costs, the thermal modernization of balconies is not economically efficient (SPBT>98.4 years). How-
ever, it is necessary because leaving the balcony slabs without insulation or only insulating them
from the bottom carries the risk of surface condensation. The most cost-effective renovation method
is to insulate the balcony slabs from below and above with the thickest possible XPS layer (SPBT =
98.4 years; 107.4 years). Replacing XPS with modern material increases SPBT by almost 50%, for the
LKBD system, SPBT = 269.2-281.5 years. More favorable energy and economic effects related to the
reduction of balcony thermal bridges were achieved in the wall with lower insulation.

Keywords: balcony slab; thermal bridges; THERM simulations; building envelopes; large panel
residential building; internal surface temperature; energy analysis

1. Introduction

One of the priorities of countries around the world is to increase the energy efficiency
of the building sector. In 2019, the final global energy consumption for building opera-
tions was approximately 130 EJ, which is nearly 30% of the total final consumption, and a
further 21 EJ for buildings and construction or 5% of the total demand [1]. While the total
final energy consumption of the global buildings sector in 2019 remained at the same level
compared to the previous year, the share of this sector was higher than in the previous
years, by 1% compared to 2017 and by 7% from 2010 [2]. Policies and measures imple-
mented by individual countries over the past 20 years have improved the efficiency of
their building stock but were not adequate to outpace demand growth that was driven by
strong floor area and population expansions. The buildings and the construction sector
are also responsible for almost 38% of total global energy-related CO2 emissions [1]; there-
fore taking action in this sector is critical to fulfil Sustainable Development Goals.

In the European Union, long-term energy and climate goals are defined in the EU’s
Long-Term Strategy [3]. In addition to the general roadmap to emission neutrality of the
building stock by 2050, the European Commission has set policy targets and regulations
to ensure energy efficiency improvement of the European building stock. The main legis-
lative and policy tool in the EU, which focuses on both new and existing buildings, is the
Energy Performance of Buildings Directive (2010/31/EPBD). The Directive was amended
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in 2018 [4] to accelerate the cost-effective renovation of existing buildings by 2050 as well
as to support the modernization of all buildings with smart technologies and make a
clearer link to clean mobility. In October 2020, the European Commission launched a ren-
ovation wave [5], saying it would aim to double the EU’s annual rate of energy-related
building renovations, which is currently just 1%, upgrading 35 million buildings by 2030.
According to the Joint Research Centre Report [6], a large share of today’s EU building
stock was built without any energy performance requirement. Approximately one-third
of the EU building stock is over 50 years old, and more than 40% was built before 1960.
Almost 75% of it is energy-inefficient according to current building standards. Therefore,
it is important to continue analyses and research on effective methods of thermal modern-
ization. Since Europe’s building stock is heterogeneous, as emphasized in [5], certain tech-
nical solutions are specific to individual countries or regions. This is due to climate, envi-
ronment, landscape, or economic and social structure.

In Poland, as of 1 January 2020, the total number of buildings was 14,189 thousand
[7]. Most of them, especially buildings erected before 1991, have a high energy demand.
Over 70% of single-family buildings are also characterized by low energy efficiency [8].
Generally, one of the largest energy consumers in Poland are households; their share in
total energy consumption in 2018 was 18.2% [9]. In Polish residential buildings most of
the energy is still used for space heating, despite a downward trend (similar to that seen
in the rest of Europe) resulting from the improvement in the quality of their thermal prop-
erties through the adoption of increasingly stringent energy regulations.

There are many methods of improving the energy performance of buildings but the
best results are achieved by comprehensive thermal modernization. Properly prepared,
the deep thermal modernization of a building in Poland, located in a cold, heating-domi-
nated climate, can result in final energy savings of up to 65% [10]. A similar average re-
duction in energy consumption (of 66.4%) was reported in research published by the In-
ternational Energy Agency [11], in which 26 case studies of buildings around the world
were collected and analyzed. This document contains interesting information on the im-
plemented energy renovation technologies, in terms of both technical parameters and
costs. The conducted analysis clearly shows that it is necessary to retrofit mechanical sys-
tems by implementing technology bundles in concert with a well-planned building enve-
lope renovation. One of the most common defects in the implementation of extra insula-
tion on building facades is the lack of appropriate solutions at the junction of window
frames or balcony slabs with walls. These and other thermal bridges are responsible for
heat loss in winter [12] and heat gain in summer [13]. In addition, thermal bridges can
cause the appearance of areas with mold and condensation due to the reduction of the
internal surface temperature [14].

While it is not possible to obtain overall results, there are studies that have quantified
the effect of thermal bridges on the energy needs of buildings in various cases.

So far, a number of numerical and experimental research studies have been pub-
lished on both linear and point thermal bridges in buildings. The share of thermal bridges
in heat transmission losses was investigated. It is dependent on the climate and construc-
tion. According to Theodosiou et al. [15], linear thermal bridges can have a substantial
effect on the overall heat transmission through the building envelope, as large as 30% or
even higher in cases of complex morphological characteristics or extended balconies.
Point thermal bridges, although very limited in most building constructions, can also have
a similarly significant impact on overall heat loss, e.g., in advanced building partitions,
such as ventilated facades [16,17]. Although it is not possible to obtain general results,
there are studies that have quantified the effect of thermal bridges on the energy needs of
buildings for different cases. For example, Ramalho de Freitas and Grala da Cunha as-
sessed how the impact of the thermal bridges of reinforced concrete structures of a Brazil-
ian building could vary its energy performance by up to 20% [18]. The results of Theodo-
siou and Papadopoulos [19] show that even if the construction presents high insulation
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levels, the heating need in Greece can be 30% higher than the one calculated without con-
sidering the thermal bridge effects. Ge et al. [20] suggested that the existence of thermal
bridges increases the annual space heating energy demand from 38 to 42% under the cold
climates in Canada and the improvement of building envelope connection details can re-
duce the contribution of thermal bridges from 3 to 4%. Evola et al. [21] studied the effect
of thermal bridges in two semi-detached houses located in a mild Mediterranean climate,
determining that the improvement of thermal bridges resulted in a 25% reduction in the
heating load and an 8.5% reduction in cooling load; the discounted payback period re-
ferred to the additional costs of construction and refurbishment was also assessed. Some
studies have a more multidisciplinary perspective. Bienvenido-Huertas et al. [22] demon-
strated the energy improvement (more than 18% for heating and 2.8% for cooling in a case
study located in the south of Spain) achieved by patents for the thermal bridge of the slab
front and analyzed the possible performance of the thermal bridge in future years (2020,
2050, and 2080). In subsequent studies, Bienvenido-Huertas [23], in addition to the linear
thermal transmittance of the thermal bridges and energy simulations of an existing build-
ing in Spain, analyzed two climate scenarios (current and future). The economic effects,
as well as the energy and emissions produced in the manufacture and construction stages,
were also assessed.

Among all types of thermal bridges, the exposed balcony slab produces the most
challenging thermal bridging [24]. One of the solutions to the thermal bridge problem in
the case of cantilevered concrete balcony slabs, which is the solution most often used in
buildings, is the introduction of thermal breaks. They do not completely stop heat transfer
through the balcony-wall connection because high rates of heat transfer occur through the
metal reinforcement; however, they substantially reduce heat transfer through the re-
maining part (80-90%) of the cross-sectional slab area. Ge et al. [25] confirmed that with
the introduction of the balcony thermal break, the overall heat transfer at the balcony slab
is significantly reduced and the interior floor surface temperature is greatly increased un-
der typical winter design conditions in Toronto. The impact on the overall U-value of the
building envelopes can be improved from 9-18% and the space heating energy consump-
tion may be reduced from 5-13%. The results of research by Susorow et al. [26] showed a
similar level of improvement in the effective thermal resistance of the curtain wall clad-
ding assembly in a multi-family building in Chicago (by approximately 14%). However,
the predicted effect of the use of thermal breaks on the annual energy consumption was
significantly lower than in [25]. In several more generic building designs with simpler
geometries, it was less than 2% [26]. The authors suggested the need to consider the use
of thermal break products in combination with other energy efficiency strategies to
achieve high performance enclosures. Research has also been conducted on the use of ma-
terials that are less thermally conductive than stainless steel reinforcement like fiber-rein-
forced polymer [27] or aramid fiber [28]. Study [28] showed that new thermal breaks have
low values of linear thermal transmittance (¥ < 0.15 W/(m-K)). They also increase the tem-
perature at a particular point on the slabs compared to conventional cases by a few percent
[25,27]; however, they are not applicable to existing buildings. In the case of building ret-
rofit, solving thermal bridges is often an issue, especially where external insulation or
other solutions are not applicable because of architectural constraints.

The economic and technical feasibility, as well as the energy aspects of different ret-
rofit operations on the balconies of residential buildings located in northern Italy, were
investigated by Pansa et al. [29]. Two different insulation levels were considered (corre-
sponding to an extra insulation of 8 and 16 cm, A = 0.040 W/(m-K)). The external walls of
the analyzed apartment block building with 16 cm thick insulation on the outside were
characterized by a U-value equal to 0.20 W/(m?K), which corresponds to the current re-
quirements in Poland [30]. The linear thermal transmittance of the connection of the bal-
cony slab with the wall were as follows:

e 0.63 W/(m-K) in the case with no insulation of balconies;
e 0.54 W/(m-K) in the case with balconies insulated with 4 cm EPS on the lower side;
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e 042 W/(m-K) in the case with balconies insulated with 4 cm EPS on the lower side
and 3 cm on the upper side;

e 0.326 W/(m'K) in the case of the demolition and reconstruction of balconies, which
was made by structural light-weight concrete and steel reinforcing bars fixed to ex-
isting concrete beam with chemical bolts;

e 0 W/(m-K) in the case of the demolition and reconstruction of balconies, which was
made by external steel structures fixed by chemical bolts.

The determined linear heat transfer coefficient for new balconies with a thermal
break in new buildings was 0.18 W/(m-K). It has also been found that the transformation
of existing balconies into sunspaces seems to be a good solution to save energy, but this
option must be carefully designed. The results of this research also showed that in the case
of partitions with better thermal insulation, the percentage share of bridges in heat loss is
higher than in partitions with lower thermal insulation. A similar relationship was noted
by Ilomets et al. [31]. They found that the relative percentage of thermal bridges after ren-
ovation increases and, additionally, the negative impact of the thermal bridges of certain
junctions cannot be compensated with thicker wall insulation.

The results obtained in the studies described above can be compared with the classi-
fication of thermal bridges according to the Building Research Institute [32]. The influence
of thermal bridges (with their dimensioning system based on external and internal dimen-
sions) has been divided into four groups:

e Negligible impact: Wi. < 0.1 W/(m'K).
e Lowimpact: 0.1 < Wi, <0.25 W/(m-K).
e  High impact: 0.25 < Wi, < 0.5 W/(m-K).
e  Very high impact: Wi > 0.5 W/(m'K).

This comparison confirms the very high or high impact of the exposed balcony slabs,
except for the use of thermal breaks, the impact of which can be assessed as low.

The values of linear thermal transmittance of thermal bridges in building envelopes
with different levels of thermal insulation can be found in the catalogs. However, they are
dedicated mainly to new buildings, in which modern solutions and materials are used,
e.g., cellular concrete [33] or lime-sand bricks [34]. On the other hand, the International
Standard ISO 14683 [35], which has been adopted in some countries, including Poland,
without developing a more detailed atlas of the building element junctions, contains de-
fault values of linear thermal transmittance for the connection of a wall and a balcony slab
only for a balcony slab without thermal insulation (they range from 0.70 W/(m-K) for walls
without thermal insulation to 0.95 W/(m-K) for walls with thermal insulation). In addition,
the thermal bridges atlas, provided in this standard does not include data for assessing
the risk of surface condensation or mould growth in these areas.

An interesting study was proposed by Capozzoli et al. [36]. They developed a non-
linear regression model for each analyzed thermal bridge, including balcony bridges and
prepared the tables with linear thermal transmittance as a practical and useful tool for
designers and policymakers. However, the wall-balcony connection was not analyzed in
terms of thermal insulation of balcony slabs, but only various configurations of wall struc-
tures.

Therefore, the aim of this study was to evaluate the efficiency (energy, economic and
usable) of different methods of retrofitting balcony slabs. It was decided to deal with a
group of concrete large panel-structured apartment buildings built between the 1960s and
1990s as they are the most common apartment building type in many European countries,
e.g., the Scandinavian countries, Estonia, Russia and numerous Eastern and Northern Eu-
ropean countries [37], and they will be renovated in the coming years [4,5,7]. These issues
have also been the research area of interest of the authors of this article. In 2015, Bieran-
owski [38], after preliminary thermal imaging tests of the precast cantilever balcony sup-
port in an OWT-67 large-panel system, subsequently extended by mycological analyses
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[39], proposed a new alternative wall-balcony connection system: an added self-support-
ing external element—the light balcony system (LKBD). Sadowska, based on field re-
search, analyzed the effects of thermal bridges in large-panel buildings before and after
thermal modernization, on heat loss [40]. Analysis in this field was also undertaken by
other authors, but with the thermal insulation of the walls much higher than currently
required. For example, in Grudzinska and Ostanska [41], the thermal transmittance coef-
ficient of a wall without thermal bridges is U = 0.30 W/(m?K), and in the paper Steidl and
Krause [42] U =0.363 W/(m*>K), which exceeds the current requirements in Poland by over
50%.

However, there are no studies where the new LKBD solution has been profoundly
analyzed in the context of heat loss and the risk of moisture occurrence and comparing it
with other solutions in the current conditions of thermal protection of the building enve-
lope. Thus, in this study, the efficiency of the LKBD system, as well as various insulation
configurations of balcony slab, were analyzed in the light of the current requirements for
building envelopes in Poland (in force 31 December 2020 [30]). This study also focused on
the impact of the insulation layer thickness on the thermal bridging.

It has been noticed that, at current costs, the thermal modernization of balconies (if
they are not damaged from the structural point of view) is not advantageous but is neces-
sary because leaving the balcony slabs without insulation or only insulating them from
the bottom carries the risk of surface condensation. Results obtained in this paper can be
useful for energy audits, architects, or civil engineers. They shed light on the potential for
energy renovation measures to be applied in existing buildings. This paper was grouped
in four main sections. In the introduction, the context of the study is explained, and the
relevant literature is referenced. The methodology section shows the different methodo-
logical details of this research. The results, its analysis, and comparison are shown in Sec-
tion 3. The last section constitutes some of the main findings.

2. Materials and Methods
2.1. Case Study Housing Stock

Given the significant share of large-panel residential buildings in the existing build-
ing stock in Poland and other European countries [37], the need to increase the rate of
energy-related building renovations [5] and the observed lack of care for proper insulation
of balcony slabs during their thermal retrofitting [7,8], a group of typical residential build-
ings erected using this technology, was selected as the case study. This system comprises
room-sized panels of precast concrete. The concrete panels are sandwich units, with an
internal wall panel (loadbearing or not), an external facade panel and thermal insulation
in between (50 mm or 60 mm thick). The construction and technological system of the
housing construction with the symbol OWT-67 is shown in Figure 1 (version with two
staircases).
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Figure 1. A typical floor plan and cross-section of the V-storey, two staircases building in OWT-67 system. Dimensions
are in cm. (a) A floor plan repetitive storey; (b) Cross-section through the communication and the balcony slab (author’s

archive, according to [43]).

One of the authors of this paper participated in the preparation of technical opinions
on the correctness of thermal modernization of 40 large-panel multi-family buildings in
the northeastern region of Poland. In these buildings, the facades and flat roofs were in-
sulated, windows in staircases and basements were replaced, and the central heating sys-
tem was modernized. In all cases, the balcony slabs were not insulated. Figure 2 shows a
fragment of the facade of one of the examined buildings. The field measurements using
infrared thermography showed thermal bridges in the places where the balcony slabs
joined the wall.

(b)

Figure 2. Fragment of the balcony facade of one of the analyzed large-panel residential buildings
(OWT-67 system): (a) Photography; (b) Thermal image taken of the external wall surfaces of the
building.

The connections of non-insulated precast cantilevered balcony with the wall were
areas with undoubtedly worse thermal parameters than the rest of the building envelope.
This is proven by the temperature difference between the main surface of construction
and the area of balcony connection. The same situation occurred in all 40 tested buildings.
Similar research results were obtained by the second author of this paper for a building
erected in a different location in Poland. In the study on non-invasive tests of precast can-
tilever balcony in the OWT-67 system [39], the average temperature difference was found
within the interactions and outside the thermal impact area of the thermal bridge equal to
4K. In the aspect of the internal surface of the external wall, the difference was, on average,
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8K on the longitudinal wall in the level of the floor and 3K within the prefabricated “Z”
lintel beam.

From a group of 40 buildings, four five-story multi-family houses were selected to
analyze the effectiveness of various methods of modernizing balcony slabs. These build-
ings had the same height, but a different number of staircases—from three to six. Their
main data are given in Table 1.

Table 1. The data on analyzed large-panel apartment buildings.

Heated Volume Number of (-) The Length Balcony Wall Total Length of Losic/Sbuat Heat

No Area () Apart- Staircases Balcony of the Build- Surface Sbwan the Balconies Loatc (m/m?) Load
(m?) ments Risers ing (m) (m?) (m) (kW)

1 1629.00 6814.3 30 3 6 40.64 321.31 48 0.15 129.2
2 2167.00 9067.0 40 4 8 54.34 427.63 64 0.15 146.5
3 2713.10 11053.0 60 5 12 67.89 521.71 96 0.18 152.6
4 3240.80  13950.0 65 6 12 81.83 592.44 96 0.16 185.2

The buildings under investigation were erected in the 1970s and were modernized
between 2007 and 2009. Their shells were insulated using an External Thermal Insulation
Composite System (ETICS), which is considered as the most popular insulation technique
in terms of thermal bridge mitigation. The material for the thermal insulation of external
walls (EWI) was expanded polystyrene (EPS) with a thermal conductivity of 0.04 W/(mK)
and a layer thickness of 0.12 m to meet the requirements in force at that time.

2.2. Considered Interventions on Precast Cantilever Balconies

One of the most problematic structural elements of large-panel buildings are the can-
tilevered balconies. The joints of the balcony slab with the wall are thermally broken,
which leads not only to increased heat loss, but also to chilling the interior side of the slab.
In air-tight, higher-humidity buildings (which is often observed in buildings after thermal
modernization) it can quickly form condensation, causing mould to grow. Because of sig-
nificant negative impact of the thermal bridging through the balcony slab on the energy
performance of buildings, as the literature review revealed, in the article, the authors con-
centrated on various methods of the thermal modernization of balcony slabs in existing
retrofitted buildings. The quantification of thermal bridges is among the most important
activities carried out in energy audits. They should also be considered in the design for
the thermal insulation of a building, which can be helped by the analyses proposed in this
article.

Four different scenarios, shown in Figure 3, were assumed to assess how the methods
of insulating cantilevered balconies affected the thermal bridges and the risk of conden-
sation:

e  Connection of the wall (with EWI) and the uninsulated balcony slab—Figure 3a;

e  Connection of the wall (with EWI) with the insulated balcony slab (thermal insula-
tion below the balcony slab)—Figure 3b;

e  Connection of the wall (with EWI) with the insulated balcony slab (thermal insula-
tion above and below the balcony slab)—Figure 3c;

e  Alternative wall-to-balcony slab connection system: self-supporting outdoor added
item, LKBD —Figure 3d-{.

The use of the structural thermal break was not considered due to the difficulties of
applying such solutions in existing buildings.
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Figure 3. Various methods of thermal modernization of cantilevered balcony slabs, (a) scenario I;
(b) scenario II; (c) scenario III; (d) scenario IV—cross section (author’s archive); (e) scenario IV—
floor plan (author’s archive); (f) scenario IV —section (author’s archive).
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In compliance with good building practice, balconies should be insulated as effec-
tively as possible to limit the linear thermal bridge (scenario III—Figure 3c). Due to the
desire to reduce costs and avoid complications of work, it happens that investors resign
from insulating this element (scenario I—Figure 3a) or only insulate the balcony slab from
the lower side (scenario II—Figure 3b). The reason for choosing scenario II may also be a
recent renovation of the upper part of the balcony slab or the way of installing the balcony
door (this is also the reason for the limited insulation thickness above the balcony slab in
scenario III). In scenarios II and III, two insulating materials were considered: extruded
polystyrene (XPS) with A = 0.034 W/(m-'K) and rigid resol foam (phenolic foam) with A =
0.021 W/(m-K), with varying layer thicknesses (from 0.02 m to 0.10 m below the balcony
slab and from 0.02 m to 0.05 m above balcony slab). The thickness and thermal properties
of component materials are shown in Table 2.

Table 2. Features of materials used in the scenarios considered.

Building Element Building Material Thickness (m) A (W/m-K)
Reinforced concrete load-bearing layer 0.06 1.70
Precast three-layer wall of the OWT system  Thermal insulation—polystyrene 0.05 0.045
Concrete texture layer 0.05 1.30
External wall insulation Expanded polystyrene (EPS) 0.12/0.15 0.04
Slab Precast reinforced concrete 0.15 2.40
Extruded polystyrene (XPS)? 0'02_0'19 (on the lower 0.034
. . side) and
Thermal insulation of the balcony slab 0.02-0.05 (on the upper
Rigid resol foam (phenolic foam)? side) 0.021
Cement mortar 0.02 1.00
Tiles 0.01 1.00
Other layers Floor cement screed 0.05 1.00
Plaster 0.015 0.82
Anchor Steel 3 20 50

! In scenarios ITA and IIIA. 2 In scenarios IIB and IIIB. 3 In scenario III.

The fourth scenario is an authors’ alternative solution based on the use of the struc-
tural system as in Figure 3d [38,39]. LKBD is characterized by a combined steel and rein-
forced concrete structure, largely independent of the building structure. It is performed
after the existing balconies have been demolished. The new structure consists of steel col-
umns, suitably ribbed under the balcony reinforced concrete slab (to form a support), sup-
ported in four points on the columns. Anchoring to the building structure ensures stability
(it was assumed that six 20 mm diameter shear reinforcing bars passing through the EPS
would be used in a 1.6 m width of slab).

Two different levels of the U-value of the wall were considered: 0.196 W/(m?-K) and
0.229 W/(m*K). In the first case, the existing walls of large-panel buildings, with the struc-
ture as shown in Figure 3, were insulated with a 12 cm thick EPS layer. Although this
thickness might seem not applicable today, it has been used in many retrofitted buildings
and corresponds to thermal insulation requirements in the warmer climatic zones of
southern European countries. In the second case, the layer of additional thermal insulation
was 15 cm to meet the thermal insulation requirements for walls in Poland, in force from
31 December 2020 [30].

To compare the effectiveness of selected balcony slab modernization methods and to
establish the solutions reducing the risk of surface condensation, the four scenarios illus-
trated in Figure 3 were thermally modelled. Then the selected solutions were applied on
a real case study.
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2.3. Assessing the Influence of The Balcony Slab Modernization Method on the Thermal Quality
of the External Partitions and Design Heat Load of the Building

As mentioned previously, the modelling of the selected balcony connection details
was carried out in accordance with the procedures of the standard [44], by using the
THERM 6.3 software [45], developed by the Lawrence Berkeley National Laboratory
(LBNL) in Berkeley, USA. THERM is a 2D finite element heat transfer programme, com-
monly used in the thermal evaluation of building partitions and construction joints
[12,13,21,23,25,29,31,33,40]. The results are displayed in graphic form as isotherm and heat
flux outlines, allowing for the visual evaluation of a thermal bridge. Information about
the thermal transmittance coefficient (U-factor [W/(m2K)]), averaged for the whole ele-
ment, can be used for the further quantitative assessment of a joint. The linear thermal
transmittance coefficient ¥ [W/(m-K)] of a thermal bridge is calculated according to the
following Equation (1):

Nj
qJ=L2D_Z U+, 1)
j=1

where Lap is the thermal coupling coefficient obtained from the 2-D calculations of the
component separating the two environments being considered as a multiplication of the
averaged thermal transmittance U-factor and the length of the modelled element
[W/(mK)]; Uj is the thermal transmittance coefficient of each building element j as it is
estimated by 1-D calculation based on ISO 6946 [46] [W/(m2K)]; [W/(m2K)]; /i is the length
within the 2-D geometrical model for which the value U;j applies [m]; Nj is the number of
1-D components.

The linear bridges are included in the calculation of the direct transmission transfer
coefficient between the heated or cooled space and the exterior through the building en-
velope Ha [W/K] according to Equation (2) [47]:

Hd:ZAJ--Uj-I-Zlk-Wk'FZ)(i, (2)
J k i

where Aj is the area of element j of the building envelope [m?]; Ik is the length of the linear
bridge k [m], Wk is the linear thermal transmittance of the thermal bridge k [W/(m-K)]; x:is
the point thermal transmittance of point thermal bridge i [W/K].

The influence of thermal bridges on the thermal transmittance Um: [W/(m2K)] of the
building partition can be determined based on the Formula (3):

LA/

where Umn is the mean thermal transmittance [W/(m?K)] of the building fabric; Aiis the
area of the element i of the thermal envelope not including the area to the adjacent build-
ing [m?].

The heat transfer across the thermal bridges Qw [W] can be calculated by knowing
the linear and/or point thermal transmittance of the thermal bridge as described in Equa-

tion (4). This can then be used to estimate the effect of the balcony slab modernization
method on the peak heating load of the building.

Q= O L Wi+ D 2 Bone = 00, )
k i

where Oin,i is internal design temperature and 0. is external design temperature.

Point thermal transmittance values, X, can be determined precisely according to ISO
10211 [44] or, in some cases, by using the approximate procedure from ISO 6946 [46]. One
such case is assessing the effect of mechanical fasteners penetrating an insulation layer. In

Umn ®)
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this study, as in [25], stainless steel reinforcing bars were accounted for by modelling sec-
tions for scenario IV with and without the steel and taking the weighted averages of the
U-values based on the steel size and spacing.

2.4. Standard Procedure for Determining the Risk of Mould Growth

Properly constructed partitions and their joints in the building envelope should ex-
clude the risk of mould growth on their internal surfaces in the designed operating con-
ditions of the building. The condition of surface condensation occurrence was checked
based on the ISO 13788 standard [48]. The evaluated parameter is the temperature factor
(fzsi), calculated as shown in Equation (5), by taking the difference between the internal
surface temperature and external temperature (0si — 0.), and dividing it by the difference
between internal temperature and external temperature (6i — 6c). The fzsi is, therefore, a
dimensionless parameter. Internal surfaces, where the risk of mould growth and surface
condensation occurs, are those which fall below the design temperature factor, frsima, ap-
pointed for the critical month (which is the month with the highest frsimin value, deter-
mined for a use class of building).

_ (esi B He) _ (esi,min - He)
fRsi - m = fRsi,max - (ei — He) ) (5)

The application of the method according to [48] requires climatic data concerning the
monthly mean external temperature and relative humidity. Therefore, the maximum (crit-
ical) value of the fsi is a variable value depending on the location of the analyzed building.
The governments of individual countries set the indicative value of the critical tempera-
ture in their building regulations. In Poland, in rooms heated to a temperature of at least
20 °C in residential buildings, housing and public buildings, assuming the monthly aver-
age value of indoor air relative humidity of 50%, the required critical temperature factor
is 0.72 [30].

In the second stage of this research, the temperature distribution was determined in
all analyzed scenarios of connecting the walls with the balcony slab, using the THERM
programme. The calculated temperature factor was compared with the critical values de-
termined by two methods (detailed and simplified).

2.5. Methodology for Assessment of the Cost Effectiveness of Investments

A static method was used to assess cost-effectiveness. It excludes the question of
changes in the value of money over time, but it is sufficient to compare different retrofit
options. The Simple Payback Time SPBT (years) was calculated according to Equation (6).
To determine annual savings in energy costs resulting from the implementation of the
thermo-modernization improvement AOwu [€/year], the regulation on preparing energy
audits in Poland [49] was used. The variable fee with distribution and transmission of
energy unit O: [€/G]] was considered, without fixed and subscription fees.

SPBT = Ne o No N 6
T A0,y AQ,-0, (864-1075-S;-A;/AR) - 0,, ©)

where Nu are the inputs needed to carry out the investment [€]; AOu is reduction of the
annual heat demand to cover heat transmission losses as a result of the modernization
project (GJ); Sa is number of degree days of the heating season (days-K/year); Aiis the area
of the wall (m?); AR is the difference of the total thermal resistance of the assessed wall
((m2K)/W).

2.6. Description of the Assumptions Used in the Calculations

The principles of modelling thermal bridges and setting boundary conditions were
adopted in accordance with the applicable standards [44,46,48]. Considered interventions
on precast cantilever balconies and features of materials used in the scenarios considered
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are reported in Section 2.2. As the calculation procedure according to ISO 10211 [44] re-
quires modelling the element in such a way that it is extended at least 1 m or a triple
thickness of the element away from the geometrical centre of the thermal bridge (to restore
one-dimensional heat flow at the cut-off plane), in the described cases:

e the floor slab was continued for 1 m inside of the building (the vertical face of the
slab on the interior was specified as an adiabatic surface);

e  the walls were continued for 1 m beyond floor slab (the horizontal faces of the walls
were specified as an adiabatic surfaces);

e each scenario was modelled with a balcony slab length of 1.8 m on the exterior.

An internal temperature of 20 °C and an external temperature of -22 °C were defined
in the heat loss simulations. The external temperature corresponded to the location of the
buildings used as case studies (IV climatic zone of Poland). Additionally, the location of
buildings in four other climate zones of Poland was analyzed. Climatic data for five se-
lected cities in each of the five climatic zones of Poland are presented in Table 3.

Table 3. Climatic data for five selected cities in Poland (own elaboration based on [50]).

Month 1 2 3 4 5 6 7 8 9 10 11 12

City: Kolobrzeg; I Climatic Zone of Poland; Design External Temperature: -16 °C; Sd = 3588.7 Days-K/Year

Oe 0.7 2.6 4.3 5.0 11.9 13.9 15.7 16.5 13.3 8.0 5.9 2.5

e 0.85 0.84 0.84 0.79 0.75 0.80 0.79 0.78 0.80 0.82 0.84 0.86
City: Bydgoszcz, II Climatic Zone of Poland; Design External Temperature: -18 °C; 5d = 3700.7 Days-K/Year

Oe -0.7 0.0 0.0 6.6 14.2 14.5 17.3 16.4 11.0 8.1 52 1.9

Pe 0.88 0.87 0.77 0.69 0.68 0.71 0.76 0.78 0.79 0.84 0.87 0.89

City: Jelenia Gora; III Climatic Zone of Poland; Design External Temperature: =20 °C; Sd = 3714.9 Days-K/Year

Oe -15 24 4.6 6.3 11.6 15.0 16.5 15.3 12.0 7.7 4.5 0.5

e 0.81 0.81 0.76 0.77 0.76 0.77 0.76 0.76 0.83 0.83 0.83 0.85
City: Bialystok; IV Climatic Zone of Poland; Design External Temperature: —22 °C; Sd = 4095.4 Days-K/Year

Oe -4.9 -2.0 1.7 7.3 13.2 15.9 17.3 14.5 12.1 7.1 1.6 -1.3

e 0.86 0.85 0.78 0.75 0.71 0.77 0.76 0.80 0.83 0.84 0.89 0.89

City: Suwalki; V Climatic Zone of Poland; Design External Temperature: —24 °C; Sd = 4434.7 Days-K/Year
Oe -5.3 -4.9 1.3 6.8 13.6 15.7 16.1 15.6 12.4 6.8 0.1 -2.3
Pe 0.90 0.88 0.84 0.76 0.71 0.77 0.79 0.76 0.82 0.87 0.91 0.90

The surface resistances to determine U-values of walls and thermal bridging heat loss
were set in accordance with ISO 6946 [46]: Rs = 0.04 (m?>K)/W), therefore, the exterior heat
transfer coefficient was 25 W/m2 K; Rsi = 0.13 (m2-K)/W), therefore, the interior—exterior
heat transfer coefficient was 7.692 W/m?2 K. The increased surface thermal resistance at the
internal surface, (Rsi=0.25 (m2-K)/W)), for determining minimum internal surface temper-
atures and, hence, temperature factor according to standards [44,47] was used. The exter-
nal dimensions of the building elements were used to calculate heat transfer, both through
the building envelope and through thermal bridges

3. Results and Discussion
3.1. Heat and Humidity Analysis of Balcony Thermal Bridges

The simulation of the interventions on precast cantilever balconies using THERM al-
lowed us to prove the advantages of using the light balcony system and modern insulation
materials compared to other traditional solutions analyzed. Figures 4 and 5 present the
linear thermal transmittance as well as the temperature factor of all considered scenarios
and the temperature factor at the real location of the building (near Bialystok). Figure 4
applies to the case when the walls of a large-panel building have been insulated with an
additional 12 cm thick thermal insulation. Uwar=0.229 W/(m?K) does not meet the require-
ments currently in force in Poland but is often found in buildings that have been modern-
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ized in recent years. Figure 5 concerns a wall with additional 15 cm thick thermal insula-

tion, which meets the current requirements in Poland (Uwar = 0.196 W/(m?2-K) < Unwaltmax

0.20 W/(m2K) [30]).
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Figure 4. The linear thermal transmittance and temperature factor for the location of the building in Bialystok, when the

walls of a large-panel building have been insulated with an additional 12 cm thick thermal insulation.
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Figure 5. The linear thermal transmittance and temperature factor for the location of the building in Bialystok, when the
walls of a large-panel building have been insulated with an additional 15 cm thick thermal insulation.

The study first assessed the linear thermal transmittance of the thermal bridges in the
building. The ¥ values of the same balcony slab retrofit solutions for a wall with better
thermal insulation (Uwa = 0.196 W/(m?2K) were in most cases lower than for a wall with
poorer thermal insulation (Uwar = 0.229 W/(m?K)). In the case of scenario I, this difference
amounted to 5.35%; in scenario II from 4.17-4.50%; in scenario III from 0.34-2.39%; in sce-
nario IV by 10.78%. Such a difference was not noted for the largest considered thicknesses
of the insulation material of the balcony slab insulated around with resol foam (8, 9, and
10 cm from the bottom of the slab +5 cm from the top of the slab, in scenario IIIB).

The results presented in Figures 4 and 5 show how the linear thermal transmittance
decreased using all the methods of insulating cantilevered balconies considered. In this
sense, scenario IV was the one which obtained the lowest linear thermal transmittance
and a decrease of 84.84% (for a wall with 12 cm thick insulation) and 85.71% (for a wall
with 15 cm thick insulation) with respect to the solution with the uninsulated balcony slab
scenario I). The other solutions obtained lower improvements than LKBD (the self-sup-
porting outdoor added item): scenario IIA achieved a decrease of between 12.04 and
14.41% (for a wall with 12 cm thick insulation) and from 11.15-13.34% (for a wall with 15
cm thick insulation) with respect to scenario I; scenario IIB achieved a decrease from
12.63-14.56% and 11.77-14.66%, respectively; scenario IIIA achieved a decrease from
37.30-58.40% and 35.16-56.51%, respectively; I1IB achieved a decrease from 44.13-66.12%
and 41.92-64,21%, respectively, being the scenario with the second-best results.

In terms of the linear heat transfer coefficient, the LKBD system proved to be over 5
times better for the solution consisting of the thermal insulation of balcony slabs from the
bottom and more than 2 times better than the cases with top and bottom insulation.
When assessing the determined values of W in the light of the classification of thermal
bridges according to the Building Research Institute [32], it can be concluded that the so-
lutions from scenarios I, IIA, IIB cause bridges with a very high impact, and solutions from
scenario IIIA and most of the bridges from scenario IIIB—bridges with high impact. Ther-
mal insulation of balcony slabs all around with 5 cm of insulation from the top and more
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than 6 cm from the bottom of the slab, as well as the LKBD system in the wall with 12 cm
thick insulation, result in low-impact thermal bridges. Additionally, the use of the LKBD
system in a wall with 15 cm thick insulation, which corresponds to the current require-
ments in Poland [30], results in a bridge with negligible impact.

Comparing the determined linear thermal conductivity of the tested balcony bridges
with the literature data on the use of thermal breaks (0.18 W/(m-K) [29] or 0.15 W/(m-K)
[27,28]), it can be concluded that only option better than them is the LKBD system.

Figures 4 and 5 present not only the W value for each scenario, but also the fxs. The de-
termined values of the temperature factor, according to Equation (5), correspond to the mini-
mum temperatures in the connections between the balcony slab and the wall. Sample THERM
models generated using the solutions presented in Figure 3 are shown in Figures 6-9.

231° 1777 -124° J0° -16° 38° 027 145 199°

L e
(a) (b)

Figure 6. Temperature field in cross-section for scenario I, wall with 15 cm thick insulation: (a) isotherms (b) colour scale.

Color Legend

-121° -16.8° -11.6° -63"‘ -L1°

42°  94° 147° 199° C

| | |

(a) (b)

Figure 7. Temperature field in cross-section for scenario II B, wall with 15 cm thick insulation: (a) isotherms (b) colour
scale.
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Color Legend

220° -167° -115° 63° -10° 42° 95° 147° W00° C
| |

|
(a) (b)
Figure 8. Temperature field in cross-section for scenario III B, wall with 15 cm thick insulation: (a) isotherms (b) colour

scale.

Color Legend

-22.0° -16.8° -11.5° -61"‘ -1.0° 4.2°| 95° M.’l"l 2000 C

Close

(a) (b)

Figure 9. Temperature field in cross-section for scenario IV, wall with 15 cm thick insulation: (a) isotherms (b) colour scale.

Then, the obtained values of the temperature factor for further variants of the calcu-
lation were compared with the critical values to assess the risk of surface condensation.
The critical temperature factor for five selected cities in each of the five climatic zones of
Poland, determined using the Audytor OZC 6.9Pro software (produced by SANKOM in
Warsaw, Poland), is presented in Table 4.

For each of the analyzed locations in Poland, the critical temperature value calculated
according to the standard procedure [48] was higher (from 9.86-18.47%) than the indica-
tive value specified in the building regulations [30]. Therefore, the method according to
the ISO 13788 standard [48] was used to assess the risk of moisture in the analyzed joints.
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Table 4. Critical temperature factor for five selected cities in each of the five climatic zones of Po-
land.

fRsimax
City (Climatic Zone of Poland) Humidity Class III Based on the Polish
(Dwellings with Low Occupancy) Regulation [30]
Kolobrzeg (I) 0.791
Bydgoszcz (II) 0.793
Jelenia Gora (IIT) 0.796 0.72
Bialystok (IV) 0.842
Suwalki (V) 0.853

Analyzing the results presented in Figures 4 and 5 (for the location in Bialystok), it
was proven that in the case of using both a balcony slab without insulation (scenario I)
and an insulated balcony slab on the bottom (scenario II), the code condition to avoid
surface condensation of water vapor is not met. In the case of thermal insulation of the
balcony slab from below and from above using XPS (scenario IIIA), the obtained value of
the temperature coefficient is higher than the critical value from 2.08-5.76% (for a wall
with 12 cm thick insulation) and 3.21-6.61% (for walls with 15 cm insulation). In the case
of using resol foam around the balcony slab (scenario IIIB), the obtained differences
amounted between 3.21 and 7.17% and 4.34 and 8.02%, respectively, while using the
LKBD system (scenario IV) was between10.61% and 11.43%. Scenario IV achieves the low-
est W-value so is deemed to be the most successful. The application of the LKBD system
also allows for avoiding the risk of surface condensation of water vapor in the joints of the
balcony slabs with the walls (the obtained f&si is higher than the critical value) under ap-
propriate operating conditions (adequate air humidity and efficient ventilation). While in
air-tight, higher-humidity buildings, with insufficient ventilation (which is often observed
in retrofitted buildings), it can form condensation on “cold” indoor surfaces, causing
mould to grow.

3.2. Possibility of Heat Loss Reduction in Example Multi-Family Buildings

The linear thermal transmittance coefficients determined in Subsection 3.1 were used
to test the effectiveness of individual balcony modernization methods on the scale of the
entire building. As a case study, four multi-family apartment blocks were analyzed, de-
scribed in 2.1. The nature of the impact of thermal bridges on the thermal transmittance
of building walls, determined based on formula 3, is shown in Figure 10.
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Figure 10. The influence of thermal bridges of balconies in different scenarios and reduction of the
heat load of individual analyzed buildings: (a) building no. 1; (b) building no. 2; (c) building no. 3;
(d) building no. 4.

Uninsulated balcony slabs had the greatest impact on the deterioration of the wall
insulation. The increase in the U-value of the walls in the analyzed buildings amounted
to between 44 and 54% (in the case of a 12 cm thick EPS insulated wall) and between 49
and 60% (in the case of a 15 cm thick EPS insulated wall). In scenario II, the increase was
slightly lower and amounted to approximately between 38 and 48% and between 43 and
53%, respectively. Insulating the balcony slabs from above and below was a much better
solution. Here, the increase in the U coefficient of the walls reached between 18 and 33%
and between 21 and 39% (with the use of XPS) and between 15 and 30% and between 17
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and 35% (with the use of rigid resol foam). The best solution was to implement LKBD
where Um: was from 7-8% higher than the U-value of the wall without thermal bridges.

Figure 10 also shows the calculated possibility of reducing the designed heat load of
individually analyzed buildings (using Equation (4) and the actual data for buildings pre-
sented in Table 1). The determination of these savings was possible only for the versions
of buildings with 12 cm thick polystyrene wall insulation, as this is how the case study
buildings were insulated. When LKBD is used, it is possible to reduce the design heat load
from 0.89-1.51% compared to buildings with balcony slabs without insulation (Figure 10).
For other scenarios, the reduction is even smaller: with thermal insulation of the balcony
slabs from below and above, the reduction ranges from 0.39% to 1.18%, and for insulation
only from the bottom, less than 0.26%. The reduction of heat losses through the building
envelope, and thus, the reduction of heat load and heat consumption, results in lower
heating bills for the building. These savings will also depend on the type of heat source
and the unit energy price. The economic analysis for the cases considered in the article is
provided in Subsection 3.3.

3.3. Economic Analysis

For each of the considered scenarios, the inputs needed to implement the moderni-
zation investment was determined. The amounts of individual cost components are sum-
marized in Table 5. In scenarios II and III it was assumed that the balconies are not dam-
aged from the structural point of view. Therefore, the costs related to their thermal mod-
ernization and restoration of finishing layers were considered.

By far the most expensive solution is to use LKBD. The cost of the entire riser for new
balconies added in a five-story building is 2.37 times higher than the most expensive
method of thermal insulation (in scenario IIIB). The use of modern building materials in
scenario III (rigid resol foam, phenolic foam) instead of traditional (extruded polystyrene)
increases the costs of the same solutions from 28-68%. Scenario II was not subjected to a
thorough cost analysis because, as shown in Subsection 3.1, it should not be used due to
the risk of surface condensation.

Table 5. Inputs needed to carry out the investment for individual scenarios.

Sce-

nario

1A

1B

1A

Thermal Insula-

tion Thickness of

the Balcony Slab:
Above + Below
Ocm+2cm
Ocm+3cm
0Ocm+4 cm
Ocm+5cm
0Ocm+6 cm
Ocm+7 cm
Ocm+8cm
0cm+9cm
0Ocm+10 cm
Ocm+2cm
0cm+3 cm
0Ocm +4 cm
0Ocm+5cm
Ocm+6 cm
Ocm+7cm
0cm+8 cm
0Ocm+9cm
0Ocm+10 cm
2cm+2cm

Materials Equipment Labour Indirect costs Profit Total Total
M S R Kp=0.718:(R+S) Z=011-R+5+ (One Balcony) (Balcony
Kp(R +5)) Riser)
(€)

106.45 3.23 47.21 36.21 9.53 202.64 1013.18
107.49 3.24 47.58 36.48 9.60 204.39 1021.95
108.53 3.25 47.95 36.75 9.67 206.15 1030.74
109.58 3.25 48.31 37.02 9.74 20791 1039.53
110.62 3.26 48.68 37.29 9.82 209.66 1048.31
111.66 3.27 49.05 37.56 9.89 211.42 1057.09
112.70 3.27 49.41 37.83 9.96 213.17 1065.87
113.75 3.28 49.78 38.09 10.03 214.93 1074.65
114.79 3.29 50.15 38.36 10.10 216.69 1083.44
133.89 3.23 47.21 36.21 9.53 230.08 1150.39
142.20 3.24 47.58 36.48 9.60 239.10 1195.52
150.99 3.25 47.95 36.75 9.67 248.60 1243.02
159.09 3.25 48.31 37.02 9.75 257.42 1287.12
168.62 3.26 48.68 37.29 9.82 267.66 1338.32
176.35 3.27 49.05 37.55 9.89 276.11 1380.55
189.98 3.27 49.41 37.82 9.96 290.45 1452.24
199.60 3.28 49.78 38.09 10.03 300.79 1503.95
207.03 3.29 50.15 38.36 10.10 308.93 1544.64

114.60 5.38 50.89 40.39 10.64 221.90 1109.50
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3cm+3cm
4 cm+4 cm
5cm+5cm
5cm +6 cm
5cm+7cm
5cm+8cm
5cm+9cm
5cm +10 cm
2cm+2cm
3cm+3cm
4cm+4cm
5cm+5cm

I1IB 5cm+6 cm
5cm+7 cm
5cm+8 cm
5cm+9cm
5cm+ 10 cm

v -

116.73
118.90
121.10
122.55
123.44
124.60
125.77
126.94
176.12
194.45
216.61
236.40
247.21
256.22
271.14
282.05
290.76
3410.79

5.41
543
5.46
5.49
5.51
5.54
5.56
5.59
5.38
5.38
543
5.46
5.49
5.51
5.54
5.56
5.59

308.87

51.29
51.70
52.10
52.51
52.91
53.32
53.72
54.13
50.89
50.89
51.70
52.10
52.51
5291
53.32
53.72
54.13
412.45

40.70
41.01
41.32
41.63
41.94
42.25
42.56
42.87
40.39
40.40
41.01
41.32
41.63
41.94
42.25
42.56
42.87
517.90

10.72
10.80
10.88
10.96
11.04
11.12
11.21
11.29
10.64
10.64
10.80
10.88
10.96
11.04
11.12
11.21
11.29

136.32

224.85
227.84
230.87
233.13
234.84
236.83
238.82
240.81
283.42
301.75
325.55
346.16
357.79
367.63
383.36
395.10
404.63

1124.26
1139.19
1154.34
1165.67
1174.20
1184.16
1194.09
1204.05
1417.11
1508.77
1627.77
1730.81
1788.97
1838.17
1916.82
1975.49
2023.14
4786.33

42.6% than scenario IIB, which may cause surface condensation.

Unit cost of modernization of the balcony slab (€/m)

High investment costs may be a barrier to the use of modern materials and solutions
in construction practice. Figure 11 shows the cost of individual methods of modernization
of balcony slabs in relation to the 1 m length of balconies. Such information may be useful
for energy audits, architects, or civil engineers. It is worth emphasizing that the correct
solution from the point of view of humidity scenario IIIA is cheaper by between 5.1 and

600

a1
[=}
(=}
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300

200

=
o
(=}

(=}

0cm+2cm
0cm+3cm

0cm+4cm

0cm+5cm
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0cm+9cm
0cm+10 cm
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scenario number and thermal insulation thickness of the balcony slab: above + below

0cm+2cm
0Ocm+3cm
0cm+4cm

0cm+5cm
0cm+6cm
0cm+7cm
0cm+8cm
0Ocm+9cm

B

0cm +10 cm

2cm+2cm
3cm+3cm

4cm+4cm
5cm+5cm
5cm+6 cm
5cm+7cm
5cm+8cm
5cm+9cm

ITA

5cm +10 cm

2cm+2cm
3cm+3cm
4cm+4cm

5cm+5cm
5cm+6 cm
5cm+7cm

1B

5cm+8cm
5cm+9cm
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Figure 11. Unit cost of considered individual methods of modernization of balcony slabs.

To evaluate the cost effectiveness of the investment according to the adopted method
(SPBT), the average price of a unit of energy was assumed at the level of 11 €/GJ [51]. The
Simple Payback Time, calculated according to formula 6, is shown in Figure 12.
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The most cost-effective renovation method is to insulate the balcony slabs from below

In all analyzed buildings, by far the highest SPBT (>359 years) was obtained for in-
and above with the thickest possible XPS layer (SPBT

vestments related to the thermal insulation of balcony slabs from below (scenario II). Ad-
ditionally, as mentioned earlier, such a solution carries the risk of surface condensation,

Figure 12. The Simple Payback Time for investment costs in different scenarios: (a) in building no.
so it should not be used.

1; (b) in building no. 2; (c) in building no. 3; (d) in building no. 4.
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with modern material increases SPBT by almost 50%, for the LKBD system, SPBT = 269.2—
281.5 years. More favorable energy and economic effects related to the reduction of bal-
cony thermal bridges were achieved in the wall with lower insulation. The obtained val-
ues of the SPBT index are very high and significantly exceed the lifetime of the analyzed
building elements; therefore, they cannot be considered economically effective. The article
specifies the SPBT index to compare the various analyzed scenarios. The justification for
the need to modernize balconies in the retrofitted multi-family buildings is not energy or
economic, but functional reasons (limiting the potential condensation of moisture at the
junction of the balcony slabs of the buildings with the walls).

4. Conclusions

In this study, it is shown that the application of modern insulation materials and new
technical solutions in buildings can be very beneficial for utility reasons, even if the pro-
vided economic data does not seem to be very stimulating. The conducted analyses
showed that leaving the balcony slabs without insulation or only insulating them from
the bottom, which is often applied in practice, carries the risk of surface condensation.
Therefore, such solutions should not be used and there is a need to look for modern solu-
tions in buildings. It has been shown that the justification for the need to modernize bal-
conies in retrofitted multi-family buildings is not energy or economic, but functional (lim-
iting the potential condensation of moisture at the junction of balcony slabs of buildings
with walls).

This article presents the advantages and disadvantages of the use of modern insula-
tion materials and the new LKBD system, which have not been available in the literature
so far, compared to other methods of balcony renovation.

The most cost-effective method of renovation, while avoiding the risk of surface con-
densation, proved to be the insulation of the balcony slabs from the bottom and from the
top. When using XPS, the payback time at current costs is between 98.4 and 142 years.
Replacing polystyrene with a modern insulation material (resol foam) increased the SPBT
to between 107.4 and 159.1 years; however, it remained the scenario with the second-best
result. The use of an appropriate thickness of the insulating material in the form of resol
foam (7-10 cm from the bottom and 5 cm from the top of the slab) allows for classifying
the existing thermal bridges to the low-impact group (e < 0.25 W/(m-K)).

The advantage of using LKBD, which also avoids surface condensation, is a very low
linear heat transfer coefficient. A wall that meets the current requirements in Poland (U =
0196 W/(m2K) ¥. = 0.091 W/(m-K)) classifies this solution as thermal bridges with negligi-
ble impact. It is also a better solution in this respect (even almost twice) than the construc-
tion of balconies with thermal breaks. Unfortunately, the SPBT of such a project is very
long (281.5 years) and this may be the reason why this type of structure is rarely used in
retrofitted buildings.

Despite the relatively small impact (up to 1.51%) of the analyzed scenarios of the
modernization of balcony slabs on the designed thermal load of entire buildings, the con-
sidered examples indicate the need to perform thermal, economic and moisture calcula-
tions to indicate the most beneficial solutions and eliminate incorrect ones.

Modern materials and solutions are characterized by better parameters than tradi-
tional solutions, but due to their high cost, their profitability is not high and require finan-
cial support to be more commonly used in construction practice.

For future research, a multi-criteria analysis of the design solutions presented in this
paper is planned. It would also be interesting to carry out a cost analysis covering only
the thermal insulation (treating the other building work as renovation).
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