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Abstract 
Most natural building materials are hygroscopic and permeable to water vapour. These two 
characteristics have the potential to improve the longevity and indoor air quality of buildings. 
However, the potential of winter condensation due to vapour diffusion and the risk of mold growth 
should be assessed for safeguarding the longevity of building assemblies.  
 
This study investigates the relative importance of driving rain, plaster capillarity and the presence of a 
vapour barrier on the moisture content of building materials and the risk of mold growth for a 
hygroscopic and permeable building envelope (HPBE). Hygrothermal simulation of a single-family 
house in Denmark mainly made of wood and clay are performed with WUFI. Results indicate that the 
presence of an overhang is essential to ensure the durability of a HPBE rendered with a capillary active 
lime-based plaster while the presence of an overhang has a negligible impact for a mineral cement-
based plaster. Including a vapour barrier in this wall assembly did not introduce significant changes on 
the moisture content of this wall assembly. Simulation results indicate that the type of plaster and the 
wind driven rain exposure are the most critical variables affecting the hygrothermal performance of 
this wall assembly. 
Keywords: Water vapour, hygroscopicity, water management techniques, diffusion, permeability 

 
1 INTRODUCTION.  
Water is estimated to be responsible for 75% of building failures [1]. Water management in buildings 
is therefore one of the most important factor related to building longevity. The moisture content of 
building materials may also influence significantly their thermal performance. Building materials with 
an elevated moisture content can cause 2-9% increased heat losses because of the increase in thermal 
conductivity and latent heat effects [2]. For bricks, the difference between the steady-state and 
transient U-value due to changes in thermal conductivity was shown to be up to 37% [3]. A light 
weight structure made of mineral wool insulation and plasterboard showed an increase of up to 228% 
of its specific heat loss coefficient when exposed to wetted conditions (40 hours at 90% RH) [4].  
 
Water management in buildings is also closely related to the indoor air quality and health of building 
occupants. Keeping the indoor relative humidity level between 40% and 60% can reduce asthmatic 
reactions, mites, fungi and the survival rate of infectious bacteria and viruses [5]. As such, water 
management strategies should be an important part of building design and should rely on more than 
one strategy to insure satisfactorily performance over time. 
 
Different moisture management strategies can be effective, depending on the building usage and 
climate. The use of impervious or inorganic materials is often touted as a safe practice, but these could 
actually pose additional risks. For instance, manufacturers of petroleum-based insulation products 
claim that they are safer than natural products because of the absence of organic material available for 
mold growth. However, natural materials tend to be more hygroscopic (able to absorb and release 
moisture), which reduces the risk for mold growth by having a more uniform moisture distribution [6]. 
Therefore, most water leaks do not cause problems in building envelopes with a high hygric buffer 



 

capacity while even small leaks can be problematic when the hygric buffer capacity is low [7]. As for 
impermeable walls, they are much more prone to transient episodes of condensation caused by cooking 
and washing than pervious surfaces [8].  

1.1 Moisture transfer mechanisms 
The four predominant moisture transfer mechanisms in buildings are: 1) liquid flow; 2) capillary 
suction; 3) air movement 4) vapour diffusion [9].  
Liquid flow 
Liquid flow as rain, groundwater and water pipe leakages is the most important source of water that 
buildings are exposed to. Appropriate strategies to control liquid flow include overhangs, gutters, site 
grading, drainage pipes at the footings and leak monitoring equipment at manifolds and connections. 
 
Wind-driven rain is one of the most influential parameter of the hygrothermal performance of a wall. 
The mean annual moisture content of a solid brick layer that is due to wind-driven rain was found to be 
81% for Lisbon, 59% for San Francisco and 88% for Montreal, while for the case of Lisbon it was as 
much as 17 times higher than the case without rain at one point during the simulated year [3]. For 
Vancouver, it was found that the moisture content of a wall can be 38 times higher than when rain is 
excluded from the simulations, for a solid brick wall with insulation and vapour-tight paint [2].  
 
Wind-driven rain can be modelled with 1) experimental methods, 2) semi-empirical methods and 3) 
numerical methods. Experimental methods are the primary tool for assessing wind-driven rain, but 
they are not easy to deploy and are prone to large measurement errors; as such, they seem to be 
unpractical for building design and hygrothermal analysis [10]. Semi-empirical models such as the ISO 
15927-3 standard and the ASHRAE Standard 160-2016 are widely used, but may suffer from large 
deviations from field measurements. The ISO standard was found to often overestimate the amount of 
wind-driven rain, sometime by more than a factor of three [11]. Numerical methods are time intensive, 
since the preparation of models require a large amount of preparatory work and long calculations times 
[10]. 
 
Wind-driven rain seems to be the most important climatic variable that affects the moisture content in 
bricks. The moisture content of a solid brick wall was found to be virtually identical in Lisbon, 
Montreal and San Francisco when rain was excluded from the simulations; however, it is not 
necessarily the climate with the highest annual precipitation (Montreal) that has the highest moisture 
content (Lisbon) [3].  
 
The catch ratio η is often employed for quantifying wind-driven rain loads on building elements. It is 
defined as the wind-driven rain intensity, Rwdr, (in mm/h) over the horizontal rainfall intensity, Rh: 
 
η=Rwdr/Rh 
 
It is usually integrated over all raindrop diameters. The wind-driven rain coefficient κ is another 
parameter frequently used for characterizing rain loads on building façade: 
 
Rwdr= κ U Rh            (1) 
 
where U is the wind speed in m/s  [10]. The catch ratio can thus be expressed as 
 
η = κ U            (2) 

Capillary suction 
Capillary transport occurs through the absorption/desorption of water as liquid in porous materials. It 
becomes important when materials have a relative humidity above 95%, when water vapour starts to 
condensate in the smaller pores. The best way to control undesirable capillary transport in building 



 

envelopes is by providing a capillary break, such as installing a rain screen cladding and waterproofing 
below grade elements.  
Air movement 
Unintended air movement through the building fabric as infiltration or exfiltration can carry a high 
amount of moisture, which can potentially condensate if a surface colder than the air dew point is met. 
Energy efficiency concerns are driving the quest for air tightness in buildings, which also contributes 
to reduce condensation risks and premature deterioration. Therefore, having airtight buildings is highly 
desirable from both the energy performance and building durability point of views. Fresh air should be 
provided year round through dedicated systems, either naturally or mechanically, with appropriate air 
flows. 
Positioning the airtightness layer on the exterior is less labour intensive that on the interior due to 
fewer joints and connections. As such, it is becoming common practice in Norway to use the exterior 
sheathing as wind and air barrier while the inner sheathing act only as vapour retarder. The 
experimental study of a highly insulated wall with mineral wool insulation, OSB vapour retarder and 
an exterior air barrier showed that having an airtight exterior barrier can increase moisture flow at the 
upper part of the walls driven by buoyancy forces if the interior air layer lacks continuity [12]. 
Vapour diffusion 
In winter, the atmospheric water vapour pressure is usually lower than the indoor vapour pressure. 
This vapour pressure gradient can generate a vapour flow from the interior to the exterior of a wall. 
Water vapour carried out by diffusion through the building envelope typically involves smaller amount 
of water compared to the three other transport mechanisms. Therefore, water vapour diffusion is less 
likely to cause severe damage to buildings. It is thus surprising to have building codes in many 
countries (e.g. Canada, United-States…) that require a water vapour barrier while not having strict 
requirements to ensure a minimum air tightness level or minimum protection from rain.  
 
The International Residential Code classified vapour retarders in three classes [13]: 
 
- A class 1 vapour retarder, also called vapour barrier, has a permeability of less than 0.1 perm 

(sd=35 m - equivalent air layer thickness), such as a polyethylene sheet.  
- A class 2 vapour retarder has a permeability higher than 0.1 perm but less than 1 perm (sd=3,5 m), 

such as a plywood and bitumen coated kraft paper.  
- A class 3 vapour retarder has a permeability higher than 1 perm but less than 10 perm (sd=0,35 m), 

such as latex paint. 
 
Different classes are established in Europe by the Belgian Centre Scientifique et Technique de la 
Construction [14], where a vapour barrier (class E4) is defined for materials with sd>200 m and 
materials are considered weak vapour retarders (class E1) with 2 m<sd<5 m. 
 
Installing a vapour barrier on the interior in cold climates is indeed effective at stopping water vapour 
flow induced by vapour pressure gradient. However, it also impedes the drying potential of a building 
enclosure. Vapour barriers or retarders may cause significant damage when the building materials 
installed during the construction process have elevated moisture levels, during minor accidental 
moisture intrusion [15] and in conditions prone to reverse vapour diffusion, like in unheated summer 
houses with a dark cladding. Recent building enclosure failures have shown that some wall assemblies 
have insufficient drying potential in case of accidental wetting or leaks in some climates [16].  
 
The IAE ECBCS annex 24 on Heat, Air and Moisture Transfer in Highly Insulated Building 
Enveloped concluded that the order of importance of different mechanisms influencing the 
hygrothermal load is: 1) air exfiltration; 2) initial moisture; 3) latent heat; 4) wind driven rain. 
Furthermore, they state that air tightness is the most important requirement and that a sufficient vapour 
retarder is only a second order requirement, where vapour diffusion constitutes a real threat only in the 



 

most severe climates [17]. Experimental results from Geving and Uvsløkk confirmed that air 
exfiltration presents a far higher risk for moisture damage than moisture diffusion [18].  
 
Rose [19] notes that the numerical threshold values in the prescriptive requirements for vapour 
retarders by the Federal Housing Authority is lacking scientific support, although they remain the basis 
for US practice nowadays. He also describes the marketing strategy for convincing the public to adopt 
vapour retarders, for instance with a 1951 pamphlet titled ‘’War Against Water’’ describing ‘’the 
menace of moisture’’. The so-called diffusion paradigm that emerged at this period is based on four 
elements: 1) vapour pressure gradient as the principal moisture load; 2) diffusion as the principal 
transport mechanism; 3) the steady-state profile as the main analysis tool; 4) recommendations of 
vapour barriers and attic ventilation. However, as mentioned by McDermott, condensation is maybe 
not the most appropriate term for describing the phase change from vapour to adsorbed/absorbed 
moisture in materials.  
 
In the diffusion paradigm, the hygroscopicity of building materials is completely ignored. We now 
know that it plays a major role on moisture movements through building materials and the durability of 
the building envelope.  

1.2 Benefits of permeable, hygroscopic building assemblies 
Although uncommon in developed countries, hygroscopic and permeable walls have the potential to 
improve the indoor air quality in buildings. 
 
Walls that have the capability to buffer moisture can provide more stable indoor humidity levels year 
round. In cases where dehumidification is required, such walls allow selecting a dehumidifier with a 
lower capacity and thus contribute to save energy. A building envelope made of permeable and 
hygroscopic materials provides a safety net and is more likely to forgive construction errors and future 
failures in other systems or parts of the fabric, which unavoidably arise throughout the entire lifetime 
of a building. Natural materials such as timber, clay, straw and natural fibres are both permeable and 
hygroscopic, therefore they excel from not only an environmental point of view, but also from a 
performance point of view [8].  
 
Building structures impact the Indoor Air Quality (IAQ); numerical studies of a bedroom in a wooden 
building revealed that hygroscopic structures can improve indoor comfort and IAQ [20]. As pointed 
out by Rode [21], if a hygroscopic material is covered by a non-hygroscopic material and is not 
directly exposed to the indoor air, its contribution in buffering indoor moisture levels becomes 
insignificant.   
 
Simonson et al. [6] found that a permeable, hygroscopic building envelope primarily made of wood 
can affect the concentration of CO2, SF6 and water vapour. Such a building envelope can reduce 
significantly the CO2 concentration in low ventilation conditions, and still moderately when 
mechanical ventilation is provided. This building envelope reduced significantly the moisture 
fluctuations in a room in both well-ventilated and poorly ventilated conditions. 
 
Simulations of hygroscopic building materials also showed that they are effective in reducing peak 
humidity levels and to increase the minimum humidity level in winter. [22]. This study concluded that 
additional research was needed to determine appropriate hygroscopic and permeable materials for 
different climates and buildings. 
1.3 Selected field and laboratory study of permeable building envelopes 
A Canadian study found that there is no doubt that straw bale houses can successfully function in a 
cold climate without having an interior vapour barrier. Three case study houses out of the nine that 
were monitored had borderline or unacceptable moisture readings. Designs which produced these 
moisture readings had two or more of the following conditions: 1) Insufficient overhangs 2) No 
capillary break 3) Extreme interior wetting 4) Below grade bales 5) Inadequate backsplash protection 



 

6) Northern exposures. All of these conditions can be addressed by design, except for northern walls, 
which were found to have sustained humidity levels that resulted only from high atmospheric humidity 
levels [23].  
 
Laboratory experiments investigated the conditions of a 50 mm wood fibre board acting as exterior 
wind barrier with wood fibre batt insulation and an interior gypsum board [24]. The measurements 
have been recorded in Norway in 2014 over more than six months during the winter period. This 
configuration is without a vapour retarder and thus highly permeable, but does not have hygroscopic 
materials in contact with indoor air. The relative humidity in the exterior wood fibre board exhibited a 
satisfactory performance and never exceeded 90%. 
 
Maintaining the vapour permeability of historical buildings is often considered critical for ensuring the 
durability of a wall insulation retrofit action. The use of an external insulating plaster is currently one 
of the best practices for building envelope refurbishment in Italian historical buildings, which is 
considered to guarantee the breathability and improve the indoor safety and air quality [25]. 

1.4 The effect of overhangs on wind-driven rain 
Overhangs can contribute to increase the longevity of buildings by protecting building walls and 
shedding water away during rain events.  
 
Results from CFD simulations indicate that the performance of roof overhangs depends largely upon 
their size, the wind speed and the wind angle, but no much on the rainfall intensity [26]. The numerical 
results of this study were used to assess the performance of overhangs, as characterized by an 
effectiveness index δ defined as 
 
δ=(η-ηOH)/η x100           (3) 
 
where η is the average catch ratio without overhang and ηOH is the average catch ratio with overhang. 
The overhang effectiveness index varies locally depending on the distance from the roof line and from 
the edges.  
Measured data for the city of Vancouver revealed that overhangs can reduce the wind driven rain by a 
factor of four for low-rise buildings with an overhang with a ratio of 0.04 (depth of overhang divided 
by building’s height) [27]. 
1.5 Selected building failures case studies 
This section briefly presents two cases of major water damage to building assemblies: wide scale 
deterioration of EIFS (Exterior Insulation and Finish Systems) condos in Vancouver in the 80s-2000s 
and problems with magnesium-oxide boards that occurred in winter 2014-2015 in Denmark.  
 
Between 45 to 68% of the 160 000 condos built between 1982 and 1999 in coastal British Columbia 
experienced major deterioration due to moisture, equivalent to an estimated $4 billion in damage [28]. 
An extensive study was deployed in order to correlate the building envelope performance problems 
with sources of moisture and the design and construction features of these buildings. The results of this 
study indicated that the primary source of moisture was from water ingress at interface details, 
primarily at windows, balconies and guardrail attachments. Buildings with roof overhangs were found 
to have fewer problems than those without overhangs. A proportion of 90% of walls without 
overhangs had problems while only 25% of walls with an overhang of 60 cm or more had problems. 
Even though only 10% of the problems were related to the basic assembly of the wall materials, the 
assembly does contribute to the problem when it restricts drying or drainage. It was concluded that 
face sealed walls (walls designed to mainly shed water away without a drainage plane) are very 
sensitive to design and construction and that rainscreen walls offer the best opportunity to achieve 
adequate performance in this climate [29]. 
 



 

Extensive moisture damage was reported in ventilated façades of new or recently renovated Danish 
buildings in winter 2014-2015. These buildings were constructed with magnesium-oxide (MgO) 
boards in the ventilated air gap behind the exterior cladding. After investigation, it was concluded that 
MgO boards would absorb moisture from outside air during period of high relative humidities (90-
100%) and form water drops at the exterior face. These drops contain elevated amounts of chloride 
ions, causing deterioration of metallic fixtures. Laboratory experiments revealed that MgO boards start 
sweating at a relative humidity of 84%. As such, MgO boards were judged not suitable for use in 
ventilated façades in Denmark [30]. 
1.6 Scope of this study 
 
With a few studies performed in the last 30 years questioning the need for vapour retarders, there is 
still a lack of design guidelines for the construction of permeable building assemblies. Is it possible to 
build a durable building envelope without any vapour retarders? If so, then how? Experience from 
historical buildings and more recent studies show that the answer to the first question is yes. The 
second answer can be partly answered by reviewing the different permeable assemblies that were 
proven successful over time, but because of the lack of general design guidelines, introducing any 
changes in the building envelope or locating a building in a different climate would require detailed 
simulations to ensure safe water management. 
 
Most of the studies that evaluated the relative importance of moisture transfer mechanisms considered 
building assemblies with a low hygric buffer capacity. In many countries, building codes include 
requirements for a vapour retarder and/or airtightness targets but not for other variables known to 
influence other important moisture transfer mechanisms such as driving rain.  
 
Therefore, this study aims to evaluate the importance of driving rain versus vapour diffusion for a 
hygroscopic and permeable building envelope. The focus will be on two important design parameters 
that influence driving rain absorption rate: the length of overhangs and the capillarity of the exterior 
cladding. The goal of this study is to evaluate the relative importance of driving rain, overhangs, 
cladding capillarity and the presence of a vapour barrier on the moisture content of building materials 
and the risk of mold growth for a HPBE and to provide recommendations for improving the 
hygrothermal performance of such assemblies. 
 
This contribution presents hygrothermal simulation results of a permeable building, “det Naturlige 
Hus” (dNH). This house, currently under construction in Denmark, is mainly made of wood and clay.  
It was designed by the owner with the intent to provide the highest indoor environment quality as 
possible to his family. The relative humidity and temperature levels of the different layers of the 
building envelop are examined in order to assess the risk of elevated moisture level and potential mold 
growth. 
 
Simulations are performed under different conditions in order to identify the elements that have the 
biggest influence on the risk of mold growth. Simulations are carried out under full rain exposure for a 
point located in the centre of the façade (represents average conditions), for a point at the top corner 
(represents the highest rain exposure), for a point at the bottom centre (represents the lowest rain 
exposure) with and without overhangs. Simulations are also carried out with no driving rain at all, with 
varying exterior cladding capillarity and with a vapour barrier membrane. The moisture content of the 
building materials due to rain versus diffusion are presented and discussed.  
 

2 HYGROTHERMAL SIMULATION 
2.1 Case study building: Det Naturlige Hus 
“Det Naturlige Hus” is a one-storey 187 m2 single-family wood frame house located in Holbæk, near 
Copenhagen, in Denmark. The walls of dNH are made of mineral cement plaster, wood fibreboard, 
cellulose, clay board and clay plaster, whose hygrothermal properties are provided in Table 1. The 



 

ceiling is made of 500 mm of cellulose over a clay board and clay plaster. The wooden floor structure 
that sits over the concrete footings is slightly above ground level, over a ventilated crawl space. It is 
made of 300 mm of cellulose insulation sandwiched between a wood fibreboard and oak flooring. The 
nominal U-values of the exterior walls, ceiling and floor are 0,09 W/(m2K), 0,07 W/(m2K) and 
0,11 W/(m2K) respectively. The roof overhang has an angle of 24.4° with the horizontal and has a 
projected length of 522 mm. The overhang ratio, which is defined by the projected length of the 
overhang divided by the height of the building, is 0.19 for this building.  
 
  Figure 1. Roof overhang of dNH 

 
 

     Table 1. Wall Layers Material Properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The windows have a double glazed insulated glass unit (IGU) and an additional single pane on the 
inside, with a glass g-value of 0,55 and an overall U-value of 0,77 W/(m2K). These windows have the 
possibility to provide preheated fresh air by allowing air through openings in the window sill to flow 
between the single pane and the IGU and enter the room through an opening at the window head jamb.   

Material/Layer 
(from outside to inside) 

ρ 
[kg/m³] 

c 
[J/kgK] 

λ 
[W/mK] 

Thick. 
[m] 

sd 
[m] 

Mineral cement Plaster 1434 850 0,9 0,006 0,126 

Ext wood fibreboard 140 2100 0,04 0,06 0,18 

Wood fiber insulation 50 2100 0,037 0,34 0,68 

Clay board 615 2000 0,128 0,016 0,12 

Basecoat clay plaster 1844 850 0,1 0,003 0,04 

Topcoat clay plaster 1844 850 0,1 0,002 0,03 



 

 
For the exterior wall assembly, the layer with the highest equivalent air layer thickness is the cellulose 
with sd=0,68 m. 
 

Figure 2. Floor plan of dNH 
2.2 Simulation parameters and model limitations 
Hygrothermal conditions inside the building assemblies are simulated with WUFI® Plus, a whole 
energy simulation software that allows the calculation of coupled heat and moisture transfer. It 
considers moisture transfer as both vapour and liquid through capillarity, vapour diffusion and 
absorption and desorption. It is able to capture important elements that affect the hygrothermal 
performance of a building envelope such as driving rain, solar evaporation and initial moisture content. 
Coupling effects between heat and moisture are accounted such the dependence of the thermal 
conductivity to moisture content and latent heat effects. Users have to provide information 
characterizing the building envelope, occupancy patterns and HVAC systems and the program 
calculates the heating and cooling energy, humidification and dehumidification demand and indoor 
CO2 concentration.  
 
This tool has been validated through many studies [15], [31], [32] and is considered one of the most 
advanced commercially available software for hygrothermal calculation with full scale field validation 
tests performed over many years [33].  
 
Some physical processes are not modelled in WUFI Plus such as the retarded sorption effect and 
hysteresis [34]. It also does not take into account air leakage, which can introduce localized moisture 
sources. Simulation results of dNH carried out with WUFI pro under air leakages revealed that the 
moisture content of this building envelope is not significantly affected by infiltration [35].  
 
The most important source of uncertainties when performing hygrothermal simulations arise from the 
high uncertainties associated with measurements data for the sorption isotherms and vapour 
permeability of building materials, which is deemed to hamper reliable simulations of hygroscopic 
buffering [36]. This study is focused on investigating the relative hygrothermal performance of vented 
and unvented wall constructions with different types of external plasters. The temperature and relative 



 

humidity at various locations in the walls, roof and floor assemblies of dNH is currently being 
monitored and the collected data will be used to validate the simulation results. 
 
Simulations are executed during two years, in order to see the initial drying immediately after 
construction and to allow enough time to get a stable annual dynamic. The mold index is calculated 
over two years, and the graphics display results only for the second simulated year. The initial 
moisture content of the materials is set to 80%.  
 
There are two adults and two children occupying the building constantly except during weekdays 
(8:00-16:00). The air tightness of dNH being unknown at the time being, the infiltration rate was set 
constant at 0,1 ACH. The special ventilation windows are considered unvented in the simulation 
model, but mechanical ventilation at 0,5 ACH with a heat recovery of 60% is included to approximate 
the ventilation effect that can be obtained with the ventilated windows. Additional natural ventilation 
at 0,5 ACH is provided from May 15th until September 15th to represent the window opening behaviour 
of occupants. At this stage, only one-dimensional simulations are performed. Thus, thermal and hygric 
transfers through the structural lumber elements are neglected. 
 
The model is divided as six zones: the main house zone, the living room (stue on Figure 2) and the 
ventilated attics and crawspaces above and under these two zones. The house and the living room 
(stue) have a constant heating setpoint of 20°C and no mechanical cooling. The attics and crawl spaces 
of the house and the living room are continuously ventilated at 3 ACH. There is interzone ventilation 
between the house and the living room at 30 m3/h. The indoor moisture generation profiles were 
defined from the occupancy schedule for the family. In the main zone, the moisture generation is equal 
to 4610 g/day during the week and 8384 g/day during the weekend. The indoor relative humidity level 
is between 30% and 45% in winter and 35% and 55% in summer. In the living room, the moisture load 
is set at 432 g/ day and the relative humidity level is similar to the main zone. 
 
The two skylights, the attached garage and the mechanical room in the basement leading to the garage 
have not been not included in the model.  

Rain loads 
WUFI® Plus can model rain loads with the driving rain coefficient method where wind-driven rain 
intensity is calculated as 
 
Rwdr=Rh(R1+R2 U)           (4) 
 
For vertical surfaces R1=0 while R1=1 for horizontal surfaces. R2 corresponds to the wind-driven rain 
coefficient κ defined in Section 1.1. Recommendations in the WUFI online help are to set R2 to 0.07 
s/m for the coefficient at the centre of a façade [37]. This value has been obtained by carrying a linear 
regression analysis of experimental driving data obtained for a 4 m high test wall [38].  
In order to assess the impact of the overhang on the hygrothermal performance of the walls, 
simulations with different driving rain coefficients will be executed and compared.  
 
The catch contour ratio for a 10 m cubic building obtained from CFD simulations are reproduced from 
[26] in Figure 3 below for the case without an overhang and for a 60 cm overhang for a normal wind 
of 5 m/s and a rainfall intensity of 5 mm/h. In these conditions, the catch ratio varies between 0.6 and 
0.15 across the façade with the top corner begin the most exposed location without an overhang. The 
maximum catch ratio is reduced to 0.35 with the presence of a 60 cm overhang. The catch ratio under 
different wind angles tends to be lower and it increases under higher wind speeds. 
 
 
Table 2 presents the catch ratio and its associated wind-driven rain coefficient at the top corner, mid 
height and bottom corner of the façade. Since the projected length of the overhang of dNH is 52 cm 
and the annual mean wind speed for Lund is 3.45 m/s, the wind-driven coefficients presented in 



 

Table 2 are considered to provide a good estimation for analysing the impact of the overhang on 
hygrothermal performance of dNH. Simulations will be performed for R2=0, 0.03, 0.042, 0.046 and 
0.12 s/m. 
 

  
Figure 3. Catch ratio contours for a cubic building with a side length of 10 m without an 

overhang (left) and with a 60 cm overhang (right) for a normal wind (U10=5 m/s, Rh=5 mm/h) - 
data from [26] 

 
Table 2. Catch contour ratio and wind-driven rain coefficient at various location on a façade 

under a normal wind with and without an overhang (U10=5 m/s, Rh=5 mm/h) 

Overhang length 0 cm 0 cm 60 cm 60 cm 

Position η R2 η R2 
Top corner 0.60 0.12 0 0 
Mid height 0.23 0.046 0.21 0.042 
Bottom corner 0.15 0.03 0.15 0.03 

 
Usually not all of the water that reaches a façade is absorbed. WUFI accounts for this by defining a 
rain water absorption factor. The recommended value of 0.7 is selected for all simulations in this 
study. 

Weather data 
Simulations are performed with the weather data from the WUFI database for the city of Lund, 
Sweden, which is 120 km East from Holbæk at the same latitude. There are no cities in Denmark that 
are included in the WUFI database. The mean wind speed in Lund is 3.45 m/s with the dominant 
direction being south west. The annual normal rain precipitation is 817.5 mm/a, with 450 mm /s on the 
south west façade and 75 mm/a on a north east façade.  

3 SIMULATION RESULTS AND DISCUSSION 
The highest water levels are found in the southwest wall assembly. This is caused by a higher exposure 
to driving rain due to the predominant winds; thus, only results for this orientation are presented here.  
 



 

Simulations are performed with five different wind driven rain coefficients, which are displayed in 
Table 3. The mean layer water content and relative humidity within the different material layers when 
subjected to a wind driven coefficient of 0.046 (representative of mid height) is presented in Figure 4. 
It can be seen that the two outermost most layers have the highest relative water content and humidity 
levels. These two layers experience relative humidities above 80% for a significant portion of time, 
which warrant further analysis. It takes about four months for the woodfiber insulation to drop from 
the 80% initial moisture content to 60% and then keeps relatively stable humidity levels between 45% 
to 60% during the year. The relative humidity curves for the two coats of plaster and the clay board are 
very similar and are indistinguishable from each other. It can be seen that the exterior woodfiber board 
has a significantly higher hygric buffer capacity than the woodfiber insulation. 
 

    
Figure 4. Mean layer water content and relative humidity, South West wall, R2=0.046  

The mineral cement plaster does not contain organic material and thus poses low risks to 
support mold growth. Figures 5 and 6 show the mean water content and relative humidity of 
the exterior wood fibreboard as well as at 0.15 cm from the exterior surface for the second 
simulated year. Figure 5 presents results in the absence of rain while Figure 6 presents 
results under the highest rain exposure possible (representative of a top corner without 
overhangs). Under the highest rain exposure, the mean relative humidity and at 0.15 cm from 
the surface are typically 5% higher than without any rain. The mean water content is only 
slightly higher in these conditions while it can be up to 10 kg/m3 higher at 0.15 cm from the 
exterior surface. Considering that these two situations represent the best and worst 
conditions possible in terms of rain exposure, we can conclude that the impact of the rain 
exposure on the hygrothermal performance of this assembly is relatively minor.  
With a mean relative humidity above 80% for the wood fibreboard during the cold season 
with and without rain exposure, a deeper analysis is required for assessing the risk of mold 
growth for this building assembly. 

   



 

Figure 5. Water content and relative humidity of the exterior wood fibreboard, average (black) 
and at 0.15 cm from the exterior surface (orange), South West wall, R2=0  

   
Figure 6. Water content and relative humidity of the exterior wood fibreboard, average (black) 

and at 0.15 cm from the exterior surface (orange), South West wall, R2=0.12 
3.1 Mold index 
The mold index has been calculated following the procedure described in ASHRAE Standard 160 
2016 [39] for the exterior wood fibreboard. Under this model, mold growth is possible when the 
relative humidity is above 80% and it depends also on the temperature and duration of conditions that 
supports mold growth. Mold growth is maximal between 15-30 °C and is stopped below the freezing 
point.  
 
The mold index should be below a value of 3, which corresponds to visible mold on the surface on less 
than 10% of the area or less than 50% of mold coverage under microscope. The wood fibreboard was 
classified as a sensitive material for which a mold index decline coefficient of 0.1 was selected.  
 
The maximum mold index and the maximum moisture content over the two simulated years at 
different locations on a façade are presented in Table 3. It can be seen that the mean mold index 
without rain (R2=0) is equal to 0.08, while it is equal to 0.14 at the most exposed location on the façade 
(R2=0.12). The mold index at 0.15 cm to the exterior side of the wood fibreboard is equal to 0.11 and 
0.19 with R2=0 and R2=0.12 respectively. This is a relatively small variation, not likely to be really 
significant. The maximum mean water content is nearly independent of the rain exposure in these 
simulated conditions. 

Table 3. Maximum mold index of the exterior wood fibreboard at various location across a 
façade with and without overhangs 

Position, R2 Mold index, 
mean 

Mold index 
0.15 cm from 

ext 

Maximum mean 
water content 

(kg/m3) 
Top corner, no overhang: R2=0.12 0.14 0.19 34 

Top corner, 60 cm overhang: R2=0 0.08 0.11 33 

Mid height, no overhang: R2=0.046 0.11 0.15 33 

Mid height, overhangs: R2=0.042 0.11 0.15 33 

Bottom corner, R2=0.03 (negligible effect of overhang) 0.10 0.14 33 

 
A previous hygrothermal analysis of an almost identical building revealed a mold index at 0.15 cm of 
the exterior face of 2.7 with a rain coefficient of R2=0.07 and of 0.2 without exposure to rain [40]. In 
these previous simulations, the simulated exterior rendering was a lime plaster while in the current 
case, the exterior rendering is made of a mineral cement-based plaster. It can be seen that the type of 
exterior plaster has a significant influence on the mold index. 
 



 

Table 4 presents simulation results for the worse location on the façade (R2=0.12) and without rain 
exposure for two different types of plaster: a lime plaster and a mineral cement-based plaster. Their 
liquid transport coefficient curves are illustrated in Figure 7. It can be seen that the rain exposure has a 
significant impact on the mold index for the building assembly with a lime plaster, but a minor impact 
for the building assembly with a mineral cement-based plaster. For the mineral cement-based plaster 
simulated here, the moisture content of exterior the wood fibreboard in this wall assembly that is due 
to wind driven rain is only 3%. For the same assembly with a lime-based plaster, the moisture content 
due to wind driven rain rises to 52%. From these results, it can be concluded that a generous overhang 
is mandatory to ensure satisfactory hygrothermal performance of this building envelope protected with 
plasters with a strong capillarity action like the lime plaster investigated here. 

         
Figure 7. Liquid transport coefficient curves of a mineral cement based plaster (left) and a 

lime plaster (right) 
Table 4. Maximum mold index of the exterior wood fibreboard for two different types of 

plasters, different rain exposures and without a vapour barrier 

Position, R2 Mold index, 
mean 

Mold index 
0.15 cm from 

ext 

Maximum mean 
water content 

(kg/m3) 
R2=0.12, mineral cement-based plaster 0.14 0.19 34 

R2=0.12, lime plaster 1.21 3.60 62 

R2=0, mineral cement-based plaster 0.08 0.11 33 

R2=0, lime plaster 0.03 0.18 32 

 
In order to investigate the moisture content present in the wood fibreboard that is due to moisture 
diffusion, a next set of simulation was run with a vapour barrier (sd=100m) located behind the clay 
board and the wood fiber insulation. These results are presented in Table 5. The maximum mean water 
content is identical when a mineral cement based plaster is used whether there is a vapour barrier or 
not. For a lime plaster, the moisture content is identical for both wall assemblies with and without a 
vapour barrier when there is no rain exposure. At the most exposed location on the façade (R2=0.12), 
the maximum moisture content is 5% lower with the presence of a vapour barrier and the mean mold 
index is slightly lower, but not to a significant extent (from 1.21 to 1.13). 
 
For a mineral cement-based plaster, the mean mold index is slightly higher in the presence of the 
vapour barrier under high and no rain exposure. Overall, including a vapour barrier in this wall 
assembly has surprisingly little effects for both types of plaster. It should be noted that this wall 
assembly, with a clay board and two coats of clay plaster, has significant interior moisture storage 
capacity well above conventional constructions. 
 

Table 5. Maximum mold index of the exterior wood fibreboard for two different types of 
plasters, different rain exposures and with a vapour barrier 



 

Position, R2 Mold index, 
mean 

Mold index 
0.15 cm from 

ext 

Maximum mean 
water content 

(kg/m3) 
R2=0.12, mineral cement-based plaster, with vapour barrier 0.18 0.21 34 

R2=0.12, lime plaster, with vapour barrier 1.13 3.59 59 

R2=0, mineral cement-based plaster, with vapour barrier 0.12 0.13 33 

R2=0, lime plaster, with vapour barrier 0.03 0.18 32 

 
 

4 CONCLUSION 
 
Generally, natural buildings materials have lower embodied energy and life cycle impacts than 
petroleum-based products. They are also highly hygroscopic and can therefore absorb high amounts of 
moisture, which can contribute to increase the longevity of buildings assemblies as long as their 
moisture content is not too high. 
 
This paper presented hygrothermal simulation results of a single-family wood frame house in 
Denmark. This house was specifically designed to be permeable to vapour diffusion and to buffer 
indoor moisture levels. The exterior walls are made of an exterior wood fibreboard, blown in wood 
fiber insulation, clay board and clay plaster. 
 
The moisture content of the exterior wood fibreboard due to rain was only 3% when covered with a 
mineral plaster and reached 52% when protected with a lime plaster. From the results, it becomes 
apparent that driving rain has little impact when a capillary closed material is used, like the mineral 
cement-based plaster simulated here. The moisture content of substrates with a higher capillary action 
like lime plaster is highly dependent on their exposure to driving rain.  This is an expected behavior 
which was already observed by [2]. Protecting these walls with generous overhangs seems a necessity 
for ensuring adequate hygrothermal performance.  
 
Including a vapour barrier in this permeable and hygroscopic wall assembly yielded to a somewhat 
surprisingly similar moisture content in the exterior wood fibreboard for both plaster types. The 
moisture content of the exterior wood fibreboard due to the presence of a vapour barrier was identical 
except in the case of a lime plaster under a high rain exposure where it was only 5% lower. 
 
The results presented in this paper are applicable only to the specific assembly studied here. Relative 
humidity and temperature sensors are currently installed in this house and data is being recorded. The 
objectives of the monitoring are to validate the simulation results and to gather field data for assessing 
the long term hygrothermal performance of this building envelope under real conditions. This will 
contribute to acquiring knowledge on the dynamic of permeable and hygroscopic building envelopes.  
 
Simulation results presented here indicate that the capillarity uptake of the exterior cladding and rain 
loads are considerably more significant that water vapour diffusion for the building envelope 
investigated here. Future research should focus on developing validated guidelines for designing 
permeable building envelopes that are safe, durable and resilient in cold climates that address the 
moisture transfer mechanisms that have the most significant impacts. This would contribute in 
facilitating the use of natural building materials and thus reducing the environmental impacts of 
buildings. 
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