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Abstract. This article presents long-term experimental studies on the moisture safety in the ventilation 

cavities of highly insulated (HI) structures. The tested HI-walls had thermal transmittances of 0.11-0.13 

W/m2K. A wall with a thermal transmittance of 0.23 W/m2K represented the baseline wall in the test. In 

addition to walls, an HI-roof of a newly built house with a U-value of 0.08 W/m2K was measured. The 

results indicate that, in the ventilation cavity, the relative humidity of an HI-wall exceeds 1-7% of the 

humidity measured from the baseline wall during winter, which coincides with the 0.4-1.5ºC lower 

temperatures observed in the HI-walls. The mold risk in the ventilation cavities of the walls is low, as the 

value of the mold index (MI) remains below one, which indicates small amounts of microscopic mold only 

on surfaces. However, at the bottom of the cavity, the MI value reaches 1.4 due to lower temperatures. In 

the HI-roof, the MI values are between 1.0 and 2.0 in the middle of the cavity in winter. The reasons for the 

higher mold risk of the roof are the humid weather, the built-in moisture of the roof and the low heat flux 

from inside. The study confirms that, in the future, warmer weather and increased humidity can increase 

moisture risks in the ventilation cavities. The results support the use of materials that are more resistant to 

mold in the outer parts of structures.   

1 Introduction  

Modern buildings have been adapted to the global 

endeavor to improve the energy efficiency in all sectors. 

Today, the thermal transmittances of external walls in 

Finland are commonly at a level of 0.12 W/m2K, and the 

values can be even lower in roofs, like 0.08 W/m2K. The 

typical thicknesses of mineral wool layers in walls and 

roofs are 300 mm and 500 mm, respectively.  

 The research on the hygrothermal behavior and 

moisture safety of the highly insulated (HI) structures 

has focused mainly on the insulation space of the 

structures [1-7]. Due to the influence of the temperature 

distribution across the external structure on the hygric 

behavior, the performance is usually evaluated at the 

colder outer parts of the structure, excluding the 

ventilation cavity from the analysis [1-7]. The drying 

ability of the built-in moisture has been addressed by [1-

5] and the effect of climate change by [2, 5]. Only one of 

these studies is mainly based on experimental research 

methods [4].  

 In the cavity, mold damage might develop due to 

improper behavior, such as a low ventilation rate in the 

cavity or a high water vapor diffusion rate through the 

envelope structure. This might decrease the indoor air 

quality and raise health issues if compounds related to 

mold transfer into the indoor air through air leakages. An 

earlier study indicated that mold growth and humidity 

inside the structure increased the total volatile organic 

compound (TVOC) concentrations indoors even when 

the pressure difference between indoor and outdoor was 

low [8]. This supports the need to study the cavity 

conditions, as the leakage air can enter the building from 

the cavity. 

 Ojanen showed that cavity surfaces in ventilated 

HI-structures are close to outdoor conditions, which is 

typical for the surfaces of an unheated storage building 

[9]. He estimated that in these conditions, the material 

surfaces might encounter slight mold growth, but no 

structural damage would develop. Ojanen added that the 

modern buildings function well if the built-in moisture 

and indoor moisture are at reasonable levels with respect 

to the cavity ventilation. He also simulated the mold 

growth potential at the inner surface of the ventilation 

cavity in current Finnish weather conditions. The risk of 

mold formation on the wind barrier surface was reported 

to be identical with low energy and normal buildings and 

distinctly lower for an unheated building. He concluded 

that cold temperatures and a lack of moisture loads 

improve the performance of the unheated buildings. 

These simulations did not include the façade and the 

cavity.  
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Based on the literature review, this study expands the 

research of moisture safety in HI-structures into the 

ventilation cavity. The study is comprised of long-term 

experimental tests conducted in Finland. The decision to 

use the experimental research method is supported by the 

fact that comprehensive simulation of the ventilated 

structure, including the propagation of hygrothermal 

conditions along the flow path, is a difficult task even 

today. The tests include four different wall structures and 

one roof structure. The evaluation of the structures is 

based on the hygrothermal conditions measured from 

ventilation cavities, calculated mold index (MI) levels 

and measured ventilation characteristics. The effect of 

climate change on the moisture safety of the cavity is 

addressed with a simplified method. 

2 Materials and Methods  

The hygrothermal conditions in the ventilation cavity of 

an external structure are determined by the interaction 

between heat and moisture transfer phenomena. Thermal 

conditions in the cavity are affected by outdoor weather 

conditions and indoor climate. The weather conditions 

include outdoor temperature and both shortwave and 

longwave radiation. In addition to heat conduction 

through the structure, heat is transferred inside the 

structure by convective flow generated by the cavity 

ventilation. The insulation level of the structure along 

with the temperature boundary conditions affect the 

conductive heat flux through the structure, which may 

influence the temperature in the cavity (see e.g. [10]). 

 Moisture conditions in the cavity are affected by 

the same factors that influence thermal conditions. In 

addition, moisture moves toward the cavity from indoors 

mainly by diffusion and from outdoors mainly by 

convection. Finally, the hygroscopic buffering of the 

materials next to the cavity influence moisture 

conditions in the cavity air. Based on these physical 

factors, two experiments were arranged to study the 

hygrothermal behavior of the ventilation cavity in 

different HI external structures.  

 The first test was comprised of four test walls in 

laboratory facilities at Aalto University in Southern 

Finland. Three of the test walls were HI-walls, and the 

fourth was a baseline (BL) wall. The insulation material 

was stone wool in the HI1- and BL-walls, glass wool in 

the HI2-wall and polyurethane (PU) foam in the HI3-

wall. The HI2-wall included a gypsum board behind the 

wind barrier insulation board, and the BL-wall had a 

gypsum board as the wind barrier layer. Walls HI1, HI2 

and BL were vapor open toward the ventilation cavity; 

the Sd values for the mineral wool coatings and the 

gypsum boards were below 0.1 m. Wall HI3 had 

aluminum-coated insulation boards and therefore 

represented a uniformly vapor-tight structure. Due to the 

aluminum coating, thermal radiation in the HI3-wall 

between the wind barrier surface and the inside surface 

of the cladding was less than in the other structures. The 

measured sorption and vapor diffusion properties of the 

mineral wool products and the gypsum boards are 

presented in [4]. The hygroscopic equilibrium moisture 

content of the wind barrier gypsum board is roughly 

eight times higher compared to mineral wool products at 

relative humidity (RH) 70-98%. In addition, the moisture 

content of glass wool is two to nine times higher in RH 

85-98% compared to stone wool. The HI3-wall had next 

to zero hygroscopic capacity at the wind barrier layer, 

which was the least of all the walls. The HI1- and BL-

walls had a 0.2 mm thick polyethylene (PE) membrane 

as the vapor barrier. The HI2-wall included a vapor 

retarder made of polyamide (PA) foil. The vapor retarder 

had an RH-dependent Sd value between 0.77-26.8 m, 

where the highest Sd value corresponds to 26%-RH and 

the lowest value corresponds to 79%-RH [11].  

 The walls were set up in a test hut and were 

exposed to outdoor weather (Fig. 1). The indoor 

temperature and RH were adjusted with thermo- and 

hygrostats. The test house had no eaves; however, the 

ventilation flashing near point C might have affected the 

rainfall on the façade to a small extent. The cladding 

material was a 21x120 mm2 sized wood board. The 

boards were painted dark grey with oil-based acrylate 

paint. The thickness of the ventilation cavity was 22 mm 

in every wall, which is typical for Finnish ventilated 

external wall structures. The cavity inlet was shut, and 

additional insulation was set on the cladding during a 

period of 5.3-16.7.2018, the impact of which is not 

assessed in this paper. 

 Measurements were set up in the wall cavities, in 

the room and in outdoor air according to Fig. 1. The 

measurements of temperature and RH were set at the 

middle height of the cavities; in addition, the HI1-wall 

measurements were made in the bottom and upper parts 

of the cavity. The measurement period for the 

temperature and humidity was 9.6.2017-30.12.2019. The 

measurements started when the test structures were 

complete. In the HI1-cavity, air velocity was monitored 

with a hot wire anemometer, and the air flow direction 

was monitored with a pressure difference measurement 

(Fig. 1). The moisture content (MC) of the cladding was 

monitored at the end of the study by measuring the 

electrical resistance of the wood. This resulted in the 

maximum MC at the measuring depth of 0-10 mm. Solar 

radiation and precipitation were measured according to 

Fig. 1. The cladding boards were removed after the test 

for a visual inspection of the cavity surfaces.  

 The other test was made for the pitched roof of a 

newly built dwelling house in Helsinki. The building is 

in a windy location near the sea. The HI-roof with black 

bitumen roofing included a 100 mm thick ventilation 

cavity and 20 mm thick ventilation gaps at the eaves 

(Fig. 1). This ventilation setup in the roof is commonly 

used in Finland. The total insulation thickness was 500 

mm. The roof had the same vapor retarder and insulation 

material as the HI2-wall. Measurements were set up in 

one air cavity in the roof according to Fig. 1 before 

finishing the structure. Temperature and RH were 

measured at three points in the cavity. In addition, air 

velocity was measured at one point similar to the wall- 

test. The measurement period was  8.9.2017-28.12.2019. 
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Fig. 1. Test setups in the wall and roof tests. 
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surface on the inside of the cavity, which decreased the 

radiation heat transfer between the aluminum surface 

and the cladding surface. 

 The temperature difference between point B of the 

wall or roof cavity and the outdoor air was dependent on 

the season; in winter, the temperatures in the cavities of 

the walls and the roof were typically 0-2ºC and 0.2ºC 

above outdoor level, respectively (Fig. 6). During 

summer, the cavity temperatures were 0-20ºC above 

outdoor level (Fig. 5, Fig. 6). During the measurement 

period, the highest temperature was 53ºC in the walls 

and 55ºC in the roof in late summer when the outdoor 

temperature was 35ºC. The high temperatures were 

caused by the absorption of solar radiation into the dark 

colored cladding and roof surfaces. 

 In mid-summer in the middle of the day, the 

temperature along the airflow path in the HI1- and HI3-

walls and the roof increased toward the top of the walls 

and the upper eaves. When the outdoor temperature rose 

to 29ºC, the temperature at point A was 35ºC in the walls 

and 40ºC in the roof. The temperature at points B and C 

was usually 45-47ºC in the walls and 49-53ºC in the 

roof. The temperature varied similarly in the cavities of 

the HI1- and HI3-walls. In the roof, a temperature 

difference of 2-3ºC was usually present between points 

B and C. In winter, the same temperature distribution 

along the cavities was present in the HI1-wall and the 

roof, but the temperature difference between points A-C 

was below 1ºC. In the HI3-wall, the temperatures were 

more even with maximum variation around 0.3ºC, which 

may have arisen from the aluminum coating at the wind 

barrier surface.  

 Relating to the analysis in Section 3.2, a uniform 

temperature distribution in the cavity implies there is no 

airflow [14]. Therefore, the aforementioned temperature 

differences suggest that air flowed in both cavities 

throughout the year. However, the exact evaluation of 

the velocity of the airflow is not possible based on the 

temperature difference in the cavity, as the cavity is 

subjected to changing external conditions. The 

temperature variations along the cavities were affected 

by a cold inlet air, which decreased the cavity 

temperature at the bottom of the cavity. The temperature 

increase in the vertical direction of the cavity further 

indicated that the direction of the airflow is mostly from 

point A to point C. This was supported by the pressure 

difference measurement in the HI1-cavity; the weekly 

average of the pressure difference in the HI1-cavity was 

0.005-0.03 Pa during summer and close to zero during 

the cold season. During sunny days, the upward pressure 

difference developed four hours after the first solar 

radiation reached the façade and continued until the 

intensity of the solar radiation began to decrease. This 

suggests that during summer, the highest ventilation 

rates occur after the façade has warmed up. This was 

supported by the anemometer results. 

3.4 Hygric behaviour of the cavities 

The RH measured in the middle height of the ventilation 

cavity was compared between the HI-walls and the BL- 

wall (Fig. 7). In winter, RH was typically 1-7% higher in 

the HI-walls compared to the BL-wall. In summer, this 

difference remained only for the HI1-wall in which RH 

was 2-3% higher compared to the BL-wall; the RH 

values of the HI2- and HI3-walls were typically the same 

as or 1-2% below the RH values of the BL-wall.  

 RH was usually below outdoor level at the middle 

height of the cavities of all the studied structures, and the 

magnitude of the difference was dependent on the season 

and amount of solar radiation (Fig. 8). In winter, the RH 

levels were closest to the outdoor values, especially in 

the roof. During summer, RH was 12-20% below the 

outdoor level in the studied structures.   

 At the beginning of the measurements of the roof, 

the cavity RH level was 0-10% above the outdoor level. 

This was most likely connected to the built-in moisture 

in the roof and other structures in the building. The 

indoor RH was over 60% with an average value of 68% 

for almost three months after installing the windows and 

doors. This resulted from the moisture sources, such as 

the installation mortar used for floor tiles, and the humid 

and rainy outdoor weather before the installation. The 

ventilation started after the building was complete a year 

after the first measurements. 

 A similar comparison between AH in the cavity 

and outdoor AH revealed that the AH levels in the 

cavities were close to outdoor values during the cold  
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Fig. 4. Measured temperature difference between the HI-walls 

and the BL-wall (1-week avg.) at point B during 2017-2019. 
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Fig. 5. Typical temperature development at the cavity at point 

B, outdoor temperatures in both tests and solar irradiance in the 

wall test during a summer day. 
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The rise in outdoor temperature is higher in winter than 

in summer; on average, the temperature rise is 2ºC. The 

RH in the cavity was calculated with the saturation 

humidity according to the elevated cavity temperature. 

The AH in the cavity was determined by adding the 

measured AH in the cavity to the difference in outdoor 

AH between the measured climate and estimated future 

climate. This method was selected since the measured 

cavity AH depended on the outdoor AH and, especially 

in winter, it was at outdoor level. An example of the 

change in hygrothermal conditions in the roof cavity is 

presented in Fig. 14. 

 The Finnish mold growth model [17, 18] was 

selected to represent the mold growth potential in the 

cavity. MI values 1-6 correspond to small amounts of 

microscopic mold, distinct microscopic growth, growth 

visible to the naked eye, distinct growth visible to the 

naked eye, abundant growth visible to the naked eye and 

highly abundant mold growth, respectively. The 

sensitivity classes for both mold growth speed and 

maximum amount of mold are: 1 (very sensitive), 2 

(sensitive), 3 (medium resistant) and 4 (resistant). 

Recession classes are: 1 (strong), 0.5 (significant), 0.25 

(relatively low) and 0.1 (almost no decline). The mold 

growth potential was evaluated for the wood surfaces of 

the façade cladding and the roof plywood, for wind 

barrier surfaces (mineral wool coatings), for the 

aluminum surface in the HI3-wall and for the cardboard 

surface in the BL-wall. Most representative model 

parameters according to the cavity materials are 

presented in Table 1. However, due to low MI values in 

general, class 1/1/0.5 was used in many cases. 

 The MI-values at point B in the wall cavity 

remained distinctly below 0.5 with the maximum value 

0.36 found in the HI1-wall during the third winter (Fig. 

15). At point A in the HI1-wall, the MI value increased 

to 1.4 at the end of the test; this was expected since the 

measurement point was located only 10 cm from the 

ventilation inlet. The the hygrothermal conditions at this 

point were closest to outdoor conditions, where the MI 

value rose during the test period near the maximum level 

of six. The MI values in the future climate stayed below 

one except for point A in the HI1-wall (Fig. 16). Here, 

the index value rose to 1.6 and 5.4, depending on the 

sensitivity for mold growth. Overall, the hygrothermal 

conditions in the ventilated wall cavities diverged greatly 

from outdoor climate and were unfavourable to mold 

growth. 

 The MI-values in the HI-roof in the measured 

climate were highest at point B, where the MI increased 

to one and two during the first winter, depending on the 

sensitivity classes (Fig. 17). In this type of roof, the more 

sensitive class 1 is applicable to, for example, sawn 

timber parts, which were not used in the current roof. 

The MI remained below one at point C and below 0.5 at 

point A. Therefore, the HI-roof behaved differently than 

the HI-walls, as the most critical point along the air-flow 

path was not near the ventilation inlet area.  

 In the roof structure, the future climate increased 

the MI-values; at points B and C with the most sensitive 

model parameters, MI-values over four developed during 

the time period (Fig. 18). Less sensitive material 

parameters gave MI-values of 1.4 at point B and 1.1 at 

point C. The results suggest that there is an increased 

possibility for mold growth in ventilated HI-roof 

structures in the future climate.  

 The cladding wood boards were removed after the 

test on 23.1.2020. Seen from the outside, mold growth 

was observed on the left vertical cavity batten in the 

HI1-cavity and in the batten between the BL-wall and 

HI3-wall. In both locations, the growth was limited to a 

height of 0-450 mm from the bottom of the façade. Mold 

growth was not observed on any weather barrier boards 

or on the inner surface of the cladding. The cavity 

battens were sawn timber, and the cladding wood boards 

were fine sawn timber; therefore, the cavity battens were 

more sensitive to mold growth. The weather barrier 

gypsum in the BL-wall had the same sensitivity for mold 

growth as the cavity battens. The mold growth observed 

only in cavity battens suggests the heat flux through the 

structures improved the conditions on the weather barrier 

surfaces. 
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Fig. 14. An example of the measured hygrothermal conditions 

in the roof cavity at point B (1-week avg.) in winter 2019 and 

estimated cavity conditions in the year 2050 based on the 

estimated climate change [16]. 

Table 1. MI model parameters (growth speed/maximum 

amount of mold/recession classes) according to [17]; cardboard 

according to [19]. 

Structure Outer surface of 
wind barrier  

Inner surface of 
cladding 

HI1 
white HDPE-coating; 

3/3/0.1 
wood board; 2/2/0.25 

HI2 
yellow glass fiber-

based coating; 3/3/0.1 
wood board; 2/2/0.25 

HI3 aluminum foil; 4/4/0 wood board; 2/2/0.25 

BL cardboard; 1/1/0.5 wood board; 2/2/0.25 

roof 
yellow glass fiber-

based coating; 3/3/0.1 
plywood; 2/2/0.25 

4 Discussion and Conclusions 

This paper presents the results from two experimental 

arrangements of the hygrothermal behaviour of 
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ventilation cavities  in  different HI external structures. 

The first test 
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Fig. 15. Calculated MI values in the examined test walls and in 

the Espoo climate. Mold model parameters are denoted in 

brackets. 
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Fig. 16. Calculated MI values in the examined test walls and in 

Espoo climate with estimated conditions in the year 2050 based 

on [16]. 

 

series was conducted in a laboratory with real outdoor 

weather conditions, and the second arrangement was 

carried out in a newly built dwelling house. Thus, the 

arrangements deviated from each other with respect to 

indoor humidity load. Few studies that focus on cavities 

have been previously published. Therefore, the 

evaluation of the results is challenging. 

 The results show that in HI-structures, the 

temperature in the ventilation cavity is very close to, but 

slightly above, outdoor temperature. This is especially 

important during the cold season when the outdoor 

weather and the cavity conditions are most favorable for 

mold growth. Higher cavity temperature decreases the 

RH in the cavity and the probability for mold growth. 

The results for winter apply also to north-facing walls, 

since in winter the solar irradiance in Finland is zero and 

the warming of the cavity is based on the heat flux 

through the structure. 

 In the cavities of HI-walls, the measured RH is a 

little  higher   than  in  the  BL  structure.  This  does  not  
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Fig. 17. Calculated MI values in the examined roof structure 

and in the Helsinki climate. 
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Fig. 18. Calculated MI values in the examined roof structure 

and in the Helsinki climate with estimated conditions in the 

year 2050 based on [16]. 

 

present severe  moisture  risks  in HI-walls in the current 

weather conditions regardless of the vapor barrier type 

that is used. The study included a very vapor-tight 

structure, a conventional structure with PE-foil and a 

modern structure with a moisture-adaptive vapor barrier. 

The hygroscopicity of the wind barrier layer had a low 

impact on the cavity moisture levels that might result 

from the already high moisture buffering capacity of the 

wooden cladding. 

 However, a modern HI-roof with an adaptive vapor 

barrier might suffer from slight mold growth in the 

cavity. The risk is higher if the envelope of the building 

is completed during humid weather and the indoor 

humidity stays high for a while. In addition, in roof 

structures, the conditions in the cavity might be worse 

than in walls since the cavity temperature is even closer 

to the outdoor temperature due to the lower U-value. The 

cavity temperature is further decreased by the long-wave 

radiation loss typical of roof structures. On the other 
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hand, the pressure difference in roof structures is 

generally directed upward; hence, slight mold growth in 

the cavity might not result in indoor air problems. 

 In the cavity of an HI-wall, the most probable 

location for mold growth is the bottom of the cavity. The 

MI analysis and the visual observations showed that 

minor mold growth is possible in the bottom of the 

cavity in the current climate, and the risks may increase 

if the future climate is warmer and more humid, which 

also rises the moisture risks of HI-roofs. However, the 

mold growth in the cavities of HI-walls and HI-roofs can 

be limited to an acceptable level by, for example, using 

materials that are more resistant to mold. 

 The observations in this article emphasize the 

importance of studying the moisture safety of the 

ventilation cavity in HI-structures. The research methods 

should account for the locality in the hygrothermal 

conditions along the cavity. The numerical models 

utilizing air change rate in a closed air space to model 

the cavity ventilation may not be accurate enough. 

Instead, it is recommended to model the airflow in the 

cavity and to include the convective terms in the heat 

and moisture equations. However, simulations such as 

these are challenging to perform, as it was observed that 

the cavity conditions in ventilated structures change 

rapidly. Therefore, experimental studies, such as those 

described in this article, are necessary for validating the 

numerical models. Building materials applicable to the 

ventilation cavities in HI-structures should be studied 

more, as sensitive materials like gypsum boards and 

wooden materials need careful planning and execution. 

Materials in HI-roof structures are exposed to the most 

challenging conditions. Finally, the influence of mold 

growth inside the cavity on indoor air quality should be 

further evaluated. 
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