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Highlights: 9 

 Hygrothermal assessment of three diffusion-open capillary active insulation systems 10 

 Investigation of the effect of exterior hydrophobisation of solid masonry  11 

 Poor hygrothermal performance was seen for all systems without hydrophobisation 12 

 Good performance for PUR foam with calcium silicate channel when hydrophobised 13 

 High pH of adhesive mortars seems to prevent mould growth behind the insulation   14 
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Abstract 19 

The present project investigated the hygrothermal performance and risk of mould growth in solid 20 

masonry walls fitted with three diffusion-open capillary active interior insulation systems installed in 21 
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containers with a controlled indoor climate. The project was carried out as a large experimental study 22 

in two 40-feet reefer containers reconfigured with 24 holes (1x2 m), in which solid masonry walls with 23 

embedded wooden elements were installed. The focus of the study was on the conditions in the 24 

interface between the masonry and the interior insulation, and in the embedded wooden elements. 25 

The effect of exterior hydrophobisation was also investigated. Relative humidity and temperature 26 

were measured at several locations in the test walls over a period of four years. The findings indicate 27 

that exposed walls with interior insulation and high indoor RH performed poorly in terms of the risk 28 

of mould growth. Combined with exterior hydrophobisation against driving rain, the semi diffusion-29 

tight insulation system performed better than the highly diffusion-open systems. Good performance 30 

was observed for the semi diffusion-tight polyurethane foam insulation with calcium silicate channels 31 

combined with exterior hydrophobisation. The effect of hydrophobisation varied with the orientation. 32 

Mould observations found no growth in the interface in most walls, probably because the high 33 

alkalinity of the adhesive mortars and scarce nutrition prevented growth. Growth was however found 34 

in some walls having low alkalinity and possibly available nutrition. Little correlation was found 35 

between on-site and modelled mould growth.  36 

 37 

 38 

 39 

1 Introduction 40 

Studies of the Danish building stock have shown great potential for energy conservation by retrofitting 41 

external walls, especially solid masonry walls, in buildings constructed prior to 1930 [1]–[5]. Solid 42 

masonry buildings constructed in the period 1850-1930 account for 41% of all Danish multi-story 43 

residential buildings (3-6+ floors), and 25% of all apartments [5]. National data from the EU Energy 44 

Performance Certificates database indicate an average-weighted U-value of 0.83 and 1.12 W/m2·K for 45 



external walls in multi-story residential buildings built prior to 1850 and in the period 1850-1930, 46 

respectively [4].  The external appearance of many of the aforementioned buildings is worthy of 47 

preservation, placing several constraints on exterior alterations. Sizable energy savings were found in 48 

previous theoretical [5]–[8] and field studies [9]–[16] of internally insulated solid masonry walls.  49 

Internally retrofitted insulation is considered risky as it alters the thermal and moisture balance of the 50 

existing wall structure. The reduced heat flow alters the temperature gradient in the existing wall as 51 

the external wall becomes colder [13], [17]–[21], increasing the risk of interstitial condensation 52 

between the existing wall and the new insulation [17], [18], [22]–[24]. Moreover, the increased 53 

diffusion resistance of the new insulation reduces the inward moisture diffusion that contributes to 54 

drying the masonry wall [14], [18]. The higher moisture levels lead to increased risk of moisture-55 

induced damage, including frost damage [18], [19], [23]–[25], mould growth [6], [17], [18], [22], [26], 56 

[27], and wood decay [18], [25], [27]. Despite these disadvantages, internal insulation may sometimes 57 

be the only retrofit option that preserves cultural heritage, such as the architectural significance. 58 

Mineral wool and vapour barriers have traditionally been used for internal retrofitting [17], [21], [22], 59 

[26]. In many cases, this traditional method has resulted in mould growth caused by solar-driven 60 

vapour flow from the outside towards the inside during periods with alternating rain and solar 61 

exposure [26], [28]. Other potential problems include mechanical damage to the vapour barrier or 62 

poor craftsmanship, either of which can allow moist indoor air to diffuse outwards into the masonry 63 

[26].  64 

In recent years, internal insulation strategies have changed focus from diffusion-tight systems towards 65 

diffusion-open capillary active systems allowing redistribution of moisture, in order to reduce the 66 

mould risk. In [29], [30] the effects of the material properties of insulation and adhesive on moisture 67 

redistribution were investigated. The findings suggest that improved performance could be obtained 68 

by using insulation with higher water conductivity. Studies [6], [9], [10], [14], [16], [31]–[35] observed 69 

that good performance could be obtained by using diffusion-open capillary systems for internal 70 

retrofitting. In some of the studies the good performance that was observed could have been due 71 



either to exterior rain protection or a low internal moisture load. Other studies [36]–[39] have found 72 

high relative humidity (RH) levels in the interface when diffusion-open capillary systems had been 73 

used. In [25], [39]–[43], diffusion-open and diffusion-tight systems were compared: lower RH levels 74 

were observed in the interface in [41], and  in [42], [43] lower RH was observed in beam ends for the 75 

diffusion-tight systems. Note that in these studies driving rain was excluded or limited by fitting 76 

exterior protection. Vereecken and Roels [40] observed better performance for diffusion-tight 77 

systems under quasi steady-state winter conditions (without rain), and Vereecken et al. [25] 78 

concluded from hygrothermal simulations that if rain could be disregarded then there was no reason 79 

to use diffusion-open capillary systems.  80 

Wind Driven Rain (WDR) is one of the largest sources of moisture in the walls of buildings [18]. Studies 81 

[7], [13], [39], [44]–[46] found WDR to be one of the crucial factors that determine the performance 82 

of internally insulated solid exterior walls. Exterior rain protection such as hydrophobisation is often 83 

proposed for buildings worth preserving [23], [36]. In [47]–[50] excellent water-repellent performance 84 

was observed for various brick types using different hydrophobisation agents. In [49] a less 85 

pronounced effect was observed for mortar samples. A key feature of the hydrophobisation is not to 86 

alter the vapour diffusion resistance of the building [51]. In [49] no significant increase was 87 

documented for the vapour diffusion resistance. Reduced evaporative drying potential was however 88 

observed in [50]. Some studies [6], [8], [52], [53] found improved hygrothermal performance using 89 

exterior hydrophobisation, while increased RH levels were found for exterior protection that used 90 

render and paint [41]. However, other studies using exterior render and paint [10], [34], [35] found 91 

good performance in the interface (possibly due instead to a low internal moisture load). Although 92 

hydrophobisation appears to be an excellent solution, [26] listed several limitations that must be 93 

considered, including problems with overall tightness and surface defects . Studies [12], [33], [39], 94 

[46], [52] have found that orientation was of great importance for the efficacy of internal insulation. 95 

High solar exposure on walls will contribute significant drying [18] but may also cause inward solar-96 

driven vapour flow.  97 



Several studies have found unacceptable moisture levels resulting from internal insulation retrofits, 98 

but as common indoor mould species typically thrive at pH-values 4-9 [54] and manufacturers claim 99 

[55]–[57] that the high alkalinity of the glue mortars used in the installation of insulation products 100 

prevents mould growth, there has been a focus on the alkalinity of the glue mortars. Morelli and 101 

Møller [16] found a high pH-value (using phenolphthalein) and no mould growth behind the internal 102 

insulation after two years. 103 

The purpose of this study was to assess the hygrothermal performance of three diffusion-open 104 

capillary systems. One aim was to determine if exterior hydrophobisation improved the hygrothermal 105 

performance of diffusion-open capillary active systems by preventing the absorption of WDR. Another 106 

aim was to test whether theoretical mould models would be useful for the prediction of mould risk in 107 

the interface and in embedded wood elements, in solid masonry retrofitted with internal insulation, 108 

by comparing their predictions with on-site Mycometer testing.  109 

 110 

2 Methods 111 

A large experimental setup was constructed at the Department of Civil Engineering of the Technical 112 

University of Denmark (DTU) on a test site in Kongens Lyngby, Denmark (55.79°N, 12.53°E). The 113 

experimental setup comprised several test walls constructed to emulate a section of a Danish historic 114 

multi-story building from the period 1850-1930, both in relation to design and materials. The setup 115 

was designed to investigate the application of several diffusion-open capillary active interior insulation 116 

systems applied to solid masonry walls with embedded wooden elements.   117 

 118 

2.1 Test stand  119 

The experimental setup comprised two insulated reefer containers with the external dimensions 120 

(LxWxH): 12.2 m by 2.4 m by 2.9 m, with an interior volume of 67.6 m3. The containers were 121 



abbreviated “G” and “X”. Twenty-four 1 x 2 m cut-outs were made in the façades to accommodate 122 

the test walls. The holes were spaced 0.4 m apart. Next, twenty-four identical test walls with the 123 

dimensions (HxWxD) 1987 mm by 948 mm by 358 mm (1½ stones thick with 10 mm interior rendering) 124 

were constructed in façade cut-outs (Figure 1 and 2). Each represents a different design scenario. To 125 

simulate problems with thermal bridges at the joints with adjacent elements, the test walls were 126 

constructed as a 3-dimensional set-up including a wooden floor construction and a 108 mm (½-stone) 127 

interior masonry wall with render on both sides. The wooden floor construction consisted of a 175 x 128 

175 mm wooden beam end embedded 100 mm into the masonry wall, supported by a 100 x 100 mm 129 

embedded wooden wall plate. The wooden elements were made from ordinary construction timber 130 

(Pomeranian pine wood). The floor construction was closed off using 15 mm thick Oriented Strand 131 

Board (OSB), and 100 mm of mineral wool was used to emulate the clay-pugging layer traditionally 132 

placed between floor beams. To best emulate the hygrothermal conditions occurring in Danish historic 133 

buildings between 1850 and 1930, the test walls were constructed using yellow soft-moulded masonry 134 

bricks and 7.7% lime adjusted mortar (air lime), grain size 0-4 mm. The same lime mortar was used 135 

also as interior render.  136 

The masonry walls were constructed from early August to mid-September 2014 and allowed to dry 137 

for 5-6 months until the installation of the insulation systems in mid-February and March 2015. 138 

Furthermore, from early December 2014 until mid-April 2015 forced drying was performed by heating 139 

the indoor climate to 40–50 °C, resulting in an indoor RH of 10–30%. 140 

The experimental setup was constructed with special care and attention directed towards the 141 

reduction of potential sources of error from unintentional heat, air or moisture transport. The 142 

measures taken were:  143 

 Hygric and thermal decoupling: To control heat, air and moisture transport, 400 mm mineral 144 

wool (λ = 0.037 W/(m·K)) was installed between the test apertures and 150 mm above them, 145 



and a vapour barrier was located between the test walls and the container walls, floor and 146 

ceiling.  147 

 Sealing of joints: Mastic sealant was used to seal off joints between test walls and container 148 

walls, to prevent rain intrusion.  149 

 Rainwater run-off: A roof with rain gutters was constructed on top of the containers, and 150 

flashings were installed directly above each test wall to prevent rain entering the walls 151 

through the horizontal sections sticking out through the container walls, as illustrated in 152 

Figure 1a. 153 

 Preventing rain splash-up: The containers were raised ≥ 350 mm off the ground.  154 

No thermal decoupling was carried out between the container floor and test walls besides the thermal 155 

resistance of the container floor itself. The lack of thermal decoupling for the floor was however not 156 

considered an issue, as the nearest sensor was located approximately 800 mm above floor level. 157 

 158 

(b) 

(c) 

(a) 

Figure 1 Test stand configuration: (a): Vertical section of a test wall, (b): Horizontal section through the 13th brick 
course, (c): Horizontal section through the 21st brick course. Source: Tommy Riviere Odgaard. 
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 160 

 161 

 162 

2.1.1 Wall insulation configurations  163 

Results from twelve of the twenty-four test walls are presented in this paper, and the wall 164 

configurations are presented in Table 1. Four insulation systems were assessed in a temperate Nordic 165 

climate: 1) composite material of polyurethane foam with calcium silicate channels in a grid of 40 mm 166 

by 40 mm (PUR-CM), 2) calcium silicate (CaSi), 3) lightweight autoclaved aerated concrete (AAC) , and 167 

4) a traditional system of mineral wool and vapour barrier (MW). Insulation systems were applied to 168 

the base walls, while three base walls were left as uninsulated reference walls: G3 (SW), G14 (NE) and 169 

X5 (SW). Test walls were kept as bare brick on the exterior surfaces, except for G2, G15, and X3. These 170 

walls were treated with a silane/siloxane-based hydrophobising cream with 40% active ingredient. 171 

The interior surfaces were treated with diffusion-open paint, except for G1 which was treated with 172 

traditional diffusion-tight paint. Each insulation systems was installed by specially trained workers 173 

(a) 

(b) (c) (d) (e) (f) 

Figure 2 The experimental setup: (a): The test containers, (b): installation of the embedded wooden wall plate, 
(c): installation of sensors in the masonry bricks, (d): installation of the embedded wooden beam end, (e): the 
internal insulation with embedded sensors, (f): external treatment with hydrophobising cream. Source: Tommy 
Riviere Odgaard. 



from the respective companies and the exterior hydrophobisation was applied according to the 174 

manufacturer’s recommendations. As shown in Table 1, the systems with MW and PUR-CM are 175 

considerably more vapour tight than the systems with CaSi and AAC. 176 

 177 

2.1.2 Measurement equipment  178 

Throughout the experiment, temperature and RH were measured and logged every 10 minutes using 179 

digital HYT221 sensors from Innovative Sensor Technology IST AG [58]. Sensors were installed and 180 

embedded in nine different locations in each test wall (Figure 1 red dots), two in each container for 181 

the indoor climate and three for the outdoor climate. Prior to installation the HYT sensors were sealed 182 

with shrink-rubber with the exception of the sensing area, and drilling holes were sealed with silicone 183 

sealant and a small blocking plate to prevent the silicone from covering the sensor head. Sensor 184 

accuracy was 0.2 K between 0 and 60 °C for temperature, and 1.8% at 23 °C between 0 and 90% for 185 

RH. Sensor range was -40 to 125 °C and 1 to 100% RH. Sensors were calibrated using saturated salt 186 

solutions prior to installation. The rate of missing sensor data was quite low, and due to loggings every 187 

10 minutes the date are considered as secure. Over the course of the experiment two periods of +10 188 

days occurred without measurements due to system malfunctions, these periods are visible in the 189 

figures.  190 

 191 

Table 1 Wall configurations and properties used in the field study. The insulation systems were applied internally 192 

to the base wall configuration. The three reference walls G3, G14, and X5 were kept as uninsulated base walls. 193 

No. of walls:  
Wall ID & orientation 

Material layers  
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and interior side in the 
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Base walls  

Yellow masonry brick* 1643 0.600 16.9 0.278 348 0.58 2.97E+10 

7.7% lime mortar* 1243 0.440 22.43 0.390 10 0.02 1.13E+09 

Total: existing wall           0.60 3.08E+10 

1 wall:  
G1_MW_SW 

Mineral wool  37 0.040 1 0 100 2.50 5.05E+08 

Vapour barrier   700000  0.2  7.07E+11 



Gypsum board 850 0.200 10 0.277 13 0.07 6.57E+08 

Paint       1.73E+09 

Total: MW system           2.57 7.10E+11 

4 walls: 
G2_PUR-CM+H_SW       
G7_PUR-CM _SW      
G10_PUR-CM _NE      
G15_PUR-CM+H_NE 

PUR-CM adhesive 
mortar 

1313 0.497 18.75 0.005 10 0.02 9.47E+08 

PUR-CM insulation 49 0.037 27.01 0.013 80 2.16 1.09E+10 

PUR-CM render 725 0.147 11.73 0.107 10 0.07 5.92E+08 

PUR-CM surface filler 1270 0.479 14 0.222 3 0.01 2.12E+08 

Paint       5.26E+07 

Total: PUR-CM system           2.26 1.27E+10 

2 walls:  
G4_CaSi_SW      
G13_CaSi_NE 

CaSi adhesive mortar* 1655 0.500 6.60 0.600 10 0.02 3.33E+08 

CaSi insulation* 225 0.061 4.23 0.726 100 1.64 2.14E+09 

CaSi adhesive mortar* 1655 0.500 6.60 0.600 8 0.02 2.67E+08 

Paint       1.58E+08 

Total: CaSi system           1.68 2.90E+09 

2 walls:  
X2_AAC_SW      
X3_AAC+H_SW 

AAC adhesive mortar* 830 0.155 13 0.003 8 0.05 5.25E+08 

AAC insulation board* 99 0.044 3 0.006 100 2.27 1.52E+09 

AAC adhesive mortar* 830 0.155 13 0.003 8 0.05 5.25E+08 

Paint       1.32E+08 

Total: AAC system           2.38 2.70E+09 

*materials tested by Technische Universität Dresden, unmarked parameters were from the Delphin [59] material 194 

database or manufacturer data. G: container 1, X: container 2, SW: south-west, NE: north-east, +H: exterior 195 

hydrophobisation. 196 

 197 

2.1.3 Boundary conditions 198 

The indoor boundary conditions were kept at 20 °C and 70% RH during the initial period (May to 199 

August 2015), to stress the experiment. Afterwards the setpoint was reduced to 20 °C and 60% RH, 200 

equal to a water vapour content of 10 g/m3, which corresponds to the highest humidity class for 201 

dwellings (humidity class 3) in the Danish context [17]. The containers were conditioned using 202 

humidifiers and heating fans. However, no cooling or dehumidification was installed, so fluctuations 203 

due to high temperature or humidity could occur. Furthermore, the containers were fitted with two 204 

fresh air fans, providing an air change rate of approximately 0.5 h-1, the minimum rate permitted by 205 

Danish building regulations [60]. 206 

In Denmark, south-west is the prevailing wind direction and thus the most critical in terms of WDR. A 207 

combination of WDR with high solar irradiation on a south-facing wall may lead to moisture transport 208 



towards the indoor environment. A north-facing wall receives less WDR, but at the same time less 209 

solar irradiation. To assess both of these scenarios, eight of the twelve test walls faced south-west 210 

(237°), and four faced north-east (57°) (Table 1). The test containers were installed so WDR would not 211 

be obstructed by nearby buildings, and so shadows onto to the wall surfaces were minimal.  212 

 213 

2.2 Mould growth 214 

2.2.1 On-site mould testing 215 

Mould growth was measured on-site using Mycometer Surface and Bulk-material tests (quantitative) 216 

[61], and swab tests to determine mould species (qualitative). Surface tests were used to determine 217 

growth in the interface between the existing wall and the insulation system, while the bulk-material 218 

test was used to assess growth in the different layers of the insulation system. 219 

Samples were taken using a 100 mm hole-saw (without a pilot bit). The core sample was immediately 220 

placed in a sealed container, after which Mycometer surface and swab samples were taken in the 221 

interface thus exposed (two of each). In the laboratory, the outer material of the core sample was cut 222 

away leaving a 20 mm by 20 mm central core (Figure 3c). The central core was divided into three 223 

sections for the bulk-material test: 1) outermost 10 mm (nearest to the interface), 2) middle section 224 

11-55 mm, and 3) innermost section 56-100 mm (near the interior surface). The bulk-material test was 225 

only performed for the middle or innermost sections if growth was detected in the outermost section 226 

of the central core.  227 



 228 

Figure 3 Mould sampling: (a): the hole-saw, (b): sealed core sample, and (c): preparation of Mycometer bulk-229 

material samples. Source: Nickolaj Feldt Jensen 230 

Mould samples were taken in November 2018, 3½ years after commencing the experiment. Additional 231 

samples were taken for walls X2-X3 in March 2019, and another full set in September 2019.  232 

Swab tests were streaked out on V8 and DG18 media, then incubated at 20 °C in darkness for 7 days. 233 

Fungal colonies were transferred to CYA, MEA and YES media, and incubated at 25 °C in darkness for 234 

7 days and identified under stereo and light microscopes [62]. The Mycometer test measures the 235 

fluorescent product released from the enzyme-substrate complex relating to the N-236 

acetylhexosaminidase activity found in mould growth to determine the extent of the growth [61]. 237 

Mycometer surface tests were performed according to [63]–[65] and the bulk-material tests were 238 

performed according to [66], [67]. The Mycometer values (MV) obtained were evaluated as:   239 

 Category A (green), normal background level: MV ≤ 25 (surface) or MV ≤ 150 (Bulk-material) 240 

 Category B (yellow), above normal background level: 25 < MV < 450 (surface) or 150 < MV < 241 

450 (Bulk-material) 242 

 Category C (red), a high level of fungi: MV > 450 243 

The accuracy of the Mycometer method was evaluated by the US EPA [68] who found that the 244 

standard deviation between tests was around 5-10% for tests with fungal spores from Aspergillus 245 

flavus and Cladosporium herbarum.   246 

 247 

(a) (b) (c) 



2.2.2 Mathematical mould-growth models 248 

Three widely used mould-growth models were applied for post processing of measurements to assess 249 

the hygrothermal conditions of the test walls over time and produce a theoretical prediction of the 250 

risk of mould growth.  251 

The VTT model: by Hukka and Viitanen [69]. The output of this model is the mould index (M), ranging 252 

from 0 to 6, where 0 corresponds no growth and 6 to heavy growth (100% coverage). Values 3-6 are 253 

within the visual range. Interface (point 3) was assumed to be “medium resistant” with a decline factor 254 

“relatively low”. Embedded wooden wall plates (point 5) and the interface for wall G1 were assumed 255 

to be “sensitive” with a decline factor “wood recession”.  256 

The MRD model: by Thelandersson and Isaksson [70]. A dose-response model which predicts the limit 257 

state “onset of mould growth” defined in the mould rating scale by Johansson [71]. The scale ranges 258 

from 0 to 4, where 0 corresponding to no growth, 2 to onset of mould growth and 4 to heavy mould 259 

growth. Interface (point 3) was assumed to have a critical dose Dcrit (material sensitivity) of 102 days 260 

(PUR-CM, CaSi and AAC). Embedded wooden wall plates (point 5) and the interface for wall G1 were 261 

assumed to have a critical dose Dcrit of 12 days (planned pine). Dcrit values were obtained from  [72]–262 

[74].  263 

WUFI-Bio [75]: based on the biohygrothermal model of Sedlbauer [76]. This model calculates the 264 

moisture balance in mould spores and compares it to what is estimated to be the critical moisture 265 

content for spore germination. The model has two outputs: 1) mould growth in mm, and 2) mould 266 

index (M) according to the VTT model [77]. Interface (point 3) was assumed to be “substrate group II”, 267 

building materials containing some biodegradable compounds. Embedded wooden wall plate (point 268 

5) and the interface for wall G1 were assumed to be “substrate group I”, biodegradable building 269 

materials. 270 

Mould predictions for the interface were started after one year (on 01-05-2016) to emulate the effect 271 

of the alkaline conditions during the initial dry out process for systems using adhesive mortars 272 



(cementitious materials) as suggested in [78]. Wall G1 was started on 01-05-2015, as no adhesive 273 

mortar was used.  274 

In this study the models were compared to Mycometer surface results in the interface.     275 

 276 

2.3 pH-value 277 

Samples were taken for the internal lime render and adhesive mortars, to determine their pH-value. 278 

Samples were crushed into powder, and 5 g of powder was mixed with 12.5 ml demineralized water. 279 

Samples were shaken for 60 minutes at 260-270 rpm, followed by a 10 minute settling period before 280 

testing. pH measurement were performed using a Sension+ MM374 (accuracy: ≤0.002 pH) [79]. Two 281 

tests were performed for each material sample. The pH value for fresh adhesive mortar powder mixed 282 

with demineralized water was similarly determined.  283 

 284 

3 Results 285 

Graphical representations of measurement data are based on a 96-hour running average, while plots 286 

for mould modelling are shown as hourly values. Supplementary plots and datasets are available in 287 

[80]. Plot abbreviations as presented in Section 2.1.1. 288 

 289 



3.1 Measurements 290 

3.1.1 Boundary conditions 291 

 292 

 293 

Figure 4 RH and temperature for indoor and outdoor climates 294 

The indoor and outdoor boundary conditions were as shown in Figure 4. The two indoor sensors 295 

showed only minor differences between the measured RH and temperatures. The large decrease in 296 

the indoor RH levels in container G during the winter of 2018 was caused by a faulty humidifier, which 297 

was seen to cause a drop in the RH levels near the interior surface as shown in Figure 5. In terms of 298 

WDR load, the measurements showed about three times more rain striking the south-west facing 299 

walls in comparison to the north-east facing walls, see [80].  300 

 301 

3.1.2 System comparison 302 

This section presents a comparison between the various insulation systems.  303 



 304 

 305 

Figure 5 RH in point 4, near interior surface (point 3 for the reference walls G3, G14, and X5) 306 

Measurements for the interior surface (Figure 5) showed that RH levels followed the indoor conditions 307 

(Figure 4), with a small excess caused by the lower surface temperature, and the moisture content in 308 

the test walls, except for the wall with MW. The diffusion-open systems were found to have a lower 309 

RH near the interior surface throughout the experiment, compared to the uninsulated reference wall. 310 

Minor differences were observed between the different diffusion-open systems. The diffusion-tight 311 

MW system was found to have the lowest RH of all systems during winter, and the highest during 312 

summer. Only minor differences were observed between orientations. 313 



 314 

 315 

Figure 6 RH in point 3, interface 316 

Measurements in the interface between existing wall and insulation systems (Figure 6) showed that 317 

all the test walls experienced unacceptably high RH, with occasional drops during summer and in early 318 

autumn. Smaller seasonal fluctuations were observed for the tighter systems (MW and PUR-CM), and 319 

only minor differences were observed between the two orientations. The warm dry summer of 2018 320 

greatly reduced RH in the interface for most of the diffusion-open capillary systems. 321 

 322 



 323 

Figure 7 RH in point 5, wall plate 324 

Measurements for the wall plate (Figure 7) showed increasing RH in all the test walls, except the 325 

Ref_NE and CaSi_NE walls. Most walls experienced unacceptably high RH, and all of them, except PUR-326 

CM_SW, showed higher RH than their uninsulated reference wall. The CaSi_NE showed considerably 327 

lower RH than the CaSi_SW, while smaller differences were observed between the two orientations 328 

for the PUR-CM system.  329 

 330 

 331 

Figure 8 RH in point 6, beam end 332 

Measurements for the beam end (Figure 8) showed lower RH in the diffusion-open capillary systems 333 

compared to the diffusion-tight MW system. The MW system showed progressively increasing values, 334 

with peaks occurring during the summer periods. All of the test walls, except the PUR-CM_NE and 335 

AAC_SW walls, showed higher RH than their uninsulated reference wall. The north-eastern walls were 336 

found to have a lower RH than their south-western counterpart. 337 

 338 



3.1.3 Effect of exterior hydrophobisation 339 

This section presents the effect of exterior hydrophobisation. 340 

 341 

 342 

Figure 9 RH in point 3, interface 343 

Measurements for the interface (Figure 9) showed that exterior hydrophobisation generally had a 344 

positive effect. The PUR-CM+H_SW wall became progressively drier. The AAC+H_SW did however 345 

show rapid drying during summer, followed by a rapid increase in RH during winter. It was observed 346 

that the PUR-CM+H_NE performed as poorly as the unhydrophobised wall.  347 

 348 



 349 

Figure 10 RH in point 5, wall plate 350 

Measurements for the wall plate (Figure 10) showed that exterior hydrophobisation had a positive 351 

effect. The PUR-CM+H walls became progressivelt drier. The PUR-CM+H_SW and AAC+H_SW both 352 

showed lower RH than their uninsulated reference walls, while the PUR-CM+H_NE showed higher RH 353 

than its uninsulated reference wall (see [80]). Hydrophobisation slightly decreased the differences 354 

between orientations for the PUR-CM walls. 355 

 356 

 357 

Figure 11 RH in point 6, beam end 358 

Measurements for the beam end (Figure 11) showed that exterior hydrophobisation generally had a 359 

positive effect. The PUR-CM+H walls became progressively drier. Large differences were observed 360 

between the south-western PUR-CM walls with and without hydrophobisation, compared to the 361 

north-eastern PUR-CM walls. The PUR-CM+H showed similar results for both orientations, while the 362 

unhydrophobised PUR-CM_NE wall experienced considerably lower RH compared to the 363 

unhydrophobised PUR-CM_SW. During the last two years, the PUR-CM+H_SW wall showed similar RH 364 



to the AAC+H_SW wall, while without hydrophobisation the PUR-CM_SW wall showed higher RH than 365 

the unhydrophobised AAC_SW wall. 366 

 367 

 368 

Figure 12 Temperatures in point 3, 5 and 6; interface, wall plate and beam end. South-western PUR-CM wall (a): 369 

with hydrophobisation and (b): without hydrophobisation. 370 

A comparison between measured temperatures in the interface (point 3), wall plate (point 5) and 371 

beam end (point 6) in Figure 12, showed that the beam end was generally the warmest sensor 372 

location, and the wall plate the coldest. The exceptions were: 1) the unhydrophobised PUR-CM_SW 373 

wall where the interface and wall plate were similar (Figure 12b), and 2) CaSi walls where interface 374 

and beam ends were similar, see [80]. The MW and AAC walls showed similar tendencies as the PUR-375 

CM+H_SW wall, see [80].  376 

 377 

3.2 pH and mould growth 378 

3.2.1 pH-value 379 

The material tests showed decreasing pH-value for the adhesive mortars and internal lime render for 380 

all test walls, except for the PUR-CM walls. The PUR-CM adhesive mortar experienced a slight increase. 381 

(a) 

(b

) 



The lime render behind the PUR-CM system generally maintained a rather high pH-value, except for 382 

wall G10. Lime render behind CaSi and AAC mortars showed only slightly higher pH-value than the 383 

reference and MW walls. 384 

Table 2 pH-values for the adhesive mortars and internal render: fresh, and after 3½ and 4½ years 385 

  

Fresh 

internal 

lime render 

Internal 

lime render 

(Nov. 2018) 

Internal 

lime render 

(Sep. 2019) 

Fresh 

adhesive 

mortar 

Adhesive 

mortars 

(Nov. 2018) 

Adhesive 

mortars 

(Sep. 2019) 

G3_Ref_SW 12.7 9.2 9.3    

G14_Ref_NE 12.7  9.2    

X5_Ref_SW 12.7  9.1    

G1_MW_SW 12.7 9.2 9.2    

G2_PUR-CM+H_SW 12.7 12.6 12.0 12.0 12.6 12.5 

G7_PUR-CM_SW 12.7 12.7 12.1 12.0 12.5 12.2 

G10_PUR-CM_NE 12.7 9.7 12.4 12.0 12.6 12.2 

G15_PUR-CM+H_NE 12.7 12.8 12.5 12.0 12.6 12.3 

G4_CaSi_SW 12.7 9.5 9.4 12.7 10.2 9.0 

G13_CaSi_NE 12.7 9.5 9.3 12.7 10.8 9.2 

X2_AAC_SW 12.7 9.4 9.4 12.0 9.7 9.2 

X2_AAC+H_SW 12.7 9.4 9.1 12.0 9.5 9.5 

*pH of lime render was only determined for one of the three reference walls, G3.  386 

 387 

3.2.2 On-site mould 388 

On-site Mycometer tests (both surface and bulk) showed no mould growth in the PUR-CM and CaSi 389 

walls, while mould was found in the MW and AAC walls. Extra test rounds were performed for the AAC 390 

system due to the mould findings, and Mycometer surface tests in the interface were generally in the 391 

low to medium mould growth range, while the outer bulk-tests were in medium to high mould growth 392 



range. The bulk-test results decreased in value towards the interior surface, with no critical results 393 

found in the innermost part of the insulation layer.  394 

Table 3 Mycometer results for the test walls after 3½, 4 and 4½ years 395 

Test 

round 
Wall ID 

Surface test Bulk-Material test 

A B 

Outer 

A 

Outer 

B 

Mid 

A 

Mid 

B 

Inner 

A 

Inner 

B 

1 (Nov. 

2018) 

G1_MW_SW1* 21 BDR 469 159     

G1_MW_SW (Wood studs) 960 788       

G2_PUR-CM+H_SW BDR BDR 77 32     

G7_PUR-CM_SW BDR BDR 12 27     

G10_PUR-CM_NE BDR BDR 4 89     

G15_PUR-CM+H_SW BDR BDR BDR 1     

G4_CaSi_SW BDR BDR BDR BDR     

G13_CaSi_NE BDR BDR 14 10     

X2_AAC_SW1,2 BDR 41 482 1459 382 390 BDR 7 

X3_AAC+H_SW1,2 26 37 43 32     

2 (March 

2019) 

X2_AAC_SW2,3,4,6 141 86 384 254 416 459 6 7 

X3_AAC+H_SW4,5,6 26 31 209 410 90 69   

3 (March 

2019) 

X2_AAC_SW1,4,5,6 220 196 824 982 119 98 6 6 

X3_AAC+H_SW1,2,4 120 307 585 712 5 3 5 6 

4 (Sep. 

2019) 

G1_MW_SW* 28 13 53 23     

G1_MW_SW (Wood studs) 35 188       

G2_PUR-CM+H_SW 3 3 6 5     

G7_PUR-CM_SW 23 23 9 63     

G10_PUR-CM_NE 12 9 13 1     

G15_PUR-CM+H_SW 8 5 10 18     

G4_CaSi_SW 4 6 9 5     



G13_CaSi_NE 5 5 4 5     

X2_AAC_SW 140 137 332 461 27 24   

X3_AAC+H_SW 195 227 450 490 3 24   

Mycometer surface tests were taken in the interface, P3 and Mycometer material tests between interface and 396 

interior surface, P4. Outer: outermost 10 mm of insulation layer (nearest to the masonry wall); Mid: outermost 397 

11-55 mm (CaSi and AAC) or 11-45 mm (PUR-CM) of insulation layer; Inner: innermost 45 mm (CaSi and AAC) or 398 

35 mm (PUR-CM) of insulation layer. “A” and “B” refer to the two samples taken for each interface and layer of 399 

insulation. *Surface samples were taken on the internal render surface and on wooden battens. BDR designates: 400 

Below Detection Range. Superscript indicate identified mould species. 401 

 402 

Cultivation of the swab tests indicated no growth in the interface, except for walls G1, X2 and X3. The 403 

following mould species were identified (see sampling location in Table 3): 404 

 1Aspergillus versicolor  405 

 2Penicillium chrysogenum  406 

 3Parengyodontium album (= Tritirachium album = Engyodontium album) 407 

 4Sarocladium strictum (= Acremonium strictum)  408 

 5Pseudogymnoascus pannorum (= Geomyces pannorum = Chrysosporium pannorum) 409 

 6Cladosporium sphaerospermum 410 

Photo documentation of mould identification is available in [80]. 411 

 412 

3.2.3 Mould modelling 413 

The measurements showed that the most critical moisture conditions were to be found in the 414 

interface and wall plate, so the mould risk modelling focused on these two locations. 415 

 416 



 417 

 418 

Figure 13 Modelled mould risk at point 3, interface; (a): VTT model, (b): MRD model, and (c): WUFI-Bio. Model 419 

predictions were started after one year to emulate the effect of high initial pH-value in the adhesive mortar, 420 

except G1 as this wall did not include adhesive mortar.  421 

 422 

All mould predictions for the interface (Figure 13) showed high risk for all test walls, except the PUR-423 

CM+H_SW. The different mould-growth models showed large discrepancies for the PUR-CM+H_SW 424 

wall. The MDR showed high risk, WUFI-Bio high initial risk followed by a decrease as RH dropped, and 425 

VTT no mould risk. Some discrepancies were also observed for the AAC+H_SW. The earlier modelling 426 

start for the MW wall was due to not having a high initial pH-value, while the higher index value in the 427 

VTT model was due to a more sensitive material class (wood battens); less sensitive materials can at 428 

(a

) 

(b) 

(c) 



most reach a VTT mould index of 3.5, while wood, as in the wooden laths in the MW walls can reach 429 

5.3. 430 

The VTT model seemed to best match the observed tendencies for the measurements, so further 431 

analysis was performed using the VTT model.  432 

 433 

 434 

Figure 14 Modelled mould risk in point 5, wall plate. 435 

Mould predictions for the wall plate (Figure 14) showed increasing mould risk tendencies in all test 436 

walls, except the PUR-CM+H walls and the north-eastern reference wall. The PUR-CM and AAC 437 

systems with hydrophobisation showed considerably lower mould risk than their unhydrophobised 438 

counterpart. Moreover, the north-eastern CaSi and reference walls showed considerably lower mould 439 

risk than their south-western counterpart. All north-eastern walls were found to have higher mould 440 

risk than their reference wall.  441 

 442 

 443 

 444 



 445 

 446 

 447 

3.3 Summary of key results 448 

Table 4 presents a summary of key results for moisture, predicted- and on-site mould growth. 449 

Table 4 Key summary results 450 

Sensor locations    

Average RH [%] 
Max VTT 

MI [-] 

Average 

MI [-] 

Mycometer surface results 

[MV] 
P3: Interface           

P4: Interior surface                 

P5: Wall plate        

P3 P4 P5 P6 P3 P5 P3 P5 

Test1 Test2 Test3 Test4 

P6: Beam end P3 P3 P3 P3 

G3_Ref_SW  78.4 91.9 82.3  5.3  4.3     

G14_Ref_NE  77.9 70.1 80.5  0  0     

X5_Ref_SW  78.5 90.7 78.7   5.2   4.0     

G1_MW_SW 99.4 74.9 94.6 92.9 5.3 5.3 4.9 3.9     

G2_PUR-CM+H_SW 88.1 67.8 81.6 77.7 0.7 3.0 0.4 1.1 BDR   BDR 

G7_PUR-CM_SW 99.9 66.5 91.2 86.7 3.5 5.2 3.0 3.4 BDR   BDR 

G10_PUR-CM_NE 97.8 67.5 95.9 79.1 3.5 5.3 2.8 4.7 BDR   BDR 

G15_PUR-CM+H_NE 99.9 68.6 82.3 78.1 3.5 1.4 2.9 0.5 BDR   BDR 

G4_CaSi_SW 96.8 66.9 97.6 88.9 3.5 5.3 2.7 4.9 BDR   BDR 

G13_CaSi_NE 96.5 68.1 85.3 83.6 3.5 3.1 2.7 1.5 BDR   BDR 

X2_AAC_SW 96.6 71.7 93.2 81.1 3.5 5.3 2.8 3.8 41 141 220 140 

X3_AAC+H_SW 89.7 68.8 82.6 75.9 2.9 3.1 1.4 1.2 37 31 307 227 

*Average values are based on the entire four-year data set. The colour codes used for the VTT results are from 451 

[78]. BDR designates: Below Detection Range.  452 

 453 



4 Discussion 454 

4.1 System comparison (non-hydrofobised walls) 455 

Interior surface (Figure 5): Compared to the uninsulated reference walls, the diffusion-open capillary 456 

active systems increased the interior surface temperature, which reduced RH levels of the interior 457 

surface. The tight MW system did however show different tendencies, showing considerably lower RH 458 

during winter compared to the diffusion-open capillary systems, followed by a drastic increase in RH 459 

during the summer period. The tendencies indicate that: 1) the vapour barrier was correctly installed, 460 

preventing outwards moisture transport; and 2) the occurrence of an inward moisture flow 461 

condensing on the exterior side of the vapour barrier (summer condensation) as described in [17], 462 

[18], [23]. This did not occur for the other systems, probably due to their diffusion-open nature.  463 

Masonry/insulation interface: After installation of the internal insulation, the interior masonry 464 

surface became colder, which increased the RH levels in the interface (Figure 6). For the highly 465 

diffusion-open AAC or CaSi systems, inward diffusion drying was observed in summer while outward 466 

wetting occurred in winter causing moisture saturation. The CaSi and AAC systems were seen to 467 

respond faster to changes in the boundary conditions compared with the tighter MW and PUR-CM, 468 

resulting in occasions with lower RH.  This effect can be seen in a comparison of the summers of 2016 469 

and 2018. Summer 2018 was abnormally warm and dry, causing a major drop in RH levels for the CaSi 470 

and AAC systems, compared to the more rainy and cold summer 2016. During the same periods, the 471 

south-western MW and PUR-CM walls were rather stable near 100% RH. The poor performance of the 472 

MW and PUR-CM systems was probably caused by inward moisture flow condensing inside the wall, 473 

due to the tight nature of the systems. For the CaSi and AAC systems the issue was probably a sub-474 

optimal combination of highly permeable insulation and high indoor moisture load, resulting in 475 

condensation in the interface during winter, and lack of exterior rain protection. The nature of the 476 

diffusion-open systems was intended to allow for inward drying, however these systems were shown 477 

to be near 100% RH in the interface throughout most of the measurement period. Findings for the 478 



diffusion-open systems support those of [36]–[38]. Furthermore, in line with the present findings, [25], 479 

[39] found diffusion-open systems to perform slightly better than the diffusion-tight systems when 480 

WDR was an issue, and [25], [40] suggested that tighter systems would perform better if WDR was 481 

eliminated.  482 

Wall plate (Figure 7): The interior insulation increased the RH levels as the temperature decreased 483 

and inward drying was reduced. It was observed that wetting of the wall plates occurred during 484 

summer due to solar driven inward moisture transfer while drying was observed during winter, which 485 

shows the changes in direction of the vapour flow over the year. These tendencies were observed also 486 

for the beam ends. In the south-west orientation the more diffusion-tight and/or less capillary active 487 

systems (MW, PUR-CM and AAC) performed better than the more diffusion-open and capillary active 488 

CaSi system. MW, PUR-CM and AAC all experienced slowly increasing RH with similar tendencies 489 

throughout the experiment just offset some 5-8% point in relation to each other, while the CaSi  490 

system rapidly increased to almost 100% RH. Large differences were observed between the 491 

unhydrophobised south-western AAC and CaSi walls, despite rather similar measured WDR (see [80]) 492 

and material properties (except for thermal conductivity and water absorption). The higher moisture 493 

levels for the CaSi systems was probably caused by the sub-optimal combination of no rain protection 494 

and highly diffusion-open and capillary active material properties allowing for more moisture diffusion 495 

during winter periods, as well as a higher moisture storage capacity. Comparison between the wall 496 

plates in the CaSi and PUR-CM walls facing the south-west orientation showed only minor differences 497 

in the measured temperatures (ΔT<0.5 °C) between the walls, which suggests that the increased RH 498 

levels observed in the CaSi wall would be the result of the moisture transport properties of the system. 499 

A slightly larger difference was observed to the AAC wall, however this may also be due to the slight 500 

differences in the indoor boundary conditions between the two containers. 501 

Beam end (Figure 8): PUR-CM and CaSi deviated from the reference wall by +8% RH and AAC within 502 

±5% RH, with some larger peaks in the summer. In the south-west orientation, the insulation in PUR-503 

CM and CaSi walls increased RH levels,  and for the PUR-CM system the high RH levels were probably 504 



caused by reduced inward drying combined with a higher rain load on the exterior surface. The main 505 

issue for the CaSi system would probably be outward diffusion during winter. The AAC system showed 506 

rather similar levels as the uninsulated reference wall. The tight MW system seemed to have 507 

tendencies similar to those of the semi diffusion-tight south-western PUR-CM wall, however with 508 

slight higher RH levels, probably due to the reduced inward drying caused by the vapour barrier. These 509 

results do not support those of [42], [43], who both found more critical moisture levels in the beam 510 

ends of more diffusion-open, compared to more diffusion-tight systems (MW with vapour barrier). 511 

However, these studies were carried out with exterior rain protection [42] or as a hot-box cold-box 512 

experiment without driving rain [43].  513 

The beam end was observed to be in a less critical situation than the wall plate, probably due to the 514 

beam end being in the centre of the thermal bridge created by the floor structure, while the wall plate 515 

was covered by the insulation system. In addition, the installed wall plate sensor was horizontally 516 

located some 200 mm away from the beam end, with mineral wool (emulating the pugging layer) 517 

installed inside the floor structure that may have further reduced the heat flow to the wall plate. This 518 

would mean the beam end received more heat, causing higher temperatures compared to the wall 519 

plate (which Figure 12 corroborates). Furthermore, the beam had a larger potential for moisture 520 

redistribution to the indoor environment, compared with the wall plate, which had very limited 521 

possibilities.  522 

4.2 Effect of orientation (non-hydrofobised walls) 523 

Interior surface (Figure 5): 524 

The higher WDR load and solar irradiation from the south-west orientation in comparison to the north-525 

east orientation were found to have limited or no effect on the RH levels and temperatures near the 526 

interior surface of the reference wall and insulated walls. 527 

Masonry/insulation Interface (Figure 6): 528 



The south-west facing wall with CaSi experienced only slightly increased RH levels and temperatures 529 

in the interface compared to the north-east facing wall, while the south-west facing PUR-CM wall 530 

experienced a large increase in the RH levels compared with its north-eastern counterpart. The results 531 

suggest that the increased WDR load from south-west had little effect on the hygrothermal 532 

performance of the CaSi walls due the high vapour and liquid permeability of the system which 533 

allowed for rapid inward drying. In contrast, the large increase in RH levels for the south-west facing 534 

PUR-CM wall was probably the result of the tight nature of the insulation systems with very limited 535 

moisture transport.  536 

Wall plate (Figure 7): 537 

The north-east facing reference wall and CaSi wall experienced progressively decreasing RH, opposite 538 

to their south-west facing counterparts which showed progressively increasing RH caused by the 539 

higher rain load from south-west, suggesting that rain protection may be necessary. Regarding the 540 

two PUR-CM walls, the observed lower RH levels in the south-west orientation compared to the north-541 

east oriented wall could perhaps be due to increased drying from higher solar exposure. However, 542 

later in the test period both PUR-CM walls showed similar RH levels. The results indicate that in the 543 

case of low rain load and solar radiation on the wall (north-east orientation), the semi-tight PUR-CM 544 

system performed worse than the CaSi system. However, with a larger rain load and solar exposure 545 

from south-west the CaSi system showed increased RH levels compared with the PUR-CM system, 546 

perhaps also caused by the increased outwards vapour diffusion during winter. 547 

Beam end (Figure 8): 548 

The effects of the north-east orientation on the embedded wooden beam ends were generally seen 549 

to be similar to the observed effects on the embedded wooden wall plates. However, the differences 550 

between orientations were seen to be smaller which was probably caused by the increased heat flow 551 

passing through the beam ends compared with the wall plates.  552 

 553 



4.3 Effect of hydrophobisation 554 

The results indicate that hydrophobisation generally had a positive effect on the hygrothermal 555 

performance of the wall with PUR-CM and AAC, although the effect differed considerably between 556 

the two systems. The more diffusion-tight PUR-CM system showed decreasing tendencies in all sensor 557 

locations, except for interface and beam end in the north-eastern PUR-CM wall. For the highly 558 

diffusion-open AAC system, hydrophobisation improved the hygrothermal conditions in all locations 559 

compared to the unhydrophobised AAC wall. However, high RH levels were still observed in both the 560 

interface and the wall plate. In the interface the hydrophobisation caused a considerable reduction in 561 

RH levels during summer as rain intrusion was reduced considerably, followed by a rapid increase 562 

during the following winter period. The results indicate that this was due to the highly diffusion-open 563 

nature of the AAC system, allowing more outward moisture diffusion from the indoor climate during 564 

winter. This resulted in more interstitial condensation. Results for the effect of hydrophobisation 565 

together with diffusion-open and –tight systems support the findings in [37], [38]. 566 

 For the semi-tight PUR-CM walls, the effect of hydrophobisation varied with the orientation. 567 

In the south-west orientation, all three sensor locations showed a large reduction as a result 568 

of hydrophobisation. In the north-east orientation, a reduction was seen only for the wall 569 

plate, while interface and beam end showed similar RH levels with and without 570 

hydrophobisation. This indicates that the small reduction of rain load due to 571 

hydrophobisation is only observable at the wall plate which is closer to the outside compared 572 

with the interface (80-90 mm). The beam end is even closer to the outside but the effect of 573 

the thermal bridge may outweigh the effect of reduced rain load. In line with the present 574 

findings for interface in the north-east facing walls, [53] found little or no benefit of 575 

hydrophobisation on a well-protected solid masonry wall.  576 



4.4 pH-value 577 

The pH measurements in the interface correlate with the water vapour permeability of the insulation 578 

system: systems with higher permeability (CaSi and AAC) experienced lower adhesive mortar pH-value 579 

over time compared to the more diffusion-tight systems (PUR-CM), as CO2 from the surrounding 580 

environment would have easier access to the adhesive mortar and internal lime render. The PUR-CM 581 

adhesive mortar increased pH-value compared to the fresh adhesive mortar samples, probably 582 

because the higher pH-value of the internal lime render affected the adhesive mortar by a washing 583 

out process, with the exception of wall G10. The value for G10 was the average of four samples, 584 

perhaps due to a local divergence.  585 

4.5 On-site mould 586 

No mould growth was detected in the PUR-CM and CaSi systems using the Mycometer method. This 587 

was most likely due to the high pH-value (initial 12 and 12.7 respectively, and 12.2-12.5 and 9-9.2 after 588 

4½ years) in the adhesive mortar combined with little or no available nutrients, which created an 589 

unfavourable growth environment that prevented mould growth for at least 4½ years, even in the 590 

case of the high RH levels that were observed for the unhydrophobised walls. In contrast, mould 591 

growth was detected in the AAC system, probably due to a low pH-value (initial 12, and 9.2-9.5 after 592 

4½ years) in the interface and contrary to the CaSi, there seemed to be available nutrition in the 593 

insulation system allowing for a more favourable growth environment in the outermost part of the 594 

insulation layer and interface where high RH levels were observed. Less growth was observed in the 595 

interface compared to the outermost and central parts of the insulation layer, perhaps because of the 596 

high initial pH-value (ca. 12) of the adhesive mortar that created an unfavourable growth environment 597 

in the interface. The bulk-test results suggest that mould can grow through the pores of the insulation 598 

material, possibly due to the coarse pore structure of the AAC. Given enough time and moisture the 599 

growth could potentially affect the indoor environment and become a problem. High growth was also 600 



found in the MW system. This was, however, expected considering the neutral pH, high RH levels and 601 

the nutrition provided by the wooden battens. 602 

In correlation with the Mycometer results, the cultivation of swab tests on V8 and DG18 media showed 603 

no growth in the interface for the PUR-CM and CaSi systems while mould was detected in the MW and 604 

AAC systems. The identified species in the MW and AAC systems were species typically found in water-605 

damaged buildings, growing on wooden and concrete elements [62], [81]–[83]. The lack of mould 606 

growth in the PUR-CM and CaSi systems were perhaps due to high pH-value over an extended period 607 

making spores unable to germinate or killing them.  608 

4.6 Mould modelling 609 

Comparison between models (in the interface) showed a general agreement between the three 610 

models for test walls with very high RH levels. The main differences seemed to be related to growth 611 

speed, the rating scale that was used and for the VTT model a “level cap” related to the material 612 

sensitivity. However, the modelling results varied greatly for the south-western PUR-CM and AAC walls 613 

with hydrophobisation which had medium high RH levels. These discrepancies can be caused by the 614 

choice of different definitions for growth conditions: MDR, RHcrit ≥ 75%; WUFI-Bio Class 2 (PUR and 615 

concrete), RHcrit ≥ 79% (temperature dependent); VTT class 3 (PUR and concrete), RHcrit ≥ 85% 616 

(temperature dependent).  617 

Comparison between modelled and on-site mould showed little correlation, as no mould was found, 618 

neither by cultivation nor by Mycometer tests, in 9 out of 12 test walls, probably due to the high initial 619 

pH-values. High pH-value was not included in the models as a factor, but was stated in [78], [84] to 620 

potentially hamper growth during the initial period. The first year was assumed to be the initial period. 621 

However, for some of the walls the high pH lasted for at least 4½ years. Moreover, while the models 622 

did take material resistance into consideration (for determination of critical RH level or time to onset 623 

of mould growth), they also assumed growth would inevitably occur whenever the correct 624 

temperature and RH levels were present, an assumption that may not be correct for tightly closed 625 



structure without available nutrition, and no introduction of dust, dirt and spores from the 626 

surroundings.  627 

The reliability of some of the available models was assessed in [69], [84]–[88], which found that the 628 

models cannot precisely predict the extent of the growth, but rather the possibility of mould growth. 629 

Similarly, in [89] it was found that real growth does not always follow mould predictions, even when 630 

there are favourable conditions. Discrepancies between real and modelled growth include: insufficient 631 

knowledge regarding the possibility of mould growth on different materials and on the effect of ageing 632 

[90]; use of incubation conditions as surfaces [85], [86]; different or incorrect definitions of 633 

germination start and time, and of growth conditions [84]–[86]; differences in inoculation techniques 634 

and added spore concentration [85], [86]. Gradeci et al. [91] proposed instead a probabilistic-based 635 

approach for predicting mould growth.  636 

Despite questionable reliability for precise mould predictions, models are still useful tools for assessing 637 

the combined hygrothermal conditions over time, and for comparing different design scenarios.  638 

4.7 Indoor moisture load 639 

Note that while an indoor RH of 60% may be appropriate during the Danish summer, it would be high 640 

for the Danish winter. In [17], [92] 30-50% is suggested as more appropriate during winter. The intent 641 

of the present study was to test the insulation systems under the harder conditions of the highest 642 

humidity class for residential buildings. A reduction of the indoor RH levels would certainly reduce 643 

potential risks at certain locations due to a reduced potential for diffusion through the diffusion-open 644 

systems assessed in this study.  645 

In addition, the experiment was carried out using two conditioned containers, each slightly different 646 

in indoor RH and temperature boundary conditions. These differences may have intermittently biased 647 

the results for some systems, but have probably not affected the general conclusions.  648 



4.8 Measurement equipment 649 

It was expected that the embedded sensors may deviate over time due to aging, however it was not 650 

practically possible to take out and re-calibrate all the sensors. Control measurements were instead 651 

performed with wooden dowels embedded in a few locations in the masonry walls, which indicated 652 

that some sensors could potentially overestimate the RH levels by up to 5-7%-point during periods 653 

with near 100% RH, while good correlations were observed for lower RH levels.  654 

 655 

5 Conclusions 656 

This paper presented a 4 year field study of 24 solid masonry walls with embedded wooden elements 657 

and internal insulation. The hygrothermal performance of three diffusion-open capillary insulation 658 

systems was assessed, and the risk of mould growth was determined from mathematical models and 659 

by on-site testing. The effect of exterior hydrophobisation was also investigated. In addition to 660 

observing that high indoor RH in the winter causes high RH behind interior insulation, and that the 661 

level is dependent on the diffusion tightness of the insulation material, the findings show: 662 

 With exterior hydrophobisation the more diffusion-tight systems performed better compared 663 

to the diffusion-open systems. Without hydrophobisation, the diffusion-open systems 664 

performed slightly better, as they are less sensitive to summer condensation.  665 

 The effect of hydrophobisation was shown to vary with the facade orientation for the semi-666 

tight PUR-CM system, as RH levels were reduced considerably in all three locations in the 667 

south-west oriented wall while for the north-east oriented wall the effect differed 668 

considerably between locations. The discrepancies between orientations may be due to 669 

differences in rain load and solar exposure, affecting the potential benefit from the exterior 670 

hydrophobisation. For the locations, the observed variations may be due to differences in heat 671 

and diffusion from the indoor environment.  672 



 Less critical moisture levels and mould risk were achieved for the interface between masonry 673 

wall and the insulation system, and for embedded wooden elements, using the PUR-CM 674 

system in combination with exterior hydrophobisation.  675 

 The combination of little or no available nutrition and high initial pH-value in the adhesive 676 

mortar probably created unfavourable germination and growth conditions and prevented 677 

mould growth for an extended period in the PUR-CM and CaSi systems. Growth was however 678 

found in walls with AAC insulation, which like the CaSi system was found to have a low pH-679 

value, but unlike the CaSi system, the AAC systems likely contained some form of available 680 

nutrition. 681 

 Poor correlation was found between modelled and on-site mould growth. The results indicate 682 

that mould-growth models overestimate the risk. The discrepancies may have occurred 683 

because little or no nutrition was available in the materials tested and because the adhesive 684 

mortars that were used had high pH-values, hampering growth, a factor not encompassed by 685 

the used mould-growth models. 686 

 Practical implications from the study: RH levels may be reduced through the application of 687 

exterior hydrophobisation and it seems to be a necessary measure for the examined systems 688 

to maintain less critical RH levels.  689 

 When combined with exterior hydrophobisation, the findings indicate that the more 690 

diffusion-tight insulation systems are to be preferred over the highly diffusion-open systems. 691 

 The risk of mould growth in the critical locations may be reduced considerably by application 692 

of the insulation systems using high pH (>12) adhesive mortar, even if the relative humidity 693 

is high. The more diffusion-tight systems seem to better maintain the high pH. Furthermore, 694 

no organic residues or parts should be available in the critical locations, especially if there is 695 

a risk of a fast decline in pH.  696 

 697 
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