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Abstract

:

Aerogel-based renders have been the subject of research in the last few years due to their high thermal insulation characteristics and the need for buildings to become more energy-efficient. This study compares the hygrothermal behaviour of an aerogel-based render (reference) with the same base formulation, replacing the powder with three different fibres (aramid 0.5%, sisal 0.1%, and biomass 0.1%, by total volume) that can be used in buildings’ envelopes. The experimental programme allowed us to characterise and compare the thermophysical properties of the different formulations and then simulate the hygrothermal performance of these solutions when applied to walls for different climatic conditions, considering additional parameters such as total water content, drying potential, water content levels, and thermal insulating performance. These thermophysical parameters were then included in hygrothermal numerical simulations. The results allowed us to verify that the incorporation of fibres improved the hygrothermal properties due to lower capillary absorption and higher water vapour permeability. These renderings showed a high potential for application to building envelopes in different climatic conditions, improving their energy efficiency by up to 20% when compared to other conventional solutions.
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1. Introduction


In the last few years, there have been several measures and methods to reduce energy consumption in buildings [1,2] through the study of innovative thermal insulating materials to be applied on their envelope, either in new construction or in retrofit scenarios [3,4], while also considering indoor thermal comfort [5].



The hygrothermal behaviour of the building envelope impacts energy needs, indoor comfort, and indoor air quality [6,7]. This behaviour is a function of the materials’ thermal and hydrostatic performances, depending on several characteristics. The use of hygroscopic materials has been considered a good solution to reduce the internal condensation in the buildings’ envelope while also impacting the reduction of heating and cooling energy consumption [8,9]. To understand and predict the hygrothermal behaviour of a building envelope, it is possible to use numerical models [10]. These models are based on experimental data that, to improve their prediction abilities, demands a complete set of experimental tests characterising the materials [11], e.g., through capillary water absorption, water vapour permeability, sorption curves, and thermal conductivity, among others.



To improve the façade’s performance, silica aerogel, which is one of the most researched nanomaterials for application on buildings’ envelopes for energy efficiency [12,13], has been used as a thermal super-insulating material [14,15]. Silica aerogel is classified as a 3-D nanomaterial (all dimensions above the nanoscale) [16], presenting a high quantity of pores with a reduced dimension (~10 to 100 nm) [17], supported by a silica (SiO2) structure [14]. As a consequence of its nanostructure and highly tortuous paths that limit heat transport by radiation, convection, and conduction [18], it presents high thermal insulation properties with thermal conductivity values as low as 0.012 W m−1 K−1 [19]. Although its cost is usually high, it has been decreasing in the past years due to scale economy effects [20], promoting a higher spread in its application in building solutions.



Due to its properties, silica aerogel granules have been introduced in renders since the 2010s [21]. This shows a significant decrease in the render’s thermal conductivity, with several researchers studying this solution and trying different formulations for new construction and retrofit scenarios [15,22,23]. However, these solutions still present some drawbacks, as their mechanical performance lowers and the thermal conductivity also lowers, as in several other lightweight materials [24]. They also tend to show high capillary water absorption [23], which could impair their outdoor use if no multi-layered coating systems are used [25].



Knowing the aerogel-based renders’ main limitations, it was considered that fibres could be used to improve the overall mechanical and physical properties of these coating solutions [26,27]. Therefore, this study deals with the introduction of three fibres of synthetic (aramid) and natural origin (sisal and biomass-based) in a previously developed aerogel-based thermal render [23] that can potentially be used as coatings on buildings’ envelopes. The used fibre quantities were a result of the improvement in the mechanical properties over the reference, using a substitution of render powder volumes of 0.5% aramid (vol.) and 0.1% (vol.) of sisal and biomass [27].



Although currently there are some research works [21,28,29] studying the hygrothermal properties of aerogel-based renders and plasters, there is a lack of study on the influence of fibres and how their use could potentiate the composites’ multifunctional properties. Moreover, a complete set of hygrothermal results that allow others to simulate the material’s performance under different climatic conditions is also needed. This fact can also be related to the non-existence of requirements in EN 998-1 [30] that could allow further characterisation of hygrothermal parameters needed to carry out hygrothermal simulations.



The present work aims to compare and analyse the hygrothermal behaviour of four different aerogel-based thermal render formulations, with and without fibres. This involved evaluating their influence through an extensive set of tests where their thermal conductivity for several moisture contents and parameters related to moisture behaviour and liquid water conduction were evaluated. Furthermore, other currently used thermal insulation materials were evaluated to benchmark their hygrothermal performance.



With this information, it was possible to carry out subsequent hygrothermal numerical models (using the software WUFI Pro®), which allowed evaluation of the performance of the analysed thermal render formulations under different application scenarios. These scenarios included: two different climatic areas: Lisbon and Zurich; constructive solutions: a new wall (Lisbon—NW—and Zurich—ZNW); and exterior and interior retrofit scenarios (only for Lisbon—RE and RI, respectively). Several hygrothermal analysis parameters were assessed, such as the total water content and drying potential, the mould growth potential, the water content in the thermal insulating layer as well as its performance over time, and finally the outdoor superficial temperatures and surface condensation potentials.



With such data gathered, it was also possible to evaluate how these materials are influenced by moisture over time and the repercussions that such moisture has on the potential increase in the buildings’ energy consumption to keep their indoor conditions comfortable, due to higher thermal conductivities induced by moisture. Therefore, this study allows for further evaluation of these renders’ performance and multifunctional capabilities.



Due to the extensive data presented, this work contributes to a better understanding of the thermophysical behaviour of renders incorporating aerogel and fibres and their implications in the future of energy savings associated with buildings, due to their performance in the hygrothermal simulations. With these findings, other researchers can support their study to improve current thermal insulating render formulations or to define new ones. The most original contribution is the connection between the thermophysical characterisation of the materials through an experimental programme (additional measurements) and the hygrothermal simulations under different application scenarios, for these innovative solutions.




2. Thermophysical Experimental Characterisation


2.1. Materials


To be able to carry out the hygrothermal simulations, a significant set of the materials’ thermophysical parameters must be known. Therefore, in this research and due to its novelty, a laboratory campaign was performed to characterise the thermophysical properties of an aerogel-based thermal render (TR), previously developed [23], while also incorporating fibres. The aerogel-based render (TR reference) is mainly composed of a blend of mineral binders, rheological and hydrophobic agents, and resins, while also incorporating (≈70% (vol./vol.)) Kwark supercritical silica aerogel in the form of granules (diameter ≤ 3500 μm, bulk density ≤ 90 kg m−3, and a thermal conductivity ≤ 0.020 W m−1 K−1 [31], Figure 1a). For those aerogel-based renders, three different fibre types were incorporated: aramid, sisal, and biomass fibres, whose origin, dimensions, and quantities were supported by previous research from the authors [27]. Therefore, the thermophysical characterization was carried out for: TR reference (0.00% vol./vol.), TR aramid (0.50% vol./vol.), TR sisal, and TR biomass (both 0.10% vol./vol.), all fibres with ≈5 mm in length, were produced, cured, and analysed in terms of their mechanical, microstructural, and some physical aspects [27].



To obtain the additional thermophysical data needed for the hygrothermal simulations, some specimens had to be produced, as described in Table 1, where their shape, dimensions, and number of specimens and tests are shown for each formulation. Figure 1b) shows the specimens and the ISOMET equipment used for the thermal conductivity measurement, with two different probes. The specimens’ dimensions were influenced by the minimum size requirements of the ISOMET to perform the measurements [32]. Since the hygrothermal simulations used several materials (e.g., EPS and XPS), the synthesis of their thermophysical properties, as they can be found in the literature, is presented in the Supplementary Data.




2.2. Experimental Methods


To characterise the hygrothermal properties of construction materials, when the objective is to use them in hygrothermal simulation models, as indicated by Fantucci et al. [11] and Barclay et al. [33], there is a need to systematise all the relevant data. As such, a comprehensive set of tests must be carried out to characterise and obtain the input for hygrothermal simulations [34,35].



The usually needed parameters are bulk density (ρhard), open porosity (P0), specific heat capacity (cp), thermal conductivity (λ) from a dry to a saturated state, capillary water absorption (Aw), liquid transport coefficient for suction (Dws), water vapour diffusion resistance factor (μ), and the moisture content (w) for different conditions (hygroscopic and over-hygroscopic states). Table 2 presents the bulk density, open porosity, thermal conductivity in the dry state, capillary water absorption, and water vapour diffusion resistance coefficient for these formulations, as already presented in [27]. Therefore, it was also necessary to additionally characterise the specific heat capacity, the thermal conductivity for several moisture contents, the liquid transport coefficient for suction, and the moisture content for hygroscopic and over-hygroscopic conditions.



Moreover, it was also characterised by their thermal diffusivity (α), thermal inertia (I), thermal penetration depth at 10 min (dp,10min), maximum water content (wmax), and saturation coefficient, adding a greater depth to the potential comparison with other existing materials already characterised. Another studied parameter was the practical moisture buffer value (MBVpractical) since this parameter is one way to quantify the material’s capability to adsorb and desorb moisture [36] and thus evaluate the potential applications in indoor environments for moisture regulation.



2.2.1. Thermal Properties


To evaluate the formulations’ thermal properties, an ISOMET 2114 device from Applied Precision supplier was used. This equipment’s measurement principle is based on the analysis of the sample’s temperature response to heat flow impulses. Heat flow is projected by the resistor’s electrical heating, which is presented inside the probes and in direct heat contact with the sample. The evaluation of the thermal conductivity (λ) and volumetric heat capacity (cρ) (which then allows calculating the specific heat capacity, cp, by dividing it by the bulk density) is based on periodically sampled temperature records as a function of time, where during the same measurement cycle, the thermal diffusivity (α) is also obtained [32]. Since different moisture contents had to be evaluated, which influence the thermal conductivity values, the two available probes (a linear probe with a measurement range between 0.015 and 0.050 W m−1 K−1, and a plane probe with a measurement range between 0.040 and 0.300 W m−1 K−1), were used, as shown in Figure 1b.



To carry out the measurements, and due to the individual probes’ measurement ranges, the cylindric I specimens were selected to make the characterisation from the dry state until 93% RH (relative humidity). Additionally, the cylindric II specimens used in the saturated state were obtained through samples’ immersion in liquid water until equilibrium was reached with the surrounding conditions.



The test procedures followed the indications of the ASTM-D-5334 [37], ASTM-D-5930 [38], EN 22007-2 [39], and Gomes et al. [40,41] studies. In this case, the tests were carried out at an average reference temperature of 20 ± 3 °C. The temperature conversion to 10 °C is in line with EN 10456 [42] for IIa conditions (reference temperature of 23 °C and dry state) and a temperature conversion coefficient of 0.003 K−1. When the samples were evaluated, their weight was measured, and then they were wrapped in plastic film right away so they would not gain or lose moisture.



Since both the mass and thermal properties evaluations are not destructive tests, the same samples (cylindric I and II) were used again for the moisture storage function test. The samples’ moisture variation procedure is presented in the following sub-section.



As the specific heat capacity corresponds to the material’s ability to store heat relative to its weight, it is used to estimate the thermal inertia of the material (I), which can be calculated using Equation (1) [43], where I is the thermal inertia [J m−2 s−1/2], λ is the thermal conductivity [W m−1 K−1], ρ is the bulk density [kg m−3], and cp is the specific heat capacity [J kg−1 K−1].


  I =  λ × ρ ×   c   p     



(1)







This study also assessed the thermal diffusivity (α), directly obtained by the equipment, and the thermal penetration depth (dp,10min) at 10 min. The thermal diffusivity (α) indicates the heat transfer rate from the hot end to the cold end. As for the thermal penetration depth (dp,10min), it allows us to directly compare different materials and how, in this case, in 10 min, the material will respond, quicker or slower, to temperature variations on their surface. This is a parameter used in the thermal characterisation of other materials, such as the one conducted by Palumbo et al. [44]. For calculating the penetration depth, Equation (2) [44] was used, where dp,10min is the penetration depth after 10 min [m], α is the thermal diffusivity [m2 s−1], and t is time [s].


    d   p , 10 m i n   =  π × α × t   



(2)








2.2.2. Moisture Storage Function


The moisture storage function relates the amount of equilibrium moisture content to the ambient RH for a given temperature for any given material. The samples used in this evaluation were the same as those used in the thermal properties tests: cylindric I and cylindric II. The cylindric I was for the air moisture (hygroscopic range), and the cylindric II was for the liquid water saturation (over-hygroscopic range).



The hygroscopic sorption properties (Figure 2a) were determined following the main indications and procedures presented in EN ISO 12571 [45], using a Heraeus Vötsch climatic chamber. Five different levels of RH were assessed under isothermal conditions (23 °C): 0, 35, 60, 85, and 93% RH. For each level of RH, when constant mass was achieved (the change in mass between three consecutive weightings, each made 24 h apart, differed by less than 0.10% of the total mass), the specimens’ mass was evaluated.



As for the over-hygroscopic range, i.e., the amount of water that a material absorbs at 100% RH, the samples were immersed in water at 20 °C (Figure 2b) in a sealed plastic box with the need to be restrained since otherwise they would float until achieving constant mass. The weighing occurred after carefully wiping off the sample’s surface with a damp cloth. With this, it was possible to characterise their free water saturation (wf).



For all the RH levels, when constant mass was achieved, the samples’ mass was evaluated. Those different mass measurements allowed for the calculation of the moisture content mass by mass (u) and the moisture content mass by volume (w), in line with EN ISO 12571 [45] and EN ISO 12570 [46]. Using the previously presented parameters, two additional ones can be calculated: the maximum water content (wmax) and the saturation coefficient. The maximum water content (wmax) is the water content at full saturation when the porous structure is considered filled with water [47], in [kg m−3]. This can be estimated by multiplying the material’s open porosity (P0, obtained by the mercury intrusion porosimeter technique, [%]) by the water density (ρw in [kg m−3]) at 20 °C, according to Equation (3) [6]. The MIP equipment is an AutoPore IV from Micromeritics, presenting a maximum intrusion volume for low and high pressure of 1 × 105 mL g−1, and a measuring range from 1 × 10−2 to 1 × 103 µm.


    w   m a x   = ε ×   ρ   w    



(3)







Considering both wf and wmax, the saturation coefficient [-] can be calculated, which is a measure of the pore space quantity available after the free water saturation [48]. This parameter is calculated as the ratio between wf in [kg m−3] and wmax in [kg m−3], Equation (4) [47], where the lower it is, the more space is available to accommodate the expansion of liquid water as it freezes [49].


  S a t u r a t i o n   c o e f f i c i e n t =     w   f       w   m a x      



(4)








2.2.3. Liquid Water Transport Coefficient for Suction


Another important input parameter to consider in hygrothermal simulations is the liquid water transport coefficient for suction (Dws) [35,50]. This parameter describes the situation where the material is applied to a surface in direct contact with liquid water or is exposed to wetting by rain action (fully wet) [51], while the capillary uptake of liquid water continues to occur [52]. Some techniques can be employed to characterize this parameter, such as nuclear magnetic resonance (NMR) or γ radiography [53,54]. However, since they were not available for this study, a previously used approach as a good estimation method by other researchers [55] was selected—Equation (5) [52,54], where Dws is the liquid transport coefficient for suction [m2 s−1], Aw is the water absorption coefficient [kg m−2 s−1/2]—previously characterised in [27], w is the moisture content [kg m−3], and wf is the free water saturation [kg m−3].


    D   w s   = 3.8 ×         A   w       w   f         2   ×   1000       w     w   f     − 1      



(5)








2.2.4. Moisture Buffering Properties


The moisture buffering property of a given material is related to its capabilities to adsorb and desorb environmental moisture [36], as well as being useful to consider when the materials stay in contact with indoor environments [56]. Therefore, this property can help to reduce indoor superficial condensation in the buildings’ envelope [8,9] and can also have an impact on reducing their heating and cooling energy consumption. Due to the novelty of aerogel-based, fibre-enhanced thermal renders (TRFs), this was an interesting characteristic to further evaluate to see the possibility of using these formulations for future indoor application scenarios, promoting their multifunctionality.



Although there are many test procedures, the one most broadly used is described by the NORDTEST project [57,58,59]. For this test procedure, a constant temperature of 23 °C must be attained, and then several cycles of exposure of 8 h with a 75% RH and 16 h with a 33% RH, simulating the usual indoor human occupancy of commercial buildings, are followed until stabilisation [58].



The common method to evaluate this concept is using the practical moisture buffer value, MBVpractical. This parameter is defined as the amount of moisture content that passes through or is captured by the material’s open surface unit (moisture uptake and release) when exposed to variations in the RH of the surrounding air (daily cyclic variations) under the previously described test conditions. To calculate the MBVpractical, Equation (6) can be used [58], where MBVpractical is the practical moisture buffer value [g m−2 %RH−1], Δm is the mass variation of the moisture uptake/release [g], A is the open surface area [m2]—here being considered 1 m2, and the RHhigh/low are the higher and lower air RH limits of the test [%RH].


    M B V   p r a c t i c a l   =   Δ m   A ×     R H   h i g h   −   R H   l o w        



(6)







A direct comparison of the moisture buffer values of the different materials can be made, but at the same time, they can be classified in terms of their moisture buffer classes [57], as can be seen in Figure 3. With this classification, the materials can be classified as presenting negligible, limited, moderate, good, or excellent moisture buffering capabilities, considering the test conditions.



Usually, this characterisation involves the application of specific test conditions (as previously described) using advanced climatic chambers and several samples. However, as Barclay et al. [33] and Wan et al. [60] showed, there is a good fit between the experimental and numerical simulation results using HAMT (combined heat and moisture transfer) models, such as WUFI software. Therefore, it was possible to simulate several application scenarios to evaluate the studied TRFs and their behaviour when subjected to water vapour cycles. However, for this to be possible, it was necessary to create an artificial weather file replicating the dynamic conditions of air temperature, RH, and time indicated by the NORDTEST project procedures (8 h at 75% RH and 16 h at 33% RH, at 23 °C) [57,58,59]. For the simulation, one square metre of exposed surface (1 × 1 m) with a 0.04 m thickness was considered, where all but one of the sample’s faces were insulated by an aluminium foil, avoiding water vapour penetration while also defining its boundaries. Then, the virtual sample was subjected to the test cycle conditions until it was possible to obtain mass stabilisation of the samples, reached when the change in mass was the same between the last three cycles with a discrepancy of less than 5% [58]. For these simulations, the results from the previous tests and other previously performed tests and materials were used, with their characterisation presented in the Supplementary Data.





2.3. Experimental Results and Discussion


2.3.1. Thermal Properties


Table 3 summarises the results for the thermal properties. It can be seen that these TRF (Aerogel-based fibre-enhanced thermal renders) present very low thermal conductivity, being lower than other materials classified as classic thermal insulators (e.g., EPS λ ≈ 0.036 W m−1 K−1 [61]), and much lower if already commercialised thermal renders are considered (e.g., thermal render with EPS granules λ ≈ 0.050 W m−1 K−1 [62]).



The fibre’s incorporation leads to a thermal conductivity increase when compared to the reference (TR reference) of ≈7%, but with low significance since the results are within the standard deviation values. This can be related to the higher thermal conductivity of the fibres when compared with the silica aerogel, since cellulosic fibres present a λ ≈ 0.050 W m−1 K−1 and aramid fibres a λ ≈ 0.040 W m−1 K−1 [63], but also with the consequently lower aerogel quantity. The thermal conductivity difference between the formulations containing natural and aramid fibres can also be associated with the existence of voids around the fibres that result from the drying and shrinkage of the natural fibres after the hydration reactions. This is accompanied by forming closed pores and influencing their thermal performance (as seen in [27]), but also with the higher quantity of aramid fibres (0.50% vs. 0.10% (vol./vol.)). As a reference, air presents a λ ≈ 0.025 W m−1 K−1 [64], where it can be seen that more pores can also influence the overall thermal conductivity performance.



When the thermal conductivity values in the dry-state (λ10°C,dry) are compared with the ones obtained in the saturated state (λ10°C,sat) it is seen that the highest increase was verified in the reference (TR reference), with the fibres’ presence contributing to maintaining a lower thermal conductivity value for the saturated state. This can be related to the fact that the fibres’ incorporation reduced the capillary pores [65], as observed in the MIP and SEM analysis results presented in [27], reducing the liquid water contribution to increase the thermal conductivity.



The specific heat capacity presented by these aerogel-based thermal renders is much lower than that of expanded moulded polystyrene (EPS) (cp ≈ 1568 J kg−1 K−1 [43]) but very similar to glass wool (cp ≈ 928 J kg−1 K−1 [43]), while not differing by much from a conventional cement-based mortar (cp ≈ 900 J kg−1 K−1 [66]) or industrial thermal renders containing EPS (cp ≈ 1000 J kg−1 K−1 [62]). Considering the specific heat capacity, thermal conductivity, and bulk density, it is seen that the thermal inertia (I) presented by these renders, although with lower thermal conductivity than EPS, presents two times higher thermal inertia than this conventional thermal insulator (I ≈ 27.4 J m−2 K−1 s−1/2 [43]). Depending on the applied thickness, this can influence their potential applications.



Related to the previous characteristics, the thermal diffusivity (α) quantifies the rate of propagation of heat through the material, which relates to the penetration depth (dp,10min), at a time of 10 min. The results show that if there is an increment of temperature applied to one side of a sample, the depth to which the temperature will change significantly after 10 min, being around 20 mm for all renders. Additionally, when compared with EPS (dp,10min = 63 mm) [44] it is significantly lower, being more similar to the behaviour of a wood fibreboard (dp,10min = 26 mm) [44]. Therefore, these renderings respond even slower to temperature variations than an EPS board.



When the thermal conductivity at 10 °C (λ10°C) is evaluated against the moisture content (w), Figure 4, it can be observed that higher moisture content leads to higher thermal conductivity, as expected (since water presents a λ10°C ≈ 0.600 W m−1 K−1 [64]) and verified by other authors for other mortars [40,62,67]. The incorporation of fibres, as previously discussed, seems to reduce the free water saturation (wf) of these renders [68]. Moreover, for the aramid (TR aramid), due to the porosity reduction (less than 1.2% of the TR reference—Table 2), and for the natural fibres (known to present more affinity to water [69]), due to the existence of air pockets trapped inside the matrices, they can maintain lower water contents (≈less than 5%) and consequently lower thermal conductivity (≈less than 6%). With the fibres’ incorporation, it was possible to absorb less capillary water, but also lower thermal conductivity values were verified in the natural fibre-containing formulations (Table 2) [27].




2.3.2. Moisture Storage Properties


To determine the formulations’ moisture content, they were evaluated in the dry state and then for 35, 60, 85, and 93% RH, at 23 °C. This way, it was possible to obtain the average sorption values for different moisture content indicators as shown in Figure 5, the hygroscopic regime of these TRFs is presented following EN ISO 12571 [45]. For comparison purposes, the data presented by Barclay et al. [33] for hemp-lime (Barclay et al.), by Maia et al. [62] for commercial thermal renders (Maia TR1 and Maia TR2), and by Fantucci et al. [11] for an aerogel-based internal plaster are also presented in Figure 5. It is possible to see that these TRFs showed a constant increase in moisture content from the dry state until 60% RH, and then, for higher RH, the moisture content strongly increased, reaching around 0.10 kg kg−1 at 93% RH. This highlights that these renders are hygroscopic materials, with the fibres contributing to decreasing the values of moisture content.



In the same Figure 5, it is also seen that all aerogel-containing formulations (the ones herein studied and the one presented by Fantucci et al. [11]) show similar hygroscopic behaviour; therefore, it seems that the fibres did not significantly influence the hygroscopic behaviour already shown by the reference (TR reference) and other similar products. When compared with the thermal renders studied by Maia et al. [62], these aerogel-based thermal renders showed a higher degree of moisture uptake, but much lower than the hemp-lime studied by Barclay et al. [33]. These behaviours are probably linked to the microstructural aspects seen previously by the authors [27]. If other thermally insulating materials are considered, EPS also shows some significant moisture content from 80% RH onward, since at ≈ 90% RH it shows a water content of about 0.07 kg kg−1 [44], and even if wood wool is considered at ≈ 90% RH, it presents 0.15 kg kg−1 [44], not very far from these renders’ performance.



For the over-hygroscopic range, the free water saturation (wf) and the maximum water content (wmax) were also characterised (Table 4). Here, the formulations containing fibres lowered the wf with the aramid fibres presenting the lowest value, followed by the natural fibres. Once again, the water affinity of the different fibres is the main aspect to consider. When comparing the wf performance of these renders with other aerogel-enhanced insulating materials, it was seen that they showed a behaviour within the expected ranges, between 240 and 500 kg m−3 [11,28].



As for the saturation coefficient, the lower this coefficient, the more space is available to accommodate the expansion of liquid water as it freezes [49]. As a reference, for bricks, this coefficient is considered acceptable if below 0.78 [70], whereas, in this study (Table 4), the values were way below that value (<0.35), with the fibre-containing formulations presenting even lower values than the reference. This indicates that these aerogel-based renders have the potential to effectively accommodate the expansion of liquid water as it freezes.




2.3.3. Liquid Water Transport Coefficient for Suction


To calculate the liquid water transport coefficient for the suction (Dws) parameter, the results for capillary water absorption (Aw), previously obtained and presented in Table 2, were used. The fibre’s incorporation by powder substitution led to lower water absorption coefficients (Supplementary Data), as a consequence of the fibres not only obstructing the capillaries but also forming air pockets inside the matrix (natural fibres)—as it could be observed in [27]—and hindering the capillary water progress [68]. This fact was expected to directly influence the liquid water transport coefficient for suction (Dws) results due to the Aw contribution to its calculation.



Figure 6 shows the calculation results, where the fibres’ use (TR aramid, TR sisal, and TR biomass) led to a lower liquid transport coefficient for suction (Dws) when compared with the reference (TR reference), presenting better behaviour, as a construction material. When compared with other thermal renders, the reference (TR reference) shows a higher Dws order of magnitude (≈10−7 m2 s−1), but the fibre-containing formulations present the same order of magnitude as other thermal renders (≈10−8 m2 s−1) [62]. Once again, the positive impact of the fibre’s use is seen, due to its earlier verified impact on water absorption reduction.




2.3.4. Moisture Buffering Properties


The moisture buffering was another interesting property to be evaluated in these formulations since thermal renders can be applied in several scenarios, such as interior thermal insulation retrofits [28,71,72]. As this parameter is connected to the material’s sorption and desorption properties [73], its evaluation allows for the classification of its potential to regulate indoor moisture [48], making it an interesting aspect to consider and analyse.



Following the work by Barclay et al. [33], three different potential indoor application scenarios were studied (Figure 7). Although the first scenario (Figure 7a) is not usually applied, the other two (Figure 7b,c) reflect real potential applications. The simulation and analysis of values were only carried out for the thermal insulation materials, with the other materials’ influence being considered but not directly quantified. Therefore, a comparison was made between these TRFs and an industrial thermal render presented by Maia et al. [62] (designated as Ind Therm render), since other thermal insulation materials such as EPS and XPS do not present significant hygroscopic behaviours in these RH ranges [43,44].



Figure 8 shows the results for the different simulations and solutions. (Figure 8a) shows that for the aerogel-based renders, the one containing aramid (TR aramid) showed a slightly lower change in mass. However, all presented significantly higher capabilities than the current thermal render (Ind Therm render).



When a gypsum board (0.0125 m) was placed in front of these thermal insulation materials (Figure 7b and Figure 8b), for mechanical protection, some started to emerge with interesting behaviour. The total change in mass due to moisture presence was reduced to half, which was expected since even one coating of paint can reduce their performance [74]. All the aerogel-based formulations presented similar behaviour; a lag appeared between the time where the test RH changed (at the 8 h mark) and where the maximum moisture content appeared (≈10 h mark), being this related to the moisture buffering properties also presented by the gypsum boards [75].



Finally, it was considered the application of a commercially available multi-layered coating system composed of a basecoat (3 mm) and a finishing coat (2.5 mm), as presented in [25]. Figure 8c shows that the maximum change in mass due to moisture was reduced by almost ten times when compared with Figure 8a, with the materials being now limited by the presence of the multilayer coating system. This behaviour was expected since these coating materials show low water vapour permeability due to their moisture-protective function [74,76].



When calculating their MBVpractical and comparing with other materials [59,77], it can be seen in Figure 9 that the TRFs present a moderate-to-good classification, with higher values than the industrial thermal render (Ind Therm render) and much higher than the other materials. When the gypsum board is placed over their surface, the differences between the aerogel-based renders and the current thermal render almost disappear, as their behaviour is similar to that of concrete (however, in a solution like this, the gypsum board contribution should also be considered) and they are classified as presenting limited moisture buffering capabilities. When the multilayer system is applied on the surface, the moisture buffering behaviour of the renders is compromised by the performance of the coating system, with their classification now being negligible (MBVpractical < 0.2 g m−2 %RH−1 [58]) relative to their moisture buffering capabilities.



These results show that these TRFs can effectively improve the indoor environment, given that their performances are not impaired by surface coatings that degrade this property. In terms of differences between the fibre-containing formulations and the reference, the only variation worthy of note was when the render was directly exposed to the environment, with the aramid-containing render (TR aramid) showing a smaller change in mass (≈less than 3 g m−2), with any difference eliminated in the other cases. The differences between the TRFs and the industrial thermal render can be related to their higher hygroscopicity, as previously seen.






3. Hygrothermal Simulation


3.1. General Considerations


The hygrothermal simulations were carried out considering two approaches: new construction and retrofitting of building walls. Two geographical places were chosen for the new construction scenario: Lisbon, Portugal, and Zurich, Switzerland. Lisbon presents, according to the Köppen-Geiger climate classification [78,79], a hot summer Mediterranean climate (Csa), while Zurich presents, according to the same classification, a marine west coast climate (Cfb). These two areas present quite distinctive characteristics and are representative of generic European climates. At the same time, it is known that Switzerland already has a large construction market using aerogel-based thermal renders [71,80]. Therefore, it was important to see how these formulations would behave in such distinct conditions.



For the retrofit approach, since Lisbon has a significant number of buildings from the 1990s lacking thermal insulation [81,82], which leads to high energy consumption [83], two different retrofit approaches were selected: (i) thermal insulation material on the walls’ inside surface and (ii) thermal insulation material on the walls’ outside surface.



This study also compares the main thermal insulating materials used in this type of solution: EPS and XPS, and an industrial thermal render currently commercialised and applied in Portugal [62]. Due to their high capillary water absorption [23], these thermal renders need to be used in multilayer coating systems, like EPS and XPS in ETICS (External Thermal Insulating Composite System) or even in other thermal insulating renders [25]. Therefore, those coating layers were also considered when the solutions were applied outside the wall. When considered for application on the inside, a gypsum board was added as a protective and finishing element.




3.2. Simulations of Climatic and Boundary Conditions


With the formulations’ hygrothermal characterisation, it was possible to study their performance in different solutions and geographic and climatic conditions. This was achieved using numerical models that predict the coupled heat, air, and moisture transport (HAMT) of building materials [33,84].



In the present study, WUFI Pro 6.4 (Wärme Und Feuchte Instationär—heat and moisture transiency) was the software used, allowing for realistic hygrothermal simulations [34]. This software needs as input: the composition and properties of the individual materials used; the solution’s physical orientation and slopes; the initial simulation conditions (indoor and outdoor climates); and the duration of the simulation. Then, the numerical model, based on EN 15026 [10], evaluates, for the simulation period and chosen time step, the heat and moisture fluxes and the transient profiles of temperature, RH, and moisture content of the solution [85]. The model uses Equations (7) and (8) [85,86], where the storage terms are located on the equations’ left side and the fluxes on the right side are affected by heat and moisture.


    ∂ w   ∂ φ   ×   ∂ φ   ∂ t   = ∇ ×     D   φ     ∇   φ   +   δ   p   ∇   φ   p   s a t        



(7)






    ∂ H   ∂ T   ×   ∂ T   ∂ t   = ∇ ×   λ ∇ T   +   h   0   ∇     δ   p   ∇   φ   p   s a t        



(8)




where ∂w/∂φ is the moisture storage capacity [kg m−3 %RH−1]; ∂H/∂T is the moist heat storage capacity [J kg−1]; w is the moisture content [kg m−3]; λ is the thermal conductivity [W m−1 K−1]; Dφ is the liquid conduction coefficient [kg m−1 s−1]; δp is the water vapour permeability [kg m−1 s−1 Pa−1]; hv is the water evaporation enthalpy [J kg−1]; psat is the water vapour saturation pressure [Pa]; T is the temperature [K]; φ is the RH [%]; and t is the time [s].



This software also considers the effects of short- and long-wave radiation on the surfaces, combined into a collective heat source [34,87], and the effect of wind-driven rain (WDR), where factors such as the horizontal rainfall, wind speed, orientation, and type of constructive solution are considered [34,88]. However, the model has some limitations, as it neglects [89]: the convective transport of heat and moisture; some of the liquid transport mechanisms; salts and water transport; the interface resistance between two capillary-active materials; and enthalpy flows resulting from the transport of liquid water due to temperature differentials. With knowledge of its main limitations, this software is widely used in research, with its validity extensively validated through comparisons between in situ and simulation results [88,90,91].



3.2.1. Climatic Conditions


To simulate the solutions’ performance, the climatic conditions must be known, such as the hourly mean values of temperature and RH for the indoor and outdoor climates, solar radiation, wind speed and direction, and precipitation for the outdoor climate conditions to test [85]. For the Lisbon and Zurich outdoor conditions, values available in the WUFI database were used. The average conditions are shown in Table 5. The indoor climatic conditions, and although occupants’ comfort greatly varies from individual to individual [5], are usually established as legal requirements, it is accepted that the comfort zone has temperature threshold values between 19 and 26 °C and RH between 30 and 70% RH [92], being in Portugal usually considered between 18 and 25 °C [93]. Therefore, for the indoor conditions, the high moisture load climate from the EN-15026 was used (temperatures between 20 and 25 °C and RH between 40 and 70% of the RH-standard B curve) [10], simulating an intensive indoor usage, as these are the most commonly used conditions when considering numerical simulations and accepted as a good benchmark for comparison [94,95].




3.2.2. Boundary Conditions


Five years were chosen as the duration of the simulations to check the possibility of attaining some kind of dynamic equilibrium for the solutions [47], starting at the beginning of the rainy season (October) and, therefore, limiting the drying of the solutions at the initial stage. As for the facades’ orientation, the north orientation was selected, as the northern hemisphere’s orientation has less solar radiation, influencing the drying process, and the orientation would lead to the most WDR exposure. Additionally, 1% of the WDR value [96] was considered to penetrate the outer layers of the solutions, simulating construction defects [95,97].



Another parameter influencing the solution’s performance is the short-wave radiation absorptivity (αs) [88]. A lower value is associated with brighter colours while a higher value is associated with darker colours. From other studies, a lower αs reduces the absorbed radiation, leading to lower surface temperatures, slowing the drying fluxes, and contributing to the material’s increased water content. When comparing αs = 0.2 with αs = 0.6 or αs = 0.8 [62], significant differences in the drying of the construction elements were verified, leading to the choice of αs = 0.25 as a conservative approach. The boundary conditions can be seen in Table 6.





3.3. Wall Solutions and Simulations Evaluation Criteria


3.3.1. Materials and Wall Assemblies


To model and simulate the behaviour of different wall assemblies, it was necessary to create new material entries in the WUFI database. With the experimental campaign, these TRFs were hygrothermally characterised, but other materials’ properties had to be gathered from the literature. In the Supplementary Data, the detailed properties of the used materials can be seen.



Although it was considered a commercial protective coating system, composed of a basecoat, keycoat, fiberglass, mesh, and finishing coat, in these hygrothermal simulations only the contributions of the basecoat and finishing coat were considered. The fibreglass mesh, due to its open mesh, was considered to present a negligible influence. The keycoat, with a thickness of a few micrometres and a similar formulation to the finishing coat (acrylic co-polymers dispersion [25,98]), was considered a part of such a layer’s properties and thickness.



With the individual materials characterised, to simulate the hygrothermal performance of a new wall scenario, one of the most common solutions was chosen: a multilayer coating protective system with a thermal insulation material, a lightweight concrete block, and an interior plaster (Figure 10a). Then, depending if it was applied in Lisbon or Zurich, due to the thermal insulating requirements (Lisbon: U ≤ 0.50 W m−2 °C−1 [99]; Zurich: U ≤ 0.25 W m−2 °C−1 [100]), the thermal insulating layer and the lightweight concrete block thicknesses varied to fulfil the requirements. For Lisbon, a thermal insulation of 0.025 m and a lightweight concrete block of 0.25 m were used, and in Zurich, the same materials but with 0.06 m and 0.38 m, respectively.



For the retrofit scenario, two different thermal insulation applications were considered: one applied on the exterior (Figure 10b) and one applied on the interior surface (Figure 10c). The base wall was one of the most common types existent in buildings constructed in Lisbon in the 1980s [101]: double-leaf fired clay hollow bricks with an air layer in-between. This construction typology presents severe thermal insulation deficits due to the lack of thermal insulation materials [102]. The thickness of the thermal insulation was chosen to comply with the new buildings’ requirements: U ≤ 0.50 W m−2 °C−1 [99]. This way, it would be possible to evaluate the impact that moisture has on the constructive solutions’ thermal insulating performance, since their starting point, from a hygrothermal point of view, was the same. The layers and respective thicknesses of all the studied solutions are presented in Supplementary Data.



The new wall solutions, both for Lisbon (NW) and Zurich (ZNW), had a similar constitution, only differing in the lightweight concrete block thickness. Solutions 1 to 4 represent the TRFs (TR reference, TR aramid, TR sisal, and TR biomass, respectively); solution 5 contains an industrial thermal render; solution 6 uses EPS; and solution 7 uses XPS. The full description of the solutions can be seen in the Supplementary Data.



The retrofit solutions carried out on the exterior surface of the wall (RE) had a reference solution without thermal insulating materials—solution RE1—and then RE2 to RE5 corresponded to TR reference, TR aramid, TR sisal, and TR biomass, respectively. The industrial thermal render was the solution RE6, and finally, the solutions RE7 and RE8 correspond to EPS and XPS, respectively. The retrofit carried out on the interior surface of the wall (RI) followed the same thermal insulator distribution as in the RE scenario. Once again, the full description of the solutions used in these scenarios can be seen in the Supplementary Data.




3.3.2. Hygrothermal Simulations Evaluation Criteria


This type of research returns several results, but they need to be contextualised to be valuable. As a result, different aspects of hygrothermal performance were considered in this study in order to evaluate and compare the solutions.



	(i)

	
Total water content and drying potential







One of the most critical factors in a hygrothermal analysis is the progression of a solution’s total water content over time [4]. Hence, it is important for the simulation period to be long enough to see if a given solution can reach a dynamic equilibrium, or if it continues to accumulate moisture over the years. As a result, the total water content and the drying potential were analysed, where the first represents the progression of moisture over time and the second helps to verify if the solutions are drying, using Equation (9) [72]. A positive value is related to moisture drying (pass) and a negative value to moisture increase (fail) over that period.


  D P =     W C   y e a r n − 1   −   W C   y e a r n       W C   y e a r n − 1     × 100  



(9)




where DP is the drying potential [%]; WCyear n−1 is the solution’s water content at year n − 1, and WCyear n is the solution’s water content at year n, both in [kg m−3].



	(ii)

	
Mould growth potential







The appearance of mould in construction materials can lead to hygrothermal and mechanical performance deterioration [5]. This is usually only assessed for the indoor environment due to air quality and material integrity; for the exterior surfaces, it is harder to evaluate as temperatures, UV exposure, and washing of the spores due to rain tend to limit their growth [103]. For indoor conditions, the factors to avoid mould growth are a specific temperature, RH ranges [104], and substrate quality [105]. Mould appearance and growth can be evaluated in the simulations through two different tools. A graph (temperature vs. RH) that shows the limiting isopleths for building materials, LIM B I (for situations where there is a bio-utilisable substrate) and LIM B II (for substrates with porous structures), below which no mould growth is expected [106]. The other tool is the WUFI Bio postprocessor, which allows conducting a biohygrothermal evaluation by comparing the simulated transient ambient conditions with the needed growth conditions [106]. The simulated moisture content of the mould spores is compared with the critical water content, which allows a spore to germinate, and once germination occurs, it estimates its growth (fail) [104]—the objective being not to have any growth at all (pass). Figure S3 from Supplementary Material shows an example of an isopleth whose behaviour was shared by all solutions using the WUFI Bio postprocessor: no significant risk of mould growth since its results were kept below the identified LIM limits (the darkest area corresponds to the most common conditions).



	(iii)

	
Water content in the thermal insulation layers







Since this study involves highly porous thermal renders, one important assessment to be made was related to their water content over time. This directly influences the durability due to the potential running off of water inside the layer and on the frost resistance and thermal performance. Therefore, it is essential to know how the water content of the thermal insulating material is behaving relative to its maximum moisture capacity (wf), where values of the ratio w/wf below one indicate a low probability of water running off [85].



As for the frost damage risk, following the WTA guideline 6-5-12/D [107] referred to in [34], the contact area between the insulation and the most external layer (basecoat) should present a water content ratio (w/wmax) below 0.30, minimising the probability of frost damage. Since wmax for all solutions was much higher than wf (more than three times higher), a ratio of w/wf below 0.30 was considered a conservative approach in this study (pass).



	
(iv) Temperature variations






Temperature is a well-known factor that influences construction materials’ expansion and retraction characteristics [108]. As such, the temperature on the solution’s surface is an important parameter to evaluate since it can directly impact its durability [62]. If a given solution has a higher surface temperature for the same insulating performance, its durability can be decreased due to localised tensions on the material’s surface [62,88]. Another important factor to be evaluated is the temperature gradients within the thermal insulating material since they can lead to internal tensions, degrading the material’s structure and durability [109]. Therefore, the exterior surface temperature (99th percentile and maximum) and the temperature gradient (99th percentile) between the opposing surfaces of the thermal insulating materials were assessed.



	
(v) Surface condensation






One of the main pathologies that degrade buildings’ coating systems is related to the defacement of some areas due to biological growth (e.g., mould and algae), usually related to surface condensation [90]. As water condensation occurs when the water vapour partial pressure in the air exceeds the water vapour saturation pressure on the surface [103], this risk for the construction solutions can be evaluated by two indicators: the risk of surface condensation [110] and the number of hours that the superficial RH φ = 100% RH [62], both evaluated for the 5th year of the simulation. As described by Zheng et al. [110], the condensation potential (CP) [Pa], Equation (10), is a result of the difference between the water vapour partial pressure in the air (Pv(air)) [Pa] and the water vapour saturation pressure on the surface (Psat(surface)) [Pa]. If CP > 0, it is considered that there is condensation, and its value is accumulated for the evaluation period; otherwise, it is discarded. The other method considers the number of hours that superficial RH is equal to 100% (φ = 100%RH); the result is given in the simulation results and it is only necessary to accumulate the number of hours for the evaluation period.


  C P =   P   v     a i r   −   P   s a t     s u r f a c e    



(10)







	(vi)

	
Thermal insulating performance—potential heat loss







The previous points are linked to the solution’s hygrothermal integrity and durability, while this factor is more geared towards its thermal insulating performance. This was evaluated using two indicators: the ratio between the solution’s monthly average U-value (Uavg) and its reference design’s initial U-value (Uref), and the heat loss (q) through the wall during a full winter season.



For the evaluation of the Uavg/Uref ratio, the WUFI Thermal Transmission post-processor [34] was used, which calculates the solution’s Uavg for each month, making it possible to evaluate if the solution is losing its thermal insulation performance. Then, knowing the Uref, it is possible to see, for the different months, how the solution is behaving, with a ratio above 1 indicating loss of thermal insulation capacity. The post-processor uses Equation (11) [34] for its calculations.



Since during summer months, the direction of the interior heat flux usually changes twice a day, it can lead to a meaningless ratio—because more heat flows from the wall to indoors during the day than heat flows from indoors to the wall during the night. Therefore, some care must be taken when executing the analysis in these months. This fact contributed to the analysis period defined for the element’s heat loss.


    U   a v g   =   − Q   Δ   T   a      



(11)




where Uavg is the monthly average U-value [W m−2 °C−1]; Q is the monthly mean heat flux per area through the interior surface [W m−2]; and ΔTa is the monthly mean value of the temperature difference (indoor and outdoor) [°C].



For the calculation of the solution’s potential heat loss, the heat loss equation (Equation (12) [72]) is used. This was evaluated as a sum of the heat losses during the period from 1 October of the 4th year until 1 May of the 5th year, representing a full winter.


  q =    ∑    U   i   ×   A   i   ×     T   i n   −   T   o u t     × Δ t     1000    



(12)




where q is the element’s heat loss [kW h]; Ui is the thermal transmittance of the assembly [W m−2 °C−1]; Ai is the surface area [m2]; Tin is the indoor temperature [°C]; Tout the outdoor temperature [°C] and Δt the time [h].





3.4. Hygrothermal Simulations and Discussion


This analysis was divided into three main scenarios: (i) a new wall with the thermal insulation material applied on the exterior surface (NW for Lisbon and ZNW for Zurich); (ii) a retrofit with the thermal insulation applied on the exterior surface (RE); and (iii) a retrofit with the thermal insulation applied on the interior surface (RI). The Supplementary Data presents graphics for all the scenarios and analyses of evaluation criteria that can further support the reading of these results.



3.4.1. New Wall Scenario (NW and ZNW)


Table 7 presents the most noteworthy results related to the solutions’ total water content, both for Lisbon (NW) and Zurich (ZNW)—in the Supplementary Data, the graphics of these simulations can be seen. There, it is possible to see that the application under different conditions influences the materials’ performance. In Lisbon, only solution NW5 (wall composition in the Supplementary Data) showed some water accumulation in year five, with the other solutions showing the capability to dry during the year. However, when the climate of Zurich (ZNW) is considered, with more accumulated rain, lower temperatures, and less solar radiation, it is seen that solutions ZNW5, ZNW6, and ZNW7 (wall compositions in the Supplementary Data) for the WDR exposed façade showed a lack of drying abilities, significantly impacting their potential integrity and durability. This lack of drying is also related to the penetrating 1% of driving rain due to construction defects. As for the aerogel-containing renders (NW1 to NW4, and ZNW1 to ZNW4), they showed the ability, in both climates, to attain a quicker dynamic equilibrium (around 3 years), whereas the natural fibre-containing formulations (NW3 and NW4, and ZNW3 and ZNW4) presented even better performance.



The industrial thermal render (NW5 and ZNW5) was the solution that presented the lower performance in both locations, probably related to a higher wf and the coating system limiting its drying. For the aerogel-based solutions (NW1 to NW4 and ZNW1 to ZNW4), since they present a lower wf than the industrial thermal render (NW5 and ZNW5) but at the same time lower μ than EPS (NW6 and ZNW6) and XPS (NW7 and ZNW7), which can contribute to quicker drying, they could present better performance. The natural fibre formulations (NW3 and 4 and ZNW3 and 4) showed improved performance on this indicator due to their higher hygroscopic behaviour [27].



As for the mould growth, all solutions presented values of temperature and humidity that would not lead to mould development, although considering a high moisture indoor climate. These results were also verified, case by case, using the WUFI Bio postprocessor.



In Lisbon (NW), the aerogel-based renders share a similar behaviour with a higher baseline than the industrial thermal render (NW5). However, when the influence of the WDR is accounted for, the industrial thermal render (NW5) starts to show an increasing water accumulation, surpassing the aerogel-based thermal renders (NW1 to NW4 and ZNW1 to ZNW4). During most of the rainy season, for the North façade, all renders showed similar behaviours. In Lisbon, the higher number of days with solar radiation has a considerable influence on the solutions’ drying [86]. From October to April, there is an increase in the water content, then drying until reaching the minimum water content in August.



For Zurich, all the aerogel-containing renders (NW1 to 4 and ZNW1 to 4) maintained similar behaviours throughout the year, being able to dry from one year to the next. The industrial thermal render (ZNW5) that was presenting good performance in Lisbon started to show signs of not being able to dry during the year. Where in Lisbon the industrial thermal render (NW5) can dry out relatively quickly due to higher solar radiation and a lower moisture presence, in Zurich (ZNW5), this was greatly reduced due to climate characteristics, also seen in the very similar values between the SW and the N façades. The industrial thermal render’s (ZNW5) performance in Zurich seems limited by its higher wf than the aerogel-containing renders (ZNW1 to 4).



In both Lisbon and Zurich, it can be seen the influence that the more exposed façade to the WDR has on the solutions. However, the ratio w/wf was less than 30%, indicating negligible risk of frost damage. In both locations, the natural fibre-containing renders (TR sisal—NW3 and ZNW3—and TR biomass—NW4 and ZNW4) showed less water content year-round than the reference, once again certainly linked to their lower μ. The TR aramid renders (NW2 and ZNW2) with slightly higher μ and decreased porosity showed marginally lower performance than the TR reference (NW1 and ZNW1).



As can be seen, the maximum temperatures present in Lisbon are approximately 10 °C higher than in Zurich, as expected. Those higher temperatures can generate durability issues due to the materials’ expansion and retraction [88,108]. In terms of drying, it is once again understood why in Lisbon, the solutions present a quicker drying process: the overall rainfall quantity is lower, and the temperatures are higher. Here, the coating system also limits the overall performance, since it is the same in all solutions.



As for the temperature gradients inside the thermal insulating material, in both places they are between 4 and 7 °C, indicating that the majority of times they are below those values, which are not very significant [109]. With the solutions containing XPS (NW7 and ZNW7) showing a lower gradient, this behaviour is potentially linked with a marked difference in this material’s thermal diffusivity.



As expected, it is seen that the risk of surface condensation significantly increases in Zurich. This fact is related to the most demanding outdoor climatic conditions in Zurich and increased thermal insulation thicknesses. The higher thermal insulation needs lead to less heat migrating to the exterior surface, which increases the solutions’ condensation potential [110].



When all solutions are compared, in Lisbon, the North façade is the one with the highest risk of exterior surface condensation, but in Zurich, the behaviours are similar between the SW and the N façades, and both are higher than Lisbon. The aerogel-containing solutions (NW1 to 4 and ZNW1 to 4) showed similar behaviours to the other materials, whereas the TR biomass solutions (NW4 and ZNW4) showed a slightly better performance. The industrial thermal renders (NW5 and ZNW5) showed lower values, which can be related to higher water content and lower thermal insulation, letting indoor heat pass and heat the exterior surface.



The climatic conditions differ between Lisbon (SW different from N) and Zurich (SW similar to N). In Lisbon’s SW façade, due to the high number of non-raining days and solar radiation, there are a substantial number of months where the average thermal transmittance is below the initial values (20 °C and 80% RH conditions). For the north façade, due to the sun’s low influence (without direct solar radiation), the values are maintained above the initial conditions, with the values increasing in late summer due to inversion, as previously seen. The industrial thermal renders (NW5 and ZNW5), due to their higher water absorption, have more months with lower performance (above 1.0) than the aerogel-containing renders (NW1 to 4 and ZNW1 to 4).



In Zurich, the differences between the SW and the N façades are much smaller, with all solutions lowering their thermal transmittance performances. Here, the most significant increase was related to the industrial thermal render (ZNW5), due to its higher water content, which influences its thermal conductivity and increases the solution’s overall thermal transmittance.



Although all solutions were analysed for their 4th to 5th year, it should be noted that solutions ZNW5 (industrial thermal render), ZNW6 (EPS), and ZNW7 (XPS) in the subsequent years would start to exhibit lower performance due to water content accumulation. Therefore, from all solutions, the ones that could maintain better performance throughout the year were the ones containing aerogel and fibres: TR aramid (NW2 and ZNW2), TR sisal (NW3 and ZNW3), and TR biomass (NW4 and ZNW4).



Finally, for the solutions’ heat loss, it can be seen that the aerogel-containing solutions (NW1 to 4 and ZNW1 to 4), although presenting a higher initial hygroscopicity, can contribute to higher energy savings than the other solutions containing industrial thermal render (NW5 and ZNW5), EPS (NW6 and ZNW6), and XPS (NW7 and ZNW7). This is more noticeable in Zurich than in Lisbon since, as could be seen in this analysis, the climate has a significant impact on the type of materials to be chosen and applied. This can be related to the fact that although EPS (NW6 and ZNW6) and XPS (NW7 and ZNW7) do not present significant hygroscopicity, from 80% RH on, they start to suffer the impact of moisture [44]. Therefore, when applied in a climate where moisture is always present, it impairs their performance since when moisture enters the solution, due to their very low water vapour permeability [43,44] it is retained due to the low number of drying hours in Zurich. The industrial thermal render (NW5 and ZNW5), even with an 8 cm thickness (the maximum allowed by the manufacturer), did not comply with Zurich’s legal requirements.



The aerogel and fibre-containing renders (NW2 to 4 and ZNW2 to 4) showed good performances in both climates. The TR sisal (NW3) showed better performance than the TR reference (NW1) (less 3% of kWh), the industrial thermal render (NW5) (less 10%), and EPS (NW6) (less 5%) in Lisbon, being only surpassed by XPS (NW7) (more 5%); however, this latter solution tends to accumulate water during the service life, significantly decreasing its performance over time.



For Zurich, considering the SW orientation, the best solutions were the aerogel-based fibre-containing formulations (ZNW2 to 4), with the TR aramid (ZNW2) presenting the best performance (less than 4% kWh of the TR reference (ZNW1) and less than 9% of the XPS (ZNW7)). When considering the N orientation, the TR sisal (ZNW3) showed less than 3% of the TR reference (ZNW1) and less than 4% of the XPS (ZNW7). Where in Zurich industrial thermal render (ZNW5), EPS (ZNW6), and XPS (ZNW7) tend to degrade their performances due to an increase in water content. The difference in the industrial thermal render (ZNW5) is related to its being considered the same construction solution for all cases, but due to its higher thermal conductivity and maximum acceptable application thickness (0.08 m), it could not perform adequately.



Therefore, these aerogels and fibre-containing renders’ hygrothermal properties could be evaluated against other currently used materials and showed potential to be applied while excelling in more demanding climates with a higher presence of rain and moisture, such as Zurich.




3.4.2. Wall Retrofit over the Exterior Surface (RE)


The presence of a superficial acrylic paint with two layers was considered for the existing reference wall (RE1) (see composition in the Supplementary Data), reducing the WDR water absorption (by 20% due to the usual low maintenance) while increasing the water vapour diffusion-equivalent air layer thickness (sd = 0.56 m) [111]. This layer was considered to be removed when the new exterior multilayer coating systems were applied. Here, the defects were considered to be 1% of the WDR in the exterior mortar, even for the new systems.



In Table 8, it can be seen that the introduction of these thermal insulation systems drastically reduced the total water content, improving the integrity and durability of the construction. The reference solution (RE1), as well as the aerogel-based renders (RE2 to 5), quickly showed dynamic equilibrium. However, the solutions with EPS (RE7) and XPS (RE8) showed a limited capability of drying, while the solutions with TR sisal (RE4) and TR biomass (RE5) showed quicker drying. This, as previously seen, can be related to the water vapour permeability shown by these materials (lower in the EPS-RE7- and XPS-RE8-solutions) [43], associated with the high μ of the coating system, slowing their drying process. The solutions that reached a quasi-steady state took around 3 years.



Due to the low thermal insulation performance, it can be seen in Table 8 that the existing reference wall (RE1) showed a significant probability for mould to develop, but when the thermal insulation solutions were applied, that probability became negligible, being similar for all solutions. This shows the importance of adequate thermal insulation for improving indoor air quality.



The results are shown in Table 8, which also shows that the whole solution absorbed less water when the thermal insulation systems were used. This could be because the coating system is better at keeping liquid water from getting in, which lowers the water content. The TR sisal (RE4) and TR biomass (RE5) formulations were able to maintain lower water contents for SW and N orientations. The increase in total water content (ratio < 20%) when compared with the new wall solution for Lisbon can be related to the high water absorption properties presented by the existing mortar and fired clay hollow brick. If at the same time, the high of the coating system is considered, it can be explained that the rise in water content is due to the water vapour’s difficulty exiting and, therefore, does not contribute to the solutions’ drying.



The inclusion of the thermal insulating systems led to an increase in the exterior surface temperature over the reference (RE1). This seems linked to the coating system present in all solutions and the presence of the thermal insulators behind it that do not disperse heat as efficiently as other materials with higher thermal conductivity. The same type of behaviour was seen in the temperature gradient inside the thermal insulating materials, where all solutions presented similar performances.



When the thermal insulating systems were applied to the old walls, the risk of surface condensation was drastically reduced. The only situation worse than the reference (RE1) was related to the number of hours, over a year, with 100% RH. This fact can be associated with the increase in thermal insulation, in which, due to the lower influence of the WDR on the north façade, there was a loss of superficial heating, from indoor losses, which could maintain higher surface temperatures and, therefore, a lower risk of existing 100% RH. Nonetheless, all materials, for the analysis period, showed similar performance.



With the analysis of the thermal insulation loss over the year and the relationship with the heat losses during the winter season, it can be readily seen that all new retrofit solutions presented significant improvements in the building’s thermal insulation efficiency.



These thermal insulation systems could maintain a better thermal performance over the year, with the TR sisal (RE4) showing a more equilibrated performance on both façades. The EPS (RE7) and XPS (RE8) tend to degrade their performance over the years due to their difficulty to dry. The industrial thermal render (RE6) solution, in this case, showed similar performance.



Table 8 shows that the inclusion of the thermal insulation systems reduced heat loss by 10 times, drastically increasing energy efficiency. Since EPS (RE7) and XPS (RE8) solutions suffer an increase in their water content, their performance will degrade over time. As for the solutions with lower heat loss, for the SW façade, the TR aramid formulation (RE3) improved over the TR reference (RE2) by around 2%, while for the N façade, TR sisal (RE4) showed a 3% improvement over the TR reference (RE2). TR aramid (RE3) showed the best overall performance (for SW and N façades conjugated), reducing heat loss by 1.5% kWh over TR reference (RE2) and ≈10-fold when compared to the original solution (RE1). With these results, the TRFs once again showed multifunctional application potential.




3.4.3. Wall Retrofit over the Interior Surface (RI)


Another application of thermal insulation on buildings’ façades is usually considered an interior application [101]. In Table 9, it can be seen that in this retrofit scenario, all solutions except the aerogel and fibre-containing renders (RI2 to 5) showed high affinity to keep the water content increases. When compared with the exterior retrofit, all solutions present a higher baseline water content, linked with the reduction of heating of the walls in winter, which limits their drying, as well as the indoor environment presenting a high moisture content [112], also impairing such a drying process.



Only the reference solution (RI1) presented a significant probability for mould development, as previously observed in the exterior retrofit study, where RE1 is the same as RI1 (see Supplementary Data). As in the other retrofit scenario, it took about 3 years for the solutions to reach a quasi-steady state.



Since the thermal insulation in this retrofit scenario was placed on the interior side of the wall, but with a gypsum board protecting it, it can be seen in Table 9 that in this case, the solutions’ behaviour is very similar between the SW and the N façades.



On the SW façade, there is a more significant influence of the solutions’ drying due to higher solar exposure. For the industrial thermal render (RI6), it is seen that it absorbs more water during the winter, although it loses it in the summer, being slower in this process than when applied on the exterior. This fact can be related to the influence that the outer climatic elements have on the drying of this material, and it can also be related to its lower MBV (moisture buffer value), showing more difficulty eliminating moisture in a short time.



However, for the aerogel-fiber-containing renders (RI3–5), there was a higher degree of stability. This could also have something to do with the fact that these aerogel renders had higher MBV values, which can help to keep their performance even throughout the year. In this specific case, the TR biomass formulation (RI5) showed better performance for both façades over the year, closely followed by TR sisal (RI4).



With the interior retrofit, the maximum exterior temperatures were not significantly affected (Table 9), since the exterior surface was similar. Regarding the temperature gradient for the thermal insulating layer, it is almost negligible since the indoor environment has a direct influence over it.



With this retrofit solution, the condensation risk increased significantly (Table 9), as expected. This is related to the indoor heat not being able to heat the exterior surface during the winter months, increasing that risk.



Both EPS (RI7) and XPS (RI8) solutions showed worse performance, not only for accumulating water but also by seeing their thermal performance degrade over time, probably related to their low water vapour permeability that impairs their drying.



Due to the much lower drying influence of the solar radiation in these solutions, they tended to present higher thermal transmittance values (Table 9) than their respective reference values over the year. Once again, the thermal inversion influence during the summer can be verified. Here, the TR sisal formulation (RI5) showed the best overall performance.



In Table 9, it can be seen the potential heat losses, per m2, during the winter season for all solutions. As in the exterior retrofit scenario, all solutions decreased the heat losses over the reference wall (RI1) by almost 10 times. Once again, solutions EPS (RI7) and XPS (RI8) accumulate water, with their performance further decreasing over time. The other solutions show that the TR aramid (RI3) applied in the SW façade lowers the heat losses by almost 20% over the TR reference (RI2), while for the N façade, the best performance is from the TR sisal formulation (RI4), with less than 4% of the heat losses of the TR reference formulation (RI2).



When considering the overall performance (SW and N façades), the TR aramid (RI3) shows less than 8% heat loss compared to the TR reference (RI2). In this case, since the thermal insulation is inside, it seems that the higher moisture affinity of the natural fibre-containing solutions had some influence on their overall performance, as already described in other research works [9]. Additionally, in this case, the aerogel-based fibre-containing formulations (RI3–5) showed better performance, confirming, once again, their multi-functionality.






4. Critical Analysis of the Results


4.1. Thermophysical Properties of the Materials


When considering the thermal properties, the fibres’ incorporation, due to their higher thermal conductivities and reduction of aerogel quantity, increased the overall thermal conductivity in the dry state, but by less than 7% relative to the reference, and still below EPS (λ10°C ≈ 0.036 W m−1 K−1 [61]) or thermal renders with EPS (λ10°C ≈ 0.050 W m−1 K−1 [62]). This was an interesting aspect since the incorporation of fibres in cement-based composites is usually linked with lowering thermal conductivity [113]. In this case, as the silica aerogel has a low thermal conductivity, such behaviour was not verified. However, the formulations with fibres could lower the water saturation, contributing to lower thermal conductivity (at least by 7%) in the presence of moisture. This fact was attributed to the presence of air pockets trapped in the pore structure and to the capillaries’ interruption due to the fibres’ presence, seen in [27], which impaired water progression. Here, the TR aramid showed less water absorption and could maintain a more stable thermal conductivity increase. As for thermal inertia and penetration depth, significant differences between the distinct formulations were not found.



For the moisture storage, it seems that the fibres did not significantly influence the TR reference’s hygroscopic behaviour. As seen through the dynamic vapour sorption (DVS) results [27], the paste already presented considerable influence in the hygroscopic range; therefore, the similar behaviour between all the formulations seems related to the paste. However, when tested in the over-hygroscopic range, it started to show differences, with less water absorbed by the fibre-containing formulations, either by reduction of capillaries or reduction of pores linked to the exterior [65,68]. Additionally, the water vapour permeability increased with the use of natural fibres.



Here, it was also found that the fibres’ inclusion led to a lower liquid transport coefficient for suction (Dws), since its calculation is dependent on the Aw coefficient. As seen in [27], the fibres’ use led to a significant reduction of the capillary water absorption coefficient (Aw), therefore the difference between the Dws parameters between the reference (TR reference) and the fibre-containing formulations was already expected, representing better behaviour as a construction material.



Finally, for the analysis of moisture buffering properties, it was seen that when only considering the TRFs, the TR aramid formulation showed a slightly lower performance but still presented higher capabilities than the studied industrial thermal render. Nonetheless, the TR sisal and TR biomass showed very promising performances. When a gypsum board was placed in front of these materials, the total moisture-absorbing capability was reduced to half, with all the aerogel-based formulations presenting similar behaviours. When the application of a commercial multilayer coating system was considered, the maximum moisture absorbing capability for all thermal insulating materials was reduced almost ten times due to its intrinsic properties [25].



With this experimental campaign, it was seen that the most significant influence of the fibres’ use was related to the reduction of capillary water absorption, either by reducing capillary paths or by changing the render’s pore structure [27]. This factor greatly influenced the thermal conductivity of the fibre-containing formulation, since less water uptake led to overall lower thermal conductivities.




4.2. Hygrothermal Simulation Performance


In this study, several scenarios were studied, from new walls placed in different climates (Lisbon and Zurich) to thermal insulation retrofit scenarios on the exterior and interior. From the results, it could be seen that the climate and the legal requirements should dictate the choice of the materials since their hygrothermal behaviour influences the performance of the construction solutions where they are applied.



For the new wall solution, in both Lisbon and Zurich, the TRFs presented better performance than the other solutions (industrial thermal render with EPS granules, EPS, and XPS). The best performance was attained by the natural fibres (TR sisal and TR biomass), as it seems that their higher water vapour permeability conjugated with their low capillary water absorption contributed to a quicker drying of the respective solutions.



In the exterior thermal insulation retrofit scenario, the TR sisal and TR biomass formulations continued to present better performance than the other solutions (industrial thermal render, EPS, and XPS). This continued in the same line as in the new wall scenario; however, EPS and XPS solutions showed higher water contents, probably related to the constructive solution’s differences. Nonetheless, these innovative TRFs showed their multifunctionality potential, presenting better performances than the other solutions, and even better than the TR reference formulation, achieving dynamic equilibrium more quickly.



When the interior thermal insulation retrofit scenario was considered, although the fibre-containing formulations (TR aramid, TR sisal, and TR biomass) continued to show better performance, the best formulation of all was the TR aramid. This can be related to this fibre’s lower moisture affinity (as seen in the DVS analysis in [27]) in an indoor environment, where the solutions have more difficulties drying due to the presence of the gypsum board. Nonetheless, the TR sisal could present some reliable performance. In this type of solution, since the indoor temperature is higher than the outdoor temperature (during Winter), moisture is transferred from the inside to the outside. Therefore, the materials’ water-vapor permeability has a significant influence on the behaviour of the whole constructive system, contributing to or not increasing its water content. With indoor thermal insulation, the wall becomes in contact with the cold environment outside (during winter), lowering the constructive system’s temperature, which significantly increased the risk of surface condensation [114].



As expected, the application of thermal insulation on the exterior side of the walls presented more advantages than on the inside [34,88,90]: reduction of global heat losses and energy consumption; a higher temperature of the wall, improving drying and lowering condensation risk; reduction of thermal bridges; more mass in contact with the interior, contributing to better indoor temperature regulation.



Another aspect that must be considered is that the protective coating system significantly limits the water vapour permeability of the solutions [25], lowering it by more than 90%. Nonetheless, due to the higher water vapour permeability of the TR sisal and TR biomass when compared with, for example, EPS or XPS, they contribute to a higher overall water vapour permeability of the multilayer coating systems, improving their drying capabilities.




4.3. Study Considerations


Nonetheless, for all the simulations made, several limiting factors should be considered:




	
The hygrothermal simulations of Lisbon and Zurich, which were based on this analysis, were run with validated files made available by the WUFI software. However, those files represent one year (1998) of hourly data for several climatic parameters. This is one important factor to consider, as in different years the conditions can be quite different, which can impact the performance of constructive solutions;



	
It is currently known that climate change is happening [115]. This can further impact the performance of constructive solutions since climate variations can lead to more moisture and rainfall, influencing the solutions’ performance and needs. This fact can also be limited by microclimatic phenomena, which should be considered when evaluating the applicability of any given material [116];



	
Another aspect that was not considered, even in the simulations, was the presence of rising damp and salts in buildings, which is one of the significant building defects verified in Portugal [117]. Although this factor was not considered, it should be accounted for, mainly in retrofit scenarios, since it can lead to several anomalies;



	
The indoor occupancy can also greatly influence the overall performance (users’ occupancy 100% of the time vs. 40%, for example), as well as the type of use (e.g., kitchen vs. bedroom);



	
As these simulations represented broad application scenarios, each singular case should be analysed, since the geographic location, utilisation conditions, used materials, and climate, among other factors, will influence the obtained results.










5. Conclusions


In this study, the influence of a synthetic fibre (TR aramid) and two natural fibres (TR sisal and TR biomass) on the hygrothermal properties of an aerogel-based thermal render (TR reference—without fibers) was evaluated. For hygrothermal evaluation, the water content with time and its effect on the thermal insulation of the solution were the primary considerations. Both of these factors affected a number of other variables. Moreover, the behaviour of these renders was evaluated when applied in new construction and retrofit scenarios under different conditions compared with other current thermal insulating solutions. From the gathered results and respective analyses, it is possible to draw the following conclusions:




	
Although low amounts of fibres were used (0.5% (vol./vol.) for the TR aramid and 0.1% (vol./vol.) for the TR sisal and TR biomass), they significantly improved the hygrothermal properties over the TR reference.



	
These aerogel and fibre-containing formulations showed adequate moisture buffering potential; therefore, their future use indoors can be considered as presenting an air moisture regulation capacity, contributing to their application multifunctionality;



	
The aerogel and fibre-containing formulations, especially the ones containing natural fibres (TR sisal and TR biomass), showed the most balanced hygrothermal performance of all the studied solutions, either in quickly attaining dynamic equilibrium or dealing with moisture throughout the year. However, depending on the application scenario, the choice of materials must be a careful process. Nonetheless, these aerogel-based thermal renders showed that they could be applied in several distinct geographical and climatic conditions while maintaining good hygrothermal performance;



	
In new construction, the aerogel and fibre-containing solutions presented better characteristics than the other studied solutions (industrial thermal render, EPS, and XPS), mainly due to lower capillary water absorption and higher water vapour permeability. Moreover, when a colder and moister climate was chosen (Zurich), these TRFs excelled over the other solutions, since after two years they showed dynamic equilibrium, whereas other solutions (e.g., with EPS and XPS) did not, showing their application potential;



	
It was found that the used finishing coating (with an acrylic base) and basecoat have a big effect on the multilayer systems that were looked at. Other materials might have different effects. Although such a protective coating reduced the liquid water penetration from the outside, it also presented low water vapour permeability, hindering the elimination of water that penetrated the interior layers; therefore, they usually contributed to the increase in the solutions’ interior water content;



	
In a retrofit scenario, it was seen that the exterior application of the thermal insulation is more effective in reducing energy losses than the interior application. Additionally, in both cases (interior and exterior retrofit), the aerogel and fibre-containing solutions (TR aramid, TR sisal, and TR biomass) presented better performances than the other solutions. In addition, when applied to the interior retrofit, those renderings can improve the indoor environment due to their moisture buffering capabilities;








As it has been seen, the incorporation of fibres (aramid, sisal, and biomass) in the aerogel-based formulation of thermal render has shown improvements over the reference physical properties, which led to an improvement in their hygrothermal performance. With such findings, it can be attributed to some multifunctionality in these formulations, since they can show benefits for different uses and applications while also contributing to energy savings in buildings when compared with other solutions, with a reduction of heat transfer of more than 20%.



In future research, these formulations should be studied in terms of their environmental impacts and how their demonstrated capabilities of saving energy consumption would influence the overall performance over the life cycle of a building. These formulations could also benefit from their simulation with FEM models and, above all, be applied in situ to validate the results of these simulations. Climate change scenarios and occupancy internal rates could also be investigated.
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Abbreviations




	RH
	Relative humidity



	TR
	Thermal render



	TR aramid
	Aerogel-based render with 0.5% (volume) of aramid fibre



	TR biomass
	Aerogel-based render with 0.1% (volume) of biomass fibre



	TR reference
	Aerogel-based render without fibres



	TR sisal
	Aerogel-based render with 0.1% (volume) of sisal fibre



	TRF
	Aerogel-based fibre-enhanced thermal renders with either aramid or biomass or sisal



	WDR
	wind-driven rain
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Figure 1. Aerogel-based render’s visual aspect during the mixing process (a) and the specimens (cylindric I with a linear probe; closer—cylindric II with a plane probe) and ISOMET 2114 equipment from Applied Precision supplier (b). 
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Figure 2. Aspects of the hygroscopic range evaluation (a) and the over-hygroscopic using a Heraeus Vötsch climatic chamber, with the samples immersed in water (b) in a sealed plastic box. 
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Figure 3. Ranges for practical moisture buffer value (MBVpractical) classes, adapted from [59]. 
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Figure 4. Thermal conductivity as a function of water content, at 10 °C. 
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Figure 5. Sorption isotherms for the renders (black) at 23 °C, compared with other results [11,33,62]. 
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Figure 6. Liquid transport coefficient for suction (Dws), as a function of moisture content (w). 
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Figure 7. Section view of each analysed application: (a) thermal render; (b) thermal render with gypsum board; (c) multilayer system. 
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Figure 8. Moisture buffering performance for different applications: (a) thermal render; (b) thermal render + gypsum board; (c) thermal render + protective coating system—Ind thermal render from [62]. 
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Figure 9. MBVpractical when compared to other materials—Ind therm render [62], brick and concrete [59,77]. 
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Figure 10. Section view of the studied wall assemblies: (a) new construction (NW and ZNW); (b) outdoor retrofit (RE); (c) indoor retrofit (RI). 
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Table 1. Specimens produced, per formulation.
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	Specimens’ Shape
	Dimension [mm]
	Number of Specimens





	Cylindric I
	ϕ ≥ 70; h ≥ 130
	3



	Cylindric II
	ϕ ≥ 100; h ≥ 40
	3







Note: ϕ—specimens’ diameter; h—specimens’ height; each test conducted at least three times for each specimen to obtain some statistical significance.
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Table 2. Synthesis of some of the parameters previously characterised—average values adapted from [27].
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	Render Formulation
	ρhard [kg m−3]
	P0 [%]
	λ10°C,dry [W m−1 K−1]
	μ [-]
	Aw [kg m−2 s−1/2]





	TR reference (0.0%)
	158.7
	86.3
	0.0293
	13.7
	0.1090



	TR aramid (0.50%)
	164.5
	85.1
	0.0315
	13.3
	0.0286



	TR sisal (0.10%)
	160.3
	86.9
	0.0298
	12.7
	0.0325



	TR biomass (0.10%)
	161.6
	87.0
	0.0306
	12.4
	0.0310







Note: ρhard—bulk density in the hardened state [kg m−3]; P0—open porosity by mercury intrusion porosimeter [%]; λ10°C,dry—thermal conductivity at 10 °C and hardened dry state [W m−1 K−1]; μ—water vapour diffusion resistance factor [-]; Aw—capillary water absorption [kg m−2 s−1/2].
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Table 3. Thermal properties result in synthesis.
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	Render Formulation
	λ10°C,dry

[W m−1 K−1] [41]
	λ10°C,sat

[W m−1 K−1]
	cp

[J kg−1 K−1]
	I

[J m−2 K−1 s−1/2]
	α

[m2 s−1]
	dp,10min

[mm]





	TR reference (0.0%)
	0.0293 ± 0.0031
	0.1401 ± 0.0052
	930.1 ± 5.1
	65.8
	1.99 × 10−7 ± 1.91 × 10−9
	19



	TR aramid (0.5%)
	0.0315 ± 0.0019
	0.1311 ± 0.0071
	800.0 ± 7.9
	64.4
	2.39 × 10−7 ± 2.63 × 10−9
	21



	TR sisal (0.1%)
	0.0298 ± 0.0027
	0.1230 ± 0.0035
	894.5 ± 10.2
	65.4
	2.08 × 10−7 ± 2.70 × 10−9
	20



	TR biomass (0.1%)
	0.0306 ± 0.0032
	0.1285 ± 0.0044
	957.3 ± 12.8
	68.8
	1.98 × 10−7 ± 2.77 × 10−9
	19







Note: ±SD—standard deviation. λ10°C,dry—thermal conductivity at 10 °C and dry-state [W m−1 K−1]; λ10°C,sat—thermal conductivity at 10 °C and saturated-state [W m−1 K−1]; cp—specific heat capacity [J kg−1 K−1]; I—material’s thermal inertia [J m−2 K−1 s−1/2]; α—thermal diffusivity [m2 s−1]; dp,10min—heat penetration depth at 10 min after exposure [mm].
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Table 4. Moisture storage properties and porosity results in synthesis.
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	Render Formulation
	w80%RH,eq

[kg m−3]
	wf

[kg m−3]
	wmax

[kg m−3]
	Saturation Coefficient

[-]





	TR reference (0.0%)
	7.80 ± 0.04
	281.04 ± 5.12
	863
	0.33



	TR aramid (0.5%)
	7.12 ± 0.07
	246.08 ± 7.88
	851
	0.29



	TR sisal (0.1%)
	7.28 ± 0.06
	260.20 ± 8.29
	869
	0.30



	TR biomass (0.1%)
	7.56 ± 0.03
	274.83 ± 9.87
	870
	0.32







Note: ±SD—standard deviation. Parameters: w80%RH,eq—moisture content at 80%RH [kg m−3]; wf—free liquid water saturation [kg m−3]; wmax—maximum liquid water content [kg m−3].
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Table 5. Outdoor and indoor average climatic conditions are available in the WUFI database.
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Climatic Parameter

	
Lisbon

	
Zurich






	
Outdoor climate average conditions




	
Location

	
Lat. 38.736946; Long. −9.142685

	
Lat. 47.373878; Long. 8.545094




	
Temperature [°C]

	
15.6

	
8.3




	
Relative humidity [%]

	
74.6

	
78.2




	
Global radiation emitted by the sun

[kW h m−2 year−1]

	
-

	
2751.7




	
Mean cloud index [-]

	
-

	
0.7




	
Driving rain direction

	
South-west

	
West southwest




	
Rain (accumulated) [mm year−1]

	
674.9

	
1007.9




	
Indoor climate average conditions




	
According to EN 15026—high moisture load [10]
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Table 6. Simulation boundary conditions.






Table 6. Simulation boundary conditions.





	Property
	Adopted Values





	Analysis period
	Five years, starting and ending on 1 October



	Timestep
	1 h



	Initial relative humidity
	80%RH



	Initial temperature
	20 °C



	Orientations
	North and orientation with higher WDR:

Lisbon—North and South West

Zurich—North and West Southwest



	Wind-driven rain
	ASHRAE 160 [96] medium exposure, building with height ≤ 10 m and below a sloped roof; 1% of defects



	Solar absorption coefficients
	White smooth surface: 0.25



	Long-wave radiation emissivity
	0.9 (non-metallic component surface)



	Rain absorption factor
	0.70 (vertical wall)
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Table 7. Synthesis of the new wall simulations for Lisbon (NW) and Zurich (ZNW).
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	Solution

SW–N
	TWC and DP
	Mould
	w/wf ≤ 0.30
	Ext Surface Temp (max) [°C]
	Temp Gradient Insulator

[°C]
	CP > 0

[Pa]
	φ = 100%RH

[h]
	Uavg/Uref ≤ 1

[month]
	q

[kWh m−2]





	NW1
	pass–pass
	pass–pass
	pass–pass
	39.1–35.5
	7.0–3.9
	1608–1711
	164–168
	12–3
	11.92–13.84



	NW2
	pass–pass
	pass–pass
	pass–pass
	39.1–35.5
	6.9–3.9
	1618–1704
	166–167
	12–3
	11.84–13.94



	NW3
	pass–pass
	pass–pass
	pass–pass
	39.1–35.5
	7.0–4.0
	1629–1729
	164–168
	12–3
	11.53–13.55



	NW4
	pass–pass
	pass–pass
	pass–pass
	39.1–35.5
	6.9–3.9
	1603–1700
	164–167
	12–3
	11.97–14.00



	NW5
	fail–fail
	pass–pass
	pass–pass
	38.9–35.5
	7.3–4.2
	1510–1670
	155–166
	12–1
	13.79–15.04



	NW6
	pass–pass
	pass–pass
	pass–pass
	39.1–35.5
	7.3–4.1
	1599–1658
	163–167
	12–1
	11.67–14.20



	NW7
	pass–pass
	pass–pass
	pass–pass
	39.2–35.5
	4.3–4.3
	1685–1746
	167–171
	12–0
	10.64–12.91



	ZNW1
	pass–pass
	pass–pass
	pass–pass
	33.0–27.5
	6.9–4.0
	27141–26263
	1998–2134
	6–2
	12.34–13.01



	ZNW2
	pass–pass
	pass–pass
	pass–pass
	33.0–27.5
	6.8–4.0
	26914–23303
	2056–2250
	6–2
	11.84–13.26



	ZNW3
	pass–pass
	pass–pass
	pass–pass
	33.0–27.5
	6.8–3.9
	27107–26392
	2020–2212
	6–2
	12.48–12.67



	ZNW4
	pass–pass
	pass–pass
	pass–pass
	33.0–27.5
	6.8–4.0
	26605–26083
	2136–1988
	6–2
	12.48–13.20



	ZNW5
	fail–fail
	pass–pass
	pass–pass
	32.8–27.4
	7.2–4.4
	26799–25010
	2100–2000
	1–1
	15.24–16.09



	ZNW6
	fail–pass
	pass–pass
	pass–pass
	33.0–27.6
	7.2–4.2
	26980–27172
	2119–1980
	3–2
	12.94–13.0



	ZNW7
	fail–fail
	pass–pass
	pass–pass
	33.0–27.6
	4.2–4.2
	27002–26992
	2111–2136
	2–2
	13.05–13.10







Note: TWC and DP—total water content during the five years and respective drying potential; Mould—potential for mould appearance; w/wf ≤ 0.30—low probability of water running off and frost damage; Ext surface temp (max)—99th percentile of the maximum verified temperature at the surface [°C]; Temp gradient insulator—temperature gradient between the opposite surfaces of the thermal insulator [°C]; CP > 0—condensation potential [Pa]; φ = 100% RH—number of hours where it could be attained an air relative humidity of 100% RH [h]; Uavg/Uref ≤ 1—number of months in which the thermal transmittance of the solution was similar to or below the reference conditions [month]; q—element’s heat loss during the full winter of the 5th [kWh], for a square meter.
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Table 8. Synthesis of the exterior retrofit simulation for Lisbon (RE).






Table 8. Synthesis of the exterior retrofit simulation for Lisbon (RE).





	Solution

SW–N
	TWC and DP
	Mould
	w/wf ≤ 0.30
	Ext Surface Temp (max) [°C]
	Temp Gradient Insulator

[°C]
	CP > 0

[Pa]
	φ = 100%RH

[h]
	Uavg/Uref ≤ 1

[month]
	q

[kWh m−2]





	RE1
	pass–pass
	fail–fail
	fail–fail
	35.6–33.3
	-
	5036–3040
	282–39
	4–0
	81.45–96.82



	RE2
	pass–pass
	pass–pass
	pass–pass
	39.3–35.6
	9.2–5.1
	1704–1793
	165–171
	12–5
	11.85–13.79



	RE3
	pass–pass
	pass–pass
	pass–pass
	39.2–35.6
	9.2–5.1
	1606–1766
	159–171
	10–2
	11.84–14.23



	RE4
	pass–pass
	pass–pass
	pass–pass
	39.2–35.6
	9.2–5.1
	1642–1807
	159–171
	9–3
	12.90–13.57



	RE5
	pass–pass
	pass–pass
	pass–pass
	39.2–35.6
	9.2–5.1
	1592–1764
	158–170
	6–3
	13.64–14.27



	RE6
	pass–pass
	pass–pass
	pass–pass
	39.1–35.6
	9.4–5.3
	1586–1736
	164–164
	8–1
	14.21–15.14



	RE7
	fail–pass
	pass–pass
	pass–pass
	39.2–35.6
	9.4–5.2
	1597–1675
	160–167
	11–0
	13.72–15.66



	RE8
	fail–pass
	pass–pass
	pass–pass
	39.4–35.7
	9.5–5.3
	1747–1848
	169–175
	10–0
	11.47–12.64







Note: TWC and DP—total water content during the five years and respective drying potential; Mould—potential for mould appearance; w/wf ≤ 0.30—low probability of water running off and frost damage; Ext surface temp (max)—99th percentile of the maximum verified temperature at the surface [°C]; Temp gradient insulator—temperature gradient between the opposite surfaces of the thermal insulator [°C]; CP > 0—condensation potential [Pa]; φ = 100%RH—number of hours where it could be attained an air relative humidity of 100%RH [h]; Uavg/Uref ≤ 1—number of months in which the thermal transmittance of the solution was similar or below than the reference conditions [month]; q—element’s heat loss during full Winter of the 5th [kWh], for a square meter.
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Table 9. Synthesis of the interior retrofit simulation for Lisbon (RI).
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	Solution

SW–N
	TWC and DP
	Mould
	w/wf ≤ 0.30
	Ext Surface Temp (max) [°C]
	Temp Gradient Insulator

[°C]
	CP > 0

[Pa]
	φ = 100%RH

[h]
	Uavg/Uref ≤ 1

[month]
	q

[kWh m−2]





	RI1
	pass–pass
	fail–fail
	pass–pass
	35.6–33.3
	-
	5036–3040
	282–39
	3–0
	81.45–96.82



	RI2
	pass–pass
	pass–pass
	pass–pass
	35.5–33.2
	1.0–0.2
	11358–7887
	311–42
	9–0
	14.91–18.40



	RI3
	pass–pass
	pass–pass
	pass–pass
	35.5–33.2
	1.0–0.2
	11303–7839
	292–42
	8–0
	11.84–18.70



	RI4
	pass–pass
	pass–pass
	pass–pass
	35.5–33.2
	1.0–0.2
	11457–7839
	281–39
	9–0
	14.41–17.80



	RI5
	pass–pass
	pass–pass
	pass–pass
	35.5–33.2
	1.0–0.2
	11304–7970
	282–39
	8–0
	15.17–18.74



	RI6
	pass–fail
	pass–pass
	pass–pass
	35.5–33.2
	0.6–0.2
	11286–7832
	304–55
	6–0
	15.42–18.99



	RI7
	fail–fail
	pass–pass
	pass–pass
	35.5–33.2
	1.1–0.3
	10968–7589
	290–38
	4–0
	16.93–20.79



	RI8
	fail–fail
	pass–pass
	pass–pass
	35.5–33.2
	1.2–0.3
	12033–8552
	270–60
	4–0
	11.94–14.54







Note: TWC and DP—total water content during the five years and respective drying potential; Mould—potential for mould appearance; w/wf ≤ 0.30—low probability of water running off and frost damage; Ext surface temp (max)—99th percentile of the maximum verified temperature at the surface [°C]; Temp gradient insulator—temperature gradient between the opposite surfaces of the thermal insulator [°C]; CP > 0—condensation potential [Pa]; φ = 100%RH—number of hours where it could be attained an air relative humidity of 100%RH [h]; Uavg/Uref ≤ 1—number of months in which the thermal transmittance of the solution was similar or below than the reference conditions [month]; q—element’s heat loss during full Winter of the 5th [kWh], for a square meter.
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