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8 Abstract: Contemporary architects and the construction industry are trying to cope with increasing

9 requirements concerning energy efficiency and environmental impact. One of the available options
10 is the active utilization of energy gains from the environment, specifically solar energy gains. These
11 gains can be utilized by, for example, solar walls and facades. The solar fagade concept has been
12 under development for more than a century. However, it hasn’t achieved widespread use for
13 various reasons. Rather recently the concept was enhanced by the application of transparent
14 insulation materials that have the potential to increase the efficiency of such fagades. The presented
15 study evaluates the environmental efficiency of 10 solar facade assemblies in the mild climate of the
16 Czech Republic, Central Europe. The evaluated fagade assemblies combine the principles of a solar
17 wall with transparent insulation based on honeycomb and polycarbonate panels. The study applies
18 Life-Cycle Assessment methodology to the calculation of environmental impacts related to the life
19 cycle of the evaluated assemblies. The results indicate that even though there are several limiting
20 factors, facade assemblies with transparent insulation have lower environmental impacts
21 compared to a reference assembly with standard thermal insulation. The highest achieved
22 difference is approx. 84% (in favour of the assembly with transparent insulation) during a

23 modelled 50-year fagade assembly service life.

24 Keywords: Building, Environmental impacts, Fagade, Life-Cycle Assessment, Transparent
25 insulation, Low-emissivity
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27 1. Introduction

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

46 In the past, the most efficient way to improve the energy consumption of buildings was to
47  reduce their heating and ventilation energy losses. This was achieved through the addition of
48  thermal insulation to the building’s envelope and the installation of HVAC systems with heat
49  recovery [11]. This led to the development and propagation of highly efficient “passive” buildings
50 [12]. However, literature such as [13] and [14] suggests that the potential for further savings in
51  contemporary building designs is limited by increasing investment costs and embodied energy (as
52 well as other environmental impacts). Therefore, the industry is looking for new solutions that will
53 not only minimize energy losses, but also utilize the energy gains available on-site. Such solutions
54 include the integration of renewable energy sources (RES) like photovoltaics [15] or solar thermal
55  collectors [16] for on-site energy generation. Both of the previously mentioned references illustrate
56  that the field of RES is already well established in the literature. Still, the research presented in this
57  paper tries to bring a different perspective on one of the more straightforward ways of using
58  renewable natural energy: the exploitation of solar energy gains with solar facades based on
59  transparent insulation materials (TIMs).

60 The direct utilization of solar gains in buildings is not new. The solar wall principles that
61  originated in the late 19t century were further developed by F. Trombe in the 1960s [17]. The
62  principle behind the solar wall (or the derived Trombe wall) is rather simple. It consists of a massive
63  wall and a glass cover on the exterior side of the wall. The outer surface of the wall is painted black
64  in order to absorb as much solar energy as possible. The air gap between the glazing and the wall
65 serves as a buffer and insulation layer that reduces the heat losses of the structure, [18]. The solar
66  wall concept has been studied and developed worldwide over the past few decades [19], when
67  different studies developed solar walls in which TIMs replaced the original glazing elements [20].
68  The application of TIMs had already proven successful in the case of solar thermal collectors [21].
69  Their integration in facade elements is still in development, even though commercial products
70 already exist [22].

71 The presented study is part of a research project that strives to add to the existing knowledge in
72 this developing field by evaluating the efficiency of various TIMs in combination with other novel
73 elements and materials such as low-emissivity solar absorbers.

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

94 The goal of the presented study is the evaluation of the environmental impacts of the

95  TIM-based fagade assemblies defined in sub-section 2.1. Life-Cycle Assessment (LCA) methodology

96  is applied to achieve this goal. LCA methodology was conceived in the 1960s in the USA and several

97 European countries, [27]. Currently it is well-established in literature (see e.g. [28]) as a method for

98  complex multi-criteria evaluation of products. Its applications in building industry vary from

99  evaluation of individual products or materials to evaluation of whole systems such as buildings or
100  cities. It is especially useful in comparative studies, where it provides complex basis for the
101 decision-making process, [29]. LCA principles are in international standards. Its general framework
102 is defined in ISO 14040 [30]. The ISO standard is rather vague for the purposes of the presented
103 study. Therefore, the boundary conditions and specifications for building-related LCAs described in
104  European standards EN 15804 [31] and EN 15978 [32] are also applied in the study.

105  2.1. Assessed fagcade assemblies

106 A total of 11 different facade assemblies are evaluated in the presented study. The base of all the
107  assemblies is a 200mm thick concrete wall with cement-based plaster on the interior surface.
108  Concrete was selected for the tests due to its heat accumulation potential and heat transfer
109  properties in order to maximize the solar gains of assemblies with TIMs (see Figure 1). Five different
110 types of retail-available TIMs with different thermal and optical properties were selected for
111 evaluation in the fagade assemblies. Two types of retail-available solar absorbers are selected to
112 enhance the efficiency of an overall thermal performance: common black paint (a non-selective solar
113 absorber, nSSA) and aluminium-based sheet with low-emissivity coating (a selective solar absorber,
114  SSA). This was already demonstrated by Cekon and Struhala [33], that significant influence of the
115 type of solar absorber on the thermal performance of tested solar facades can be achieved, the
116  difference up to 35% to 54% compared to standard black painted solar absorber. The evaluated
117  facade assemblies are defined as follows:

118 ¢ Assembly 1 is a reference assembly combining a concrete wall with standard ETICS. The ETICS
119 consists of 220mm expanded polystyrene (EPS), cement-based adhesive mortar and mineral
120 exterior plaster. The assembly represents an envelope wall with a U-value of 0.21W-m2K-'that
121 fulfils the thermal requirements in Czechia

122 ¢ Assembly 2 consists of a concrete wall, a nSSA, a 25mm air gap and a 40mm TIM system made
123 of honeycomb polymethylmethacrylate PMMA (HP40; circular cells horizontally oriented,
124 perpendicular to the wall; see Fig. 1a) encased between glass panes.

125 ¢ Assembly 3 consists of a concrete wall, a nSSA, a 25mm air gap and a 10mm polycarbonate TIM
126 panel (PC10) with a single layer of vertically oriented square cells parallel to the wall surface (Fig.
127 1b).

128 ¢ Assembly 4 consists of a concrete wall, a nSSA, a 25mm air gap and a 20mm polycarbonate TIM
129 panel (PC20) with seven layers of vertically oriented square cells parallel to the wall surface (Fig.
130 1c).

131 ¢ Assembly 5 consists of a concrete wall, a nSSA, a 25mm air gap and a 25mm polycarbonate TIM
132 panel (PC25) with two layers of vertically oriented triangular cells parallel to the wall surface
133 (Fig. 1d).

134 ¢ Assembly 6 consists of a concrete wall, a nSSA, a 25mm air gap and a 32mm polycarbonate TIM
135 panel (PC32) with five layers of vertically oriented combined cells (three layers with square cells,
136 two layers of triangular cells) parallel to the wall surface (Fig. le).

137 ¢ Assemblies 7 to 11 replace the nSSA with SSA. Otherwise the composition of these assemblies

138 is the same as the composition of assemblies 2 to 6.
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Figure 1: Schematic diagram of an evaluated facade assembly with TIM (left) and the individual
types of TIMs applied in the evaluated facade assemblies (right): a) 40mm honeycomb cells (HP40),
b) 10mm single-layer square cells (PC10), c¢) 20mm seven-layer square cells (PC20), d) 25mm
two-layer triangular cells (PC25), e) 32mm five-layer combined cells (PC32).

2.2. Boundary conditions of the assessment

The study models the whole life cycle of facade assemblies from raw material extraction up
until final waste disposal as defined by [32]. In particular, the study evaluates the environmental
impacts related to 1m? 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 facade

assemblies.

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 colour. 1
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155 The life cycle of the facade assemblies is divided into four stages according to [32]: the Product
156  stage, the Construction process stage, the Use stage and the End of life stage. There is a fifth stage
157  defined in the standard that deals with the reuse and recycling of materials. However, this stage is
158  omitted from the study to reduce possible information bias and distortion of the results. The
159  standard further divides the four life cycle stages into 16 modules (see Table 1). Several of these
160  modules are also omitted in the study: Modules A5 (Construction / installation process) and C1
161  (Deconstruction / demolition) are omitted because it is expected that environmental impacts related
162  to them would be negligible. Use of the facade assemblies should not cause any environmental
163  impacts and therefore module Bl is omitted. No repair and maintenance is expected during the
164  service life of the facade assemblies. It is expected that particular materials will be replaced at the
165  end of their respective service lives. Therefore, modules B2, B3 and B5 are omitted. No operational
166  water use and waste water processing is expected and so modules B7 and C3 are also omitted.

167  2.3. Input data inventory

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

175 The transport of materials (in modules A2, A4, B4 and C2) is another important part of
176  building-related LCA. Transport distances between a hypothetical building site in the city of Brno
177  (Czech Republic) and the nearest production (waste management) facilities are considered in this
178  study to represent a real-life transport scenario. The transport distances between the pertinent
179 production facilities and Brno are: 591km for the HP40 TIM; 536km for the SSA; 324km for the PC10,
180 PC20, PC25 and PC30 TIMs; 160km for nSSA; 32km for the plasters and mortars; 15km for the EPS;
181  5km for the concrete. The nearest landfill is located 13km from the building site.

182 Table 2: Materials considered in the evaluated facade assemblies.
EPS Cement Mineral Polycarbonate Glass
(ETICS) mortar plaster SSA nSSA (TIM) cover
(ETICS) (ETICS) (TIM)
Assembly 1 6.6kg 8kg 16kg -— -— -— -—
Assembly 2 -— -— -— -— 0.15kg  0.86kg 26kg
Assembly 3 -— -— -— -— 0.15kg  1.7kg -—
Assembly 4 -— -— -— -— 0.15kg  3.0kg -—
Assembly 5 -— -— -— -— 0.15kg  3.4kg -—
Assembly 6 -— -— -— -— 0.15kg  3.6kg -—
Assembly7 |- -— -— 0.81kg -— 0.86kg 26kg
Assembly 8 -— -— -— 0.81kg -— 1.7kg -
Assembly 9 -— -— -— 0.81kg -— 3.0kg -
Assembly 10 |-- - - 0.81kg - 3.4kg -
Assembly 11 |- - - 0.81kg - 3.6kg -
183 Table 3: The annual heating energy consumption of the evaluated fagade assemblies. Three
184 scenarios with different facade element orientations are considered.
Energy

South (180°) East (90°) North-east (15°)

consumption
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[kWh-m-]

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 19.3 229
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

185 Energy consumption is the most important part of the presented LCA as it has a major impact

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

195  2.3.1. Calculation of energy consumption

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

213 The boundary conditions utilized for the numerical modelling of the energy performance of
214  fagade assemblies are as follows: The heat transfer coefficient equals 25 W-m2-K-! on the interior
215  surface and 7 W-m2K-! on the exterior surface of the modelled facade assemblies. These values are
216  based on [41]. The exterior surface is also exposed to solar radiation, which is considered to be
217  perpendicular to the surface for the purposes of the modelling. The incident solar radiation includes
218  projected direct solar radiation, diffused solar radiation and reflected solar radiation from the
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219  ground (see Figure 3-a), which are based on relations from the literature [41]. The total solar energy
220  gains depend on the orientation of the facade assemblies to the cardinal directions, the solar
221  absorption coefficient of particular materials and time (based on reference climate data). All possible
222 orientations to the cardinal points were considered during the calculations (see Figure 3-b). This
223 study presents three energy demand scenarios (see Table 3): a southward orientation (180° clockwise
224 from north), an eastward orientation (90° clockwise from north) and a north-eastward orientation
225 (30° clockwise from north). The southward orientation represents the state with maximum solar
226  gains. Therefore, the heating energy consumption of the assemblies with TIM is the lowest. The
227  eastward and north-eastward orientations are included in this study to evaluate the impact of
228  reduced solar gains on the results. West-oriented facades had lower energy consumption in the
229  calculations and so are not included in the presented study. The climate data considered in the
230 calculations are based on a reference test year for Bratislava “SVK_Bratislava.118160_IWEC” in the
231  hour time regime [42]. This was was selected as Bratislava (Slovakia) is geographically the closest
232 city to the hypothetical construction site in Brno (Czechia) which has the necessary climate data. The
233 time step used for the dynamic modelling is 600 seconds and intermediate values are linearly
234  interpolated. A 20 °C interior temperature is considered for the purposes of the modelling.

235 Table 4. Materials considered in the evaluated fagade assemblies and their physical parameters. *:
236 equivalent value. **: measured value according to [34] and [37].
Thickness Number Density Thermal Thermal Solar Thermal Solar
[mm] of finite [kg:m?] conductivit capacity absorb Emissivity Transmi
elements y [k]- kg K- ance ttance**
[W-m1-K1] 1]

Plaster 0.01 2 1600 0.75 840 0.6 0.93 ==

Concrete | 0.02 10 2400 1.47 1000 1 0.93 -

Pol

o YSyren 192/005 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 -

t t semi-transparent structure
opague StLCIIre with air cavity
a) b) solar
radiation
n mn n n
i N n o, a5 N o'
solar solar
radiation radiation

237 -
238 Figure 2: Calculation model based on the finite element method for: a) an opaque structure; b) a

239 structure with a transparent element on the exterior side
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241 Figure 3: Solar radiation model based on the finite element method; calculated reduction factor for
242 the azimuth of the structure and time of year: a) for July; b) for January

243 2.4. LCA calculation procedure and tools

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

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

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

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

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

265 The environmental impacts related to the evaluated fagade assemblies are calculated using the

266  CML2001 method (version Nov. 10). This method was developed by the Institute of Environmental
267  Sciences, University of Leuven in the Netherlands, [29]. It includes 12 impact categories: Abiotic
268  Depletion Potential of Elements (ADP-el), Abiotic Depletion Potential of Fossil Fuels (ADP-ff),
269  Acidification Potential (AP), Eutrophication Potential (EP), Freshwater Aquatic Ecotoxicity Potential
270  (FAETP), Global Warming Potential (GWP), Global Warming Potential Excluding Biogenic Carbon
271 (GWP-ex), Human Toxicity Potential (HTP), Marine Aquatic Ecotoxicity Potential (MAETP), Ozone
272 Layer Depletion Potential (ODP), Photochemical Ozone Creation Potential (POCP) and Terrestrial
273 Ecotoxicity Potential (TETP). Normalization of the individual results is also applied (version Nov.
274 10, EU25+3) to enable the aggregating of individual impact category results and increase the
275  comprehensiveness of the study.
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276 3. Results and Discussion

277 The presentation of the LCA results is divided into two parts for increased clarity. This is due to
278  the fact that the majority of environmental impacts are (according to the performed calculations)
279  related to the electrical energy necessary to cover heat losses (see Figures 6, 7 and 8,). However
280  literature such as [44] or [45] indicates the increasing importance of environmental impacts related to
281 materials (embedded or embodied environmental impacts). Therefore, sub-section 3.1 focuses on
282  “embodied” environmental impacts related to applied materials, their transport, replacement and
283  waste processing (modules A1-A4, B4, C2 and C4, according to [32]). Overall environmental
284  impacts, including energy consumption (module B6 according to [32]), are described and discussed
285  in sub-section 3.2.

286  3.1. Evaluation of material-related environmental impacts

287 Table 5 and Figure 4 show embodied environmental impacts related to the production of
288  materials (modules A1-A3 according to [32]) necessary for the construction of the evaluated fagade
289  assemblies. Table 5shows numerical results in all 12 impact categories. These results indicate that
290  Assembly 3 has the fewest embodied environmental impacts connected with the production of
291  necessary materials in modules A1-A3. On the other hand, the identification from Table 5 of the
292  assembly with the highest amount of embodied environmental impacts in these modules is
293  impossible as various assemblies have the worst results in individual impact categories. Assembly 7
294  has the highest impacts in six impact categories. Reference Assembly 1 and Assembly 11 both have
295  the highest embodied impacts in three categories. Overall the difference between the lowest and
296  highest embodied environmental impacts in the modules varies between 29% (GWP and GWP-ex)
297  and 89% (MAETP) in individual categories. The reasons for these differences are visible in Figure 4,
298  which shows stacked normalized environmental impacts for modules A1-A3 of the evaluated
299  assemblies.
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301 Figure 4: Normalized embodied environmental impacts related to the production of materials in the
302 assessed facade assemblies (modules A1-A3 according to EN 15978).
303 Figure 4 indicates that the most notable difference in embodied environmental impacts occurs

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

316 Life cycle modules A1-A3 represent only a part of the total embodied environmental impacts.
317  These are shown in Figure 5. It is clear that the production of the original materials (modules A1-A3)
318  and their replacements (module B4) is responsible for the majority of the overall environmental
319  impacts. Even though the presented study included rather long transport distances, the
320  environmental impacts related to transport are rather insignificant. Modules A4 (material transport)
321 and C2 (waste transport) represent between 0.8% (Assembly 7) and 4.5% (Assembly 3) of the total
322  embodied environmental impacts. This result implies that strategically placed production facilities
323 could supply specialised goods like SSAs or TIMs for whole regions. Also, the environmental
324 impacts connected with the landfilling of waste (module C4) are negligible: between 0.5% (Assembly
325  7) and 3.3% (Assembly 3). Other waste processing options in the Czech Republic (e.g. recycling or
326  incineration) have even lower environmental impacts according to the datasets in the ecoinvent
327  database. Due to these facts, the overall tone of Figure5 is similar to the results for A1-A3 in
328  Figure 4. However, the fewest embodied impacts are still related to 3, while the highest amount of
329  environmental impacts are connected with Assembly 7. This implies that production efficiency is the
330  key to reducing the embodied environmental impacts of the evaluated materials.
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332 Figure 5: Normalized embodied environmental impacts related to the production of materials, the
333 transport of materials, necessary replacements and waste management (modules Al-A4, B4, C2 and
334 C4 according to [32]).

335
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Table 5: Environmental impacts related to the production of materials included in the assessed facade assemblies (modules A1-A3 according to [32]).

Assembly Assembly Assembly Assembly Assembly Assembly Assembly Assembly Assembly Assembly Assembly

1 2 3 4 5 6 7 8 9 10 11
ADP-el [kg Sb-Equiv.] | 6.5E-04 2.2E-04 1.2E-04 1.4E-04 1.5E-04 1.5E-04 2.7E-04 1.8E-04 2.0E-04 2.0E-04 2.0E-04
ADP-ff [M]] 1.1E+00  8.0E-01 6.1E-01 7.3E-01 7.7E-01 7.9E-01 1.1E+00  8.8E-01 1.0E+00  1.0E+00  1.1E+00
AP [kg SO2-Equiv.] 2.7E-01 3.8E-01 1.7E-01 2.1E-01 2.2E-01 2.3E-01 4.9E-01 2.8E-01 3.2E-01 3.3E-01 3.4E-01
EP [k
8 ) 5.0E-02 5.4E-02 3.6E-02 3.9E-02 4.0E-02 4.1E-02 6.4E-02 4.6E-02 4.9E-02 5.0E-02 5.1E-02
Phosphate-Equiv.]
FAETP [kg
) 47E+00  3.4E+00 2.8E+00  3.0E+00  3.1E+00  3.1E+00  1.0E+01  9.7E+00  9.9E+00  1.0E+01  1.0E+01
DCB-Equiv.]
GWP [kg CO2-Equiv.] 1.0E+02  8.5E+01  7.7E+01  8.8E+01  9.1E+01  9.3E+01  1.0E+02  9.3E+01  1.0E+02  1.1E+02  1.1E+02
GWP-ex [kg
9.9E+01  84E+01  7.6E+01  8.7E+01  9.0E+01  9.2E+01  9.9E+01  9.2E+01  1.0E+02  1.1E+02  1.1E+02
CO2-Equiv.]
HTP [kg DCB-Equiv.] 1.5E+01  1.3E+01  8.5E+00  9.2E+00  94E+00 9.5E+00  1.9E+01  1.5E+01  1.6E+01  1.6E+01  1.6E+01
MAETP [kg
1.3E+04  3.3E+04  7.2E+03  8.1E+03  8.4E+03  8.5E+03  6.5E+04  3.9E+04  4.0E+04 4.0E+04  4.0E+04
DCB-Equiv.]
ODP [kg R11-Equiv.] 5.4E-06 5.5E-06 3.2E-06 3.2E-06 3.2E-06 3.2E-06 6.6E-06 4.3E-06 4.4E-06 4.4E-06 4.4E-06
POCP [kg
8.1E-02 3.3E-02 2.2E-02 2.7E-02 2.8E-02 2.9E-02 4.1E-02 3.1E-02 3.5E-02 3.6E-02 3.7E-02
Ethene-Equiv.]
TETP [kg DCB-Equiv.] | 3.7E-01 2.9E-01 2.6E-01 3.0E-01 3.2E-01 3.2E-01 4.4E-01 4.0E-01 4.4E-01 4.6E-01 4.6E-01
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337  3.2. Evaluation of overall environmental impacts

338 The previous sub-section presented the embodied environmental impacts of the evaluated
339  facade assemblies. This sub-section adds environmental impacts related to heating consumption
340  during the modelled 50-year service life of the fagade assemblies. The results for each of the cardinal
341  orientations described in Table 3 are shown in Figures 6 to 8.

342 These figures show that thanks to solar heat gains the heating energy consumption and
343  interconnected environmental impacts are lower in all fagade assemblies with TIMs compared to the
344  reference assembly with ETICS. The difference varies depending on the scenario. When the
345  southward orientation is considered, the highest environmental “savings” (83.6%) are achieved by
346  Assembly 2, while the lowest savings (30.5%) are achieved by Assembly 3. When the eastward
347  orientation is considered, the savings are reduced due to reduced solar energy gains. The highest
348  savings (82.3%) are achieved by Assembly 7 and the lowest savings (12.5%) are achieved by
349  Assembly 3. Similarly, when the north-eastward orientation is considered, the highest savings
350  (81.5%) are again achieved by Assembly 7 and the lowest (2.2%) by Assembly 3. The reason for these
351  results is the fact that the difference in thermal resistance between these assemblies plays an
352 increasingly important role depending on the reduction of solar energy gains. In this regard the
353 10mm thick single-layer PC10 TIM cannot compete with the 40mm thick honeycomb structure of the

354  HP40.
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356  Figure 6: Normalised environmental impacts of the whole 50-year life cycle of evaluated facade
357  assemblies. The energy consumption represents the southward assembly orientation.
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359 Figure 7: Normalised environmental impacts of the whole 50-year life cycle of evaluated facade
360 assemblies. The energy consumption represents the eastward assembly orientation.
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362 Figure 8: Normalised environmental impacts of the whole 50-year life cycle of evaluated facade
363 assemblies. The energy consumption represents the north-eastward assembly orientation.
364 The results in Figures 6 to 8 also indicate the important role of the type of solar energy absorber.

365 In general, the calculated heating energy consumption of the assemblies with the SSA is lower
366  compared to the assemblies with the nSSA. This in turn means that these assemblies have lower
367  environmental impacts. The average difference between the environmental impacts of assemblies
368  with the SSA and the nSSA in all three scenarios is 29.7%. When considering a 50-year service life,
369  the difference in energy-related environmental impacts easily outweighs the higher embodied
370  environmental impacts related to the production of nSSA in most assemblies. The only exception is
371  Assembly 2 with the HP40 and the SSA. It has the lowest environmental impacts when the
372  southward fagade assembly orientation is considered. However the difference between Assembly
373  two and Assembly 7 (which placed second) is only 0.3%. Even in the other two scenarios the
374  difference between Assemblies 2 and 7 is not high, even though Assembly 7 has 41% higher
375  embodied environmental impacts. The total difference is 7.7% (in favour of Assembly 7) when
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376  eastward orientation is considered, and 12.2% (in favour of Assembly 7) when north-eastward
377  orientation is considered.

378 4. Conclusions

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

398 While this study has shown the potential for the application of TIMs in solar walls, it has not
399  covered all the issues connected with this field. Further research is therefore necessary. The aims of
400  the future research will include the environmental impacts of cooling energy consumption, and the
401  efficiency of different shading devices will be addressed as well to avoid possible overheating
402  phenomena. Such study will hopefully provide a solution for the efficient application of TIM-based
403  facades in the Czech Republic and surrounding regions.
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