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Abstract 
Buildings are accountable for around 40% of the European energy consumption. Installing thermal insulation is an effective approach to improve the energy efficiency of the building envelope. Internal insulation is often the only renovation option in the case of historic buildings with worth-preserving masonry façades. However, it can lead to several moisture problems related to the rain load, such as mould growth, wood rot and frost damage. Hydrophobizing the façade reduces water absorption by the materials, while decreasing their drying rate, threatening the desired outcome. The paper evaluates the impact of hydrophobization when combined with internal insulation. To understand the hygrothermal effect of hydrophobization on internally insulated walls, it is important to examine how the hydrophobic layer of the masonry can be accurately modelled and how the hygrothermal response of the wall configuration changes after treatment. A significant increase in the thermal conductivity of capillary saturated samples compared to dry samples was experimentally measured. The hydrophobic model is able to predict the hygrothermal behavior of the hydrophobized brick, using experimental results from water uptake and drying tests as reference, as well as in the component level, using as reference relative humidity and temperature measurements in a mock-up wall. The current results indicate that hydrophobization contributes positively towards a moisture-safe construction with reduced heat losses when applied before or in parallel with internal insulation. These findings confirm that hydrophobization can successfully be combined either with a capillary-active or a water-vapor-tight internal insulation system, providing a moisture-safe energy renovation of building enclosures.
[bookmark: _Hlk10560104]Introduction  
In the EU Member states, the building stock accounts for about 40% of the total energy consumption [1], and 10-40% of the building stock in each country consists of historic buildings (constructed before 1950) [2]. Denmark among other countries is targeting towards the sustainable energy-independent city of tomorrow where the maintenance of cultural heritage is of primary importance, requiring a renovation of the building enclosure. Historic buildings are responsible for a sizable fraction of the energy consumption by the built environment, as they typically lack thermal insulation. Approximately 33% of total heat loss in poorly insulated buildings is contributed to external walls [3]. Often such buildings have worth preserving facades making internal insulation the only feasible technique [4]. 
However, internal insulation significantly modifies the hygrothermal performance of the façade, yielding in moisture-related problems like frost damage, wooden beam decay, interstitial condensation, and mould growth [5,6]. In cold periods of the year, the temperature of the original structure becoming lower due to applying internal insulation makes the construction more vulnerable to moisture loads from inside. Preventing access of humid indoor air in the interface between the original wall and the internal insulation is one of the key challenges in ensuring moisture safe solutions. However, the moisture load from outside, and especially absorption of the wind-driven rain, add to the harmful impacts of moisture on internally insulated walls [7,8]. Hydrophobization of the exterior surface may have a potential to be the unique missing element for a sustainable moisture-safe energy renovation of historic buildings since it minimizes the water absorption by the façade materials [9–11].
To be able to design and assess the effect of hydrophobization on the hygrothermal behavior of internally insulated facades, the hydrophobic layer of the façade must be modeled in a realistic way. A few attempts have been made to include the effect of hydrophobization in numerical hygrothermal simulation models: by modeling the simulation of the hydrophobic layer as a water-tight surface with an additional surface diffusion resistance of 0.2 m [12], by reducing the absorption of wind-driven rain to 1% [13] or by neglecting the wind-driven rain [14,15]. Further, it is indicated that small cracks (up to 1 mm) created before impregnation, do not affect hydrophobization if thoroughly impregnated [12]. All three studies conclude that hydrophobization improves the hygrothermal performance of both uninsulated and internally insulated walls.
However, these attempts to model the hydrophobized layer may be too simple as the hydrophobic impregnation significantly alternates the behavior of a porous building material [9,11,16–20], hence creating a ‘’new” material with different properties. One previous attempt to simulate the hydrophobic layer as a new separate wall element has been made [21,22], but the modified material properties were based on limited experimental results or speculations. 
The current study presents an improved attempt to model the hydrophobic layer based on experimental results measuring the hygric properties (presented in [9]) and thermal properties (presented in the current article) of brick. These are used as input parameters to the model and the attempt is to transfer the effect of hydrophobization from the material level to the component level through hygrothermal simulations in Delphin software [23]. 
The difference in thermal conductivity between dry and wet brick and mortar samples is found to be much larger [3] than presented in the thermal conductivity function in Delphin software [23]. Thus, an experimental work to determine the thermal conductivity of dry and capillary saturated brick and mortar samples is presented in order to update the Delphin thermal conductivity function.  
Although the temperature and relative humidity in different points of the wall assembly of internally insulated buildings [24–27] have been monitored, the combined effect of hydrophobization with internal insulation has been measured only with mock-up walls [19,28,29]. The impact of combining hydrophobization with internal insulation in real inhabited buildings and the long term performance of such buildings through hygrothermal simulations should be further investigated. The average moisture content in the masonry, the risk of mould growth in the interface between masonry and internal insulation, and the additional potential energy savings of hydrophobization by keeping the wall dry would be important topics. 
The main aim of this paper is to evaluate the hygrothermal performance when combining hydrophobization with internal insulation and to accurately model the behavior of the hydrophobic layer (labelled ‘hydrophobic model’). Serving the above-mentioned aim, the paper describes the input for the hydrophobic model and presents difference in thermal conductivity between dry and capillary saturated building materials. Further, it is validated whether the hydrophobic model captures the basic behavior of wetting and drying by duplicating in Delphin, the capillary absorption test and the drying test that have been conducted in the laboratory. Moreover, the hydrophobic model is validated with a mock-up wall through the comparison of relative humidity (RH) and temperature (T) in the interface between masonry and internal insulation. Subsequently, the effect of hydrophobization, when combined with internal insulation, is investigated, quantified by calculating the average moisture content in the masonry, the mould growth in the interface between masonry and internal insulation, the accumulated heat loss and the additional energy savings due to hydrophobization. Moreover, a parametric analysis is carried out taking into account orientation, climate, masonry and insulation thickness, hydrophobization before/after internal insulation, weak impregnation, and potential risk of wood degradation. Finally, the paper presents the measurements of RH in the interface between masonry and internal insulation of an inhabited Danish dwelling where the water repellent agents applied two years after internal insulation.  
Methods

[bookmark: _Ref43312399]Hydrophobic model
Hygric properties
The complete characterization of the hygric properties of a building material requires the definition of the moisture retention curve and the moisture permeability curve. However, extracting the curves to a full extent with the existing experimental procedures is impeded, since liquid transport is significantly reduced as a result of hydrophobization [9–11,16–18,22,30,31]. Therefore for this study, values for hygric properties are derived from laboratory tests performed at hydrophobized samples [9]. This adjustment scales the moisture retention and permeability curves accordingly as well as the vapour permeability curve.
Storage properties
A previous experimental study [9] does not indicate a significant change in the moisture storage properties after hydrophobization, especially in materials with coarse pores, such as brick. In the current model, the open porosity and by extension, the moisture retention curve, are left untouched.
Transport properties
The transport properties change significantly in terms of reduced absorption coefficient (Acap), whereas the vapour diffusion resistance factor (μ-value) remains almost the same both in brick and mortar [9]. Therefore, to represent a hydrophobized brick via a model that can be used for hygrothermal simulations, the absorption coefficient is reduced and this scales down the moisture permeability curve, but the moisture retention curve remains untouched. In addition, the vapour diffusion resistance factor  is slightly modified to represent the small increase of μ-value in the hydrophobic layer and this scales down accordingly the vapour permeability curve (see Table 1). 
Thermal properties
The thermal conductivity of dry and saturated brick samples was measured to illustrate the potential energy savings as a result of hydrophobization. Three different types of brick and one type of mortar were tested in a heat flow meter in dry condition and in capillary saturated condition in accordance with [32]. For measurement in dry condition, the samples were stored in an oven (70 C) until they reach a stable mass, while for measurement in capillary saturated state, the samples were soaked in the water for 24 hours. Although only the thermal conductivity of Y brick (presented in Section 2.2) is used in this study, two additional brick types: Robusta Vandersanden Belgian Brick (R brick) and Historic Danish Brick from an old building in Copenhagen (1944) (H brick) and one carbonated lime mortar type: Lime Saint-Astier NHL3.5 (L mortar), described in [9], were tested as well, to build more confidence concerning the relative difference in thermal conductivity between dry and capillary saturated building materials.
Thickness of the hydrophobic layer
When simulating the hydrophobic layer, the impregnation depth is used as thickness. An impregnation depth of 11.4 mm was reported in Y brick impregnated with Funcosil Remmers cream 40% (FC 40%) [19], while [9] indicates that the active ingredient is spread even deeper inside the material after longer curing time and water exposure. Nonetheless, the minimum impregnation depth reported in [9] (2.4 mm) is used as base case. The effect of a deeper impregnation depth (40 mm) is also presented in the section 2.5 parametric analysis. 
[bookmark: _Ref43652813]Brick properties
The Yellow soft-molded Danish brick (Y brick) from Helligsø and Vesterled Teglværk (see Table 1) was used for hygrothermal simulations in Delphin  as well as for capillary water uptake tests, and drying tests. Furthermore, the solid masonry mock-up walls used for the validation of the hydrophobic layer at the component level were constructed with the same brick (section 2.3.2). It was selected due to the available Delphin material file of the untreated brick, prepared by TU Dresden, and experimental results of Y brick impregnated with Funcosil Remmers FC cream 40% (FC 40%), a water-based silane cream [9]. These specific hygric properties are used as input for the hygrothermal simulations. 
[bookmark: _Ref32336508]Table 1: Y brick properties in untreated (Untd) and hydrophobized condition (FC 40 %).
	Material property 
	Untd
	FC 40%

	Saturation moisture content (Wsat) [m3/m3]   
	0.290
	0.290

	Capillary absorption coefficient (Acap) [kg/m2s0.5] 
	0.32
	0.0009

	Vapour resistance factor (μ) [-] 
	11.9
	13.7

	Dry thermal conductivity (λdry) [W/mK]
	0.63
	0.63

	Thermal conductivity at capillary saturation (λwet)  [W/(m K)] 
	1.47
	1.47

	Bulk density (ρ) [kg/m3] 
	1643
	1643

	Thermal capacity (Cp) [J/(kg K)] 
	942
	942



Experimental validation of the hydrophobic model
Material level 
After defining the methodology of simulating the hydrophobic layer based on experimental results in section 2.1, the current section validates whether the hydrophobic layer is able to capture the wetting and drying behavior at the material level.
Water uptake tests, conducted in accordance with [33,34], and drying tests were initially performed on untreated samples of Y brick and brick samples hydrophobized with FC 40% in the laboratory[9,10]. These tests are of high importance in relation to hydrophobization, since they indicate the rate of wetting and drying of the hydrophobized material compared to the untreated material. The drying test showcase the rate of drying of an untreated saturated bottom layer of one cm and an impregnated dry top layer of one cm (sample size 1x4x4 cm), while the bottom and lateral sides are sealed. The water uptake and drying tests were duplicated in a simulating environment (Delphin), aiming at achieving comparable results using the hydrophobized brick model. The drying conditions at the top surface of the top layer, both for the experimental and simulation curves are 21 °C and 53 % RH.
[bookmark: _Ref43281789]Component level 
The hydrophobic model is also validated at the component level using a SW oriented, hydrophobized (FC 40%) mock-up wall, constructed with Y brick and air lime mortar (7.7% lime adjusted mortar, grain size 0-4 mm) to represent a Danish historic multi-story building from the period 1850-1930, internally insulated with a polyurethane foam with calcium silicate channels (iQ-therm). The wall (1x2 m) was built in a container segment at the Technical University of Denmark (DTU), on a test site in Kongens Lyngby, Denmark (55.79 °N, 12.53 °E) presented in [28]. The masonry wall was constructed in September 2014, and six months later iQ-therm was installed at the interior surface while it was hydrophobized externally (March 2015). Moreover, between December 2014 and April 2015 forced drying was performed by heating the indoor climate to 40-50 °C, resulting in an indoor relative humidity of 10-30%. Relative humidity and temperature sensors were used to measure the indoor and outdoor conditions of the container and the conditions in the interface between masonry and internal insulation.
A 1D-model was constructed in Delphin to emulate the container mock-up wall as described in Figure 1 and Table 2. The Delphin files of Y brick and air lime mortar were developed at TU Dresden based on laboratory measurements of material properties. The Delphin file of the insulation system (iQ-therm), the adhesive mortar (iQ fix), and the plaster render (iQ top) are from the Delphin material database [35]. The hydrophobized brick was modeled as a separate material with 2.4 mm thickness, as described in sections 2.2 and 2.1. 
The climatic data were collected from the DTU weather station [36]. The initial moisture content in the masonry and in the air lime mortar layers corresponded to values close to 100% RH, as the initial relative humidity measurements started from this value.
For the validation, the measurement data from the sensors (RH, T) placed in the interface between masonry and internal insulation, were compared with the corresponding output from the Delphin simulations.
[image: ]
[bookmark: _Ref43658124]Figure 1: Configuration of the container mock-up wall. Hydrophobization: 2.4 mm impregnation depth, masonry (Y brick): 350 mm, air lime mortar: 10 mm, iQ fix, and iQ top: 10 mm, iQ-therm: 80 mm, vapor open paint sd = 0.01 m. sd: equivalent air layer thickness (μ * material thickness). 
[bookmark: _Ref45102945]Table 2: Material properties of wall elements with iQ-therm used for hygrothermal simulation. Density (ρ), specific heat capacity (cp), thermal conductivity (λ), moisture content at saturated condition (wsat), capillary moisture content (wcap), capillary water uptake coefficient (Acap) and water vapour diffusion factor (μ).
	
	
[kg/m³]
	cp
[J/(kg K)]
	Λ
[W/(m K)]
	wsat
[m³/m³]
	wcap
[m³/m³]
	Acap
[kg/(m²√s)]
	μ
[-]

	Hydrophobization
	1643
	942
	0.6
	0.290
	0.275
	0.0009
	13.7

	Masonry (Y brick) 
	1643
	942
	0.6
	0.290
	0.275
	0.32
	11.9

	Air lime plaster
	1243
	998
	0.44
	0.428
	0.253
	0.39
	22.4

	iQ fix 
	1313
	863
	0.496
	0.277
	0.2
	0.005
	18.7

	iQ-Therm
	49
	1400
	0.037
	0.090
	0.070
	0.013
	27

	iQ top
	1269
	1453
	0.478
	0.327
	0.210
	0.222
	13.9



Simulation input
Three different wall configurations were studied by simulating the effect of hydrophobization (Figure 2). The reference case is an uninsulated 350 mm masonry wall. Two insulated configurations use either a vapor-open capillary active internal insulation (calcium silicate (CaSi)) or a vapor-tight internal insulation system (mineral wool with vapor barrier), both with a thickness of 100 mm. As interior finishing, the reference wall has 10 mm of plaster and acrylic paint. The plaster layer was kept in the configurations with an insulation system, i.e. placed in the interface between masonry and internal insulation. As interior finishing, the CaSi configuration has 12.5 mm of gypsum board and a vapor open paint, while the mineral wool configuration has a vapor barrier, 12.5 mm of gypsum board, and acrylic paint. Table 3 describes the properties of materials that were included in the simulation.
[image: ]
[bookmark: _Ref45102636]Figure 2: Wall configuration without (reference) and with internal insulation. Hydrophobization: 2.4 mm impregnation depth, masonry (Y brick): 350 mm, lime mortar: 10 mm, insulation system: 100 mm, gypsum board: 12.5 mm, vapor open paint sd = 0.01 m, vapour barrier (vb) sd = 70 m (mineral wool (mw) system) and acrylic paint sd = 0.18 m. sd: equivalent air layer thickness (μ * material thickness).
[bookmark: _Ref41997883]Table 3: Material properties of wall elements with CaSi or mineral wool used for hygrothermal simulation. Density (), specific heat capacity (cp), thermal conductivity (), moisture content at saturated condition (Wsat), capillary moisture content ( Wcap), capillary water uptake coefficient (Acap) and water vapour diffusion factor ().
	
	
[kg/m³]
	cp
[J/(kg K)]
	λ
[W/(m K)]
	wsat
[m³/m³]
	wcap
[m³/m³]
	Acap
[kg/(m²√s)]
	μ
[-]

	Hydrophobization
	1643
	942
	0.6
	0.290
	0.275
	0.0009
	13.7

	Masonry
	1643
	942
	0.6
	0.290
	0.275
	0.32
	11.9

	Lime plaster
	1800
	850
	0.820
	0.285
	0.253
	0.127
	12

	CaSi
	351
	902
	0.067
	0.850
	0.807
	1.330
	9.2

	Mineral wool
	134

	840
	0.040
	0.900
	0.900
	0.000
	1

	Gypsum board
	850
	850
	0.200
	0.551
	0.400
	0.277
	10



Since all simulations are one-dimensional, some aspects of the construction, like mortar joints and wooden beams, were neglected. The masonry wall was thus presumed to be composed of one (untreated walls) or two (treated walls) layers of isotropic brick materials. 
The climatic data were based on the Climate for Culture project [37] which contains estimations for future climate. The duration of the simulations was five years, starting 1st of January 2020 (12:00 am). Copenhagen was chosen as location and an south-west (SW) oriented facade was simulated as being worst-case scenario in Denmark with regard to wind-driven rain [38].
In the simulations, default values of exterior and interior boundary conditions were used. The exterior boundary conditions in Delphin simulations consist of convective heat exchange (exchange coefficient 25 W/m2K) and long- and short-wave radiation for the thermal part, and of convective vapor exchange (exchange coefficient 2*10-6 s/m) and wind-driven rain for the hygric part. The interior boundary conditions consist of convective heat exchange (exchange coefficient 8 W/m2K) and long-wave radiation and convective vapor exchange (exchange coefficient 3*10-8 s/m) for heat and moisture respectively, with constant indoor conditions (20 °C and 50 %RH). The simulations cover a simulation interval of five years, as it takes some time for the moisture conditions to come to a sufficiently steady response.
The primary goal of impregnating an internally insulated masonry wall at the exterior surface is the elimination or reduction of potential moisture damage. Thus, initially, the average moisture content in the masonry and mould growth at the interface between masonry and internal insulation was examined. The mould growth risk was calculated with the VTT-mould growth model [39] – being an integrated part of the Delphin simulation software – requiring values of temperature and relative humidity. The mould growth was set to have almost no decline in relation to time in order to represent the worst-case scenario and medium resistance. A side effect of hydrophobization is the energy savings achieved by keeping the wall dry. For that reason, the accumulated heat loss during the simulation period (5 years) was calculated as well as the additional energy savings induced by hydrophobization by estimating the percentage change of accumulated heat loss between treated and untreated.
[bookmark: _Ref48216999]Parametric analysis
A parametric analysis involving orientation (North, East, West, South, Southwest), climate (Copenhagen, Munich, and Milan), masonry thickness (350, 590, 710 mm) insulation thickness (60, 100, 300 mm), insulation system (CaSi, mw + vb, iQ-Therm, XPS Multipor, Kingspan), impregnation depth (2.4 and 40 mm) and strength (Acap 0.0009 and 0.033 [kg/m2s0.5]), hydrophobization before/after internal insulation represented by initial moisture content in the wall, as well as degradation of wooden beams, was conducted. The results are found in Appendix and are discussed in parallel with the base case simulations in Sections 3 and 4. To simulate the effect of hydrophobization in an already internally insulated wall, the average moisture content of the insulated wall during five years of simulation is used as the initial moisture content in the masonry at the time of becoming hydrophobized. The internally insulated hydrophobized wall is simulated for another five years.
The risk of wood decay is quantified via the VTT wood decay model, which is incorporated in Delphin. The VTT wood decay model requires the conditions (temperature,  relative humidity) that the wood would be subjected to during a course of time [40]. Given that the wooden beams are not part of the current one-dimensional simulations, they are approximated with the conditions at a distance of 110 mm from the exterior part of the masonry wall, which is the expected location for the edge of the wooden beam in a typical 350 mm (1½ brick) Danish wall. The risk of wood decay is also calculated in the interface between masonry and internal insulation. 
Case study building
The case study building is located by the sea, on the coast of northern Zealand in Denmark (see Figure 3). It’s a solid masonry building constructed in 1875 with three brick layers (37 cm) on east and west facades and two brick layers on north and south facades. During 2016, the house underwent an extensive renovation, including internal insulation with 80 mm of iQ-Therm. The exterior surfaces of the building were sandblasted during renovation and plastered with a thin layer of bank sand mortar. 
In September 2018, FC cream 40% was applied with a paint roller in the specified amounts of 0.15-0.20 l/m2. The relative humidity was monitored at the interface between masonry and internal insulation; West and South facades each had one sensor installed, North and East facades each had two sensors, one placed 50 cm above the floor, and one 50 cm below the ceiling. The built-in sensors are climaSpot sensors with accuracy ±1.8% for 10-90% RH and ±4% for 0-10% and 90-100%.The relative humidity and temperature conditions have been monitored every half hour since the summer of 2016, still measuring (June 2020). The data are stored on a server provided by fugtlog.dk, and can be downloaded from a distance. 
	[image: ]
	[image: ]


[bookmark: _Ref44893171]Figure 3: Location of the case building. Left: Map of Denmark, and indication of the location of the test house on the northern coast of Zealand. Right: northern façade after renovation 
[bookmark: _Ref48219369]Results
Experimental measurements of thermal conductivity 
For the tested brick and mortar types, the differences in thermal conductivity between dry and capillary saturated material are of a comparable size (Figure 4) and for Y brick the difference is larger than given in the Delphin material file. Although Y brick is the only of the tested materials for which a Delphin material file exists, it is representative for Delphin material files concerning the relationship between thermal conductivity and moisture content (m3/m3). Therefore, compared to experimental results, thermal conductivity in wet conditions seems to be underestimated in Delphin and this can underestimate the percentage of energy savings that a dry wall provides after hydrophobic treatment. For this study, the heat function in the Delphin material file is therefore modified to represent the measured thermal conductivity values derived from the heat flow meter. 
[image: ]
[bookmark: _Ref32357822]Figure 4: Thermal conductivity in dry and capillary saturated building materials: Robusta Vandersanden Belgian Brick (R brick), Historic Danish Brick from an old building in Copenhagen (1944) (H brick), Yellow soft-molded Danish brick from Helligsø and Vesterled Teglværk (Y brick), Carbonated lime mortar (L mortar), all described in [9].
Experimental validation of the hydrophobic model
Material level 
The hydrophobic model seems to capture the basic characteristics of water repellency, as illustrated in Figure 5 comparing capillary absorption curves derived from experimental and simulation results of untreated and impregnated Y brick. 
The simulation results for the drying test (Figure 6) however are on the safe side, as the measured drying time is lower than the simulated. The difference is explained by i) the amount of agent applied on the samples used in the drying tests being different from the amount in the water uptake tests (on which the model is based), and ii) loss of water due to imperfect sealing and time needed for preparation (attaching and sealing the samples). 
The samples used in the drying test were fully impregnated to represent one cm of hydrophobic layer. To ensure that they became fully impregnated, higher than recommended amounts of water repellent agent was used. This means that the hydrophobic layer needs more curing time and exposure to water to reveal an improved performance, in terms of a reduced Acap [9]. For the same curing time, samples impregnated with less agent (samples for water uptake) would have a lower Acap. Since liquid transfer has an impact on the drying tests, the capillary saturated samples used in the experimental drying test, dry faster than the hydrophobized brick model, by having higher Acap. 

[image: ]
[bookmark: _Ref44930967]Figure 5: Water uptake of Y brick. Comparison of experimental (exp) and simulation (sim) results. Untreated (Untd) and impregnated (Treated) with FC 40%. 
[image: ]
[bookmark: _Ref44930935]Figure 6: Drying test of Y brick impregnated with FC 40%. Comparison of experimental (Y brick) and simulation (Sim) results.
Component level
Figure 7 compares the experimental and simulation results in the interface between masonry and internal insulation, regarding the variation in relative humidity and temperature with respect to time (5 years). The results show that there is a high level of agreement between the measured and predicted values. Moreover, it appears that the model is able to predict the peaks and bottoms of both temperature and relative humidity. 

[image: ]
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[bookmark: _Ref43686290]Figure 7: Relative humidity (a) and temperature (b) in the interface between hydrophobized (FC 40%) masonry and internal insulation (IQ-therm). Comparison of experimental (exp) results from [28] and simulation (sim) results using [9] as input for Delphin. The water repellent agent was applied at the same time with the internal insulation.
Simulation study
[bookmark: _Ref44177693]Average moisture content in masonry
After having verified the hydrophobic model, it was used to simulate different scenarios. The first analysis examined whether hydrophobization reduces the average moisture content in the masonry layer of a wall. Figure 8Figure 8 depicts the average moisture content in brick masonry in a five year period in the uninsulated case, and when insulated with CaSi or mineral wool with a vapor barrier, either with or without hydrophobization. In the hydrophobized cases, both hydrophobization and internal insulation are present when the simulation starts. As expected, adding internal insulation increases the average moisture content in the masonry wall. By ensuring a strong hydrophobic layer (low Acap) the masonry wall becomes almost dry (less than 6 kg/m3), regardless of the wall configuration. 
Figure 9 shows the effect of applying a water repellent agent in parallel with or five years after internal insulation. In the second case, the accumulated moisture from the first simulation period, where the internally insulated wall was exposed to wind-driven rain, needs time to dry out, depending mainly on the insulation system and the impregnation depth of the treatment. A vapor-tight internal insulation system (mw+vb) and higher impregnation depth of the treatment results in longer drying periods.
[image: ]
[bookmark: _Ref42000296][bookmark: _Ref35782378]Figure 8: Average moisture content in the masonry in SW-oriented wall configurations, including a reference wall (ref wall), a wall internally insulated with calcium silicate (CaSi), and a wall internally insulated with mineral wool and a vapor barrier (mw+vb). In all three cases with or without hydrophobization. Impregnation depth 2.4 mm. Simulation based on climate data for Copenhagen 2020-2024.
[image: ]
[bookmark: _Ref39014431]Figure 9: Average moisture content in the masonry in SW-oriented wall configurations, in the case of applying a water repellent agent at the same time as internal insulation (as in Figure 8) or five years after. Yellow and blue curves are the same as in Figure 8, while olive and turquoise curves are the continuation of curves in Figure 8. Impregnation depth 2.4 mm or 40 mm. The configurations include a wall internally insulated with calcium silicate (CaSi) and a wall internally insulated with mineral wool and a vapor barrier (mw+vb). Simulation based on climate data for Copenhagen 2020-2024.
Mould growth in the interface between masonry and internal insulation 
After showing that hydrophobization is able to reduce the average moisture content markedly, the next question is whether it is possible by hydrophobizing the masonry to reduce the risk of mould growth in the interface between masonry and internal insulation, compared to not hydrophobized cases, a well-known problem in Denmark [41]. Figure 10 verifies this. The parametric analysis, focusing on different wall orientations, climates, insulation systems, masonry, and insulation thicknesses, follows the same trend: hydrophobization reduces or eliminates the increase in mould growth risk that is caused by applying internal insulation (see Appendix).
[image: ]
[bookmark: _Ref35810158]Figure 10: Mould growth expressed as mould index in the interface between masonry and internal insulation in SW-oriented wall configurations, including a reference wall (ref wall), a wall internally insulated with calcium silicate (CaSi) and a wall internally insulated with mineral wool and a vapor barrier (mw+vb). In all three cases with or without hydrophobization (applied at the same time as internal insulation). Impregnation depth 2.4 mm. Simulation based on climate data for Copenhagen 2020-2024.
Moisture safe energy savings
Hydrophobizing a wall as part of energy renovation is mainly done to reduce the driving rain load, however, hydrophobization in itself might contribute to energy savings (in terms of reduction in heat loss) by reducing the moisture content thereby lowering the thermal conductivity of the masonry. The accumulated heat loss after five years shows that hydrophobization of a SW-oriented façade located in Copenhagen produces energy savings as a single approach and produces additional energy savings when combined with internal insulation (Figure 11). Additional energy savings are also present with other wall orientations in Copenhagen or if the wall is placed in Munich or Milan, however to a lesser extent (see Appendix for different orientations and climates). Further, additional energy savings increase with increasing insulation thickness, with any type of insulation. The effect is more obvious in capillary active systems where energy savings increases from 18 % to 32 % by replacing 100 mm of CaSi-insulation with 300 mm (see Appendix for different insulation thickness). Moreover, hydrophobization exhibits 50 % additional energy savings when it is combined with Kingspan, much higher than CaSi (18 %) and mineral wool (15 %) (see Appendix for different insulation systems). Interestingly, a weak hydrophobic layer (Acap 0,033 kg/(m²√s)) results in energy loss instead of energy savings (see Appendix, ‘Weak impregnation’).

[image: ]
[bookmark: _Ref42017710][bookmark: _Ref36932640]Figure 11: Accumulated heat loss in SW-oriented wall configurations, including a reference wall (ref wall), a wall internally insulated with calcium silicate (CaSi), and a wall internally insulated with mineral wool and a vapor barrier (mw+vb). In all three cases without (untreated) with (treated) hydrophobization, applied at the same time as internal insulation. Impregnation depth 2.4 mm. Simulation based on climate data for Copenhagen 2020-2024.The percentages indicate the additional energy savings due to hydrophobization.
Case study building
Figure 12 illustrates four years of monitoring of relative humidity at the interface between masonry and internal insulation in the case building. Hydrophobization lessens RH peaks but further time is needed for RH to reach lower levels due to the build-in moisture that stems from applying internal insulation two years before hydrophobization. The west façade still experiences 100% RH but RH is expected to drop like in the rest of the orientations.
[bookmark: _Ref44359256]

[image: ]
[bookmark: _Ref50334812]Figure 12: Relative humidity during a four year period (2016 – 2020) in the interface between masonry and internal insulation (iQ-Therm) in case building. West (green), South (grey), North (orange and light blue), and East (blue and yellow) oriented wall configurations. 
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The present study examined the effect of hydrophobization combined with internal insulation.  A hydrophobized brick model has been evaluated through hygrothermal simulations and has been deemed able to predict the hygrothermal behavior both at the material level (wetting and drying) (Figure 5 and Figure 6) and at the component level (relative humidity and temperature in the interface between masonry and internal insulation) (Figure 7). Numerical simulations show that hydrophobization eliminates the moisture-related problems in solid external brick masonry walls, induced by internal insulation (Figure 8 and Figure 10). Furthermore, a noteworthy rise in thermal conductivity between dry and saturated brick samples (Figure 4), results in energy savings of hydrophobization as a single approach and additional energy savings when combined with internal insulation (Figure 11). The case study building in combination with numerical simulations illustrate that in the case where internal insulation is not part of the construction, hydrophobization should be done before or at the same time as internal insulation, otherwise, the hygrothermal response of the wall could be worse the first years but in the long-run, hydrophobization will be still beneficial (Figure 9 and Figure 12). 
The results of this study provide support for the view that hydrophobization improves the hygrothermal performance of both uninsulated and internally insulated walls [12–14]. Although the method of excluding wind driven rain [14,15] (see Appendix, ‘Exclude wind driven rain method’) captures the wetting behavior when the capillary water absorption coefficient (Acap) of the impregnated material is close to zero, it does not capture the drying behavior (Figure 13). Similarly, the method of reducing the absorption of wind-driven rain to 1% [13] does not capture the drying behavior when initial moisture content exists in the wall (Figure 13).
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[bookmark: _Ref39709857]Figure 13: Average moisture content in the masonry in SW-oriented wall configurations, including the method of the current article (red curve), the method of keeping 1% of wind-driven rain provided by [13] (magenta curve) and the method of excluding driving rain provided by [14,15] (turquoise curve). In all three cases, the initial moisture content represents the moisture content at hydrophobization, taking place five years after implementing internal insulation. Simulation based on climate data for Copenhagen 2020-2024.
The level of relative humidity in the interface between masonry and internal insulation has been thoroughly analyzed in the literature [5,24,28] due to its critical nature for mould formation and interstitial condensation and the fact that it is easy to install a sensor in that location, during the renovation of a building. Relative humidity in the interface between masonry and internal insulation has three main sources of moisture: wind-driven rain transported by liquid transfer, outdoor RH, and indoor RH transported via diffusion and air leakages. Hydrophobization blocks liquid transfer but allows vapor transport [9]. The drying speed of the moisture present in the newly hydrophobized masonry wall depends on whether the hydrophobic agent is applied before or after the internal insulation is installed, although other factors also play a role, such as the hygric properties of the building materials and the climate at the location. Applying a water repellent agent at the same time as installing internal insulation can help in eliminating build-in moisture due to wind-driven rain fast enough to avoid moisture problems at a later stage (see Figure 7). By hydrophobizing the wall after the internal insulation, longer time is needed for the build-in moisture load to be eliminated. However, hydrophobization is again beneficial in the long run (see Figure 9 and Figure 12). 
Due to the fact that hydrophobization allows vapor transport, RH in the interface between masonry and internal insulation in a North European climate follows the seasonal wetting (winter period, high levels of outdoor RH) and drying (summer period, lower levels of RH outdoor). However, hydrophobization gradually decreases the RH peaks in the winter period due to the elimination of one of the three moisture loads (wind-driven rain) (Figure 7 and Figure 12). However, in the case of a very high outdoor RH during winter or/and high internal moisture load, RH in the interface between masonry and internal insulation can reach high values even when hydrophobization has played its role in eliminating the wind-driven rain load. Given these considerations, the mould growth and interstitial condensation risk are high in cases where the levels of RH in the interface between masonry and internal insulation remain elevated (close to 100% RH) for many years after hydrophobization, during the whole year. However, the mock-up wall (Figure 7) and five of the six sensors in the case building (Figure 12) illustrate that after hydrophobization, the RH levels gradually decrease, following the seasonal wetting and drying. One sensor in the west façade shows 100% RH two years after hydrophobization, indicating that two years of monitoring is not enough time to draw final conclusions. 
All the different internal insulation systems included in this study, vapor-tight (XPS, mw + vb, Kingspan), vapor-open (CaSi, Multipor) and vapor-tight with capillary open channels (iQ-Therm) cause the average moisture content in brick masonry wall to increase compared to the situation prior to internal insulation, but after hydrophobization the average moisture content becomes almost zero. This observation is independent of orientation and climate (see Appendix).
Increasing the insulation thickness increases the average moisture content in the masonry but the combination of hydrophobization and internal insulation results in a moisture safe masonry wall configuration. However, a weak impregnation (Acap 0,033 kg/(m²√s)) results in increased moisture levels in the (un)insulated wall configurations compared to a strong impregnation (Acap 0,0009 kg/(m²√s)). This is due to water being able to penetrate the masonry in the case of a weak impregnation (i.e. Acap 0,033 kg/(m²√s)), combined with a significantly reduced drying rate, yielding in trapped moisture inside the wall. A weak impregnation (low level of water repellency) might exacerbate the hygrothermal behavior of the external wall. However, the weak impregnation (Acap 0,033 kg/(m²√s)) derives from a water repellent agent (water-based liquid emulsion) that improves the water repellency performance with longer curing time and water exposure, so in the long term, the Acap will decrease and there will be no negative effect on the hydrothermal performance of the wall [9].  A permanent weak impregnation could arise from not cleaning the facade before impregnation [9,18].
The most crucial properties needed to capture the hygrothermal behavior of a hydrophobized building material is the capillary water absorption coefficient and the thermal conductivity. The default thermal conductivity function used in Delphin underestimates the additional energy savings due to hydrophobization; by using the corrected thermal conductivity function of brick, energy savings in the base case scenario are 10% for the reference wall instead of 4.3% with the existing thermal conductivity function from Delphin, 18.1% instead of 15.7% for CaSi and 14.8% instead of 12% for ‘mw + vb’ (see Default thermal conductivity change between dry and saturated brick, Appendix). One limitation of this study is that it does not experimentally measure the difference of thermal conductivity between dry and saturated insulation materials, and that could be larger than the one presented in Delphin library (as for brick and mortar). This affects especially the cases of capillary active insulation systems, like CaSi, which can have much higher thermal conductivity after becoming wet.
The presented work in this paper illustrates that the elimination of the rain load induces additional energy savings by keeping the whole structure dry and as a consequence, the thermal conductivity of the materials at a low (dry) level. This is also the reason why hydrophobization performs better in terms of energy savings, in climates with high rain loads like Copenhagen (14.8 % energy savings) or Munich (10.8% energy savings) than in climates with low rain loads such as Milan (1.3 % energy savings) (see Different climates in Appendix).
The results also showed that hydrophobization completely eliminates the risk of wooden beam decay in the three wall configurations, both 110 mm from the exterior part of the wall and in the interface between masonry and internal insulation (see wooden beam degradation in Table A2 Appendix). Since the conditions applied to the model correspond to those in the brick and not in the wooden beam ends, the predictions of wood degradation cannot be considered reliable and are useful only as indications regarding the possible risk of wood decay and to compare the different wall configurations.
Ever since water repellent agents was introduced as a way to treat building surfaces, one of the main hesitations has been how to deal with cracks, as they may allow water to enter the existing masonry and cause freeze-thaw damage, because of water films at the backside of the water repellent layer [42]. This may be due to the transfer of indoor air by convection through cracks to the cold masonry, where it condenses. It might also be due to rain leakage at penetrations especially at windows, small cracks that form after treatment, or large cracks present before treatment. The current and previous [9] studies indicate that vapor transport through the hydrophobic layer is still possible, making the problem of cracks less critical, but the liquid transport is still impeded. 
A major limitation of the present study is the assumption that larger cracks have been repaired before treatment and small possible cracks after treatment do not go deeper than the impregnation depth. Further, that workmanship is sufficient, especially in the areas around windows and doors. The water repellency performance and the impregnation depth on the Y brick reported in this study as well as other bricks and mortars reported in [9] may be sufficient. But for buildings with other types of materials and especially monumental buildings with historical value it is recommended to extract samples of building materials from the masonry wall, before applying the water repellent treatment to the whole building and test the water repellency and the impregnation depth after treatment, as failures resulting from the use of hydrophobization have been also reported [42–44].
Due to a low exposure to wind-driven rain, hydrophobization appears unnecessary at north-oriented facades. However, they experience the lowest temperature and after internally insulating the façade the temperature of the masonry further declines. In that sense, hydrophobization is recommended as a way to reduce the possible risk of frost damage. Furthermore, the very low mould growth index in the interface between masonry and internal insulation in all the simulated cases after hydrophobization is an indication of a lower risk of interstitial condensation.
Conclusions
In this paper, the hygrothermal performance of internally insulated hydrophobized walls was studied. The developed hydrophobic model captures the main impacts of water repellent treatments. Hydrophobization decreases the moisture level and the possibility of moisture-related damage in exposed facades, successfully blocking the wind-driven rain, while it produces energy savings on its own and additional energy savings when combined with internal insulation. The presented results support the idea of hydrophobization being a missing element for a sustainable and moisture safe energy renovation of historic buildings. Moreover, the results indicate that in order for hydrophobization to be more beneficial for the wall configuration, it should be applied before or at the same time as internal insulation to avoid moisture being trapped during the first period after installation. However, in the case where internal insulation is already part of the construction, hydrophobization can still be recommended, since it yields much better hygrothermal performance in the long run compared to the untreated internal insulated case.
Future studies should include experiments in the component level with real buildings and the hydrophobic model should be further validated by comparing the results of numerical simulations with in-situ measurements in real buildings. Moreover, 2D and probably 3D simulations, including possible cracks after treatment, would help in building more confidence about the performance of the hydrophobic treatment. Furthermore, future research would benefit from focusing on durability tests, to study the long-term effect of the water repellency. Also, life cycle cost assessment of hydrophobization in combination with internal insulation as well as the payback period and a financial analysis will contribute towards a holistic view of hydrophobization. 
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Appendix
Table A1: Hygrothemral simulation results. Average moisture content (kg/m3), mould growth in the masonry - internal insulation interface (index), heat loss (kWh), and energy savings due to hydrophobization (%) for different simulated wall configurations. Msy thick: Masonry thickness, Insul: Insulation, Ins thick: Insulation thickness, dp: Impregnation depth, Acap: Absorption coefficient, μ: vapour diffusion resistance factor, Clim: Climate, Orien: Orientation, mw + vb: mineral wool plus vapor barrier, CPH: Copenhagen, MUC: Munich, MXP: Milan.
	Wall configuration
	Numerical Results

	Msy thick
	Insul
	Ins thick
	dp
	Acap
	μ
	Clim
	Orien
	Moisture content
	Mould growth
	Heat Loss
	Energy savings

	mm
	
	mm
	mm
	kg/m²√s
	
	
	
	kg/m3  (min-max)
	 index
	KWh
	%

	Base case scenario

	350
	-
	
	
	0.32
	11.9
	CPH
	SW
	11.1 (2 - 80.1)
	0
	737
	10.0

	350
	
	
	2.4
	0.0009
	13.4
	CPH
	SW
	2.3 (2 - 3.2)
	0
	663
	

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	SW
	22.1 (2.5 - 137.1)
	3
	276
	18.1

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	2.9 (2.1 - 5.3)
	0.5
	226
	

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	SW
	45.5 (2.5 - 160.3)
	3.5
	175
	14.8

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	3.1(2.3 - 5.6)
	1
	149
	

	Different orientations

	350
	-
	
	
	0.32
	11.9
	CPH
	N
	2.8 (2 - 22.1)
	0
	691
	1.2

	350
	
	
	2.4
	0.0009
	13.4
	CPH
	N
	2.4 (2 - 3.1)
	0
	683
	

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	N
	4 (2.2 - 24.2)
	1.2
	237
	2.1

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	N
	2.9 (2.2 - 4.9)
	0.5
	232
	

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	N
	5.2 (2.5 - 25.7)
	3
	156
	1.7

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	N
	3.1 (2.3 - 5.5)
	0.9
	153
	

	350
	-
	
	
	0.32
	11.9
	CPH
	E
	5 (1.9 - 41.7)
	0
	669
	4.3

	350
	
	
	2.4
	0.0009
	13.4
	CPH
	E
	2.3 (1.9 - 3.1)
	0
	640
	

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	E
	7.5 (2.2 - 46.3)
	2
	233
	6.4

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	E
	2.8 (2  - 5.1)
	0.3
	218
	

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	E
	10.2 (2.5 - 52.6)
	3.2
	155
	7.1

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	E
	2.9 (2.2 - 5.5)
	0.6
	144
	

	350
	-
	
	
	0.32
	11.9
	CPH
	S
	9.4 (2 - 61.3)
	0
	710
	9.0

	350
	
	
	2.4
	0.0009
	13.4
	CPH
	S
	2.3 (1.9 - 3.1)
	0
	646
	

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	S
	17.6 (2.3 - 107.5)
	3.0
	260
	15.5

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	S
	2.8 (2.1 - 5.2)
	0.4
	218
	

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	S
	30 (2.5 - 129)
	3.5
	169
	13.7

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	S
	3 (2.2 - 5)
	0.6
	146
	

	350
	-
	
	
	0.32
	11.9
	CPH
	W
	6.1 (2 - 51.6)
	0
	723
	6.4

	350
	
	
	2.4
	0.0009
	13.4
	CPH
	W
	2.4 (2 - 3)
	0
	677
	

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	W
	11.3 (2.5 - 69.4)
	2.6
	258
	10.5

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	W
	2.9 (2.1 - 5)
	0.5
	230
	

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	W
	17.1 (2.5 - 77.7)
	3.4
	170
	10.3

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	W
	3.1 (2.3 - 5.7)
	1
	153
	

	Different climates

	350
	-
	
	
	0.32
	11.9
	MUC
	SW
	6.2 (2.3 - 34.9)
	0
	717
	7.3

	350
	
	
	2.4
	0.0009
	13.4
	MUC
	SW
	2.2 (1.9 - 2.5)
	0
	664
	

	350
	CaSi
	100
	
	0.32
	11.9
	MUC
	SW
	8.6 (2.4 - 38.5)
	2.1
	251
	9.9

	350
	
	100
	2.4
	0.0009
	13.4
	MUC
	SW
	2.5 (1.9 - 3.5)
	0.2
	226
	

	350
	mw+vb
	100
	
	0.32
	11.9
	MUC
	SW
	11.4 (2.4 - 42.2)
	3.4
	167
	10.2

	350
	
	100
	2.4
	0.0009
	13.4
	MUC
	SW
	2.4 (2 - 3.3)
	0
	150
	

	350
	-
	
	
	0.32
	11.9
	MXP
	SW
	2 (1.6 - 10.5)
	0
	208
	1.2

	350
	
	
	2.4
	0.0009
	13.4
	MXP
	SW
	1.9 (1.6 - 2.5)
	0
	205
	

	350
	CaSi

	100
	
	0.32
	11.9
	MXP
	SW
	2.1 (1.5 - 10.3)
	0
	71
	1.3

	350
	
	100
	2.4
	0.0009
	13.4
	MXP
	SW
	2 (1.4 - 2.5)
	0
	70
	

	350
	mw+vb
	100
	
	0.32
	11.9
	MXP
	SW
	2.1 (1.7 - 10.5)
	0
	47
	1.3

	350
	
	100
	2.4
	0.0009
	13.4
	MXP
	SW
	2 (1.4 - 2.5)
	0
	46
	

	Different masonry thickness

	590
	-
	
	
	0.32
	11.9
	CPH
	SW
	13.1 (2.5 - 67)
	0
	491
	11.5

	590
	
	
	2.4
	0.0009
	13.4
	CPH
	SW
	2.4 (2 - 3.2)
	0
	435
	

	590
	CaSi
	100
	
	0.32
	11.9
	CPH
	SW
	25.8 (2.5 - 91.5)
	2.5
	229
	17.0

	590
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	2.8 (2.2 - 4.2)
	0.16
	190
	

	590
	mw+vb
	100
	
	0.32
	11.9
	CPH
	SW
	37.1 (2.5 - 101.1)
	3.4
	155
	13.7

	590
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	2.9 (2.4 - 4.5)
	0
	134
	

	710
	-
	
	
	0.32
	11.9
	CPH
	SW
	14.4 (2.5 - 61.7)
	0
	422
	12.1

	710
	
	
	2.4
	0.0009
	13.4
	CPH
	SW
	2.4 (2.1 - 3.2)
	0
	371
	

	710
	CaSi
	100
	
	0.32
	11.9
	CPH
	SW
	26.1 (2.5 - 79.3)
	2.3
	210
	15.8

	710
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	2.7 (2.2 - 3.9)
	0.07
	177
	

	710
	mw+vb
	100
	
	0.32
	11.9
	CPH
	SW
	33.2 (2.5 - 86.5)
	3.4
	145
	12.7

	710
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	[bookmark: _GoBack]2.9 (2.4 - 4.2)
	0
	127
	

	Different insulation thickness

	350
	CaSi
	60
	
	0.32
	11.9
	CPH
	SW
	19.4 (2.2 - 125.2)
	2.8
	354
	14.6

	350
	
	60
	2.4
	0.0009
	13.4
	CPH
	SW
	2.8 (2 - 4.8)
	0.3
	303
	

	350
	mw+vb
	60
	
	0.32
	11.9
	CPH
	SW
	37.5 (2.5 - 148.3)
	3.4
	259
	16.8

	350
	
	60
	2.4
	0.0009
	13.4
	CPH
	SW
	2.9 (2.2 - 5.1)
	0.16
	215
	

	350
	CaSi
	300
	
	0.32
	11.9
	CPH
	SW
	28 (2.5 - 161)
	3.2
	146
	31.6

	350
	
	300
	2.4
	0.0009
	13.4
	CPH
	SW
	3.1 (2.3 - 6)
	0.6
	99
	

	350
	mw+vb
	300
	
	0.32
	11.9
	CPH
	SW
	56.2 (2.5 - 178.6)
	3.5
	65
	9.6

	350
	
	300
	2.4
	0.0009
	13.4
	CPH
	SW
	3.4 (2.3 - 6.4)
	1.7
	59
	

	Different insulation systems

	350
	XPS
	100
	
	0.32
	11.9
	CPH
	SW
	57.4 (2.5 - 174.6)
	3.5
	122
	9.3

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	3.2 (2.3 - 5.9)
	1.4
	111
	

	350
	iQ-Therm
	100
	
	0.32
	11.9
	CPH
	SW
	34.5 (2.5 - 156.8)
	3.5
	177
	20.7

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	3.1 (2.3 - 5.6)
	1.4
	140
	

	350
	Multipor
	100
	
	0.32
	11.9
	CPH
	SW
	25 (2.5 - 147.2)
	3.3
	218
	23.8

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	3.1 (2.1 - 5.7)
	1.4
	166
	

	350
	Kingspan
	100
	
	0.32
	11.9
	CPH
	SW
	26.9 (2.5 - 153.3)
	3.4
	178
	50.2

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	3.3 (2.4 - 6.2)
	1
	89
	

	Weak impregnation

	350
	-
	
	2.4
	0.033
	13.4
	CPH
	SW
	52.4 (2.2 - 222.7)
	2.7
	876
	-18.8

	350
	CaSi
	100
	2.4
	0.033
	13.4
	CPH
	SW
	77.7 (2.5 - 251.2)
	3.3
	399
	-44.5

	Default thermal conductivity change between dry and saturated brick (in Delphin)

	350
	-
	
	
	0.32
	11.9
	CPH
	SW
	11.9 (2 - 87.8)
	0
	693
	4.3

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	SW
	22.5 (2.5 - 139.4)
	3
	268
	15.7

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	SW
	45.2 (2.5 - 161.5)
	3.5
	170
	12.1

	Exclude wind driven rain method [13,14]

	350
	-
	
	
	0.32
	11.9
	CPH
	SW
	2.4 (2-3.3)
	0
	661
	10.3

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	SW
	3.3 (2.1-7)
	0.5
	226
	18.0

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	SW
	3.9 (2.5-8.8)
	2.3
	149
	15.0

	Impregnation depth

	350
	-
	
	40
	0.0009
	13.4
	CPH
	SW
	2.3 (2-3.1)
	0
	662
	10.2

	350
	CaSi
	100
	40
	0.0009
	13.4
	CPH
	SW
	2.7 (2.1-4.6)
	0.2
	225
	18.4

	350
	mw+vb
	100
	40
	0.0009
	13.4
	CPH
	SW
	2.6(2.2-4.8)
	0
	149
	15.0

	Initial moisture content in the masonry (starting point: the average moisture content of the 5 years simulation)

	350
	-
	
	2.4
	0.0009
	13.4
	CPH
	SW
	2.5 (2 - 11)
	0.06
	665
	9.7

	350
	CaSi
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	3.3 (2.1 - 22)
	1.5
	230
	16.7

	350
	mw+vb
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	6.5 (2.5 - 45.2)
	3.4
	156
	11.3

	350
	-
	
	40
	0.0009
	13.4
	CPH
	SW
	2.5 (2 - 10.1)
	0.05
	665
	9.8

	350
	CaSi
	100
	40
	0.0009
	13.4
	CPH
	SW
	3.4 (2.1 - 19.9)
	1.8
	230
	16.7

	350
	mw+vb
	100
	40
	0.0009
	13.4
	CPH
	SW
	9.4 (4.1 - 40.6)
	3.4
	163
	7.1

	Initial moisture content in the masonry (starting point: the maximum moisture content of the 5 years simulation)

	350
	-
	
	2.4
	0.0009
	13.4
	CPH
	SW
	4.9 (2 - 79.5)
	1.5
	683
	7.4

	350
	CaSi
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	10.3 (22.9 - 136.2)
	3.2
	254
	7.9

	350
	mw+vb
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	27.3 (38.1 - 159.2)
	3.5
	171
	2.7



Table A2: Numerical simulation results of wooden beam degradation 
	Wall configuration
	Wood beam loss (% of wood loss)

	Msy thick
	Insul
	Ins thick
	dp
	Acap
	μ
	Clim
	Orien
	110 mm from the exterior surface
	Interface between Masonry and Internal Insulation

	mm
	
	mm
	mm
	kg/m²√s
	
	
	
	%
	%

	350
	-
	
	
	0.32
	11.9
	CPH
	SW
	63
	0

	350
	
	
	2.4
	0.0009
	13.4
	CPH
	SW
	0
	0

	350
	CaSi
	100
	
	0.32
	11.9
	CPH
	SW
	85.6
	0

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	0
	0

	350
	mw+vb
	100
	
	0.32
	11.9
	CPH
	SW
	100
	100

	350
	
	100
	2.4
	0.0009
	13.4
	CPH
	SW
	0
	0
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