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A B S T R A C T   

Materials used in the building envelope are exposed to a wide range of varying and harsh conditions over 
extended periods. Knowledge about these precise conditions allows for improving the design of testing schemes 
and eventually extending the durability of building materials. In this study, a numerical model in WUFI-Pro Ver. 
6.5 is calibrated with field measurements in the ventilated air gap of a Zero Emission Building located in 
Trondheim, Norway. Measurements were taken from September 01, 2020 until August 31, 2022 and involved 
recording the surface temperature of the wind barrier (19 locations) and the relative humidity of the air (11 
locations) in the middle of the air gap behind wood cladding and building integrated photovoltaics. Several 
different air change rates in the air gap are investigated in the model. Using a constant air change rate of 100 h− 1 

showed the overall best performance (R2 
= 0.940 for the wind barrier’s surface temperatures and R2 

= 0.806 for 
the relative humidity of air in the middle of the air gap). The largest deviations between simulation results and 
measurements, however, can be attributed to the uncertainty of climate data input. The developed model can be 
used in future studies that significantly contribute to establishing better testing schemes and test conditions for 
building materials such as wind barriers and adhesive tapes, and eventually improve the long-term air tightness 
of buildings.   

1. Introduction 

In energy-efficient buildings, the envelope is a key component when 
it comes to providing comfortable indoor spaces and reducing the en
ergy demand for space conditioning. Furthermore, it is responsible to 
protect the building from damages induced by outdoor conditions such 
as heat, cold, wind, precipitation, and radiation. Besides the insulating 
properties of the building envelope, air tightness is of central importance 
to avoid outdoor air from entering the building which can lead to draft, 
higher energy demand for heating and cooling, or damage inside the 
envelope structures [1]. Thus, many building codes in Europe and 
worldwide introduced and steadily sharpened the requirements 
regarding the air tightness of buildings [2–5]. Air tightness or leakage is 
commonly measured with normalised metrics (see Table 1). They are 
obtained by pressurising a building and measuring the airflow necessary 
to keep the building at the desired pressure level. Most often, the pres
sure difference Δp is taken as 50 Pa and the normalised air flow is 
measured in air changes (ACH) per hour [h− 1]. 

There is a significant impact of air leakage through the envelope on 

the energy performance of a building. For Belgium and Germany it is 
estimated to be about 10% [6], in central and northern Spain between 
10.5% and 27.4% [7], and in Poland between 16% and 28% [8]. In their 
numerical study, Liu et al. [9] estimated that lowering the n50 of Chinese 
multi-family homes in different cities of the hot summer and cold winter 
climate zone from 1 h− 1 to 0.6 h− 1 reduced the heating energy demand 
by between 4.6% and 33.5%. In an older study from 1998 by Emmerich 
and Persily [10], the impact of infiltration in (at that time) newer U.S. 
office buildings was estimated to be about 25% of the heating and 4% of 
the cooling load. In Australia, the potential was quantified at 1.2%– 
15.4% when reducing the n50 from 1.0 h− 1 to 0.5 h− 1, depending on the 
local climate conditions [11]. Rode et al. [12] found that improper 
air-tightening and ACH about twice as high as the design value of 0.1 
h− 1 at normal pressure in an Arctic low-energy building in Sisimiut, 
Greenland, led to an estimated additional 20% of total heat losses 
through the envelope. In a parametric study by Brozovsky et al. [13], a 
validated building performance simulation model of a Zero Emission 
Building (ZEB) [14] was simulated in different cold climate locations 
around the world using different settings for its wind exposure. The 
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results indicated that depending on the local climate conditions of the 
investigated cities, the share of infiltration in total heating energy losses 
ranged from 2 to 3% for a wind-sheltered building, to 4–9% for an 
exposed building. 

Generally, it was found that energy savings are larger in heating 
rather than cooling-dominated climates [9,15] and the results of these 
studies underline the importance of air tightness for energy-saving 
strategies in buildings. However, the average air tightness of building 
stocks varies greatly between different countries (see Table 2). Never
theless, it needs to be pointed out that the reported average air tightness 
values from Table 2 are not directly comparable with one another as 
sample sizes, measurement techniques, building typologies and years of 
construction differed significantly between the studies. 

One of the largest databases of air tightness measurements reporting 
the n50 of single-family houses exists in the USA, collected by the Law
rence Berkeley National Laboratory [5]. Several publications [16–18] 
analysed this database at different times and with different focuses. In 
general, the US building stock shows a relatively high n50 of overall ca. 
12.0 h− 1 compared to reported values from studies in other countries. 
Likewise, the 125 houses tested by Ambrose and Syme [20] in Australia, 
built between 2013 and 2016 show relatively high leakage with an n50 of 
on average 15.5 h− 1. However, Table 2 cannot be seen as a complete 
overview but represents only a selection of studies reporting an n50 
value for the investigated buildings. Other noteworthy studies reporting 
different metrics or dwelling types than single-family houses are for 
instance given by Perera and Parkins [34] who report an average n50 of 
13 h− 1 from measurements in 385 dwellings of diverse types, ages, and 
wall constructions in the UK. In a more recent paper investigating the air 
tightness of 287 post-2006 new-build dwellings in the UK, an average 
q50 of 5.97 m3 h− 1 m− 2 [35]. Mortensen and Bergsøe [36] found an 
average w50 of 4.3 L s− 1 m− 2 and 2.9 L s− 1 m− 2 for measurements in 7 
renovated and 9 new single-family houses in Denmark. Paap et al. [37] 
tested 63 apartments in 28 multi-family houses and found a mean n50 of 
2.3 h− 1. In the analysis of an extensive database of 219,000 air tightness 
tests of mainly residential buildings (96.3%) in France, Mélois et al. [38] 
identified a median air permeability rate1 q4 of 0.39 m3 h− 1 m− 2 for 
single-family houses, and 0.57 m3 h− 1 m− 2 for multi-family buildings. 
Due to the different metrics and incomplete databases regarding build
ing volumes, envelope areas, and floor areas, it is not always possible to 
convert between the metrics which further impedes comparison be
tween the studies. Poza-Casado et al. [5] present a thorough review of 
the main standards, metrics, and air tightness databases in Europe and 
North America. 

In Norway, the building regulations were updated in 2017, lowering 
the air tightness requirements from an n50 of 2.5 h− 1 for residential 
buildings and 1.5 h− 1 for other buildings to 0.6 h− 1 for all buildings 
[39]. Hence, the new air tightness requirements are directly in line with 

the Passive House standard [40]. But studies have shown that air 
tightness by no means remains constant over a building’s service life. 
Measurements carried out in 52 passive houses in Germany resulted in 
an average n50 of 0.37 h− 1, two years later, the average value of 31 of the 
houses was 0.46 h− 1. A total of 5 buildings no longer met the require
ment of <0.6 h− 1 [41]. Similarly, Moujellad et al. [42] quantified the 
increase of air leakage in 61 French low-energy single-family dwellings 
with 18% for their mid-term sample (1–3 years after completion) and 
20% for their long-term sample (3–10 years after completion). 

Therefore, particular relevance falls upon the materials used for 
tightening buildings, such as wind barriers and tapes, as well as the 
solutions to avoid leakage through joints and connections between walls 
and windows or doors which were found to be most common [43]. To 
ensure long durability of tightening materials in these locations, they are 
usually tested with accelerated ageing methods [44–47], exposing them 
to a series of changing climate conditions in a laboratory setup, i.e. 
humidity, UV, freezing & thawing, elevated temperatures, and even 
mechanical stresses [47]. Most commonly, these tests involve only 
changing temperature and humidity conditions. Some work has been 
carried out on the durability of adhesive tapes, for example by Sletnes 
and Frank [48] who analysed durability test data from over 10 years of 
testing in Norway. Langmans et al. [49] tested the air tightness of wood 
fibre cement boards sealed with two different kinds of tapes. Their re
sults indicated that the impact of the three artificial ageing methods on 
the air permeability of the tested tapes was limited. In their work, Fufa 
et al. [46] suggest that adhesive tapes need to maintain their sealing 
properties over the entire service life of the building (typically about 
50–100 years, depending on the country’s building code) due to their 
inaccessibility within the façade. This statement can be equally related 
to the wind barrier and other sealants in the building envelope. How
ever, there is generally a lack of reliable tests and ageing procedures for 
building materials [46]. This is among others due to the uncertainty 
regarding the conditions a material is exposed to over a building’s ser
vice life which is additionally highly dependent on the meso- and 
microclimate at the building’s location. Especially long-term studies 
involving the diligent measuring and numerical modelling of these 
conditions are missing in the literature. This research gap was also 
identified by Ingebretsen et al. [50] in their review on microclimatic 
conditions in the air cavities of roofs and façades in Nordic climates. 

Air gaps are of particular interest because ventilated constructions 
are the recommended and most common design to prohibit moisture- 
induced damage and rot in the building envelope from severe rain 
loads and wind-driven rain in the harsh Norwegian and Nordic climates 
[51,52]. Air-tightening materials are often installed directly adjacent to 
the air gap. Thus, knowledge about the prevailing conditions in the 
ventilated air gaps is needed to design adequate ageing tests [53]. To 
address this research gap, Riahinezhad et al. [54] carried out long-term 
temperature and relative humidity measurements in the 25-mm air gap 
behind brick cladding of a south-facing wall and below the (unventi
lated) roofing underlayment of a single-family building’s roof facing 
south in Ottawa, Canada. They reported average monthly temperatures 
and presented a time distribution of hours within 5-degree intervals over 
6 years. Furthermore, temperature and relative humidity measurements 
were presented for an east-facing wall over 3 years. They used their 
results as a basis for proposing updates to existing accelerated ageing 
and durability tests in laboratories. 

Other research gaps identified in Ref. [50] are the investigation of 
long-term simulations of the microclimate in the air cavities using 
exterior climate data in the Nordics and validating the accuracy of hu
midity conditions in the air cavity using field measurements. Previous 
work addressing these research gaps was done in Sweden by Hägerstedt 
and Harderup [56]. Comparing measurements taken over almost two 
years in a wood frame wall with a 30 mm air gap to WUFI 5.0 simula
tions, the correlation was found to be worse during winter compared to 
the warmer seasons. However, their study did not cover the surface 
temperature of the wind barrier and was only done for a 

Table 1 
Commonly used metrics in different countries to express building air tightness 
(modified from Ref. [5]).  

Parameter  Equation Unit 

nx Air change rate at x Pa Vx/V h− 1 

wx Specific leakage rate at x Pa Vx/AF m3 h− 1 m− 2 

qx Air permeability rate at x Pa Vx/AE m3h− 1m− 2 

Where: 
Vx [m3 h− 1]: air flow rate at a pressure difference of x Pa 
V [m3]: internal volume or volume of air inside the measured building 
AF [m2]: net floor area of the measured building 
AE [m2]: envelope area of the measured building. 

1 q4: For a generic two-storey house with an internal volume of 320 m3 and a 
loss surface area of 224 m2, considering a flow exponent of n = 2/3, the 
equivalent n50 value of the French requirements for single-family houses (q4 =

0.6 m3 h− 1 m− 2) is about 2.3 h− 1 [38]. 
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north-northwest facing exterior wall. 
In this study, measurements in the ventilated air gap of the building 

envelope of a ZEB located in Trondheim, Norway, were performed over 
2 years. The measurements involved recording the surface temperature 
of the wind barrier and the relative humidity in the middle of the air gap 
behind different cladding materials, i.e., wood and BIPV modules. These 
materials are of particular interest, as wood is the most common façade 
cladding material of residential buildings in Scandinavia [57] and BIPV 
gets more and more common in high-performance buildings in order to 
reach, e.g., (nearly) zero energy/emission target, passive house stan
dard, etc. [58]. Moreover, façade and roof BIPV systems are becoming 
increasingly common also in Scandinavia [59,60]. 

The measurements taken in this study were used to calibrate a nu
merical model in WUFI-Pro [55] Ver. 6.5 of the building. The objective 
of this numerical model is to perform a parametric study in the future, 
simulating the investigated building with climate files, for instance, 
from different locations or using climate projections and help establish 
better testing schemes, and test conditions, and eventually improve the 
long-term air tightness of buildings. 

In section 2 of this paper, the methodology including a description of 
the experimental data collection at the studied building and the settings 
of the numerical model are presented. Section 3 shows the simulation 
results and their agreement with the measurement data. Following the 
discussion of the results and limitations of this study in section 4, a 
summary of this work and suggestions for future studies are given in the 
conclusions in section 5. 

2. Methodology 

2.1. Experimental data 

2.1.1. ZEB laboratory 
The building that served as a test facility for the experimental data 

collected in this study is the ZEB Laboratory (https://zeblab.no). 
Completed in 2020, the ZEB Laboratory was designed and constructed to 

provide a research facility allowing for testing new environmentally 
friendly building components, solutions, strategies, and constructions as 
well as management processes. It serves as an arena for national and 
international research cooperation as well as education [61–63]. It is a 
4-storey, ca. 2000 m2 living office laboratory located in Trondheim, 
Norway, on the campus of the Norwegian University of Science and 
Technology (63◦24′51′′ N, 10◦24′27′′ E). The ambition level of the 
building is ZEB-COM which means that the building compensates for 
emissions occurring from all phases of the life cycle [64–66] through 
on-site renewable energy production over its assumed service life of 60 
years. To achieve that, the ZEB Laboratory is equipped with thermal 
energy storage [67] based on phase change materials (PCM) to ensure 
operation at optimal efficiency for the two heat pumps. Moreover, a 181 
kWp building integrated photovoltaic (BIPV) system (see Fig. 1), on all 
the main façades and the pitched roof (32◦ inclined) produces renewable 
electricity of a calculated 156 MWh per year. 

A special feature of the PV system is that there is also a row of PV 
panels on the very top of the north façade (see Fig. 1b) to harvest solar 
energy during the long summer days at the location’s latitude when the 
solar azimuth is north-east in the morning and north-west in the eve
ning. The rest of the north façade, as well as parts of the east and west 
façade, have a cladding of burnt wood for natural protection against 
weathering [68,69]. The rest of the building is either covered with BIPV 
or black aluminium panels. 

For the building’s load-bearing structure, glued laminated (glulam) 
timber columns, cross-laminated timber floors, stiffening internal walls, 
and insulated wooden framework in the external walls are used. The roof 
is constructed with a wood frame construction. The building envelope’s 
U-values [W m− 2 K− 1] are 0.15 (wall), 0.09 (roof), 0.10 (floor on 
ground) and 0.77 (windows). An air tightness test at the time of building 
completion showed an n50 of 0.3 h− 1 [61]. 

2.1.2. Measurements and sensors 
To meet the requirements and ambitions of a top research facility, 

numerous sensors are installed in the building. Most relevant for this 

Table 2 
Comparison of reported air tightness (n50) of single-family houses in different countries.  

Authors Country Year of construction Type of building Sample size 
[− ] 

Average air tightness 
(n50) 

Sherman and Matson 
[16] 

USA 1993–2000 “New houses” 8300 5.0 h− 1 

Sherman and 
Dickerhoff [17] 

USA 1850–1993 Single-family houses 12,902 29.7 h− 1 

Chan et al. [18] USA Median = 1970a Single-family detached houses 134,000 12.0 h− 1 

Hamlin and Gusdorf 
[19] 

Canada 1991–1996 “New conventional houses” 222 3.1 h− 1 

1983–1995 Houses according to R-2000 Technical Guidelines 47 1.2 h− 1 

Ambrose and Syme 
[20] 

Australia 2013–2016 New residential houses 125 15.5 h− 1 

Brunsell and Uvsløkk 
[21] 

Norway 1975–1980 Detached lightweight single-family houses 61 4.7 h− 1 

Blom and Uvsløkk [22] Norway 1988–2003 Terraced single-family houses 40 4.7 h− 1 

Holøs [23] Norway 2008 Terraced single-family houses 64 0.8 h− 1 

Relander et al. [24] Norway 1983–2006 Single-family lightweight houses 28 5.0 h− 1 

Nilsson et al. [25] Sweden 1982–1989 Detached single-family houses 44 1.3 h− 1 

Kronvall [26] Sweden 1976–1978 Detached single-family houses 448 3.6 h− 1 

Terraced single-family houses 103 3.1 h− 1 

Kauppinen [27] Finland 1991–1998 Single-family and detached houses 158 5.5 h− 1 

Korpi et al. [28] Finland 1979–2003 Timber-framed single-family houses 100 3.9 h− 1 

Vinha et al. [29] Finland Younger than 10 years, measured from 
2002 to 2009 

Heavy-weight single-family houses 50 2.3 h− 1 

Kalamees [30] Estonia 1993–2004 Lightweight single-family detached houses 31 4.9 h− 1 

Feijó-Muñoz et al. [31] Spain 1950–after 2002 Single-family houses 18 6.1 h− 1 

Paukštys et al. [32] Lithuania 2016–2019 Terraced single-family houses of energy efficiency 
class A 

>200 0.9 h− 1 

Terraced single-family houses of energy efficiency 
classes A+ and A++

0.6 h− 1 

Solcher [33] Germany 2014 New single-family houses unknown 1.1 h− 1 

Refurbished single-family houses unknown 1.6 h− 1  

a According to the authors it is fairly representative of the whole US housing stock [18]. 
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study are the temperature and humidity sensors in the ventilated air gap 
of the building envelope, see for instance also [70]. While there are in 
total 21 temperature and 12 humidity sensor locations (see Fig. 2), not 
all of the sensors were used as TW3, TW4 and HW4 were not accessible 
for this study. Moreover, sensor TE4 has available measurement data 
only from October 13, 2020 13:00 CET and TN1 from March 04, 2021 
10:00 CET. All sensors used in this study are covered with BIPV as 
external cladding material, except for the façade to the north where the 
cladding material is charred pine heartwood, (see Fig. 3 for wall struc
tures). The sensors in the roof are installed at 14.3 and 22.8 m above 
ground and are also covered with BIPV (see Fig. 4). For this study, hourly 
averages of all accessible sensors per façade were made and compared to 
simulation results. Consequently, the measured values for, e.g., “Roof” 
are an arithmetic average of TR1–4 and HR2–3 at a specific hour for 
respectively temperature and relative humidity and so forth. The tem
perature measurements are publicly accessible from Ref. [71]. 

For this study, measurements starting September 01, 2020 until 
August 31, 2022 were used. The frequency of logging is every 15 min for 
the thermocouples and every 5 min for the relative humidity sensors. 
The raw data were then resampled to hourly average values to facilitate 
the comparison with the results from the numerical model (see section 
2.1.3), for which hourly input and output data were used. These input 
data include two different sources of weather recordings: (1) wind 
speed, wind direction, air temperature, relative humidity, barometric 
pressure, and global horizontal radiation from the weather station on 
the neighbouring ZEB Test Cell Laboratory (TCL) [73] in a distance of 
75 m across a parking lot (see also Fig. 1c), and (2) precipitation data 
from weather station SN68860 (WMO 01257) Trondheim Voll, operated 
by the Norwegian Meteorological Institute, in a distance of 2.3 km. The 
weather station on the ZEB TCL (1) represents the closest weather sta
tion to the study site and ensures easy and direct data access, as it is 
operated by the authors’ research institution. Precipitation data from 
Trondheim’s reference weather station (2) were used because they were 
not measured on-site during the study period. However, it is assumed 
that this does not lessen the accuracy of the results presented in this 
study. The measurement data from (2) was obtained from the 

Norwegian Meteorological Institute’s web service seklima [74]. Fig. 5 
shows the daily means of the most important climate variables from the 
weather file used for the simulations. The range of hourly recorded 
climate variables during the study period was − 18.9 to 30.3 ◦C, 0.0–9.9 
m s− 1, 2–100%, 0.0–12.6 mm, 0–729 W m− 2, and 0–387 W m− 2 for air 
temperature, wind speed, relative humidity, precipitation, as well as 
direct horizontal and diffuse solar radiation, respectively. The specifi
cations of the sensors operated by the authors’ research institutions used 
in this work can be seen in Table 3. 

Although the facility continuously collects all the data from its sen
sors, the records unavoidably contain a certain amount of missing data. 
This is due to programmed maintenance for hardware and software, as 
well as accidental events such as power losses. In total, 5.0% of mea
surements are affected (see also Fig. 5), distributed over multiple shorter 
periods, the longest being 10 days. These were replaced with measure
ments from the ZEB Living Laboratory [75] located only 280 m away 
from the ZEB Laboratory, where an identical weather station is moun
ted. However, these substitutions were only used as a placeholder and 
marked with a flag in the data processing. For assessing the accordance 
between the simulations and the measurements in the air gaps, the 
simulation results at the respective points in time at which this flag 
appears were sorted out. This is to facilitate the interpretation of results 
as using weather data from several different sources, particularly air 
temperature and solar radiation adds another dimension of error that 
would need to be considered. Thus, by sorting out the flagged values, 
systematic deviations become easier to spot in the results, and the un
derlying causes can be identified with less uncertainty. All in all, the 
comparison between simulations and measurements was done for 16, 
633 out of 17,520 total data points. 

2.1.3. Numerical model 
The numerical calculations were carried out in WUFI-Pro Ver. 6.5 

[55,76], a one-dimensional, hygrothermal simulation tool for evaluating 
moisture conditions in building envelopes. It is validated against EN 
15026 [77]. In WUFI, the wall and roof structures were modelled (see 
Table 4) according to the original drawings shown in the previous 

Fig. 1. The ZEB Laboratory viewed from the southeast (a), northeast (b), and above (c). Photos: © Nicola Lolli, 2021. Aerial photo: © Norwegian Mapping Authority.  
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section. The material properties of the mineral wool, vapour barrier, 
wind barrier, and asphalt layer are taken from the product data sheets of 
the materials installed in the ZEB Laboratory. The remaining material 
properties are taken from the WUFI database. The data extraction 

locations for the result files (monitors) in the wall structures are ac
cording to the sensor positions in the experimental setup described 
earlier. For the simulations, the heat and moisture transport calculation 
modes together with the numerical parameters of increased accuracy and 

Fig. 2. Position of temperature (T, orange dots) and humidity (H, blue dots) sensors in the air gap behind the cladding on the five building envelopes north façade 
(N), east façade (E), south façade (S), west façade (W), and roof (R) used in this study. TW3, TW4, and HW4 were not accessible for this study. Figure not drawn to 
scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Wall structures with wood cladding (left), BIPV (right), and position of thermocouple and humidity sensor in the air cavity (modified from Ref. [72]).  
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adapted convergence were selected in WUFI. 
For the surface transfer coefficients of the external wall, WUFI’s 

predefined values for the following parameters were selected (setting 
names in parentheses written in italics where applicable): 0.0588 m2 K 
W− 1 for exterior surface heat resistance (external wall), 0.8 for the 
shortwave radiation absorptivity of the wood cladding (dark), 0.9 for 
BIPV cladding (user defined), 0.22 for ground shortwave reflectivity 
(weathered concrete), 0.7 for adhering fraction of rain (depending on the 
inclination of component), and 0.125 m2 K W− 1 for the interior surface 
heat resistance (external wall). For the roof, the following settings are 
different from those for external walls: 0.0526 m2 K W− 1 for exterior 
surface heat resistance (roof), 1.0 for adhering fraction of rain (depending 
on the inclination of component). Regarding the load of wind-driven rain 
rwd on the building envelopes, WUFI’s standard procedure is used which 
is calculated from Eq. (1) with hourly rainfall on a horizontal surface rh 
[mm h− 1], wind speed Uw [m s− 1], and model coefficients R1 and R2. 
The standard values for these coefficients were kept at R1 = 0 and R2 =

0.1 for vertical surfaces, and R1 = 1.0 and R2 = 0 for the roof. 

rwd = rh(R1 +R2 Uw) (1) 

The initial conditions in the component are set to 0.8 for relative 
humidity (standard value) and 6.7 ◦C (measured outdoor air tempera
ture at the first time step). The indoor climate was selected as dependent 
on the outdoor conditions, according to EN 15026 [78]. As stated pre
viously, the outdoor climate was composed of two sources. However, the 
radiation data needed to be modified before being used in the WUFI 
climate file. That is because the available data only comprised global 
horizontal radiation, though in the WUFI climate file the input of the 
direct and diffuse shares of solar radiation is necessary. For splitting the 
measured global horizontal radiation into its direct and diffuse compo
nents, the DIRINT (also known as modified DISC) model, developed by 
Perez et al. [79] was applied. This model showed a good performance in 
a worldwide validation study by Yang and Gueymard [80]. 

Certainly, the setting for the ACH in the air gap is an aspect of major 
importance for the hygrothermal behaviour of the cavity. It depends on 
many factors, e.g., wind velocity, wind direction, air temperature, solar 
radiation, material properties of the external cladding and the wall core, 
as well as the cavity dimensions (height and thickness), the presence of 
obstructions and openings, air infiltration through the external cladding, 
etc. [81]. Unfortunately, air velocity measurements in the air gaps of the 
investigated building are not available. In WUFI, there are two options 
regarding the ACH: (1) constant, and (2) transient from a file, i.e., a list of 

ACH values for every time step. Generally, literature has shown that the 
ACH in ventilated air gaps can have a wide range. These ranges have 
been reported to be between 0 and 650 h− 1 for a 19 mm air gap [82], 
between 100 and 1000 h− 1 for a 40 mm air gap [83,84] or between 230 
and 310 h− 1 for a 25 mm air gap [85]. In a study comparing different air 
gap depths (19, 51, 102, and 152 mm) ACHs between 30 and 1000 h− 1 

were measured. With 150 h− 1, the 152 mm air gap had the lowest 
average ACH of the investigated cases under the same meteorological 
conditions. The 51 mm air gap generated the highest average ACH of 
about 354 h− 1 [86]. Rahiminejad and Khovalyg [81] found a general 
span of 100–1000 ACH, with the majority being below 600 h− 1 in their 
review of numerous studies on the matter. 

As a result of this uncertainty, the ACH is often set as constant in 
numerical studies, e.g., in Ref. [87] with 150 h− 1. In this study, to get the 
best fit between simulation results and measurements, in total nine 
different settings have been investigated: a constant ACH of 0, 50, 100, 
150, 200, 300, 400, and 500 h− 1, as well as the wind speed-dependent 
model by Falk et al. [88] (see Eq. (2)), developed for vertically venti
lated air gaps in Scandinavian conditions. However, for reasons of 
clarity and comprehensibility, the results are only shown for four ACH 
settings: a constant ACH of 50, 100, and 150 h− 1 as well as the model by 
Falk et al. [88]. The other constant ACH settings showed very similar 
results but with slightly worse performance. The ACH setting of a con
stant 0 h− 1 has been included as an extreme case. 

ACHFalk = 55.4 U1.35
w (2)  

3. Results 

3.1. Field measurements 

Averages of all accessible sensors per building envelope were used in 
this study. Consequently, the measured values for, e.g., “Roof” are an 
arithmetic average of TR1–4 and HR2–3 for respectively temperature 
and relative humidity and so forth. The measured hourly means of 
temperature at the surface of the wind barrier ranges from − 19.6 ◦C up 
to 52.8 ◦C (see Fig. 6a). While the minimum temperatures are rather 
similar for all directions (− 19.6 ◦C to − 17.4 ◦C for east and the roof, 
respectively, all on 11.02.21 at 08:00 CET), the maximum temperatures 
differ more significantly, due to different intensities of solar irradiance 
on the individual surfaces. The highest maximum hourly averaged sur
face temperature of the wind barrier was recorded at the roof at 52.8 ◦C 
(03.07.21 at 13:00 CET), and the lowest maximum in the north at 
33.9 ◦C (26.06.22 at 13:00 CET). This is largely a result of the roof’s 
orientation towards the south and optimal inclination to maximize solar 
irradiation for PV production. Because the daily maximum solar irra
diance occurs almost simultaneously to the daily air temperature 
maximum at midday on sunny days, higher temperatures can be 
observed in the roof’s air gap than on the facades. There, due to their 90◦

inclination, maximum irradiance on the cladding occurs either in the 
morning (eastern façade) or afternoon/evening (western façade, which 
is also shaded), when air temperatures are lower than at midday. Even 
though a high solar altitude leads to less optimal incidence angle of solar 
radiation onto the southern façade at midday during the summer 
months, higher outdoor air temperatures at midday compared to the 
mornings lead to a higher maximum air temperature in the air gap of the 
southern façade (51.9 ◦C) than of the eastern façade (47.3 ◦C). A 
particularly low maximum temperature can be observed at the façade 
towards north because it receives solar radiation only in the very early 
morning or late evening during summer when outdoor air temperatures 
are usually rather low. 

It is noticeable, that the median temperatures at all façades are quite 
similar, ranging from 7.2 ◦C (roof) to 7.9 ◦C (south). Regarding the 
relative humidity in the air gap, a larger variation can be seen. Across 
the whole building envelope, the global minimum and maximum rela
tive humidity during the data acquisition period are respectively 8.3 and 

Fig. 4. Roof structure and position of thermocouple and humidity sensor in the 
air cavity (modified from Ref. [70]). 
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99.1%, both measured in the facade to the east. There, low relative 
humidity measurements below 10% occur only for a short time in the 
early morning during late spring and early summer, when the outdoor 
air temperature is quite low and solar irradiation intensity on the façade 
is high. The median relative humidity ranges from 69.6% (south) to 
75.1% (roof). Profiles of measured average hourly surface temperatures 
of the wind barrier and relative humidity of air in the air gaps of the 
different building envelopes are shown in Fig. 7. 

3.2. Comparison between field measurements and simulations 

In this section, the accordance between the field measurements and 
the WUFI simulation results is shown. The ability of the simulation 
model to replicate the measurements is indicated in terms of the 

coefficient of determination (R2). The results are presented in Figs. 8 and 
9 for the surface temperature of the wind barrier and relative humidity 
in the air gap, respectively. It can be seen that there is generally fair 
accordance between simulated and measured temperatures at the wind 
barrier, with an R2 between 0.938 (ACH constant at 50 h− 1) and 0.940 
(ACH constant at 100 h− 1). Regarding relative humidity in the air gap, 
the accordance is generally lower with an R2 between 0.794 (ACH 
constant at 150 h− 1) and 0.807 (ACH constant at 50 h− 1). However, the 
differences are generally very small. Overall, the ACH setting of 100 h− 1 

showed the best performance, with an average R2 of 0.873. 
In the following, the performance of the simulation model with the 

constant ACH setting of 100 h− 1 is presented in more detail as it showed 
the overall best performance (see also Table 5). Fig. 10 shows the 
accordance between field measurements and the WUFI results for the 

Fig. 5. Daily mean values of climate file used for the simulations with periods of data collection system malfunction at the ZEB TCL highlighted in red. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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surface temperatures of the wind barrier and all building envelopes. The 
coefficient of determination R2 varies from 0.884 on the east façade to 
0.970 on the north façade. Looking at the plots of simulated over the 
measured relative humidity (Fig. 11), the scattering of simulation results 
around the measurements is generally larger than of the surface tem
peratures of the wind barrier. Consequently, the R2 is lower, ranging 
from 0.621 on the east façade to 0.883 on the facade to the west. 
However, there are some clusters of data points that show a larger de
viation (see for instance the highlighted areas in Fig. 10a, b, and d, as 

well as in Fig. 11b). The reason for these deviations will be elaborated on 
in the discussion in section 4. 

4. Discussion 

4.1. Interpretation of results 

Generally, the WUFI simulation model shows satisfactory perfor
mance for the 16,633 compared data points. However, there are some 
envelope-specific peculiarities responsible for a major part of the de
viations. At the northern façade (Fig. 10a), the WUFI simulations 
particularly overestimate the surface temperatures of the wind barrier 
when the measured temperature is between about 10 and 30 ◦C (see 
highlighted area A1 in Fig. 10a). Plotting these data points with different 
colours and styles according to the time and season of occurrence, 
showed that the largest deviations happened especially during the 
evenings in summer. This is when during the long Norwegian summer 
days, the evening sun is in the northwest and irradiates unshaded fa
çades to the north. But due to large buildings in the northwest and west, 
the north façade of the investigated ZEB Laboratory is shaded exten
sively during these times. Consequently, the field measurements do not 
reflect a high incidence of solar radiation. A possible explanation for the 
overestimated values in area A1 in Fig. 10a is that the weather station 
providing the solar radiation data for the WUFI climate file is less shaded 
to the northwest than the ZEB Laboratory’s northern façade (see also 
Fig. 1c). 

Because of less shading of the building’s northern façade but more 
shading of the weather station to the northeast due to large trees, the 
reverse effect occurs during the early morning hours mainly during the 
summer (see highlighted area A2 in Fig. 10a). 

Similarly, an overestimation of surface temperatures of the wind 
barrier in the air gap behind the cladding can be observed on the western 
façade. In contrast to the northern façade where this occurs during the 
summer, the results in Fig. 10d also indicate a significant share of data 
points from autumn, spring, and even winter. Then, lower solar eleva
tion angles and the large building to the west of the ZEB Laboratory 
cause the ZEB Laboratory’s western façade to be shaded during the af
ternoon. Again, this effect is not reflected in the simulations, as the 

Table 3 
Names, measured physical quantity, measurement range and accuracy of the 
sensors operated by the authors’ research institution used in this study.  

Sensor 
location 

Sensor type Measured 
physical 
quantity 

Measurement 
range 

Measurement 
accuracy 

Air gap at 
ZEB 
Lab 

Thermocouple 
type T 

Surface 
temperature 
[◦C] 

− 40 … 
+85 ◦C 

±0.5 ◦C 

Air gap at 
ZEB 
Lab 

Thin film 
capacity sensor 

Relative 
humidity of 
air [%] 

0 … 100% RH ±2% RH 

Weather 
station 
at ZEB 
TCL 

Thermocouple Outdoor air 
temperature 
[◦C] 

− 40 … 
+60 ◦C 

±0.15 ◦C + 0.1 
%measured 

Weather 
station 
at ZEB 
TCL 

Thin film 
capacity sensor 

Outdoor 
relative 
humidity [%] 

0 … 100% ±1.5% + 1.5 
%measured 

Weather 
station 
at ZEB 
TCL 

Pyranometer Global 
horizontal 
radiation [W 
m− 2] 

0 … 2000 W 
m− 2 

Class II 

Weather 
station 
at ZEB 
TCL 

Piezoresistive 
sensor 

Outdoor 
barometric 
pressure [Pa] 

600 … 1100 
hPa 

±50 Pa 

Weather 
station 
at ZEB 
TCL 

2-axis 
ultrasonic 
sensor 

Wind speed 
[m s− 1]; wind 
direction [◦] 

0 … 60 m s− 1; 
0 … 360◦

Wind speed: 
±3%; wind 
direction: ±2◦

Table 4 
Wall and roof structures modelled in WUFI.  

Component name Layer name (from inside 
to outside) 

Density ρ [kg 
m− 3] 

Specific heat capacity 
c [J kg1 K− 1] 

Thermal conductivity λ 
[W m− 1] 

Water vapour diffusion 
resistance factor μ [− ] 

Thickness 
[mm] 

Exterior wall north (wood 
cladding) 

Gypsum board 850 850 0.2 8.3 12.5 
Mineral wool 119 850 0.033 1.3 75 
Vapour barrier 933.33 2300 2.3 133,333 0.15 
Mineral wool 119 850 0.033 1.3 223 
Wind barrier 540 2300 2.3 20 0.5 
Ventilated air gap 1.3 1000 0.655 0.13 110 
Wood cladding 510 1600 0.13 50 22 

Exterior wall east, south, 
and west (BIPV) 

Gypsum board 850 850 0.2 8.3 12.5 
Mineral wool 119 850 0.033 1.3 73 
Vapour barrier 933.33 2300 2.3 133,333 0.15 
Mineral wool 119 850 0.033 1.3 223 
Wind barrier 540 2300 2.3 20 0.5 
Ventilated air gap 1.3 1000 0.79 0.1 130 
Aluminium (BIPV)a 2800 880 160 108 10 

Roof (32◦ inclined towards 
south) 

Gypsum board 850 850 0.2 8.3 12.5 
Air gap 1.3 1000 0.28 0.32 50 
Vapour barrier 460 2300 2.3 1250–64,000b 0.2 
Mineral wool 78 850 0.032 1.3 450 
Plywood board 500 1400 0.1 700 18 
Asphalt layer 1268 1700 0.16 100,000 4.1 
Ventilated air gap 1.3 1000 0.79 0.1 126 
Aluminium (BIPV)a 2800 880 160 108 10  

a As it is not possible to model BIPV modules in WUFI, an aluminium panel was used instead. In accordance with the BIPV modules’ exterior appearance, the colour in 
WUFI was set to dark for realistic shortwave absorption and longwave emissivity factors (0.8 and 0.9, respectively). 

b Variable μ. Dependent on relative humidity on both sides of the vapour barrier.  
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Fig. 6. Box plots of measured temperature (a) and relative humidity (b) in the air gaps of the different building envelopes at the ZEB Laboratory.  

Fig. 7. Profiles of measured average hourly surface temperatures at the wind barriers (a–e) and relative humidity of air (f–j) in the air gaps of the different building 
envelopes over the measurement period. 
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weather station on top of the TCL from which the radiation data was 
obtained, is significantly less shaded to the west. Therefore, WUFI 

calculates larger heat fluxes from solar radiation on the western façade 
than occur. Consequently, the simulation results overestimate the sur
face temperatures of the wind barrier in the air gap of the western 
façade, especially during the afternoon. 

Again, the reverse effect was observed on the eastern façade (see the 
highlighted area in Fig. 10b) because of less shading of the eastern 
façade but more shading of the weather station to the east due to large 
trees. Similar to the highlighted area A2 in Fig. 10a, this effect occurred 
especially during the morning hours, and due to the orientation of the 
façade towards the east, not only in summer but also during spring, 
autumn, and partly even winter. 

It is assumed that the discrepancy between the shading of the 
weather station and the actual shading of the ZEB Laboratory’s façades 
is equally causing the deviations of the façade to the south (see Fig. 10c). 
Generally, it was observed that night-time data points, particularly those 
in winter, were best represented by the simulations, due to the absence 
and/or lower intensity of solar radiation. The uncertainty regarding 
solar radiation in the simulations is amplified by using measurements 
from only one horizontally mounted pyranometer and using the DIRINT 
model to split the measured global horizontal radiation into its direct 
and diffuse components. This error can be reduced by using one pyr
anometer on each of the building’s facades, measuring the incoming 
global radiation. These have been installed at the ZEB Laboratory in the 
meantime. Furthermore, it is currently being worked on adding another 

Fig. 8. Accordance between field measurements and the WUFI simulation results for the surface temperature of the wind barrier for the different ACH settings.  

Fig. 9. Accordance between field measurements and the WUFI simulation results for the relative humidity in the air gap for the different ACH settings.  

Table 5 
Overview of reached accordance (R2) between WUFI simulations and mea
surements with the best performance marked in bold.  

ACH setting Overall R2 for surface 
temperature 

Overall R2 for relative 
humidity 

Average 
R2 

Falk et al. 0.939 0.802 0.871 
ACH =

0 h− 1 
0.929 0.110 0.520 

ACH = 50 
h− 1 

0.938 0.807 0.872 

ACH = 100 
h− 1 

0.940 0.806 0.873 

ACH = 150 
h− 1 

0.939 0.794 0.867 

ACH = 200 
h− 1 

0.935 0.783 0.859 

ACH = 300 
h− 1 

0.924 0.764 0.844 

ACH = 400 
h− 1 

0.913 0.750 0.832 

ACH = 500 
h− 1 

0.904 0.738 0.821  
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pyranometer with a shadow ring to measure the diffuse radiation 
component to circumvent using a radiation-splitting model which 
further minimizes the error. 

Regarding the simulation results for the relative humidity in the air 
gap behind the cladding and their accordance with the measurements, 
the error introduced by uncertain radiation data to the calculation of air 
and surface temperatures in the air gap propagates to the computation of 
relative humidity of the air. This is best visible in Fig. 11b (see high
lighted area), as the largest deviations occur at the same points in time 
(in the morning) as for the simulation results for the surface tempera
tures of the wind barrier (see Fig. 10b). 

The best-performing ACH setting for the 110-, 126-, and 130-mm air 
gaps in this study was a constant 100 h− 1 in WUFI. This value is 
generally in line with the results reported by Girma and Tariku [86] who 
found that a 152 mm air gap had an average of 150 ACH in their ex
periments. Considering that their test wall structure did not feature any 
horizontal battens obstructing the vertical air flow in the air gap, a lower 
resulting ACH in the present study is plausible. Moreover, Kukk et al. 
[87] found in their sensitivity analysis that an ACH of 100 and 150 h− 1 

performed best when comparing measurements of different 

cross-laminated timber wall constructions to simulations. The air gap 
depth in their study, however, was only 28 mm. 

Given these points, it becomes evident that comparing the results 
from studies using different designs and materials in the air gaps and are 
carried out in different climate conditions is nearly impossible. The 
extensive review of ventilation rates in ventilated air-spaces behind 
various wall assemblies with external cladding by Rahiminejad and 
Khovalyg [81] highlights the strong variability of observed ACH in 
ventilated air gaps. While the majority of measured values are below 
400 h− 1 across all cladding materials, the ACH in the reviewed studies 
ranges from 2.1 to 1461.8 h− 1. Again, factors that can influence the ACH 
in ventilated air gaps are, for instance, wind velocity, wind direction, air 
temperature, solar radiation, material properties of the external clad
ding and the wall core, as well as the cavity dimensions (height and 
thickness), the presence of obstructions and openings, air infiltration 
through the external cladding, etc. [81]. 

Although focusing on the hygrothermal conditions in the wall as
sembly behind the wind barrier, not the air gap itself, Hägerstedt and 
Harderup [56] reported a lower accordance between WUFI simulations 
and measurements during winter. In the present study, however, the 

Fig. 10. Accordance between field measurements and the WUFI simulation results for the surface temperatures of the wind barrier and the different building en
velopes with a constant ACH in the air gap of 100 h− 1. 
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largest deviations were found during times of increased solar irradiation 
as described above, i.e., especially during summer. 

Regarding the investigated façade cladding materials, i.e., wood and 
BIPV in this study, the measurement setup did not allow for discussing 
the effect of the different material properties on the results. As shown in 
Fig. 2, measurements are only available in the ventilated air gap behind 
a single cladding material per envelope orientation. However, this can 
be part of a numerical investigation in the future, using the numerical 
model from this study. 

4.2. Limitations 

One of the main limitations of this study is related to the already 
mentioned uncertainty regarding the climate data input for solar radi
ation, i.e., (1) different shading situations for the individual façades and 
the weather station, and (2) using the DIRINT model to split global 
horizontal radiation into its direct and diffuse components. Further
more, there is large uncertainty regarding the ACH in the air gap behind 
the cladding. While in this study all investigated cases except for one 
involved constant ACH settings, the ACH, in reality, is intrinsically 

fluctuant. Without high-quality measurements and/or validated 
computational fluid dynamics simulations illustrating the complex 
airflow patterns in the air gap behind the cladding, it is difficult to 
determine a relationship between external factors such as the wind 
conditions or solar irradiance on the building envelopes and the ACH in 
the air gaps for the current study. Using the wind-dependent model by 
Falk et al. [88] in this study also comes along with a key limitation, as it 
has been developed for a 2150 mm × 390 mm × 25 mm (height × width 
× depth) vertical air gap covered with cementitious carrier boards. In 
this study, this model was used equally for the air gaps in walls and the 
roof, as well as for different air gap depths and cladding materials (111 
mm depth behind wood cladding and 136 mm depth behind BIPV 
cladding). Especially regarding the BIPV-covered envelopes, it is unclear 
how much air penetrates through the gaps between the BIPV modules 
which is expected to have a major effect on the ACH but was not 
considered in this study. Furthermore, only the wind-dependent part of 
the model by Falk et al. was used. However, solar radiation is also a 
major factor influencing the ACH in an air gap. As the de facto incoming 
solar radiation on each building envelope is unknown due to the com
plex shading situation resulting from the surrounding buildings and hilly 

Fig. 11. Accordance between field measurements and the WUFI simulation results for relative humidity in the air gap and the different building envelopes with a 
constant ACH in the air gap of 100 h− 1. 
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terrain, a relation between solar radiation and ACH in the air gap was 
not included in the model. Moreover, the simplified representation of 
the BIPV modules in WUFI is a limitation of the model. In this study, a 
10 mm aluminium panel was used and the electrical properties and 
components of BIPV were omitted. 

Further limitations that introduce uncertainties in the model origi
nated in the fact that WUFI-Pro is a one-dimensional simulation tool 
while the real processes in the air gap are three-dimensional. In addition, 
precipitation data was not available at the studied building’s immediate 
location, thus recordings from a weather station at a 2.3 km distance 
were used. Related to that, also the load of wind-driven rain on the 
vertical building envelopes is unknown and WUFI’s standard procedure 
for its calculation was applied. Equally, it is unknown how much rain 
penetrates through the gaps between the BIPV modules into the air gap. 
Another limitation comes from the measurement location of conditions 
in the air gap at 11.5 m height above ground. This cannot be entered as a 
parameter in the software. Further on, a constant surface heat transfer 
coefficient for both the convective and radiative parts was used, while 
they are both transient. Another challenge was related to the gaps in the 
recordings of the weather data. Although these gaps were filled with 
weather data from close by, flagged, and sorted out for the results shown 
in this article, a small “upstart error” is introduced in the first few time 
steps after each gap. This is because they respond to the uncertain 
weather conditions used to fill in the gaps and due to their storage ca
pacity regarding thermal energy and moisture that prolong this response 
beyond the actual gaps. 

Considering these limitations, it needs to be highlighted that the 
results from this paper might only be transferred to other wall structure 
designs and orientations after careful consideration of the similarities 
and differences involved. 

5. Conclusions 

In this study, measurements in the ventilated air gap of the building 
envelope of a Zero Emission Building located in Trondheim, Norway, 
were performed for 2 full years, starting September 01, 2020 until 
August 31, 2022. They involved recording the surface temperature of 
the wind barrier and the relative humidity of the air in the middle of the 
air gap behind wood and BIPV cladding. These measurements were used 
to calibrate a numerical model in WUFI-Pro Ver. 6.5. Due to the un
certainty regarding the air change rate (ACH) in the air gap, several 
different settings have been investigated. Taking the average R2 of the 
wind barrier’s surface temperature and the relative humidity of the air 
in the middle of the air gap as a basis, the setting using a constant ACH of 
100 h− 1 showed overall the best performance with an average R2 of 
0.873 (R2 = 0.940 for the wind barrier’s surface temperature and R2 =

0.806 for the relative humidity of air in the middle of the air gap). The 
differences in terms of average R2 between the different ACH settings in 
WUFI, however, are minor (average R2 of 0.872, 0.866 and 0.870 for an 
ACH of 50 h− 1, 150 h− 1 and according to Falk et al. [88]). The largest 
deviations between simulation results and measurements, can be 
attributed to the uncertainty of climate data input regarding solar ra
diation. During the night, and especially during the winter when the 
days are short and the intensity of solar irradiance is low, the simulation 
results strongly agreed with field measurements. During the daytime, on 
the other hand, the different shading situations of the individual 
building envelopes and the weather station providing the data for the 
simulation’s climate input caused major deviations of up to several tens 
of degrees Celsius and per cent relative humidity. But overall, the 
developed WUFI model showed a convincing performance. 

The developed WUFI model can be used to predict the conditions 
inside the air gap of buildings with comparable wall structures and 
materials in similar climatic conditions. Those could also involve 
climate projections or weather extremes. Before applying the model in 
different climates that come along with particularly hot summer con
ditions and extended periods of intense solar irradiation, the model 

should be tested using more precise recordings of solar radiation. 
Further studies could be also done on the ACH in the air gaps, by 
installing anemometers and correlating the recorded air flow to for 
instance local wind conditions or solar irradiance on the façades. 

It is expected that this work can significantly contribute to estab
lishing better testing schemes and test conditions for air-tightening 
materials such as wind barriers and adhesive tapes, and eventually 
improve the long-term air tightness of buildings. 
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