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Abstract


During the design of the external cladding, it is possible to use different materials and compositions. One of these possibilities is also a ventilated facade, which consists of a supporting structure, a thermal insulation, a supporting grid, an air gap for ventilation and a cladding layer. The construction of the supporting grid in the ventilated facade must be mechanically anchored into the supporting structure of the external cladding. This mechanical anchoring causes 3-D point thermal bridges in the external cladding itself. Therefore, the aim of this work is to assess and analyze the influence of these 3-D point thermal bridges on transmission heat losses through the external cladding. A Finite Element Mesh analysis has been used for this analysis. Different types of external cladding compositions were modeled in the simulation program, and the effect on the heat transfer coefficient was determined. In addition to the analysis of the existing anchoring systems, an innovative solution has been suggested that is more economical and easier to implement. The results show that the application of anchors and their number impacts significantly on the thermal properties of the envelope. The difference between the anchoring element with a thermal insulation pad and the patented method is minimal. This is a 1.29% difference. The last variant was a proposal (patent) that the anchoring element is only plastic-coated and thus its thermal engineering properties are improved, which is manifested mainly in heat conduction but also from the radiant point of view, as plasticizing the emissivity changes. Compared to the perimeter cladding without the ap-plication of an anchoring element, the heat loss increases by 29.37%. In addition to the energy savings, there are also financial savings. While the plastic pads costs about EUR 0.3, the plastic coating (patent) represents a price of around EUR 0.03. If we had a building with 10,000 m2 of wall area where 6 pieces of anchors per 1 m2 are applied, the savings would be EUR 16,200. Such savings are already significant. The conclusion of this work is that these point thermal bridges have a significant impact on the overall transmission heat loss coefficient and therefore they have overall heat demand and energy demand.
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1. Introduction


When designing buildings, it is essential to assess the energy performance of buildings [1,2,3]. It is necessary that buildings should have as low energy consumption as possible because this contributes to cost reduction as well as to reducing CO2 production [4]. One of the most important factors is the correct design of the external cladding compositions, which defines the heat-exchange of the building envelope. The perimeter shell includes various elements that form thermal bridges. The thermal bridge can be characterized as a part of the building structure, where the internal surface temperature changes significantly compared to the surrounding internal surfaces. This can be caused by a change in the thickness of the building structure, the various size of the inner surface that receives heat and the outer surface that transfers heat (for example: corners of walls, roofs, floors, etc.). If a thermal bridge is constructed in the structure of a heated building, then, in winter, its temperature on the inner surface will be lower than the temperature on other common interior surfaces. On the contrary, the temperature on the outer surface of the thermal bridge will again be more elevated than in an ordinary place. This is because in the place of the thermal bridge, the structure has a higher thermal conductivity than in another ordinary place of the building structure. The building envelope must protect the entire heated interior of the building so that the influence of thermal bridges is eliminated at all critical points, or at least sufficiently eliminated. Thermal bridges can be caused by modifying the material or the geometry of the structures. In addition to the fundamental types of the thermal bridges, modern types are also being created, using individual architectural modern designs. These are mainly anchoring elements that are part of a light perimeter cladding or ventilated façade. As it is shown, point thermal bridge effects in cladding systems can constitute a significant part of buildings’ thermal balance. Neglecting their presence can lead to significant underestimation of actual heat flows, which can account for 5% to almost 20% of total heat flows through the building envelope, depending mostly on the thermal transmittance of the load-bearing wall [5]. In the case of façade renovations, these systems have become a very attractive alternative to external thermal insulation composing systems (ETICS). Condensation issues in most varieties of such systems are very limited since an air cavity which allows “breathing” separates the insulation material from the external cover. These anchoring elements can be additionally used for the local attachment of the various elements such as railings, billboards, awnings, shelters, pergolas and the others. Therefore, it is necessary to devote significant attention to this issue, as it has an impact on the indoor environment but also on the overall heat loss and thus on the overall energy efficiency of buildings [6]. It should be pointed out that the use of different calculation methods of thermal bridges, provided in standards [7,8], can lead to different energy performance classes of a building and to percentage gaps on the energy requirements in the heating season, calculated to be more than 20% [9]. The Standard EN ISO 13786 [10] requires a dynamic calculation for the evaluation of building performance but refers to Standard EN ISO 10211 [11] to perform steady-state thermal bridges calculations. Martin et al. [12]. underline this contradiction. There are solutions to reduce losses through thermal bridges, but they are not always applied. To design these solutions, it is important to be able to estimate these losses correctly and the inertia. In 1989, HASSID proposed and simplified model to account for lateral heat transfers caused by thermal bridges for homogeneous walls [13] and multilayer walls [14]. The model is based on the integration of the two-dimensional conduction equation. It led to a simple expression to incorporate thermal bridge effects in steady-state calculation tools. There are many numerical tools to characterize the thermal behavior of 2-D or 3-D elements. Several mathematical methods are implemented to solve the equations that describe heat transfers: finite elements method, electric analogs border element method [15]. All the above facts lead to the confirmation of the importance of the analysis of individual anchoring elements, which form the local point 3-D thermal bridges on buildings. A simplified steady state calculation method is used for the given calculation. The dynamic method was not used. The computational part is mainly used for verification with the experimental model and determination of the thermal conductivity of the proposed anchor modification.




2. Thermal Bridges


In most cases, inhomogeneous structures represent thermal bridges, and their thermal properties can be significantly reduced [16]. Inhomogeneous structures, which are composed of several substances with numerous thermal properties, represent a thermal bridge caused by a change in the thermal properties of the peripheral shell. Thermal bridges cause materials with high thermal conductivity, and they can reduce the local thermal resistance of the perimeter shell. This is exceptionally significant for higher thermal insulation thicknesses [17]. In some cases, thermal bridges can account for up to 3-D% of the final energy consumption [18]. The accumulation of materials is furthermore of considerable importance for thermal bridges [19]. A simplified calculation of inhomogeneous structures, where the thermal resistance for the infill and the frame is calculated, is acceptable for wood frame structures. However, it cannot be used for many of the more complex technologies introduced in the market. In addition, architecture is becoming more complex, and the result is an increase in the use of frame elements. Studies carried out for the California Energy Commission [20] have shown that the frame factor (area of opaque structures where the frame is made of solid wood) for the walls of residential buildings is almost 27%. The resulting value of thermal resistance of frame structures, whose thermal resistance at the place of filling thermal insulation is R = 2.6 m2. W/K is in the range from 1.5 to 1.6 m2. W/K. By including the frame structure, the thermal resistance is reduced by 35 to 40%. This would mean that houses built in this way would require approximately 10–12% more energy than those using a simplified calculation, without including frame structures [21]. Theodosiou et al. [5] carried out 3-D heat transfer simulations of cladding systems for building facades, showing that neglecting the point thermal bridge effect in these kinds of systems can lead to a significant underestimation (from 5% to 20%) of the actual heat flows. As can be seen, the problem of inhomogeneous constructions in the scientific field itself is elementally solved all over the world. When calculating the energy balance of a building, it is necessary, among other inputs, to know the thermal properties of building structures, which form the envelope of heated spaces. If the package includes an inhomogeneous structure, it must be taken into account when calculating the thermal resistance [22,23,24]. In addition to thermal bridges, the cladding also has an effect on heat losses [25,26].



Point Thermal Bridges


Heat flows through point thermal bridges can be accessed through 3-D finite element modeling since their complex nature does not permit simpler approaches, which are usually assumed with linear thermal bridges [27,28,29]. The heat flow through the building element of course is not only determined by the thermal conductivity of the material but also by the thermal flow rates existing at the particular surfaces, i.e., the heat transfer. This is the transfer resistance known from the standards, formerly also referred to as transition coefficients. These transition coefficients are nothing else than the surface-related conductance values of the boundary layers existing between the ambient air/outside air and the element surface. If the temperature difference is given, the heat flow can be calculated simply by multiplying the surface-related conductance value by the temperature difference as follows:


  q = U . δ θ  



(1)




where:




	
q Heat flow in W/m2;



	
 U  heat transfer coefficient in W/ (m2. K).








Since, as already assumed above, the heat flow can be assumed as being constant, it is possible with the correlation given according to Equation (2) to evaluate the existing temperature at any point. This correlation is documented in EN ISO 10211: 2008-04 as follows:


  q =     θ −  θ s       R s     



(2)




where:




	
q Heat flow in W/m2;



	
 θ  the inside or outside temperature in K;



	
   θ s    the temperature of the interior or exterior surface in K;



	
   R s    the interior or exterior heat transfer resistance in m2. K/W.








Various architectural elements are applied in buildings, which can create thermal bridges due to their fixation. These can be linear thermal bridges or point thermal bridges. Determining the temperature on the inner surface from a 3-D calculation, if only two environments are included and the subsoil is not part of the geometric model, then the surface temperature can be expressed in a dimensionless form. In this paper, we focus mainly on point thermal bridges, which we analyze for the individual variants of anchoring elements. The value of the point loss factor is calculated according to the following relation [8]:


  χ =  L  3 D   −   ∑   i = 1    N i     U i   A i  −   ∑   j = 1    N j     Ψ j   l j  ,  



(3)




where:




	
L3D is the linear thermal transmittance determined from the 3-D calculation of a 3-D building structure separating the two environments in W/K;



	
Ui is the heat transfer coefficient of a 1D building structure separating two environments in W/ (m2. K);



	
Ai area over which the value applies Ui in m2;



	
Ψj linear loss coefficient W/(m. K);



	
lj the length of the geometric model over which the value applies Ψj in m;



	
Nj number of 2D building structures;



	
Ni number of 1D building structures.








When determining the point loss factor, it is necessary to state exactly which dimensions were used, because for some types of thermal bridges, the values of the linear loss factor depend on this choice.





3. Calculation Method for the Analysis of Point Thermal Bridges


Ventilated facades represent a significant architectural element that is currently widely utilized in the creation and the implementation of buildings. It is a construction that is diffusely open and ensures the flow of moisture through the building envelope from the interior to the exterior. The composition of the ventilated façade (Figure 1) is characterized by the fact that the outer surface of such a façade is formed by the cladding. The surface of the facade can form, e.g., wood and materials based on wood or metal (noble alloys, aluminum, copper, stainless steel, concrete, glass, ceramic tiles, stone, plastics and others).



The ventilated façade is based on the principle of an air gap between the thermal insulation and the external façade cladding. For the system to work properly, it is necessary for air to flow into the gap. The ventilated gap system has a positive effect on the course of humidity. The ventilation gap is usually part of diffusely open constructions [26,27]. In the case of ventilated thermal insulation systems, the thermal insulation is attached to the load-bearing wall or inserted between the grates. The construction of the grate is typically made of aluminum, galvanized steel, or wood. The choice of material for the grate is influenced by the applicable fire regulations. The design of the grate depends on the selected type and format of the facade cladding. The primary disadvantage of such systems is that there are 3-D point bridges on the surface, which are formed by the anchoring elements themselves (Figure 2). Therefore, the designer must take into account the effect of thermal bridges in the calculation by increasing the insulation thickness. When calculating, it is necessary to consider the thermal insulation properties of the insulated wall.



3.1. Description of Samples Used in the Calculation Method of Point Thermal Bridges


The main goal of the calculation method was to determine the different heat fluxes of the three variants of the design solution of the mechanical anchoring of the load-bearing gratings, which are part of the ventilated facades. These variants are considered: (1) an anchor without modifications to eliminate the thermal point 3-D bridge, (2) an anchor without modification to eliminate the thermal point 3-D bridge and (3) an anchor with modification to eliminate the thermal point 3-D bridge. There are various producers of such anchoring systems, but a system from the HILTI company was chosen for the given analysis because this system is the most used in our market. At present, high demands are placed on the thermal-technical properties of the peripheral shells, which form the heat-exchange cover and consequently, the anchoring elements already cause a significant effect on the thermal-technical properties themselves. HILTI anchors (Figure 3) are currently one of the best manufacturers on the market and are providing various dynamic options and special technical support. Their quality is determined by excellent static and mechanical properties. Their choice was influenced by the fact that their systems are used in all major buildings. These anchoring elements are included in anchor brackets, of which there are several types (approx. 15 types of anchor brackets). One type of anchoring brackets was chosen for the given experiment, which is the most used in our market as it is a quality technical and economical solution. It is an anchoring bracket marked MFT-MFI M.



As we can see in the previous figure, the total length of the anchor was from 40 mm to 270 mm. The total length depends on the thickness of the thermal insulation and the thickness of the ventilated layer. Until 2012, this system of anchoring brackets was used (Figure 3). At this time, the thermal technical requirements for perimeter cladding were not so strictly set yet. The heat transfer coefficient was UN = 0.32 W/ (m2. K) according to our standard [31]. With the increasing demands on the energy efficiency of buildings, the requirements for the elimination of heat losses through the passage of heat through the heat exchange envelope also increased. Therefore, it was necessary to eliminate all the thermal bridges, whether the linear or the point thermal bridges. Due to the more demanding thermal engineering requirements after 2016, these anchoring brackets had to be modified to eliminate the point thermal bridges, which also increase heat losses due to heat transfer. The heat transfer coefficient after 2016 is UN = 0. 22 W/ (m2.K) according to our standard [31]. These anchor brackets were supplemented with polypropylene pads (Figure 4). This solution is economically less advantageous because it is another built-in element. In addition, with such a solution, there is also a more significant initial investment for the anchoring console.



Therefore, an innovative technical solution of the anchoring console was developed, which is the patent of one of the authors (Figure 5). A more detailed description is given in Section 4.



The thermal properties were used from the manufacturers of the given materials and are shown in the following Table 1.



The selected boundary conditions correspond to the conditions that were considered in the experimental measurement. The interior temperature θi = 23.05 °C, and the exterior temperature θe = −15.22 °C. The resistance to heat transfer through the structure is Rsi = 0.13 m2. K/W a Rse = 0.04 m2. K/W. These temperatures characterize the steady-state temperature during the measurement of the heat flux in the climate chamber (Figure 17). The thermal conductivity of a plastic-coated anchor is not easy to measure. Various devices from the Department of Materials Engineering at the Faculty of Civil Engineering in Bratislava were also used. To determine the thermal conductivity, it would be necessary to measure only the material itself in a climate chamber. The climate chamber was first used in the 1970s [32]. Homogeneous samples and later inhomogeneous constructions were solved first [33]. This author developed general rules for the construction of the chamber climate and also proposed a procedure for assessing heat loss. Among other things, the surface materials of the individual samples are also important [34]. In addition to the material used to plasticize the anchor, the thickness of the plastic applied to the anchor certainly has a significant effect. This will be the subject of further investigation. The description of individual variants is shown in Table 2.



This work is only about interpreting the results from the measurement of individual samples, which are used only to compare the results and the initial estimate of the impact of various adjustments on the samples. It is not a precise determination of the thermal conductivity of the fragment with the used sample but a representation of the initial influence of the proposed modifications, which eliminate thermal point 3-D bridges. As these are dry materials, the effect of moisture on thermal conductivity has not been investigated. Humidity was measured for OSB board only. The following table describes the individual variants analyzed.




3.2. Calculation Analysis of Individual Variants


The Section describes the results of the simulation analysis of variants that were used in the experimental measurement. It is mainly about monitoring the difference between the results of the heat transfer coefficient of individual variants and determining the thermal conductivity of the plastic-coated anchor, which is proposed by the author. The PSI-Therm 3-D program was used for the analysis of individual variants [35]. The PSI-Therm software is the leading Finite Element Mesh analysis tool available for the analysis of thermal bridges in construction components. This powerful design tool is validated to EN ISO 10211 [8], with automatic mesh generation in order to ensure accurate results in accordance with EN ISO 10211 [8]. The software now comes with a boundary condition database for analysis according to BR497 and Passive House conventions. Saving you the need for complicated spreadsheets and numerous external calculations, the software produces U-values, Psi-values (linear thermal transmittance) and Frsi-values (temperature factor), producing a comprehensive report in accordance with the requirements of the international standards. The finite element mesh calculation is performed in accordance with EN ISO 10211 [8]. Boundary conditions according to BR497 and Passive House are available in the boundary condition tables.



3.2.1. Hilti Anchor Analysis without Interrupting Point Thermal bridges


This is a variant where the anchor is directly anchored to the supporting OSB board without the use of modifications to break the thermal bridge. The OSB board was modeled in a simulation program PSI-Therm because such a case was considered in an experimental measurement to determine the thermal conductivity of the patented anchor. The experiment will be published in the next post. The following Figure 6 shows the model with modeled boundary conditions for the 3-D method.




3.2.2. Analysis of an Anchor from Hilti with the Break of Point Thermal Bridges—A Technical Solution from Hilti


It is a model where the anchor is directly anchored to the supporting OSB board using modifications to break the thermal bridge. The following Figure 7 shows the model with modeled boundary conditions for the 3-D method. Individual materials and their thermal properties (such as OSB board, thermal insulation, anchor, pad thermal barrier) are shown in Table 3.




3.2.3. Analysis of an Anchor from the Hilti Company with Break of Point Thermal Bridges—Technical Solution of the Author of the Article (Patent)


It is a model where the anchor is directly anchored to the supporting OSB board using a modification to break the thermal bridge by plasticizing the anchor (Figure 8).




3.2.4. Comparison of Results for Individual Variants


Table 3 shows the heat transfer coefficients for the first variant, which represents the results without the anchor and the other analyzed variants. The second variant represents the results when using the anchor without modification to eliminate the thermal bridge. The third variant represents the results when using the anchor with the modification to eliminate the thermal bridge. The fourth variant represents the results when using the anchor with the modification to eliminate the thermal bridge by plastic coating. The plastic coating itself is applied directly to the Hilti anchor. It is a complex plastic coating, where a layer is formed on the surface of the anchor, which is to reduce the thermal conductivity of the aluminum anchor. This is a break in the thermal bridge to change the emissivity of the material.





3.3. Influence of Point 3-D Thermal Bridges on Heat Losses through Heat Transfer for Different Variants of Ventilated Façade by Rockwool


This Section describes the analysis of the influence of anchors on real compositions of the perimeter shell with different compositions. It is mainly an expression of the influence of the number of anchors on the heat transfer coefficient of individual compositions and assessment according to the requirements of STN 73 0540—2: 2012, Z1: 2016 + Z2: 2019 [31]. For the given analysis, a real anchor with thermal bridge break using a plastic pad was used. The modeled 3-D detail is shown in the following figures (Figure 9). The PSI-Therm program is used for the simulation. The reinforced concrete wall was chosen for the load-bearing structure. As such a concept is used the most in practice. In order to meet the requirements for the heat transfer coefficient, a thermal insulation thickness of 140 mm was chosen. We considered two thermal conductivities of thermal insulation: (a) 0.033 W/ (m. K) and (b) 0.035 W/(m. K). These thermal conductivities represent the values of the company’s materials Rockwool.



A basic description of the selected compositions is given in Table 4.



The following Figure 10 shows the dependences of the heat transfer coefficient on the number of pieces of anchors for the individual variants described in Table 4.



As can be seen from the previous figure, the significant influence of the number of anchoring brackets on the heat transfer coefficient of the structure is mainly in the case of a reinforced concrete load-bearing structure. When using masonry structures (where the thermal conductivity of the material is about from 0.15 to 0.3 W/ (m. K)), the thermal conductivity is lower and therefore the anchoring elements would have a significantly lower effect on the total heat loss through the perimeter wall. According to standard, it is necessary to reach a maximum value of U = 0. 22 W/ (m2. K) [31]. Even when using one anchor, the given perimeter wall does not meet the current thermal engineering requirements. One possible solution is to add a thicker insulation (Figure 10) or use anchors with thermal breaks. With a thermal insulation thickness of 140 mm and the use of one anchor, the heat transfer coefficient is from 0.26 W/ (m2. K) to 0.27 W/ (m2. K). For the given analysis of the influence of point thermal bridges on the total heat losses, a real administrative building with a ventilated façade was selected (Figure 11). The building was built of monolithic reinforced concrete with a thickness of 200 mm and insulated with mineral wool hr. 180 mm, which is part of the ventilated facade. The floor area of the administrative building is 335.8 m2, and the heated volume is 1074.56 m3 (Table 5).



From the calculation of heat demand, the total heat losses through heat transfer (Table 6) and the specific heat demand for heating (Table 7) were analyzed. The given tables show the results of the influence of different numbers of anchoring brackets on heat losses.



It can be seen from the previous tables that the number of anchors has a significant effect on the total heat loss due to heat transfer as well as on the total energy need for heating. Applying three pieces of anchors will increase heat losses by heat transfer by 83.9% (Table 6). Such an increase in heat loss is no longer negligible. Energy needs for heating, when using three pieces of anchors, will increase by 33.98%. In addition to the energy savings, there are also financial savings when using Variant no. 4. This is a comparison with Variant no. 3. While the plastic pad costs about EUR 0.3 [3-D], the plastic coating represents a price of around EUR 0.03. The price is realistic directly from the company for plasticizing the anchor. Which means significant savings when using three to six pieces per square meter on major buildings with a significant area of the perimeter. The area of the perimeter wall of the selected building is 314.6 m2 (Table 5). When applying three anchors, the saving is EUR 254.82. When applying six anchors per 1 m2, the saving is EUR 509.65. If we had a building with 10,000 m2 of wall area where six pieces of anchors per 1 m2 are applied, the savings would be EUR 16,200. Such savings are already significant. The savings are calculated using only a simple method without taking into account inflation, which is unfavorable this year. This would mean that the real savings would be much greater. These calculations can be applied to other buildings whose load-bearing structure is built of reinforced concrete and ventilated facade.





4. Experimental Method for the Analysis of Point Thermal Bridges


The main aim of the experimental measurement was to determine the different heat fluxes of the three variants of the design solution of the mechanical anchoring of the load-bearing gratings, which are part of the ventilated facades. A system from the company HILTI was chosen for the given analysis, as this system is the most utilized on the domestic market. Recently, the influence of such anchoring elements on heat losses or thermal bridges has not yet been taken into consideration. There was no such knowledge as regards building thermal engineering, but mainly there were no such thermal technical requirements for buildings, which result from the requirements for energy efficiency of buildings. At present, high demands are placed on the thermal properties of the peripheral shells, which form the heat exchange casing, and therefore the anchoring elements have a significant effect on the thermal properties themselves. One type of anchoring bracket was chosen for the given experiment, which is the most used on our market, as it is a quality technical and economical solution. It is an anchoring bracket marked MFT-MFI M (Figure 3). For experimental analysis, the selected anchor was shown in Figure 3 and described in Section 3.1. With the increasing demands on the energy efficiency of buildings, the requirements for the elimination of heat losses through the passage of heat through the heat exchange envelope have also increased. Therefore, it was necessary to eliminate all thermal bridges, whether linear or point thermal bridges. Due to the stricter thermal engineering requirements after 2016, these anchoring brackets had to be modified to eliminate point thermal bridges, which also increase heat losses due to heat transfer. These anchoring brackets have been supplemented with polypropylene pads (Figure 4). These anchoring brackets have been supplemented with polypropylene pads. This solution is economically more disadvantageous, as it is another built-in element. In addition, with such a solution, there is also a more significant initial investment in the anchoring console. Therefore, a new technical solution of the anchoring console was developed, which is the property of the author of the work. It is a plastic coating of the anchoring bracket without the use of thermal insulation pads. It is a material PE 54. PE 54 is a thermoset powder paint based on a polyester system without TGIC content, intended for outdoor use. It has very good resistance to UV radiation and yellowing. It is intended mainly for industrial use. As these are aluminum anchors, the design of the selected type of material was based on this. The PE 54 series has a wide range of applications on a variety of surfaces, including steel and aluminum. The thickness of the cured film is between 60 and 80 µm (Figure 5). The following Figure 12 shows a diagram of the experimental measurement.



Experimental Measurements


A climate chamber (Climatic Chamber) with the production name CLIMA TEMPERATUR SYSTEME (hereinafter referred to as CTS) was used to measure the heat flux of individual samples (Figure 13).



The climate chamber consists of two chambers in which it is possible to set different boundary conditions, which are necessary for determining the heat flux of the analyzed sample. It is also possible to perform measurements on a given device with one chamber and the surrounding untreated environment or with two chambers, where the boundary conditions in both chambers are corrected. Such a measurement is more accurate. A FQA0802H plate heat flow sensor was used to measure heat flux. It is exactly type 150–2 with dimensions 500 × 500 × 0.6 mm (Figure 14). This type is especially suitable for high temperatures, especially for the construction sector, especially for insulation boards and masonry. It is used to determine the heat flux density up to max. 150 ° C. The plate sensor is composed of meanders of interconnected thermocouples embedded in the support material. Zero edge flow around the heat flux, in the case of a dense support material is ensured from a sufficient meandering edge part. A calibration value is assigned to the given plate heat flux sensor, which corresponds to the heat flux density in W/m2 at the moment when the plate emits 1 mV.



The subject of the experiment was the experimental verification of the heat flow of the HILTI MFT-MFI M anchoring bracket without the use of a modification to break the thermal bridge (Figure 3). The anchoring bracket was fixed to the OSB board 22 mm. Subsequently, the surrounding surfaces of the anchoring bracket were filled with facade polystyrene EPS F 80 mm (Figure 15). The resulting joints were filled with mineral wool so that the sample could be handled. The filled joints were then glued with AL. tape. A cutting device directly on the expanded polystyrene EPS was used to cut the polystyrene. Boundary conditions (chamber temperatures) are described in Section 3.1. The exact geometry of the sample is shown in Figure 6.



Temperature sensors were applied to the individual surfaces of the structure to monitor the surface temperature over time during the measurement of heat flow (Figure 16). These temperatures are used to analyze the course of temperatures in various analyzed samples. Temperature sensors were placed on the interior side, the interior surface, between the OSB board and the EPS polystyrene, the exterior surface, the exterior side, the console with the OSB board connection and the console in the center of the console. The thermal properties were used from the manufacturers of the given materials and are shown in the Table 1.



To determine the thermal conductivity, it would be necessary to measure only the material itself in a climate chamber. The climate chamber was first used in the 1970s (Mumaw 1974) [32]. First, homogeneous samples and, later, inhomogeneous constructions were solved (Klems 1979) [33]. This author developed general rules for the construction of the chamber climate and also proposed a procedure for assessing heat loss. Among other things, the surface materials of the individual samples are also important (Fang 2000) [34]. In addition to the material used to plasticize the anchor bracket, the thickness applied to the anchor bracket certainly has a significant effect. This will be the subject of further investigation. This work is only about interpreting the results of measuring individual samples, which are used only to compare the results and the initial estimate of the impact of various adjustments on the samples. It is not a precise determination of the thermal conductivity of the fragment with the used sample but a representation of the initial influence of the proposed modifications, which eliminate thermal point 3-D bridges. As these are dry materials, the effect of moisture on thermal conductivity has not been studied. Humidity was measured only for the OSB board using a balance and a drying oven. The Table 2 describes the individual samples analyzed. The measurement consisted of two climate chambers and a module for sample runs. Such a measurement was more accurate, as it was possible to control both sides of the boundary conditions. During the measurement, different temperature differences between the individual chambers were set in order to eliminate various errors that could occur due to different temperature differences. Many authors deal with the calibration of the chamber climate for different measuring samples, different boundary conditions, with the application of different foreign methods (Aviram 2001, Zarr 1997) [36,37]. It is a series of testing and detecting sources of potential errors that are important in inhomogeneous samples. Heat transfer coefficient for test sample no. 3 is shown in the following figure. The initial part has not yet been established, so these results cannot be used. The given figure (Figure 17) shows a part that represents the results of the measured values. The heat flux at different temperature differences was also monitored for this sample. The measurement results were not the same, which was mainly due to the heat transfer coefficients in front of the test sample surfaces. Since it is a non-homogeneous structure, we could not only calculate the thermal resistance of the sample, in the calculation only from the temperature difference on the inner and outer surface of the sample, but we had to express from measurement the whole heat transfer coefficient of the sample, which also takes into account heat transfer coefficients. Samples no. 3 and 4 were used for the experiment.



The following Table 8 shows the required measurement results, where two climate chambers with two regulated boundary conditions were used. The same procedure was performed on Variant no. 4. Results for Variant no. 4 are summarized in the following table. The following Table 8 and Table 9 also show the heat transfer coefficient, which was derived from the measured temperature difference and the measured heat flux (according to equation 1). Thus, these are the measured values of the heat transfer coefficient. Only one anchor was used in the experimental measurement. Thus, the heat transfer coefficient always considers one anchor. When applying multiple anchors, the values of the transition factor would be different. As can be seen from the previous results, the number of anchors has an impact on the heat transfer coefficient.



It can be seen from the previous tables that the aluminum anchoring bracket itself causes a thermal bridge. By applying modifications to the anchoring bracket, it is possible to achieve the elimination of the point thermal bridge. These results are based on experimental measurements of individual samples. The difference between these savings (Variant no. 3 and no. 4) is not significantly different, and therefore it would be possible to consider replacing the plastic washers by plasticizing the individual anchoring brackets. It might be possible to achieve the same elimination of the thermal bridge, also for sample No. 4 with the application of a thicker layer of plastic coating of the anchoring bracket. Still, this variant would be more economical than the production of a plastic pad. Such a solution will be further research of the author of the work, as such research requires a more detailed analysis. I emphasize that these results are mainly used to demonstrate the differences in heat fluxes for individual samples and not to accurately determine the heat transfer coefficient and other physical quantities. The main uncertainty in the measurement is the heat transfer coefficient in a given experimental measurement on the inside and outside of the sample. This risk and the elimination of this risk will be the subject of further research, which is time consuming and requires more detailed analysis. The main potential of the experiment was to design a new design solution for the anchoring bracket by plasticizing the anchoring bracket itself. This solution is the property of the author of the work. Such a solution would save money, improve the technological process, but also lead to more favorable results from a static point of view.





5. Discussion


The thermal conductivity of the plasticized anchor was determined by experimental measurements, where the heat transfer coefficients for individual samples were expressed. Based on the percentage differences between variant no. 2 (anchor without modification to eliminate thermal bridge) and Variant no. 4 (plastic-coated aluminum anchor), the thermal conductivity of the plastic-coated anchor was determined. The same samples that were used in the experimental part were simulated (Figure 6, Figure 7 and Figure 8) and the same materials as well as the same boundary conditions were considered in the given simulation. The results from the measurement and from the simulation were compared (Table 10).



In order to achieve the same value of heat flux as in the experimental measurement, the value of thermal conductivity of variant no. 4 was used by manual iteration (change of the thermal conductivity). In this way, the thermal conductivity for the plastic-coated aluminum anchor was determined. The thermal conductivity of the plastic-coated aluminum anchor is 49 W/ (m. K). Such conductivity is similar to conventional steel. The following tables (Table 11 and Table 12) shows the heat transfer coefficient results for all analyzed samples and their differences.



The theoretical analysis shows that the plastic coating of the anchor and the system solution from HILTI do not show significant differences in the heat transfer coefficient. Therefore, it can be stated that with an increased thickness of the plasticized sample, the thermal conductivity of the anchor would be reduced, which would further eliminate heat losses through the anchor and thus eliminate 3-D point thermal bridges. Such a solution is still more economical than the application of plastic pads. The analysis of the influence of plastic coating thickness on thermal conductivity will be the subject of further research. In addition to the thickness of the plastic coating of the anchor, the emissivity of the plastic anchor also influences the result. This factor will be investigated in the experimental part.




6. Conclusions


The main idea and aim of the paper were to point out the potential problem of the 3-D point thermal bridges for the heat losses of buildings, which significantly affect the overall energy classification of the building into energy class in terms of energy efficiency requirements of buildings. If they are neglected in the project preparation and not considered in the calculations in the project evaluation and subsequently taken into account in the calculations in the energy certificate during approval, there could be a problem that the building cannot be approved. The main thing is that the required energy class of the building, which is given by the requirements on energy efficiency of buildings, is unmet. This problem is not negligible, and therefore, this work also addresses this problem, as it is directly related to practice but also in the scientific field. The results show that the application of anchors and their number has significantly on thermal properties envelope. The circumferential shell alone without the use of an anchoring element has a heat transfer coefficient of 0.429 W/ (m2. K). When using one anchor element, the thermal conductivity coefficient increases to 0.585 W/ (m2. K). If we use a plastic washer for a given anchoring element, we will increase the heat transfer coefficient to the value 0.543 W/ (m2. K). This means this is an increase of 26.57% compared to the composition of the circumferential shell without the anchoring element applied. This variant is divinely available, but as it uses other material and it is a plastic pad, its value increases as significantly as its impact on the environment. The last variant was a proposal (patent) that the anchoring element is only plastic-coated and thus its thermal engineering properties are improved, which is manifested mainly in heat conduction but also from the radiant point of view, as plasticizing the emissivity changes. Compared to the perimeter cladding without the application of an anchoring element, the heat loss increases by 29.37%. The difference between the anchoring element with a thermal insulation pad and the patented method is minimal. This is a 1.29% difference. This difference is negligible as the patented modification achieves a significant economic and technological effect. While the plastic pad costs about EUR 0.3 [3-D], the plastic coating represents a price of around EUR 0.03. These costs are directly related only to plastic coating without management and logistics. The service life of the plastic coating is guaranteed by the manufacturer for 53 years without damage, which means significant savings when using six pieces per square meter on major buildings with a significant area of the perimeter. Every innovation must be technically as well as economically advantageous. This innovative solution has positive results in the technical but also the economic field. The innovative solution saves the production of materials and at the same time saves energy in buildings. These features contribute to a sustainable architecture.




7. Patents


The design of the plastic coating of the anchor is a patent of the author. It is about improving the technology and improving the thermal properties in terms of the heat loss. This patent is the intellectual property of the author, so copying it is criminal.
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Figure 1. Example of a ventilated façade concept. (a) Anchoring a suspended façade; (b) the principle of operation of a ventilated façade [11]. 
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Figure 2. Example point thermal ventilation of the façade. (a) Aluminum anchor with a plastic pad; (b) method of attaching the tile [30]. 
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Figure 3. Analyzed anchor HILTI MFT-MFI M. (a) Application of the anchoring element to the perimeter wall; (b) anchor dimensions in millimeters [30]. 
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Figure 4. Analyzed anchor with polypropylene pad HILTI MFT-MFI M—the size of the anchor with pad in millimeters [30]. 
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Figure 5. Analyzed HILTI MFT-MFI M anchor with surface plastic coating. (a) Display of plastic-coated anchor; (b) dimensions of the plastic anchor in millimeters [30]. 
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Figure 6. Analyzed model with dimensions 0.5 × 0.5 m with anchor. 
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Figure 7. Analyzed model with dimensions 0.5 × 0.5 m with anchor. (a) Variant shown also with boundary conditions; (b) Display of boundary conditions and anchors. 
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Figure 8. Analyzed model with dimensions 0.5 × 0.5 m with anchor. (a) Variant shown also with boundary conditions; (b) Display of a Variant 4 from an experimental measurement. 
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Figure 9. View of a 3-D model of load-bearing part with anchors. (a) The structure; (b) plastic pad for thermal bridge break and anchors from HILTI. 
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Figure 10. Dependence of the heat transfer coefficient of the structure for a thermal insulation thickness of 140 mm and 200 mm. 
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Figure 11. Real administrative building with ventilated facade. 
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Figure 12. Diagram of the experimental measurement. 
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Figure 13. A climate chamber (Climatic Chamber) with the production name CLIMA TEMPERATUR SYSTEME (hereinafter referred to as CTS). 
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Figure 14. Plate heat flow sensor. 
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Figure 15. Sample no. 2. anchor without thermal bridge interruption. 
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Figure 16. Temperature sensors applied to sample. 
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Figure 17. Dependence of heat transfer coefficient on temperature difference. 
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Table 1. Thermal technical properties of used materials.
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	Material Number
	Material Description
	Thermal Conductivity λ in W/ (m. K)
	Comment





	1.
	OSB board hr. 22 mm
	0.20
	Data were used from the material manufacturer.



	2.
	Anchor—from HILTI
	160
	Data were used from the material manufacturer.



	3.
	Pad thermal barrier—Hilti.
	0.117
	Data were used from the material manufacturer.



	4.
	Polystyrene foam EPS F
	0.039
	Data were used from the material manufacturer.



	5.
	Plastic coated anchor
	49 1
	Patented application of the author of this work.







1 Thermal conductivity was expressed from experimental measurements—Section 4.













 





Table 2. Description of individual simulated variants.
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	Variant
	Description
	Variant Image
	Comment





	1.
	Variant without the use of an anchoring element
	
	No anchor was used in the given variant.



	2.
	Anchor without modifications to eliminate the thermal point 3-D bridge.
	[image: Sustainability 13 11561 i001]
	The anchor material is made of aluminum with high thermal conductivity.



	3.
	Anchor with modification to eliminate thermal point 3-D bridge.
	[image: Sustainability 13 11561 i002]
	The anchor material is made of aluminum with high thermal conductivity and with the interruption of the thermal bridge by means of a pad.



	4.
	Anchor with modification to eliminate thermal point 3-D bridge.
	[image: Sustainability 13 11561 i003]
	The anchor material is made of aluminum with high thermal conductivity and with interruption of the thermal bridge by means of plastic coating of the anchor. This proposal is the property of the author of the work.










 





Table 3. Heat transfer coefficient—simulated values.
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	Variant
	Heat Transfer Coefficient U in

W/ (m2. K).
	The Difference between the Simulated Values Relative to the Variant no. 1 in %
	Comment





	1.
	0.429
	0
	-



	2.
	0.585
	36.36%
	This is a calculation of the increase from the value of the first variant (0.429–100% and 0.585–136.36%). Increase the heat transfer coefficient is 36.36%



	3.
	0.543
	26.57%
	This is a calculation of the increase from the value of the first variant (0.429–100% and 0.543–126.57%). Increase the heat transfer coefficient is 26.57%



	4.
	0.550
	29.37%
	This is a calculation of the increase from the value of the first variant (0.429–100% and 0.550–129.37%). Increase the heat transfer coefficient is 29.37%










 





Table 4. Description of selected compositions of the ventilated facade used on a real building.
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	Variant
	Description of the Supporting Structure
	Thermal Insulation
	Thermal Insulation Thickness in mm
	Number of Anchors





	1.
	Reinforced concrete structure (λ = 1.58 W/ (m. K)) 200 mm
	Thermal insulation (λD = 0.033 W/ (m. K))
	140, 200
	0, 1, 2, 3



	2.
	Reinforced concrete structure (λ = 1.58 W/ (m. K)) 200 mm
	Thermal insulation (λD = 0.035 W/ (m. K))
	140, 200
	0, 1, 2, 3










 





Table 5. Description of the analyzed building.
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	Geometry of the Building
	Values





	Total floor area A in m2
	335.8



	Total built-up volume V in m3
	1074.56



	Construction height h in m
	3.2



	Total heat exchange envelope in m2
	693



	Shape factor
	0.64



	Area of wall in m2
	314.6










 





Table 6. Influence of the number of anchors on heat losses.
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	Number of Anchors
	Heat Loss in W/K
	Percentage Increase to 0 Number of Anchors in%





	0
	54.74
	-



	1
	70.16
	28.16



	2
	87.46
	59.77



	3
	100.67
	83.90










 





Table 7. Influence of the number of anchors on the energy need for heating.
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	Number of Anchors
	Energy Need for Heating in kWh/ (m2. a)
	Percentage Increase to 0 Number of Anchors in%





	0
	34.81
	-



	1
	39.48
	13.41



	2
	43.53
	25.05



	3
	46.64
	33.98










 





Table 8. Results from experimental measurements.
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	Variant
	Description of the Variants
	Heat Flow q in W/m2
	Temperature Difference ΔT
	Heat Transfer Coefficient U in W/ (m2. K)





	2.
	Anchor without modification to eliminate thermal point 3-D bridge.
	2.32
	38.616
	0.578



	3.
	Anchor with modification to eliminate thermal point 3-D bridge.
	20.703
	38.553
	0.537



	4.
	Anchor with modification to eliminate thermal point 3-D bridge.
	21.052
	38.744
	0.543










 





Table 9. Heat transfer coefficient of analyzed variants.
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	Variant
	Heat Transfer Coefficient U in

W/ (m2. K).
	The Difference between the Calculated Values Relative to the Variant n. 3 in%





	2.
	0.578
	-



	3.
	0.537
	-



	4.
	0.543
	1.117 *







* Increase the heat transfer coefficient in%.













 





Table 10. Comparison of heat transfer coefficients between experimental measurement and simulation.
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	Variant
	Heat Transfer Coefficient U in

W/ (m2. K) from Experimental Measurement
	Heat Transfer Coefficient U in

W/ (m2. K) from 3-D Simulation
	Increase the Heat Transfer Coefficient in%





	3.
	0.537
	0.543
	1.117 *



	4.
	0.543
	0.550
	1.289 *







* Increase the heat transfer coefficient in%.













 





Table 11. Heat transfer coefficient of analyzed variants.
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	Variant
	Heat Transfer Coefficient U in

W/ (m2. K).
	The Difference between the Calculated Values Relative to the Variant n. 1 in%
	The Difference between the Calculated Values Relative to the Variant n. 2 in%





	1.
	0.429
	0
	-



	2.
	0.585
	36.36 *
	-



	3.
	0.543
	26.57 *
	7.73 *



	4.
	0.550
	29.37 *
	6.36 *







* Increase the heat transfer coefficient in%.













 





Table 12. Heat transfer coefficient of analyzed variants.






Table 12. Heat transfer coefficient of analyzed variants.





	Variant
	Heat Transfer Coefficient U in

W/ (m2. K).
	The Difference between the Calculated Values Relative to the Variant n. 1 in%
	The Difference between the Calculated Values Relative to the Variant n. 3 in%





	1.
	0.429
	0
	-



	2.
	0.585
	36.36 *
	-



	3.
	0.543
	26.57 *
	-



	4.
	0.550
	29.37 *
	1.29 *







* Increase the heat transfer coefficient in%.
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