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Abstract 

Internal insulation is investigated in a building with a wooden beam construction and masonry brick 

walls. Measurements were carried out and used to validate a hygrothermal simulation. The risk of mould 

growth in the wooden beams and in the interface between the insulation and the brick wall was evaluated. 

A solution with a 200mm area without insulation above and below the floor/ceiling was investigated. At 

low rain exposure coefficients (Catch Ratio, CR≤0.1) and with a wall orientation towards the west, this 

solution can be moisture-safe. However, it not recommended to apply internal insulation on a north-

orientated wall, and caution should be exercised also with a west-orientated wall.  

Keywords: Internal insulation, mould growth, hygrothermal simulations, moisture safety, wooden beam-

ends 
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1. Introduction 

Energy-retrofitting of existing buildings is vital to achieve energy reductions. Most old multi-storey 

buildings with solid brick walls and a wooden beam construction were built in the period between 1850 

and 1920 (Engelmark, 1983)[1]. Approximately 20% of all homes in Denmark today were built in that 

period and they represent a significant energy-saving potential (Rasmussen, 2011) [2], but challenges 

arise when it comes to retrofitting heritage buildings where the façade cannot be modified due to the 

architectural value of the building. Insulating the façade from the inside will result in colder façades and 

the drying potential of the wall will be reduced and increased freeze-thaw damage probability. Capillary 

flows in the bricks, however, is unaffected by insulation and is a powerful moisture redistribution 

mechanism (Straube and Schumacher, 2007) [3]. Condensation, which can lead to mould growth, can 

occur in the interface between the interior insulation and the brick wall (Christensen and Bunch-Nielsen, 

2009[4]; Munch-Andersen, 2008[5]; Kolaitis et al., 2013[6]; Abuku et al., 2009[7]). Attention also needs 

to be given to the risk of mould growth and wood decay in the wooden beam construction. Krebs and 

Collet (1981) [8] studied temperature and moisture content measurements in 30 wooden beam ends for 

Danish climate conditions. They concluded that wind-driven rain did not have a significant influence and 

that there was only a very limited risk of moisture problems in the beam ends. However, Kehl et al. 

(2013) [9] provide a literature review that concluded that wind-driven rain has an important influence on 

the behaviour of moisture content and the risk of beam end decay in the German climate conditions. 

Ruisinger (2013) [10] compared five different internal insulation systems in the German climate in order 

to investigate the risk of damage to wooden beams, and found no hazard. 

Morelli and Svendsen (2012) [11] carried out a theoretical investigation on various intensities of wind-

driven rain on façades using numerical simulation with climate data from north of Germany. They 
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concluded that wind-driven rain has a great impact on the performance and durability of the wooden 

beam ends. They also concluded that if the internal insulation stops on the wall 200 mm above the floor, 

the risk of wood decay is minimised and heat losses can still be halved compared to a façade without 

insulation. However, it is important not only to look at the wood decay but also at the risk of mould 

growth. Several studies have tried to predict when there is a risk of mould growth on the wooden 

construction and in the interface between the insulation and the wall. According to Viitanen (1997) [12], 

there is a risk of mould growth on pine and sapwood if the relative humidity is above 80% for several 

weeks/months and the temperature is between 5-50°C. At temperatures between 0-5°C, the mould growth 

is slow and only expected when the relative humidity is above 90%. Viitanen et al. (2008) [13] state that 

there is no risk of mould growth that can create smell and health problems on a wooden surface when the 

relative humidity is less than 75%. Sedlbauer (2001) [14] states that if the temperature is 30°C, mould 

growth can occur at a relative humidity of 70%. However, this is not so relevant since the critical places 

in the construction will have temperatures around 20°C and below, which require a relative humidity of 

more than 75-80% to initiate any risks (Johansson et al, 2012[15]; Nielsen et al., 2004[16]; Grant et al., 

1989 [17]; Johansson et al., 2013[18]). According to Sedlbauer (2002) [19], the critical limit for mould 

growth on the façade is at a relative humidity higher than 80-90%, depending on the duration and 

temperature. Morelli (2014) [20] found that to avoid mould growth in the interface it is very important to 

clean the wall of any organic materials. 

Johansson et al. (2014) [21] applied vacuum-insulating panels on the inside of a brick wall constructed 

with wooden beam ends and carried out laboratory tests and numerical simulations with various wind-

driven rain exposures and temperatures for Swedish climate conditions. They found that vacuum 

insulation showed considerable potential for reducing energy use, but also that the temperatures in the 

wall decreased significantly, which can lead to the risk of condensation in the interface between wall and 

insulation as well as higher moisture content in the wooden beam ends. According to Scheffler and 
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Grunewald (2003) [22], capillary-active insulation materials can absorb the condensation and transfer it to 

the inside where it can dry out, and condensation in the interface can be avoided. However, Vereecken 

and Roels (2014) [23] compared different insulation systems in a laboratory and found that capillary-

active insulation materials accumulated more moisture in the interface between the insulation and brick 

wall than the traditional system using vapour-tight barriers.  

Warren et al. (2003) [24] installed a heating pipe just above the floor construction and below the interior 

insulation to provide increased temperature to heat up the wooden beam construction and consequently 

decrease the moisture content. They concluded that this reduced the relative humidity by 10-14%.  

The research presented in this paper was aimed at investigating in more detail how the brick wall and 

wooden beam construction embedded in the brick wall is affected when internal insulation is applied. The 

hypothesis tested was: It is possible to apply internal insulation on the solid masonry brick wall in old 

heritage multi-storey buildings, without creating a risk of mould growth on the masonry wall and in the 

wooden beam construction. Various insulation solutions were investigated, each of which aimed at 

eliminating the risk of mould growth in a) the wooden beam construction and b) the interface between the 

insulation and brick wall. The solution suggested in Morelli and Svendsen (2012) [11] where the insulation 

stops 200mm above the floor and below the ceiling was investigated in more detail, together with a solution 

where the insulation stops only above the floor, for various wall orientations and rain exposures. The 

research presented in this article gained new knowledge on the use of internal insulation in brick buildings 

with wooden beam constructions. Hygrothermal simulations and measurements carried out in a renovated 

building in Copenhagen were used to evaluate the effect on the wooden beam construction. The risk of 

mould growth was evaluated with a mathematical mould growth model.  
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2. Methods 

The method applied for this investigation was to carry out measurements in a test building to validate a 

hygrothermal simulation model created with Delphin Software 5.8. Since the measurements were only 

carried out in the wooden floor beams embedded in the masonry wall, only that part of the simulation 

could be validated. Another model for simulating the wall construction was created as a 1D-model to 

evaluate the risk of mould growth behind the insulation.  

2.1 Measurements in the wooden beam ends 

An old heritage multi-storey building from the beginning of the 20th century in Copenhagen was 

renovated and internal insulation was applied shown in Figure 1(c). Morelli and Svendsen (2012) [11] 

and Harrestrup and Svendsen (2014) [25] suggest leaving a gap in the insulation 200 mm above the floor 

and below the ceiling to minimize moisture problems in the beam construction. For practical reasons, 

however, a gap in the insulation of 200 mm was only applied above the floor construction and not below 

the ceiling as shown in Figure 1(a). 40mm of insulation with a thermal conductivity of 0.019 W/mK and a 

10 mm gypsum board was applied to the façade. The insulation consists of a mixture of aerogel and 

mineral wool and was applied with an integrated vapour barrier; see the red line in Figure 1(a). The 

building is constructed with solid masonry bricks and wooden beams as the load-bearing construction. 

Temperature and relative humidity sensors were installed in the wooden beam ends and used to validate a 

simulation model (Figure 1(b)). The sensors were installed in two apartments on the 4th and 5th floor with 

the façade facing south-west. There are no obstacles close to the façade and the wall is therefore highly 

exposed to the weather, such as wind-driven rain. The measuring points can be seen in Figure 1(a). The 

indoor temperature and relative humidity were measured in the two apartments to evaluate the indoor 

climate and to use the data as input to the simulation model.  
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Figure 1: a): Internal insulation applied on the brick wall with an indication of measuring points and 

investigated areas in the construction, b) Temperature and RH sensors installed in the wooden floor 

beam ends, c) Internal insulation applied. 

2.2 Simulation model in Delphin Software 

The simulation models were created in Delphin software version 5.8, which is a hygrothermal two-

dimensional program. Using a two-dimensional program to analyse a three-dimensional problem implies 

great uncertainties with regard to the simulated results. In an attempt to reflect the three-dimensional 

problem, two sets of simulations were carried out to simulate worst-case scenarios. The assembly of the 

floor/exterior wall construction is shown in Figure 2(a). The wooden floor beams perpendicular to the 

exterior wall are spaced approximately 1 metre apart and supported by the load-bearing beam embedded 

in the exterior brick wall parallel to the exterior façade. One set of models were created with the wooden 

floor beam perpendicular to the exterior wall (Figure 2(b)), and the other set of models were created 

without the floor beam (Figure 2(c)). 

a) 
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Figure 2: a) Assembly between the exterior wall and the floor construction. Wooden floor beams 

perpendicular to the façade are spaced approximately 1 metre apart on top of a load-bearing continuous 

wooden beam in the brick wall. Two sets of models were created in Delphin: b) with the floor beam and 

c) without the floor beam. 

The exterior wall was constructed with bricks separated by lime mortar. The cross section area of the 

supporting beam is 150 mm x 150 mm and the height of the wooden beam in the floor construction is 140 

mm. The floor was constructed as 30 mm wooden floor boards, and around the beam there is an air gap of 

20 mm. 30 mm of lime plaster was applied to the façade on the inside. The material properties are shown 

in Table 1. The liquid transfer resistance was modelled as a contact resistance at the interface between the 

bricks and the lime-cement mortar with a value of 5 ∙ 1010 (𝑚𝑚2 ∙ 𝑠𝑠 ∙ 𝑃𝑃𝑃𝑃)/𝑘𝑘𝑘𝑘. The vapour barrier was 

modelled as a contact resistance with a vapour diffusion resistance of 10.2 ∙ 109 (Pa ∙ s ∙ m2)/kg.  
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Table 1: Material properties for simulations in Delphin 5.8 

Material properties 
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Density kg/m3 1788 1568 1800 30 850 528 1.3 

Specific heat capacity J/(kg∙K) 868 1000 850 840 850 2000 1000 

Thermal conductivity W/(m∙K) 0.91 0.70 0.82 0.019 0.20 0.13 0.27 

Open porosity m3/m3 0.35 0.41 0.30 0.92 0.65 0.70 - 

Saturation moisture content m3/m3 0.35 0.25 0.29 0.9 0.55 0.70 - 

Capillary moisture content m3/m3 0.26 0.25 0.25 0.9 0.40 0.55 - 

Water absorption coefficient kg/(m2s0.5) 0.227 0.300 0.127 - 0.277 0.058 - 

Water vapour resistance 

factor - 13.2 30 12 1 10 40 0.2 

Liquid water conductivity at 

saturation moisture content kg/(m∙s∙Pa) 1.4∙10-8 6.5∙10-10 2.8∙10-9 - 6.3∙10-9 4.0∙ 10-9 - 

 

2.2.1 Boundary conditions 

Interior and exterior boundary conditions were applied in the model. The measured indoor temperature 

and relative humidity were applied when validating the model, and a constant temperature of 20°C and a 

relative humidity of RH=50% were applied when simulating worst-case scenarios. The exterior 

environment was simulated with real weather data measured, provided by the Danish Meteorological 

Institute (DMI) when validating the model. The simulations performed for worst-case scenarios were 

simulated with the Design Reference Year (DRY) for Denmark. The boundary conditions for the interior 

and exterior environment are listed in Table 2. The thermal heat transfer coefficients for surface heat flow 
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were: inside: 10 W/(m2K) (upwards), 6 W/(m2K) (downwards), 8 W/(m2K) (horizontal), and outside: 25 

W/(m2K). The vapour diffusion coefficients were 3 ∙ 10−8 kg/(m2 ∙ s ∙ Pa) for the interior and 8∙

10−8 kg/(m2 ∙ s ∙ Pa) for the exterior. The initial conditions for the hygrothermal simulation consisted in 

a temperature of 15°C and a relative humidity of 65%.  

Table 2: Boundary conditions for the interior and exterior environment for a) the validation of the model 

and b) the worst-case modelling. (DMI=Danish Meteorological Institute, DRY= Design Reference Year). 

Boundary conditions Climate files Source 
  Validation of 

model 
Worst-case 
modelling 

Inside 
Heat conduction 

 
Air temperature [°C] 

 
Measurements in 
test building: data 
points 

 
Constant 
value:  
T=20°C 
 

Vapour diffusion Air temperature [°C] 
Relative Humidity [%] 

Measurements in 
test building: data 
points 

Constant 
value:  
T=20°C, 
RH=50% 

Outside    
Heat conduction Air temperature [°C] Measurements 

DMI: data points 
DRY file for 
Denmark 

Vapour diffusion Air temperature [°C] 
Relative Humidity [%] 

Measurements 
DMI: data points 

DRY file for 
Denmark 
 

Wind-driven rain Horizontal Rain [l/(m2h)] 
Wind direction [°] 
Wind velocity [m/s] 
Air temperature [°C] 
Relative Humidity [%] 
 

Measurements 
DMI: data points 

DRY file for 
Denmark 

Short wave radiation Direct solar radiation [W/m2] 
Diffuse solar radiation [W/m2] 
 

Measurements 
DMI: data points 

DRY file for 
Denmark 

Long wave radiation Sky radiation [W/m2] Measurements 
DMI: data points 

DRY file for 
Denmark 
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2.2.2 Determination of Catch Ratio (CR) 

The rain striking the façade can be expressed by rain intensity vectors, which are also described as the 

catch ratio or the rain exposure coefficient (Nicolai and Grunewald, 2005-2006 [26]; Blocken and 

Carmeliet, 2002[27]): 

𝐶𝐶𝐶𝐶(𝑡𝑡) =
𝐶𝐶𝑑𝑑𝑑𝑑(𝑡𝑡)
𝐶𝐶ℎ(𝑡𝑡)

 

𝐶𝐶𝐶𝐶(𝑡𝑡)  Catch ratio 

𝐶𝐶𝑑𝑑𝑑𝑑(𝑡𝑡)  Driven rain intensity (integrated over all raindrop diameters) 

𝐶𝐶ℎ(𝑡𝑡)  Unobstructed horizontal rainfall intensity (integrated over all raindrop diameters) 

 

Kragh (1998, chapter 6) [28] studied the microclimate on a building in Denmark and measured the catch 

ratio for a west-orientated façade on a 3 storey building to be between 0.2–0.4 depending on the location. 

The catch ratio was found to be higher for the corners and for the edges than for the middle of the 

building. Furthermore, they found the average wind velocity to be approximately 6 m/s at a height of 10 

m. Blocken and Carmeliet, (2006) [29] also studied the catch ratio for different building shapes using a 

CFD tool. According to them, the catch ratio for a building with dimensions (height x width x length= 

20m x 10m x 100m) was found to vary from 0.2 in the middle of the building to 1.45 at upper corner 

when the wind velocity was 10 m/s. This shape and size could be comparable to the building shape of the 

multi storey test building. On the basis of the Design Reference Year (DRY) for Denmark, the average 

wind velocity is 4.36 m/s, which according to Blocken and Carmeliet, (2006) [29] corresponds to a catch 

ratio of approximately 0.5 based on CFD simulations. Blocken et al. (2011) [30] compared CFD 

simulations with measurements and the ISO-standard 15927-3:2009 (2009) [31] for determining the catch 

ratio of a façade, and they found that on average the catch ratio was 0.2-0.25 for two low-rise buildings. 
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These studies, however, represent the case with no obstacles to affect the catch ratio. Most multi-storey 

buildings, including the test building, are located in an urban area and the surroundings will affect the 

wind-driven rain. Coutu et al. (2013) [32] investigated wind-driven rain on façades in urban areas. They 

found that in urban areas the wind-driven rain on the façade is significantly less than in open areas, 

resulting in catch ratios ranging from 0.01-0.09, all much lower than what other literature suggests. Based 

on this, the catch ratio will probably not reach 0.5 in urban areas, but will more likely be 0.1 or less. But 

simulations were carried out with catch ratios of CR=0.1, CR=0.3 and CR=0.5 in order to cover 

representative and worst-case scenarios.  

2.2.3 Validation of the model of the wooden floor beams 

Two models were created with wall thicknesses of 2 bricks and 1.5 bricks to represent the façade on the 

4th and 5th floors respectively. The model was created with a gap in the insulation above the floor 

construction, as was done in the test building, to validate the simulation model of the beam construction 

with the measurements. The model was simulated for 1 year starting in June. The calculated temperature 

and relative humidity were compared with the measured data in the apartments in Copenhagen.  

2.2.4 Worst-case modelling 

The worst-case scenarios were simulated for 4 and 10 years starting in September for the wooden beam 

end and for the interface between the insulation and the brick wall, respectively. After validating the 

model of the wooden beam, various scenarios were simulated to find worst cases. Three scenarios of 

applying the insulation were modelled: Figure 3(a): insulation applied on the entire interior façade; Figure 

3(b): a gap of 200 mm in the insulation above the floor; and Figure 3(c): a gap of 200 mm in the 

insulation both above the floor and below the ceiling. Reference models were also created to represent the 

conditions before the retrofitting. The 1D-model for the wall is shown in Figure 3(d). The models were 

simulated with the wall orientated towards the west and north. The most dominant wind-direction in 
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Denmark is west (Cappelen and Jørgensen, 1999) [33], and west-orientated façades are therefore exposed 

to more wind-driven rain. But north-orientated façades will not have direct sun, which results in reduced 

drying potential. Both orientations are therefore of interest. Furthermore simulations were carried out for 

wall thicknesses of 1.5 and 2 bricks, and for insulation thicknesses of 40mm and 80mm. 

 

Figure 3: The various scenarios of internal insulation applied in the Delphin models - with and without 

the floor beam for a) full insulation on the entire interior façade; b) 200mm gap in the insulation above 
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the floor; c) 200mm gap in the insulation above and below the floor/ceiling; d) 1D model of the wall with 

internal insulation. 

 

2.2.5 Evaluation of mould growth 

Hukka and Viitanen et al. (1999) [34] developed a mathematical model for evaluating the risk of mould 

growth on wood (the VTT-model), which has been further developed over the years and is described in 

several papers (Vereecken and Roels, 2012 [35]; Viitanen and Ojanen, 2007[36]; Viitanen, 1997 [12]; 

Ojanen et al., 2010 [37]). The model was developed based on tests and includes critical limits for relative 

humidity, temperature and the time factor, for conditions favourable and non-favourable for mould growth. 

A more recent study has further developed the model, so that it also includes other materials, such as 

concrete, cement, plastic-based materials, glass and metals (Ojanen et al., 2010 [37]). The model calculates 

the Mould Index (M), which describes the growth rate. The mould index can range from M=0-6 and is 

described in Table 3. The critical relative humidity in the model defines the minimum value at which mould 

growth can occur. The critical limit for mould growth on wood in the VTT-model is 80% and 85% for the 

interior surface of an exterior façade (Ojanen et al., 2010[37]). For a detailed description of the model, see 

Hukka and Viitanen et al. (1999) [34], Viitanen and Ojanen (2007) [36] and Ojanen et al. (2010) [37].  

Table 3: Description of Mould Index (Viitanen and Ojanen, 2007[36]).  

Index Growth rate Description 
0 No growth Spores not activated 
1 Small amount of mould on surface (microscope) Initial stage of growth 
2 <10% coverage of mould on surface (microscope) - 
3 10-30% coverage of mould growth on surface (visual) New spores produced 
4 30-70% coverage of mould growth on surface (visual) Moderate growth 
5 >70% coverage of mould growth on surface (visual) Plenty of growth 
6 Very heavy and tight growth Coverage around 100% 
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3. Results and discussion 

3.1 Measurements in the wooden beam ends and validation of the simulation model of the wooden 

beam construction. 

The measurements of temperature and relative humidity monitored in the wooden floor beam ends are 

shown in Figure 4 for the 4th floor (2 bricks) and the 5th floor (1.5 bricks). The results from the simulation 

model with rain exposure coefficients of CR=0.1, 0.3 and 0.5 are shown together with the measured 

indoor temperature and relative humidity. As can be seen, the room measurements are missing for large 

periods for the 4th floor (2 bricks). To provide input data to the simulation model from the measured 

indoor conditions, the temperature and relative humidity were assumed to be an average value of the two 

measured points before and after the lack of data. The results from the simulation model are therefore 

incorrect during these periods, which also explains the rather large deviation in the temperatures in Figure 

4(a). However, the deviation is only 1-2°C for the remaining period, when the actual measured data was 

used. Moreover, the effect of the thinner wall is expressed by the lower temperature levels during 

wintertime, and there is good agreement between the measurements and the calculations. Greater 

deviations can be seen in the measured and the calculated relative humidity. The dynamics are greater in 

the measurements than in the simulation results. This can be explained by the mathematical model used in 

Delphin. Delphin only has a temperature-dependent sorption-isotherm for air, whereas for other materials 

it calculates the relative humidity based on the moisture content. The moisture content only changes 

based on moisture transport, which can be rather slow. Even though we have created a small air-space 

inside the wooden beam, it is still affected by the conditions in the wood, which might change slower than 

reality. However, the calculated relative humidity has the same levels as the measured, varying only by a 

few percentages. Another effect seen in Figures 4(c) and 4(d) is that the thinner the brick wall, the more 
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variation occurs in relative humidity, which results in greater deviation between the measured and the 

calculated results.  

The simulation models were calculated with various rain exposure coefficients. As seen in Figure 4, the 

changes in the rain exposure coefficient have no effect on the calculated temperatures and very limited 

effect on the calculated relative humidity. The main reason for this is that an air space is modelled 

between the brick wall and the wooden beam heads, resulting in a limited moisture transport from the 

exterior to the measuring point. This confirms that it is not possible to validate the part of the model that 

includes the brick wall because the measurements are most affected by the indoor environment and the 

outdoor temperature and less by the outdoor wind-driven rain.  

Based on comparison between the measurements and calculations in the wooden beam ends, the model 

seems to provide good results in the periods when the indoor temperature and relative humidity 

measurements were available.  
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Figure 4: Temperatures and relative humidity in the wooden beam ends from measurements and 

simulations. The measured room temperature and relative humidity were used as input to the simulation 

model. 

3.2 Worst-case simulation with Delphin 

3.2.1 Wooden beams 

The models were simulated with a wall thickness of 2 bricks and for orientations towards the west and the 

north for a period of 4 years. Figure 5(a) shows the mould growth index for a west-orientated façade and 
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Figure 5(b) for a north-orientated façade in the wooden beam end (position 1). The simulations were 

carried out for rain exposure coefficients of CR=0.1, CR=0.3 and CR=0.5 (CR=0.5 only for the west-

orientated wall) and for (i) no insulation (blue scale), (ii) insulation applied to the entire wall (red scale), 

(iii) insulation applied with a gap of 200mm above the floor (grey scale), and (iv) insulation applied with 

a gap of 200mm above and below the floor/ceiling (green scale). It is clear from Figure 5 that the north-

orientated façade results in higher mould indexes than the west-orientated façade for low rain exposure 

coefficients. Most of the scenarios show an increasing trend, implying that there will be an accumulation 

of mould growth over the years even if the growth stops or decreases during summertime. All rain 

exposure coefficients greater than CR=0.1 result in a high mould index (between M=4 and M=6) 

indicating visual mould covering between 30-100% of the surface. Only the north-orientated façade 

without insulation and a rain exposure coefficient of CR=0.1 results in a mould index lower than 1. For 

the west-orientated wall, the mould index is kept below M=1 when a gap of 200mm is applied in the 

insulation above the floor and when it is applied both above and below the floor/ceiling. The last case 

results in more secure conditions, since the mould index decreases to M=0 each year, whereas if a gap in 

the insulation is only applied above the floor, a small increasing trend is observed. However, it should be 

kept in mind that the floor beam is modelled as a continuous beam, whereas in reality there is a beam only 

approximately every 1 metre. The results are therefore on the conservative side. Figure 5 shows that the 

gap in the insulation has a positive effect on the moisture conditions in the beam end and reduces the 

mould index in all cases. However, there is still a large risk of mould growth in the beam end.  
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Figure 5: Mould index in position 1 for a) west- and b) north-orientated façades - 2 bricks thick. CR=0.1, 

0.3, 0.5. No insulation; with internal insulation on the entire wall; with a gap of 200mm in the insulation 

above the floor; and with a gap of 200mm in the insulation above and below the floor/ceiling. 

Figure 6 shows the mould index in position 2 for a west-orientated façade (a) with and (b) without the 

floor beam perpendicular to the façade. The simulations without the floor beams result in lower mould 
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indexes, due to a better drying possibility. As mentioned above, the simulations with the floor beams do 

not represent reality completely since they are modelled as a continuous beam due to the 2D model. 

Therefore the real results will be somewhere between the results from Figures 6(a) and (b). The results 

are similar in position 2 to those in position 1 for the west-orientated façade. When the rain exposure 

coefficient is CR=0.1, the mould index is below M=1 for the two insulation solutions with a 200mm gap 

applied. However, when the gap is only applied above the floor, an increasing trend is observed, which is 

not the case when the gap is applied both above and below the floor/ceiling. Figure 6(b) (without the 

beam) shows that there is no risk of mould growth for any case when the rain exposure coefficient is 

CR=0.1. The effect of the gap in the insulation is clear and gives lower mould indexes than a fully 

insulated wall. The figure shows that when the rain exposure coefficient is CR=0.5, there is even a heavy 

mould growth for an uninsulated wall. It is known that many buildings have or have had mould problems 

even without internal insulation, and higher rain exposure coefficients may therefore be realistic in some 

cases. However, when the rain exposure coefficient is CR=0.5, the results show that all wooden surfaces 

should be completely covered with mould even without insulation, which is not the case. It is therefore 

believed that the rain exposure coefficient is less than CR=0.5. 
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Figure 6: Mould index in position 2 for a west-orientated façade – 2 bricks thick, a) with and b) without 

the floor beam for CR=0.1, 0.3, 0.5 and for no insulation; with internal insulation on the entire wall; with 

a gap of 200mm in the insulation above the floor; and with a gap of 200mm in the insulation above and 

below the floor/ceiling. 

Figure 7 shows the mould index in position 2 for a north-orientated wall 2 bricks thick (a) with and (b) 

without the floor beam. In general, the north-orientated façade has higher mould indexes than the west-

orientated façade for low rain exposure coefficients and for the case where the beam is modelled. The 

reason can be that the drying potential is significantly reduced.  Figure 7(a) (with the floor beam) shows 
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higher mould indexes than Figure 7(b) (without the floor beam) since the drying potential is reduced 

when the floor beam is modelled. As seen from Figure 7(a), none of the solutions seems to be safe. Even 

at low rain exposure coefficients and with a gap in the insulation both above and below the floor/ceiling, 

an increasing mould index reaches M=2 after 4 years. A mould index of 2 still represents a very limited 

mould growth at a microscopic level. However, the trend is strongly increasing and if the simulations 

were to be carried out for more years, they would probably result in much higher levels. In contrast, 

Figure 7(b) shows that there is no risk of mould growth for any case with a rain exposure coefficient of 

CR=0.1, even when the wall is fully insulated. For rain exposures of CR=0.3, the mould index reaches 

M=2.5-3 when there is a gap applied in the insulation, but a small increasing trend is observed. The 

mould indexes will be lower in reality than the results shown in Figure 7(a), since they will have the 

possibility to dry out between the floor beams. The case where a 200mm gap is applied in the insulation 

above and below the ceiling may therefore be a safe solution if there is enough drying potential to the 

sides of the beam.  
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Figure 7: Mould index in position 2 for a north-orientated façade – 2 bricks thick, a) with and b) without 

the floor beam for CR=0.1, 0.3, 0.5 and for no insulation; with internal insulation on the entire wall; with 

a gap of 200mm in the insulation above the floor; and with a gap of 200mm in the insulation above and 

below the floor/ceiling. 

Figure 8 shows the temperature and relative humidity fields for the construction with the different 

insulation solutions and for an uninsulated wall. The figure shows the sections at the beam end and 

between the beams, referred to as with beam and without beam respectively. The figure shows higher 

temperatures around the wooden beams are seen as a result of the 200mm gap in the insulation with the 
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greatest effect when gap in the insulation is both above and below the floor/ceiling. The higher 

temperatures result in lower relative humidity and therefore a decreased risk of mould growth. 

Temperatures are higher in the section plane between the beams (without the beam) than where the beam 

is located (with the beam), resulting in lower relative humidity. The drying potential between the beams is 

therefore higher, which is in good agreement with the results from the mould risk analyses. The figure 

shows that when the internal wall is fully insulated the wooden construction has a relative humidity above 

80-90% in the outer part of the floor beam and at the load-bearing beam, whereas the relative humidity 

drops to below 80% for most of the wooden construction when there is a gap in the insulation both above 

and below the floor/ceiling. When there is a gap in the insulation, one might expect a risk of mould 

growth and condensation on the part of the wall that is uninsulated behind the panel. However, a vapour 

barrier was applied in accordance with Figure 3, which prevented the moist room air reaching the wall 

surface and condensing if the temperature is low enough. The temperature on the uninsulated wall behind 

the panel is around 9-10°C with the floor beam and 12-15°C without the beam. For a room temperature of 

20°C and a relative humidity of 50%, the dew-point is 9°C and there would be a risk of condensation if 

the construction is not vapour tight. Therefore it is crucial that the vapour barrier is applied correctly. 

Another issue that could arise when there are gaps in the insulation in some parts of the wall is the 

phenomenon of ghosting marks, which are dust particles trapped on the cold part of a surface. According 

to Christensen and Koch (2012) [38], this can happen when the temperature difference on a surface is 

greater than 2-3°C. Figure 8 shows that the temperature difference between the panel and the insulated 

wall is around 3°C for the section plane with the beam and around 1-2°C for the section plane between 

the beams. A risk of ghosting marks is therefore present at the panel over the floor beams. However, 

again it should be kept in mind that the simulation model is a 2D model and the temperature difference is 

on the conservative side. 
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Figure 8: Temperature and relative humidity fields for the models with and without the wooden floor 

beam and for the four cases with no insulation, insulation on the entire wall, insulation applied with a 
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200mm gap over the floor, and insulation applied with a gap of 200mm above and below the 

floor/ceiling. 

Figure 9 shows the mould index for the solution with a gap of 200mm above and below the floor/ceiling 

with 40mm and 80mm of insulation respectively. As shown in Figure 9, the increased insulation thickness 

increases the mould growth index slightly. The effect of the extra insulation is not that significant since 

there is a gap in the insulation above and below the floor/ceiling and the beam construction is therefore 

less affected. However, the mould indexes increased compared to 40mm insulation, and it seems to be 

safe to apply 80mm insulation only for low rain exposure coefficients for position 2 without the floor 

beam. Therefore, since even using 40mm insulation already shows debatable results, it cannot be 

recommended to apply more insulation and lower thermal transmittances of the wall.  
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Figure 9: 40mm and 80mm insulation applied on the wall. Mould index in positions 1 and 2 for the 

solution with a gap of 200mm above and below the floor/ceiling.  
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3.2.2 Interface between the insulation and the brick wall 

Figure 10 shows the mould index in the interface between the insulation and the brick wall (position 3) 

with 40mm and 80mm insulation applied. Simulations were performed for four cases; for west- and 

north-orientated walls and for wall thicknesses of 1.5 and 2 bricks in both cases. The maximum mould 

index in all cases was approximately 3.5, corresponding to a visual coverage of mould growth of 10-30% 

on the surface. It can be seen that for a north-orientated wall the mould index increases faster and that for 

lower rain exposure coefficients the mould index reaches higher levels. Even with a rain exposure 

coefficient of CR=0.1, the mould index reaches approximately M=2.5, which is just below the visual 

mould growth state. Figure 10 also shows that a thinner wall results in a slightly higher risk of mould 

growth since it is more affected by driven rain. When 80mm insulation is applied it can be seen that even 

with low rain exposures (CR=0.1) there is a risk of mould growth (2<M<3). For walls insulated with 

40mm insulation and with a low rain exposure coefficient (CR≤1), the west-orientated wall has no risk of 

mould growth, whereas the north-orientated wall has a significant risk of mould growth. Internal 

insulation might therefore be durable only with 40mm insulation applied and for west-orientated walls. 

Extra caution needs to be taken if the wall is orientated towards the north and it is not recommended to 

apply more than 40mm insulation. 
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Figure 10: Mould index in position 3 for a west- and a north-orientated wall with a thickness of 1.5 and 2 

bricks, and 40mm and 80mm insulation applied. RHcrit=85%. 
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3.2.3 Risk of mould growth 

Based on these analyses, there is a large risk of mould growth on the wooden beam construction and 

behind the insulation when internal insulating is applied. However, the internal insulation product 

investigated was a mix of mineral wool and aerogel with a vapour barrier applied, and there is need for 

future research into using other innovative materials, such as capillary active and diffuse open material 

without vapour barrier. The simulation was created as a 2D model even though the real problem is a 3D 

problem, so uncertainties are involved in the results. The investigation was carried out based on two 

model types (with and without the beam), and the correct results will lie somewhere between the results 

from these two models. The models did not include any cracks, which could potentially lead to higher 

moisture content in the wall and consequently a higher risk of mould growth. This too needs future 

research. One possibility might be to reduce the amount of rain absorbed by the façade by impregnating 

the façade with a waterproof but diffuse open coating so moisture will not get trapped inside the brick 

wall. Another issue that needs to be addressed and investigated is to what extent we can accept mould that 

does not create a health risk. It might be acceptable to have some small amounts of mould, but this is an 

area that needs more investigation. The conclusions drawn in this paper are therefore based on the view 

that no mould growth is acceptable.  

4. Conclusion 

This paper presents an investigation of a method of applying internal insulation in a heritage multi-storey 

building. Measurements were carried out in the wooden beam ends in two test apartments on the 4th and 

5th floors respectively. A hygrothermal 2D-simulation model created using Delphin was validated with 

measurements taken in the wooden floor beams of a test building to simulate worst-case scenarios with 

wall orientations towards the west and north. Furthermore, a 1D-model was created to simulate worst-
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case scenarios for the interface between the insulation and the wall. Three different insulation strategies 

were investigated to evaluate the risk of mould growth in the wooden beam-ends. It was found that the 

risk of mould growth could be reduced by applying a gap in the insulation above and below the 

floor/ceiling. However, moisture safety depends on other parameters, such as the orientation and rain 

exposure of the façade. While no risk of mould growth was found for a west-orientated façade with low 

rain exposure coefficients (CR=0.1) for position 1 and 2, heavy mould growth were detected for rain 

exposure coefficients higher than CR=0.1. When the wall is orientated towards the north, the drying 

potential is reduced since no sun reaches the façade and the risk of mould growth increases significantly 

compared to the west-orientated wall.  

The risk of mould growth in the interface between the insulation and wall was higher for a north-

orientated wall and for the thinner wall (1.5 bricks compared to 2 bricks). The maximum mould index 

reached 3.5, which corresponds to visual growth covering between 10-30% of the surface.  But for a west 

orientated façade with low rain exposure coefficients, there was no risk of mould growth.  

It is crucial to apply the vapour barrier correctly to prevent the moist room air reaching the façade. The 

uninsulated part of the wall (behind the 200mm gaps in insulation) will risk condensation and mould 

growth if the moist air reaches the façade, since this part of the wall will be close to the dew-point 

temperature for room air. Moreover, the phenomena of ghosting marks can occur if the temperature 

difference between the interior surface of the insulated wall and the uninsulated wall is greater than 2-

3°C, though this needs future research.  

Due to the uncertainty of the actual rain exposure on the façade, further research is needed to draw final 

conclusions from the results. But when the coefficient is CR≤0.1 and the wall is orientated towards the 

west, the solution with a gap above and below the floor/ceiling seems to be moisture-safe. It is not 

recommended to apply 80mm insulation, but to keep it to a maximum of 40mm. However, based on the 
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results from this investigation it not recommended to apply internal insulation to a north-orientated wall 

with a thickness of 1.5 or 2 bricks, and caution should be exercised when it is applied to a west-orientated 

wall. This paper only investigated 1.5 and 2 brick walls. Internal insulation applied on thicker walls (2.5-

3.5 bricks) might show different results. 
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