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Abstract

:

Contemporary architecture and construction industry are trying to cope with increasing requirements concerning energy efficiency and environmental impacts. One of the available options is the active utilization of energy gains from the environment, specifically solar energy gains. These gains can be utilized by, for example, solar walls and facades. The solar façade concept has been under development for more than a century. However, it has not achieved widespread use for various reasons. Rather recently the concept was enhanced by the application of transparent insulation materials that have the potential to increase the efficiency of such façades. The presented study evaluates the environmental efficiency of 10 solar façade assemblies in the mild climate of the Czech Republic, Central Europe. The evaluated façade assemblies combine the principles of a solar wall with transparent insulation based on honeycomb and polycarbonate panels. The study applies Life-Cycle Assessment methodology to the calculation of environmental impacts related to the life cycle of the evaluated assemblies. The results indicate that even though there are several limiting factors, façade assemblies with transparent insulation have lower environmental impacts compared to a reference assembly with standard thermal insulation. The highest achieved difference is approx. 84% (in favor of the assembly with transparent insulation) during a modelled 50-year façade assembly service life.
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1. Introduction


It is generally accepted that technological advances combined with human population growth are having a significant impact on the environment [1]. Some authors even compare it to the extinction events that wiped out most life forms on Earth in the past [2]. Such statements may seem exaggerated; however, the slow change in the global climate (e.g., rising atmospheric CO2 levels [3]) is well documented. To address the issue, scientists and politicians have introduced different “sustainable development” strategies such as Agenda 21 on sustainable construction [4] from 1999 or the more recent proposals for a “circular economy” [5]. These strategies and the research that supports them (e.g., [6]) indicate that the building sector plays an important role in humanity’s quest for sustainability. The reason is the massive energy and resource consumption connected to buildings, along with waste production: buildings are responsible for approximately 40% of total energy consumption and waste production [7] and 25% of greenhouse gas emissions [8]. Reducing these negative impacts of the building industry is the aim of regulations like European directive 2010/31/EU on the energy performance of buildings (EPBD [9]). This (recently updated) directive states that all new buildings and major renovation projects in the EU should comply with “nearly-Zero Energy Building” (nZEB) standards after 2020. Literature such as [10] suggests that the introduction of nZEBs will result in a massive reduction in energy consumption (and a related reduction in environmental impact) in new buildings in comparison with buildings completed over the last few decades.



In the past, the most efficient way to improve the energy consumption of buildings was to reduce their heating and ventilation energy losses. This was achieved through the addition of thermal insulation to the building’s envelope and the installation of HVAC systems with heat recovery [11]. This led to the development and propagation of highly efficient “passive” buildings [12]. However, literature such as [13,14] suggests that the potential for further savings in contemporary building designs is limited by increasing investment costs and embodied energy (as well as other environmental impacts). Therefore, the industry is looking for new solutions that will not only minimize energy losses, but also utilize the energy gains available on-site. Such solutions include the integration of renewable energy sources (RES) like photovoltaics [15] or solar thermal collectors [16] for on-site energy generation. Both of the previously mentioned references illustrate that the field of RES is already well established in the literature. Still, the research presented in this paper tries to bring a different perspective on one of the more straightforward ways of using renewable natural energy: the exploitation of solar energy gains with solar facades based on transparent insulation materials (TIMs).



The direct utilization of solar gains in buildings is not new. The solar wall principles that originated in the late 19th century were further developed by F. Trombe in the 1960s [17]. The principle behind the solar wall (or the derived Trombe wall) is rather simple. It consists of a massive wall and a glass cover on the exterior side of the wall. The outer surface of the wall is painted black in order to absorb as much solar energy as possible. The air gap between the glazing and the wall serves as a buffer and insulation layer that reduces the heat losses of the structure [18]. The solar wall concept has been studied and developed worldwide over the past few decades [19], when different studies developed solar walls where TIMs replaced the original glazing elements [20]. The application of TIMs had already proven successful in the case of solar thermal collectors [21]. Their integration in facade elements is still in development, even though commercial products already exist [22]. The presented study is part of a research project that strives to add to the existing knowledge in this developing field by evaluating the efficiency of various TIMs in combination with other novel elements and materials such as low-emissivity solar absorbers.



The works referenced in the previous paragraph typically analyze the thermal characteristics and energy balance of TIMs or solar walls. There are only a few works describing the overall environmental impacts related to these structures and materials. For example, Dowson et al. [23] released a paper describing the environmental impacts related to transparent silica aerogel insulation. Stazi et al. [24] presented a study on the environmental impacts of a rather traditional solar wall concept. The applicability of the results of both studies is limited as they do not include comparisons with other available materials. One of the few studies that provide such a comparison was released by de Garcia et al. [25]. It shows that (under specified boundary conditions) the ventilated solar façade they tested has a 7.5% lower environmental impact compared to a standard façade. The study presented in this paper follows de Garcia’s example along with previous work by Čekon and Struhala [26], which evaluated the performance of two TIM-based solar walls and a standard façade with mineral wool insulation. The study provides an evaluation of the environmental impacts of 10 TIM-based façade assemblies and a comparison with a reference façade with external thermal insulation composite system (ETICS). The evaluation focuses on the environmental impacts of the facade assemblies during their whole life cycle: from extraction of the raw materials to the final waste disposal. This should provide a complex understanding of the performance of the concept. For this purpose, the study also includes dynamic simulations of the energy performance based on regional climate data. The energy performance is modelled for multiple orientations of the facades to the cardinal points to provide further insight into the efficiency of the described façade concepts.




2. Methodology and Materials


The goal of the presented study is the evaluation of the environmental impacts of the TIM-based façade assemblies defined in Section 2.1. Life-Cycle Assessment (LCA) methodology is applied to achieve this goal. LCA methodology was conceived in the 1960s in the USA and several European countries, [27]. Currently it is well-established in literature (see e.g., [28]) as a method for complex multi-criteria evaluation of products. Its applications in building industry vary from evaluation of individual products or materials to evaluation of whole systems such as buildings or cities. It is especially useful in comparative studies, where it provides complex basis for the decision-making process [29].



LCA principles are internationally standardized. The general framework is defined in ISO 14040 [30]. This ISO standard is rather vague for the purposes of the presented study. Therefore, the boundary conditions and specifications for building-related LCAs described in European standards EN 15804 [31] and EN 15978 [32] are also applied in the presented study.



2.1. Assessed Façade Assemblies


A total of 11 different façade assemblies are evaluated in the presented study. The base of all the assemblies is a 200 mm thick concrete wall with cement-based plaster on the interior surface. Concrete was selected in this study due to its heat accumulation potential and heat transfer properties in order to maximize the solar gains of assemblies with TIMs (see Figure 1). Five different types of retail-available TIMs with different thermal and optical properties are selected for evaluation in the façade assemblies. Two types of retail-available solar absorbers are selected to enhance the efficiency of an overall thermal performance: common black paint (a non-selective solar absorber, nSSA) and aluminum-based sheet with low-emissivity coating (a selective solar absorber, SSA). This decision is based on authors’ previous work [33] that identified up to 54% better efficiency of SSA over nSSA. The evaluated façade assemblies are defined as follows:

	
Assembly 1 is a reference assembly combining a concrete wall with standard ETICS. The ETICS consists of 220 mm expanded polystyrene (EPS), cement-based adhesive mortar and mineral exterior plaster. The assembly represents an envelope wall with a U-value of 0.21 W∙m−2∙K−1 that fulfils the high thermal protection level of building.



	
Assembly 2 consists of a concrete wall, a nSSA, a 25 mm air gap and a 40 mm TIM system made of honeycomb polymethylmethacrylate PMMA (HP40; circular cells horizontally oriented, perpendicular to the wall; see Figure 1a) encased between glass panes.



	
Assembly 3 consists of a concrete wall, a nSSA, a 25 mm air gap and a 10 mm polycarbonate TIM panel (PC10) with a single layer of vertically oriented square cells parallel to the wall surface (Figure 1b).



	
Assembly 4 consists of a concrete wall, a nSSA, a 25 mm air gap and a 20 mm polycarbonate TIM panel (PC20) with seven layers of vertically oriented square cells parallel to the wall surface (Figure 1c).



	
Assembly 5 consists of a concrete wall, a nSSA, a 25 mm air gap and a 25 mm polycarbonate TIM panel (PC25) with two layers of vertically oriented triangular cells parallel to the wall surface (Figure 1d).



	
Assembly 6 consists of a concrete wall, a nSSA, a 25 mm air gap and a 32 mm polycarbonate TIM panel (PC32) with five layers of vertically oriented combined cells (three layers with square cells, two layers of triangular cells) parallel to the wall surface (Figure 1e).



	
Assemblies 7 to 11 replace the nSSA with SSA. Otherwise the composition of these assemblies is the same as the composition of assemblies 2 to 6.









2.2. Boundary Conditions of the Assessment


The study models the whole life cycle of façade assemblies from raw material extraction up until final waste disposal as defined by [32]. In particular, the study evaluates the environmental impacts related to 1 m2 of each assembly during an estimated service life of 50 years. This service life is a common building design value in the Czech Republic. For the purposes of the assessment it is estimated that only the concrete load-bearing part of the wall would endure the whole 50-year service life. It is assumed that all of the other materials would have to be replaced once (after approx. 25 years) due to their lower durability. This should more accurately model the real use of façade assemblies.



The life cycle of the façade assemblies is divided into four stages according to [32]: the Product stage, the Construction process stage, the Use stage, and the End of life stage. There is a fifth stage defined in the standard that deals with the reuse and recycling of materials. However, this stage is omitted from the study to reduce possible information bias and a distortion of the results. The standard further divides the four life cycle stages into 16 modules (see Table 1).



Several of these modules are also omitted in the study: Modules A5 (Construction/Installation process) and C1 (Deconstruction/Demolition) are omitted because it is expected that environmental impacts related to them would be negligible. Use of the façade assemblies should not cause any environmental impacts and therefore module B1 is omitted. No repair or maintenance is expected during the service life of the façade assemblies. It is expected that particular materials will be replaced at the end of their respective service lives. Therefore, modules B2, B3 and B5 are omitted. No operational water use and waste water processing is expected and so modules B7 and C3 are also omitted.




2.3. Input Data Inventory


Information regarding the materials applied in individual assemblies is obtained from laboratory measurements of purchased samples. More information about the measurements can be found in [34]. All the assemblies share the same base structure made of 480 kg of concrete for the purposes of this study. The interior of the structure is covered with 16 kg of cement plaster (see Figure 1). The amounts of materials required for the exterior layers of the façade assemblies (TIMs or ETICS) are described in Table 2. Based on Czech statistical data [35] it is expected that at the end of the modelled service life all materials will be landfilled.



The transport of materials (in modules A2, A4, B4 and C2) is another important part of building-related LCA. Transport distances between a hypothetical building site in the city of Brno (Czech Republic) and the nearest production (waste management) facilities are considered in this study to represent a real-life transport scenario. The transport distances between the pertinent production facilities and Brno are: 591 km for the HP40 TIM; 536 km for the SSA; 324 km for the PC10, PC20, PC25 and PC30 TIMs; 160 km for nSSA; 32 km for the plasters and mortars; 15 km for the EPS; 5 km for the concrete. The nearest landfill is located 13 km from the building site.



Energy consumption is the most important part of the presented LCA as it has a major impact on the total results (see Section 3.2). Energy consumed during the operation of the evaluated façade assemblies can be divided into two parts: (summer) cooling energy and (winter) heating energy. The presented study only includes the heating energy consumption (see Table 3) necessary to maintain an interior temperature of 20 °C behind the evaluated façade assemblies. The reason is that previous research [26] has already indicated the problem of overheating in summer. This problem requires further technical solutions, such as shading or the application of phase-change materials [25]. Such additions are considered outside the scope of the presented study, which focuses solely on the façade assemblies described in Section 2.1. It should be noted that electricity is considered to be the energy source in the calculations.



2.3.1. Calculation of Energy Consumption


The basis for the evaluation of environmental impacts related to energy consumption is the dynamic numerical modelling of the energy performance of the façade assemblies. Dynamic modelling was selected as literature such as [36] suggests that it should provide the most accurate data for LCA. This type of modelling considers the thermal and spectral parameters of the evaluated materials that were obtained in the course of research for previous works ([34,37]) as well as varying exterior conditions. A summary of the material parameters is in Table 4. The numerical algorithm applied for the modelling is based on one-dimensional finite elements. The time discretization of the heat transfer problem uses a fully implicit scheme. The transition of heat in the solid non-transparent layers considers conductive heat transfer described by thermal conductivity, heat capacity, and density. Further information about heat transfer modelling can be found in literature such as [38] or [39]. Transparent materials like polycarbonate panels are modelled as single one-dimensional finite elements with equivalent heat transfer properties and transparency to solar radiation. This means that solar radiation penetrates the material over a period of time proportional to its transparency. Air gaps are also modelled as single finite elements according to the method stated in ISO 6946 [40] with equivalent thermal resistance that takes into account radiative heat transfer affected by the emissivity of surfaces and a convective component influenced by the thickness of the air layer. A schematic diagram illustrating the numerical model is in Figure 2.



The boundary conditions utilized for the numerical modelling of the energy performance of façade assemblies are as follows: The heat transfer coefficient equals 25 W∙m−2∙K−1 on the interior surface and 7 W∙m−2∙K−1 on the exterior surface of the modelled façade assemblies. These values are based on [41]. The exterior surface is also exposed to solar radiation, which is considered to be perpendicular to the surface for the purposes of the modelling. The incident solar radiation includes projected direct solar radiation, diffused solar radiation, and reflected solar radiation from the ground, which are based on relations from the literature [41]. The total solar energy gains depend on the orientation of the façade assemblies to the cardinal directions, the solar absorption coefficient of particular materials and time (based on reference climate data). All possible orientations to the cardinal points were considered during the calculations (see Figure 3). This study presents three energy demand scenarios (see Table 3): a southward orientation (180° clockwise from north), an eastward orientation (90° clockwise from north) and a north-eastward orientation (30° clockwise from north). The southward orientation represents the state with maximum solar gains. Therefore, the heating energy consumption of the assemblies with TIM is the lowest. The eastward and north-eastward orientations are included in this study to evaluate the impact of reduced solar gains on the results. West-oriented facades had lower energy consumption in the calculations and so are not included in the presented study. The climate data considered in the calculations are based on a reference test year for Bratislava “SVK_Bratislava.118160_IWEC” in the hour time regime [42]. This was selected as Bratislava (Slovakia) is geographically the closest city to the hypothetical construction site in Brno (Czechia), which has the necessary climate data. The time step used for the dynamic modelling is 600 s and intermediate values are linearly interpolated. A 20 °C interior temperature is considered for the purposes of the modelling.




2.3.2. LCA Calculation Procedure and Tools


The LCA was performed in GaBi software equipped with the ecoinvent 2.0 [43] database. No data describing the performance and environmental impacts of the materials were available at the time of the study. Therefore the study is based on generic ecoinvent datasets. The available datasets do not describe all of the products and processes necessary for the assessment, which results in several simplifications in the LCA models:

	
There is no single dataset representing the TIMs. The PC10, PC20, PC25 and PC30 TIMs are represented by a combination of datasets, these being RER: polycarbonate, at plant (material) and RER: extrusion, plastic film (processing). The HP40 TIM includes both these datasets plus the dataset RER: flat glass, uncoated, at plant representing the glass casing.



	
There is also no single dataset representing the selective solar absorber. It is modelled as a combination of datasets, these being RER: aluminum, primary, at plant (base material), RER: sheet rolling, aluminum (processing) and SK: selective coating, aluminum sheet, nickel pigmented aluminum oxide (coating).



	
The transport of raw materials and incomplete products during the Product stage (especially module A2) is included in individual ecoinvent datasets. The A4 and C2 (partially also B4) modules describe the transport of final products and wastes respectively. For the purposes of the assessment it is assumed that the materials and wastes are transported by road with a truck or lorry. This is represented by the dataset RER: transport, lorry 3.5-16t, fleet average.



	
Electric energy in process CZ: Electricity—low voltage, at grid represents the energy consumed to cover heat losses or overheating through the evaluated façade assemblies. No dataset representing HVAC equipment is included in the assessment.








The environmental impacts related to the evaluated façade assemblies are calculated using the CML2001 method (version Nov. 10). This method was developed by the Institute of Environmental Sciences, University of Leuven in the Netherlands [29]. It includes 12 impact categories: Abiotic Depletion Potential of Elements (ADP-el), Abiotic Depletion Potential of Fossil Fuels (ADP-ff), Acidification Potential (AP), Eutrophication Potential (EP), Freshwater Aquatic Ecotoxicity Potential (FAETP), Global Warming Potential (GWP), Global Warming Potential Excluding Biogenic Carbon (GWP-ex), Human Toxicity Potential (HTP), Marine Aquatic Ecotoxicity Potential (MAETP), Ozone Layer Depletion Potential (ODP), Photochemical Ozone Creation Potential (POCP), and Terrestrial Ecotoxicity Potential (TETP). Normalization of the individual results is also applied (version Nov. 10, EU25+3) to enable the aggregating of individual impact category results and increase the comprehensiveness of the study.






3. Results and Discussion


The presentation of the LCA results is divided into two parts for increased clarity. This is due to the fact that the majority of environmental impacts are (according to the performed calculations) related to the electrical energy necessary to cover heat losses. However, literature such as [44] or [45] indicates the increasing importance of environmental impacts related to materials (embedded or embodied environmental impacts). Therefore, Section 3.1 focuses on “embodied” environmental impacts related to applied materials, their transport, replacement, and waste processing (modules A1–A4, B4, C2 and C4, according to [32]). Overall environmental impacts, including energy consumption (module B6 according to [32]), are described in Section 3.2.



3.1. Evaluation of Material-Related Environmental Impacts


Table 5 and Figure 4 show embodied environmental impacts related to the production of materials (modules A1–A3 according to [32]) necessary for the construction of the evaluated façade assemblies. Table 5 shows numerical results in all 12 impact categories. These results indicate that Assembly 3 has the fewest embodied environmental impacts connected with the production of necessary materials in modules A1–A3. On the other hand, the identification from Table 5 of the assembly with the highest amount of embodied environmental impacts in these modules is impossible as various assemblies have the worst results in individual impact categories. Assembly 7 has the highest impacts in six impact categories. Reference Assembly 1 and Assembly 11 both have the highest embodied impacts in three categories. Overall the difference between the lowest and highest embodied environmental impacts in the modules varies between 29% (GWP and GWP-ex) and 89% (MAETP) in individual categories. The reasons for these differences are visible in Figure 4, which shows stacked normalized environmental impacts for modules A1–A3 of the evaluated assemblies.



Figure 4 indicates that the most notable difference in embodied environmental impacts occurs in the case of solar absorbers. It shows that the nSSA (black paint) has 99% lower environmental impact than the SSA made of metal with a selective coating. This is mostly due to the fact that the SSA contains aluminum sheet, whose production is environmentally demanding. In fact, the SSA is most demanding of all evaluated materials. In consequence, even if they represent a small fraction of the building mass, they largely contribute to its total embodied energy [45]. The figure also shows that the HP40 TIM has an approximate 90% higher environmental impact than the remaining four evaluated TIMs (PC10, PC20, PC25 and PC32) due to its glass casing. Interestingly enough, the evaluated layer of polystyrene insulation also has higher environmental impacts than these four TIMs. Based on these facts it could be said that Assembly 3 has the lowest environmental impacts in modules A1–A3 due to combination of the nSSA with the PC10 (the lightest evaluated TIM). In comparison, Assembly 7 has the highest environmental impacts in this part as it combines the SSA with the glass-encased HP40.



Life cycle modules A1–A3 represent only a part of the total embodied environmental impacts. These are shown in Figure 5. It is clear that the production of the original materials (modules A1–A3) and their replacements (module B4) is responsible for the majority of the overall environmental impacts. Even though the presented study included rather long transport distances, the environmental impacts related to transport are rather insignificant. Modules A4 (material transport) and C2 (waste transport) represent between 0.8% (Assembly 7) and 4.5% (Assembly 3) of the total embodied environmental impacts. This result implies that strategically placed production facilities could supply specialized goods like SSAs or TIMs for whole regions. Also, the environmental impacts connected with the landfilling of waste (module C4) are negligible: between 0.5% (Assembly 7) and 3.3% (Assembly 3). Other waste processing options in the Czech Republic (e.g., recycling or incineration) have even lower environmental impacts according to the datasets in the ecoinvent database. Due to these facts, the overall tone of Figure 5 is similar to the results for A1–A3 in Figure 4. However, the fewest embodied environmental impacts are still related with Assembly 3, while the highest environmental impacts are connected with Assembly 7. This implies that production efficiency is the key to reducing the embodied environmental impacts of the evaluated materials.




3.2. Evaluation of Overall Environmental Impacts


Previous Section 3.1 presented the embodied environmental impacts of the evaluated façade assemblies. This section adds environmental impacts related to heating consumption during the modelled 50-year service life of the façade assemblies. The results for each of the cardinal orientations described in Table 3 are shown in Figure 6, Figure 7 and Figure 8. These figures show that thanks to solar heat gains the heating energy consumption and interconnected environmental impacts are lower in all façade assemblies with TIMs compared to the reference assembly with ETICS. The difference varies depending on the scenario. When the southward orientation is considered (see Figure 6), the highest environmental “savings” (83.6%) are achieved by Assembly 2, while the lowest savings (30.5%) are achieved by Assembly 3. When the eastward orientation is considered (see Figure 7), the savings are reduced due to reduced solar energy gains. The highest savings (82.3%) are achieved by Assembly 7 and the lowest savings (12.5%) are achieved by Assembly 3. Similarly, when the north-eastward orientation is considered (see Figure 8), the highest savings (81.5%) are again achieved by Assembly 7 and the lowest (2.2%) by Assembly 3. The reason for these results is the fact that the difference in thermal resistance between these assemblies plays an increasingly important role depending on the reduction of solar energy gains. In this regard the 10 mm thick single-layer PC10 TIM cannot compete with the 40mm thick honeycomb structure of the HP40.



The results in Figure 6, Figure 7 and Figure 8 also indicate the important role of the type of solar energy absorber. In general, the calculated heating energy consumption of the assemblies with the SSA is lower compared to the assemblies with the nSSA. This in turn means that these assemblies have lower environmental impacts. The average difference between the environmental impacts of assemblies with the SSA and the nSSA in all three scenarios is 29.7%. When considering a 50-year service life, the difference in energy-related environmental impacts easily outweighs the higher embodied environmental impacts related to the production of nSSA in most assemblies. The only exception is Assembly 2 with the HP40 and the SSA. It has the lowest environmental impacts when the southward façade assembly orientation is considered. However, the difference between Assembly 2 and Assembly 7 (which placed second) is only 0.3%. Even in the other two scenarios the difference between Assemblies 2 and 7 is not high, even though Assembly 7 has 41% higher embodied environmental impacts. The total difference is 7.7% (in favor of Assembly 7) when eastward orientation is considered, and 12.2% (in favor of Assembly 7) when north-eastward orientation is considered.





4. Conclusions


The LCA presented in this study shows the potential for the application of solar facades and TIMs. In contrast to other studies (e.g., [15]) this contribution evaluates the efficiency of façades using a multi-criteria approach combining energy performance and various environmental impacts. The results show that all 10 façade assemblies with TIMs have lower overall environmental impacts compared to a reference assembly with ETICS. Three factors influence the achieved reductions. The first is the orientation of the evaluated façade assemblies to the cardinal directions. The highest difference (up to 83.6% in favor of TIM-based Assembly 2 with the honeycomb TIM and nSSA) is achieved with south-oriented façade assemblies that utilize the highest solar energy gains. The difference decreases in accordance with a change in orientation to bring it closer to the north. However, even north-east-oriented façade assemblies with TIMs have lower environmental impacts than the reference assembly with ETICS. Another factor that influences the results is the selected solar absorber. The lower efficiency of the nSSA is connected with higher heating energy consumption. Therefore, even though the results show that the nSSA has 99% lower embodied environmental impact than the SSA, the SSA should be preferred in order to reduce environmental impacts. In addition, this could be significantly improved, when SSA would be based on non-aluminum backing material; e.g., paper or foil. The last factor that influences the results is the thermal performance of the TIMs. In this regard the glass-encased PMMA panel HP40 with its relatively dense honeycomb structure proved more efficient than the plain polycarbonate panels PC10, PC20, PC25 and PC32.



While this study has shown the potential for the application of TIMs in solar walls, it has not covered all the issues connected with this field. Further research is therefore necessary. The aims of the future research will include the environmental impacts of cooling energy consumption, and the efficiency of different shading devices will be addressed as well to avoid possible overheating phenomena. Such study will hopefully provide a solution for the efficient application of TIM-based facades in the Czech Republic and surrounding regions.
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Figure 1. Schematic diagram of an evaluated facade assembly with transparent insulation materials (TIM) (left) and the individual types of TIMs applied in the evaluated façade assemblies (right): (a) 40 mm honeycomb cells (HP40), (b) 10 mm single-layer square cells (PC10), (c) 20 mm seven-layer square cells (PC20), (d) 25 mm two-layer triangular cells (PC25), (e) 32 mm five-layer combined cells (PC32). 
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Figure 2. Calculation model based on the finite element method for: (a) an opaque structure; (b) a structure with a transparent element on the exterior side. 
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Figure 3. Solar radiation model based on the finite element method; calculated reduction factor for the azimuth of the structure and time of year: (a) for July; (b) for January. 
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Figure 4. Normalized embodied environmental impacts related to the production of materials in the assessed façade assemblies (modules A1–A3 according to EN 15978). 
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Figure 5. Normalized embodied environmental impacts related to the production of materials, the transport of materials, necessary replacements, and waste management (modules A1–A4, B4, C2 and C4 according to [32]). 
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Figure 6. Normalized environmental impacts of the whole 50-year life cycle of evaluated façade assemblies. The energy consumption represents the southward assembly orientation. 
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Figure 7. Normalized environmental impacts of the whole 50-year life cycle of evaluated façade assemblies. The energy consumption represents the eastward assembly orientation. 
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Figure 8. Normalized environmental impacts of the whole 50-year life cycle of evaluated façade assemblies. The energy consumption represents the north-eastward assembly orientation. 
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Table 1. Life cycle of a building according to EN 15978 [32]. Stages and modules considered in the presented study are highlighted in boldface and grey background color.
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A1 to A3

	
Product Stage

	
A1: Raw material supply

	
D

	
Benefits and loads beyond the system boundary (Reuse, Recovery and Recycling potential)




	
A2: Transport




	
A3: Manufacturing




	
A4 to A5

	
Construction Proc. Stage

	
A4: Transport




	
A5: Construction/Installation process




	
B1 to B7

	
Use Stage

	
B1: Use




	
B2: Maintenance




	
B3: Repair




	
B4: Replacement




	
B5: Refurbishment




	
B6: Operational energy use




	
B7: Operational water use




	
C1 to C4

	
End of Life Stage

	
C1: Deconstruction/demolition




	
C2: Transport




	
C3: Water processing




	
C4: Disposal
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Table 2. Materials considered in the evaluated façade assemblies.
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	EPS (ETICS)
	Cement Mortar (ETICS)
	Mineral Plaster (ETICS)
	SSA
	nSSA
	Polycarbonate (TIM)
	Glass Cover (TIM)





	Assembly 1
	6.60 kg
	8.00 kg
	16.00 kg
	---
	---
	---
	---



	Assembly 2
	---
	---
	---
	---
	0.15 kg
	0.86 kg
	26.00 kg



	Assembly 3
	---
	---
	---
	---
	0.15 kg
	1.70 kg
	---



	Assembly 4
	---
	---
	---
	---
	0.15 kg
	3.00 kg
	---



	Assembly 5
	---
	---
	---
	---
	0.15 kg
	3.40 kg
	---



	Assembly 6
	---
	---
	---
	---
	0.15 kg
	3.60 kg
	---



	Assembly 7
	---
	---
	---
	0.81 kg
	---
	0.86 kg
	26.00 kg



	Assembly 8
	---
	---
	---
	0.81 kg
	---
	1.70 kg
	---



	Assembly 9
	---
	---
	---
	0.81 kg
	---
	3.00 kg
	---



	Assembly 10
	---
	---
	---
	0.81 kg
	---
	3.40 kg
	---



	Assembly 11
	---
	---
	---
	0.81 kg
	---
	3.60 kg
	---
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Table 3. The annual heating energy consumption of the evaluated façade assemblies. Three scenarios with different façade element orientations are considered.
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	Energy Consumption [kWh·m−2]
	South (180°)
	East (90°)
	North-East (15°)





	Assembly 1
	44.3
	46.8
	48.3



	Assembly 2
	5.1
	6.8
	8.1



	Assembly 3
	31.1
	41.5
	47.9



	Assembly 4
	17.5
	24.1
	28.3



	Assembly 5
	18.0
	24.8
	29.1



	Assembly 6
	13.9
	19.3
	22.9



	Assembly 7
	3.0
	4.0
	4.7



	Assembly 8
	18.1
	24.1
	28.0



	Assembly 9
	10.5
	14.2
	16.8



	Assembly 10
	10.8
	14.6
	17.3



	Assembly 11
	8.5
	11.6
	13.8
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Table 4. Materials considered in the evaluated façade assemblies and their physical parameters. *: equivalent value. **: measured value according to [34,37].
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	Thickness [mm]
	Number of Finite Elements
	Density [kg·m−3]
	Thermal Conductivity [W·m−1·K−1]
	Thermal Capacity [kJ·kg−1·K−1]
	Solar Absorbance
	Thermal Emissivity
	Solar Transmittance **





	Plaster
	0.01
	2
	1600
	0.75
	840
	0.6
	0.93
	---



	Concrete
	0.02
	10
	2400
	1.47
	1000
	1
	0.93
	---



	Polystyrene
	0.22/0.05
	10
	15
	0.040 *
	1200
	1
	0.90
	---



	PC10
	0.010
	1
	165 *
	0.065 *
	1000
	0.2
	0.84
	0.82



	PC20
	0.020
	1
	144.9 *
	0.051 *
	1000
	0.2
	0.84
	0.62



	PC25
	0.025
	1
	135.5 *
	0.066 *
	1000
	0.2
	0.84
	0.63



	PC32
	0.032
	1
	110.8 *
	0.059 *
	1000
	0.2
	0.84
	0.53



	TIM
	0.040
	1
	1000
	0.040
	1000
	0.2
	0.84
	0.58



	nSSA
	---
	---
	---
	---
	---
	0.95
	0.9
	---



	SSA
	---
	---
	---
	---
	---
	0.95
	0.1
	---
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Table 5. Environmental impacts related to the production of materials included in the assessed façade assemblies (modules A1–A3 according to [32]).
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	Assembly 1
	Assembly 2
	Assembly 3
	Assembly 4
	Assembly 5
	Assembly 6
	Assembly 7
	Assembly 8
	Assembly 9
	Assembly 10
	Assembly 11





	ADP-el [kg Sb-Equiv.]
	6.5 × 10−4
	2.2 × 10−4
	1.2 × 10−4
	1.4 × 10−4
	1.5 × 10−4
	1.5 × 10−4
	2.7 × 10−4
	1.8 × 10−4
	2.0 × 10−4
	2.0 × 10−4
	2.0 × 10−4



	ADP-ff [MJ]
	1.1
	8.0 × 10−1
	6.1 × 10−1
	7.3 × 10−1
	7.7 × 10−1
	7.9 × 10−1
	1.1
	8.8 × 10−1
	1.0
	1.0
	1.1



	AP [kg SO2-Equiv.]
	2.7 × 10−1
	3.8 × 10−1
	1.7 × 10−1
	2.1 × 10−1
	2.2 × 10−1
	2.3 × 10−1
	4.9 × 10−1
	2.8 × 10−1
	3.2 × 10−1
	3.3 × 10−1
	3.4 × 10−1



	EP [kg Phosphate-Equiv.]
	5.0 × 10−2
	5.4 × 10−2
	3.6 × 10−2
	3.9 × 10−2
	4.0 × 10−2
	4.1 × 10−2
	6.4 × 10−2
	4.6 × 10−2
	4.9 × 10−2
	5.0 × 10−2
	5.1 × 10−2



	FAETP [kg DCB-Equiv.]
	4.7
	3.4
	2.8
	3.0
	3.1
	3.1
	1.0 × 10
	9.7
	9.9
	1.0 × 10
	1.0 × 10



	GWP [kg CO2-Equiv.]
	1.0 × 102
	8.5 × 10
	7.7 × 10
	8.8 × 10
	9.1 × 10
	9.3 × 10
	1.0 × 102
	9.3 × 10
	1.0 × 102
	1.1 × 102
	1.1 × 102



	GWP-ex [kg CO2-Equiv.]
	9.9 × 10
	8.4 × 10
	7.6 × 10
	8.7 × 10
	9.0 × 10
	9.2 × 10
	9.9 × 10
	9.2 × 10
	1.0 × 102
	1.1 × 102
	1.1 × 102



	HTP [kg DCB-Equiv.]
	1.5 × 10
	1.3 × 10
	8.5
	9.2
	9.4
	9.5
	1.9 × 10
	1.5 × 10
	1.6 × 10
	1.6 × 10
	1.6 × 10



	MAETP [kg DCB-Equiv.]
	1.3 × 104
	3.3 × 104
	7.2 × 103
	8.1 × 103
	8.4 × 103
	8.5 × 103
	6.5 × 104
	3.9 × 104
	4.0 × 104
	4.0 × 104
	4.0 × 104



	ODP [kg R11-Equiv.]
	5.4 × 10−6
	5.5 × 10−6
	3.2 × 10−6
	3.2 × 10−6
	3.2 × 10−6
	3.2 × 10−6
	6.6 × 10−6
	4.3 × 10−6
	4.4 × 10−6
	4.4 × 10−6
	4.4 × 10−6



	POCP [kg Ethene-Equiv.]
	8.1 × 10−2
	3.3 × 10−2
	2.2 × 10−2
	2.7 × 10−2
	2.8 × 10−2
	2.9 × 10−2
	4.1 × 10−2
	3.1 × 10−2
	3.5 × 10−2
	3.6 × 10−2
	3.7 × 10−2



	TETP [kg DCB-Equiv.]
	3.7 × 10−1
	2.9 × 10−1
	2.6 × 10−1
	3.0 × 10−1
	3.2 × 10−1
	3.2 × 10−1
	4.4 × 10−1
	4.0 × 10−1
	4.4 × 10−1
	4.6 × 10−1
	4.6 × 10−1
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