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Abstract: Accurate values for the climatic conditions in an air cavity, hereby called the microclimate,
are crucial when calculating and simulating the performance of a ventilated roof and fagade system.
The climatic stress of its components and their mould and rot potential influence the long-term
durability of the roof or facade. A scoping study is conducted to gain an overview on research and the
scientific literature on the microclimate of air cavities in ventilated roofing and claddings in Nordic
climates. From the body of the research literature, 21 scientific works were of particular interest, and
their findings are summarized. The review shows that only a limited number of studies discuss the
microclimate of air cavities. Roofs are discussed to a greater and more varied degree compared to
fagades and air cavities behind solar panels. However, the results cannot be compared and validated
against each other to generally describe the microclimate of air cavities, as the surveyed papers
approach the subject differently. This knowledge gap indicates that calculations and simulations can
be performed without knowing whether the results represent reality. If the structure of ventilated
roof and fagade systems are only designed based on experience, it can be difficult to be proactive and
adapt to future climate changes. Further studies are needed to determine the relation between the
exterior climate and the air cavity microclimate, so that future climate predictions can be used to
simulate the long-term performance of ventilated roof and fagade systems.

Keywords: air cavity; air gap; ventilated roof; ventilated fagade system; Nordic climate; literature survey

1. Introduction

The climate screen of a building mainly consists of its outer walls and roof. Its primary
function is to create a shelter against weather exposure. The type and severity of this
exposure depends on the geographical location of the building and local conditions specific
to its site. In a Nordic climate, the weather will involve strong winds, precipitation, snow
loads, great temperature fluctuations, and freeze-thaw cycles [1]. The climate is expected
to become more severe in coming years. The temperature and annual precipitation will
increase, and extreme precipitation events will become more intense and more common [2].
Climate change of this type will affect material durability, due to an increase in conditions
where wood materials will be at risk of deterioration due to biological growth [3]. Among
other reasons, the reduction in the number and duration of frost periods is particularly
unfortunate, as the growth of mould and fungi will be drastically impeded during and after
a frost period [4,5]. The climate zones of the Nordic countries are illustrated in Figure 1.
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[] C: Maritime temperate climate
[ D: Continental climate
E: Polar climate
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Figure 1. Climate Classification map for Nordic countries according to the Koéppen—-Geiger
system—all cities above 100,000 inhabitants are marked (2016). Reprinted with permission from
Ref. [6].

Specific climatic challenges in the Nordic climate include wind-driven rain,
freeze—thaw cycles, strong winds, frost, low annual average temperatures, and snow
loads, often in frequently varying combinations. Especially in coastal areas, the weather can
change rapidly and vary greatly over short periods. To adapt to the varied Nordic climate,
facades and sloped roofs are usually built according to a principle of two-stage weather-
proofing (“totrinnstetning” in Norwegian) [7]. A universally accepted English translation
of this term has not been identified, but the authors are aware that the terms “two-step” or

“two-layer” weatherproofing have also been in use, as well as “two-stage tightening” or
“two-stage sealing/seals”. The term “two-stage weatherproofing” is preferred in this article

as multiple material layers may be involved in the assembly, and the terms “tightening” or

“sealing” are direct, but erroneous, translations of the Norwegian term. A roof or fagade

built according to this principle consists of a rain screen (cladding) and a vapour-open
wind barrier layer, separated by an air cavity for drainage and ventilation. The air cavity
ensures that precipitation does not leak into the building envelope, and that any moisture
in the building envelope is allowed to dry. Note that the air cavity is ventilated to the
exterior climate to remove moisture, as opposed to systems such as Trombe walls that are
ventilated to the building’s interior for purposes of indoor ventilation [8,9]. For roofs, the
ventilated air cavity also prevents heat flows from the building interior from melting snow
piled up on the roof tiles, reducing the risk of ice formation. The principle of two-stage
weatherproofing is illustrated in Figure 2.
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Figure 2. Illustration of the principle of two-stage weatherproofing for a fagade (left) and a roof
(right). Reprinted with permission from Refs. [10,11].

The principle of two-stage weatherproofing has been shown to create robust roofs and
fagades [7], but climate change might alter its performance. Norwegian statistics show that
the share of process-induced building defects caused by precipitation have increased from
24% for the period 1993-2002 to 42% for the period 2017-2020 [12]. Insufficient ventilation
and/or drainage of the air cavity is often the main reason why precipitation causes defects
in a ventilated fagcade. Although flaws of the ventilation cavity are usually caused by
errors in design or execution that deviate from good moisture safety practices, defects have
also been reported in facades built in a way traditionally considered sound [13]. More
humid weather with more precipitation and shorter frost periods causes reports of moisture
damages hitherto unseen. Wooden battens rot while the cladding remains intact. In a new
climate, existing knowledge of moisture-safe design seems to not apply anymore.

Being able to predict service life and making sound material choices for the build-
ing envelope is a central part of the building physical design of a building. Service life
prediction is conducted using accelerated artificial ageing experiments [14], numerical
simulations [15], and knowledge gathering [16,17]. Traditionally, assessments of durability
are conducted using the exterior climate as an input parameter. Assessments of accelerated
artificial ageing methods show that the determination of precise boundary conditions is
a challenge even for fagades with only single-stage weatherproofing [18]. Assessing the
durability of materials exposed to the microclimate of the air cavity will likewise require
in-depth understanding of the climatic boundary conditions. The microclimate of the
air cavity will not necessarily correlate directly with the exterior climate [19]. The term
“microclimate” is defined as a set of climatic conditions in a limited area, which may differ
from those of the surrounding area [20]. New experiences and observed defects suggest
a need for better knowledge of climatic conditions in the air cavity to accurately assess
the durability of battens, wind barriers, and wind barrier tape. Relevant microclimate
parameters for the air cavity may include temperature, relative humidity, air pressure,
water intrusion, and air flow characteristics, and how these parameters all behave in re-
lation to those of the exterior climate. This knowledge will be useful when selecting the
methodology for accelerated artificial ageing and for numerical simulations of mould /rot
risk throughout the lifetime of buildings in Nordic climates.

The purpose of this study is to map the current body of knowledge regarding the long-
term microclimate of the air cavity in a roof or wall facade following the two-stage principle
for weatherproofing. To address this general issue, the following research questions
are investigated:
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1. To what degree are the climatic conditions of the air cavity of two-stage weather-
proofed facades addressed in the research literature?

2. Which climatic conditions can be expected in the air cavity of a two-stage weather-
proofed fagade?

3. What are the most important knowledge gaps concerning the climatic conditions of
air cavities?

To answer these research questions, a systematic review of the research literature
was conducted, using different library databases. Note that there appears to be some
disagreement on the nomenclature of the term “air cavity”, with many sources using the
term “air gap” instead. This article consistently uses the term “air cavity”, even when
reporting on literature using “air gap” in the original text, provided that the cavity in
question is ventilated at the top and bottom (an “inlet” and “outlet” opening).

Some limitations to the study are acknowledged: A considerable portion of the lit-
erature originates from Norway. This is not unexpected, as the principle of two-stage
weatherproofing originates from the Norwegian Building Research Institute (later incorpo-
rated into SINTEF) [21-23], where research and development of the principle continues
today. Other northern European countries, as well as Canada and the United States, have
also adopted the construction principle to various degrees. However, in Canada, the main
function of the air cavity appears to be drainage, and air cavities are built considerably
narrower than in Nordic countries—as narrow as 1 mm [24,25]. For this reason, research
from North America was excluded from the main part of this study. Research on air cavities
was also identified from Central Europe, but this was also excluded due to the climate
being different from Nordic countries. The warmer Central European climate leads to dif-
ferent considerations to be taken when assessing durability and service life. Nevertheless,
relevant studies from countries beyond the Nordics are discussed in brief at the end of the
Results chapter.

2. Methodology
2.1. Scoping Studies

To investigate the current body of knowledge on the microclimate of air cavities, a
scoping study was conducted. Scoping studies are used to rapidly map the key terms
and concepts within a specific area of research. The framework developed by Arksey and
O’'Malley [26] was used to guide the literature search through the following five stages:

Identifying the research questions;

Identifying relevant studies;

Study selection;

Charting the data;

Collating, summarizing, and reporting the results.

AR

The specific procedure used in this study is a refinement of the framework described
in [27]. The full procedure is illustrated in Figure 3.

2.2. Literature Search Parameters

The search was conducted through the following literature databases: Scopus, Sci-
enceDirect, Google Scholar, and Web of Science. For an overview of the search terms and
search strings that were employed, see the Supplementary File to this article. Filters in the
search databases were used to limit the results to scientific articles in English. To further
ensure that results were relevant to Nordic climates, the selection of articles was limited
to articles originating from Denmark, Finland, Iceland, Ireland, Norway, Sweden, and
the United Kingdom. This selection was made to limit the relevance to a Nordic climate,
with its associated climatic parameters such as the frequent combination of precipitation
and wind, freeze-thaw cycles, frost, and low annual average temperatures, as opposed to
cold climates in general which may include high-altitude locations in warmer countries or
entirely polar climates.
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Figure 3. Scoping study methodology. Reprinted with permission from Ref. [28].
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After alist of relevant articles was found through the database search, citation chaining,
or “snowballing” [29], was used to find further relevant studies that were not found in the
database search. Search results (Step 5 in Figure 3) were reviewed by assessing the titles of
each study. For articles that seemed relevant, abstracts were thoroughly read, and if they
appeared to match the research questions, they were included for further assessment of
relevance. The search procedure thus resulted in a list of 70 relevant articles, of which 54
were discarded from the final study, for one or more of the following reasons:

The article did not discuss the microclimate of air cavities (e.g., [30]).
A microclimate was discussed, but not in relation to a ventilated facade (e.g., [31]).
The research design of the article did not contain an air cavity, instead focusing on the
properties of materials such as insulation or the cladding itself (e.g., [32]).

e The article featured temperature and moisture measurements, but only from the
outside of the cladding or on the inside of the wind barrier (e.g., [33,34]).

e  The article discussed air cavities that were not open to the exterior air at both the top
and bottom of the facade (e.g., [8,9]).
The article only considered masonry structures (e.g., [35]).
Review articles of studies that chiefly contained studies from other climates or coun-
tries (e.g., [36]).
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e  Articles based on results from irrelevant climates (humid tropical climates, desert
climates, etc.) (e.g., [8,9,37]).

Since articles from Norwegian universities constituted a large part of the relevant
literature, an additional search was conducted in the Norwegian library database to find
M.Sc. theses or other reports that could possibly contain relevant information. This
additional search identified five theses containing relevant works of research, primarily
published in Norwegian.

3. Literature Review Results
3.1. General Overview of the Literature

The literature search identified 16 scientific articles and 5 M.Sc. theses that discuss
the microclimate of ventilated facade and roof cavities specifically in a Nordic climate
context. The review includes articles focusing on field studies, laboratory studies, computer
simulations, and/or calculations. Of the 21 works of research, 6 focus on facades, 10 focus
on sloped roofs, 3 concern roofs and/or fagades with integrated photovoltaics, and 2 focus
on both facades and roofs. A further 11 studies from outside the Nordic climate were
selected to provide a brief overview of relevant research internationally, and to take in
some perspectives that were not discussed by the Nordic articles. However, the limits to
their applicability in a Nordic context must be noted.

The relevant research originated from Norway (Norwegian University of Science and
Technology and SINTEF (formerly Selskapet for Industriell og Teknisk Forskning) in Trond-
heim), Sweden (Gévle University College, Kungliga Tekniska Hogskulan in Stockholm,
Lund University, and Chalmers University of Technology in Gothenburg), and Finland
(Aalto University near Helsinki). Relevant studies were sought, but not found, from
Denmark, Iceland, Ireland, and the United Kingdom, whose climates are similar.

Table 1 presents an overview of the individual studies identified in the literature
review. Some studies resulted in (or contributed to) multiple publications, as shown in the
“References” column. The investigated climate parameters of each study are also listed,
as well as the duration of measurements (if applicable). Note that not all of the studies
measured the parameters the same way or presented the measurements directly.

Table 1. Overview of studies.

Exterior . Main Purpose
Type of Study References Climate Duration of Study Analysed Parameters of Relevance
- Air velocity (measured);
- Temperature (measured);
Describing cavity air - Exterior temperature (measured);
. ) Lund, flows and drying - Exterior wind speed and
Field study [38-40] Sweden 4 months potential. Validating approach angle (measured);
numerical model. - Driving forces (calculated);
- ACH (calculated);
- Drying rates (calculated).
Describing the - Wind pressure (measured);
. impact of wind on - Wind pressure coefficients and
. Trondheim, . .
Field study [41] Norwa - heat transmission gradient (calculated);
y through - Exterior wind speed and

wooden walls. approach angle (measured).
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Table 1. Cont.

Type of Study References g)l(itre;;(t): Duration Ma(:;lsl’ttllll(ripyose Analysed Parameters of Relevance
Exterior temperature (measured);
RH in exterior air (measured);
Exterior wind speed and
Describing factors approach angle (measured);
affecting the Global radiation (measured);
h roth%:rmal Wind-driven rain (measured);
Field study [42] ergformance of Surface temperature in air cavity
wooden claddings g?sured); d);
Trondheim, in Norway. measurec),
Norway 4 years Water vapour pressure
(calculated);
Moisture content in wood
(measured).
Simulations Studying Air flow characteristics
(validating [43] wind-induced (;.alcula.tted); d (calculated);
field study) airflows in cavities. 1T cavity speed teatcuiated);
ACH (calculated).
Espoo Evaluating a facade Temperature (measured);
Field study [44] Fin}l)an é 2.5 years with RH (measured);
exterior insulation. Mould index (calculated).
Air flow characteristics
[45] (calculated /measured);
Air pressure (measured);
Temperature (measured).
Describing air flows : .
) in cavities and Air flow characteristics
[46] Inte.rlor lab - assessing how design (calculated /measured);
climate details affect Air pressure (measured);
pressure losses. Temperature (measured).
Air flow characteristics
[47] (calculated /measured);
Temperature (measured);
Laboratory study Air pressure (measured).
Describing air flow
characteristics and Temperature (measured);
[48,49] temperature Air velocity (measured);
Interior lab conditions in Thermal buoyancy (calculated).
climate with roof cavities.
Smslgll:;ed _ Temperature (measured);
radiation. Modelling air flows Surface temperature in air cavity
[50] in roof cavities due (measured), .
to buoyancy. Air flow characteristics
(calculated /measured);
Thermal buoyancy (calculated).
Simulations . -
(validating Numerical study of Air flow characteristics
[51] - - X . (calculated);
Laboratory roof cavity air flows.
study) Temperature (calculated).
Skelleftea, Evaluating a .
Field stud 152] Stockholm, 1-2 years simulation model for ?H (meafure((:l), d);
y and Vixjo, (multiple) mould growth in Smperature imeasured);

Sweden

roof cavities.

RHgi; (calculated).
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Table 1. Cont.

Exterior . Main Purpose
Type of Study References Climate Duration of Study Analysed Parameters of Relevance
Exterior temperature (measured);
Evaluating Exterior wind speed and
8-12 davs condensation risk in approach angle (measured);
[53] (multi l}:e ) roof cavity. Surface temperatures in air cavity
p Relating cavity air (measured);
flows to wind. Temperature (measured);
Air velocity (measured).
Exterior temperature (measured);
E . Exterior wind speed and
xamining the .
. approach angle (measured);
influence of .. .
) 6-11 days temperature and Surface temperatures in air cavity
Field study [19] Trondheim, (multiple) wind on roof (measured);
Norway - Temperature (measured);
ventilation. . .
. . Air velocity (measured);
Condensation risk. g -
Condensation potential
(calculated).
Temperature (measured);
RH (measured);
Mapping the Wood moisture (measured);
) influence of exterior Exterior temperature (measured);
[54] 9 days/21 days climate on air RH in exterior air (measured);
cavity climates. Exterior wind speed and
approach angle (measured);
Global radiation (measured).
Temperature (measured);
Interior lab . . Surface temperature in air cavity
- . Analysing air flows
climate with and heat transfer (measured);
Laboratory study [55-57] simulated - . Surface temperature (measured);
behind solar panels .
solar on facades Air flow rate (measured);
radiation. § ’ Air velocity (measured);
- Aspect ratio of air cavity.
3.2. Fagades

Falk and Sandin [38] described field studies measuring air velocities and temperatures
in south-facing, vented, and ventilated facades using different batten configurations. The
research period spanned 2400 h between the beginning of October and the middle of
February. A single sensor was moved periodically between the three test specimens. The
results were compared to a simulation model. The studies found an average absolute air
velocity in the cavity of 0.195 m/s and an average driving force of 0.3-0.5 Pa. According to
calculations, the air change rate for the cavity was 230-310 ACH (air change rate per hour).
The maximum rate was 2-3 times higher than the average rate, primarily driven by thermal
buoyancy. The results showed a clear correlation between average cavity temperature and
flow characteristics, where the temperature increased if the flow resistance was increased.

A further study by Falk and Sandin [39] explored the connection between air cavity
design, air change rate, and ventilation drying processes. Calculations and mathematical
models were employed and compared to field studies from the previous article from
Universita di Napoli Federico II. The results showed that the model used to calculate
ACH yielded values that agreed with field measurements. The calculations of drying
rates showed that the evaporation of moisture to the air cavity varied greatly between
the different air cavity designs, but the variations tended to even out over time. The
measurements also showed that a favourable exterior climate and the colour of the facade
cladding had a greater impact than the design of the air cavity, and that a cavity width of
40 mm yielded 20-25 times more drying potential than a cavity 5 mm wide.

A third study in this series [40] presented a method to predict ACH in an air cavity.
Mathematical models were used alongside climate data and validated using field mea-
surements from [38]. The results showed that the calculated ACH largely fit the measured
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values from the field studies, even reflecting hourly variations. The model still was shown
to be slightly lacking for daytime conditions. Significant hourly deviations were observed
during daytime hours, showing thermal buoyancy to be weak compared to wind pressures.

Uvslekk [41] presented information on how wind affects the air pressure in an air
cavity. Field experiments, laboratory experiments, and calculations were conducted. The
results indicated that the geometry of the air cavity and the details near the cavity openings
greatly affected the pressure gradients in the air cavity and that the calculation methods
were less suitable for complex cavity geometries. The article concluded that for most
locations in Norway, it will be sufficient to use a reference wind velocity of 10 m/s, 10 m
above the ground, for calculations spanning the heating season.

Nore [42] sought to increase the scientific knowledge of the performance of wooden
claddings through conducting field studies. Sensors were mounted on the inside and
outside of the wooden cladding on a test building in Trondheim, measuring the exterior
climate, the relative humidity in the air cavity, and the moisture content of the wooden
cladding. Measurements ran across four years between 2004 and 2007. The measurements
showed that the cladding’s hygrothermal response depended greatly on the orientation
of the fagade, largely due to different exposure to solar radiation, wind, and wind-driven
rain. Further, the results showed that an air cavity was necessary, but that an air cavity
opening of 23 mm did not significantly improve the drying potential of a west-facing facade
compared to a smaller cavity opening of 4 mm. The surface treatment of the cladding
affected the response to climate exposure, where untreated wood responded faster to
variations compared to surface-treated wood, giving larger fluctuations in the moisture
content of the cladding. Changes in the claddings’ moisture content were more correlated
with variations in temperature, solar radiation, and wind speed than with variations in
precipitation, wind-driven rain, and wind direction.

Nore et al. [43] studied the wind-driven air stream in a 23 mm air cavity in a ventilated
cladding using RANS CFD simulation, a validation study, and a comparison to earlier
studies. The validation study showed a margin of error of 25% for cavity air flows with
a Reynold’s number (Re) between 1000 and 3500. Simulations with a Re outside these
parameters showed an ACH/U10 between 120 and 250 for a high reference wind speed of
10 m/s perpendicular to the fagade. The CFD results of cavity air speed and air change
rate were compared to those of previous experimental studies, indicating agreement.
Local pressure losses were calculated by comparing the results of separate and combined
simulations. The pressure loss coefficient for wind perpendicular to the facade was between
4.5 (middle cavities) and 5.7 (edge cavities), and for wind angled at 22.5 degrees, it was
between 4.9 and 7.1.

Viljanen et al. [44] evaluated the performance of the air cavity for a highly insulated
facade by assessing mould growth potential as a performance criterium and investigating
which factors affect this performance. Field studies were conducted on two externally
insulated air cavities with a thermal resistance R = 0.18 and 1.57 m?K/W on the exterior
side. Measured parameters included absolute humidity, solar radiation, mould growth
potential, and the temperature and relative humidity in the air cavity and the exterior air.
The results indicated that the average temperature in the winter season was 0-2 °C lower
in the air cavity than in the exterior air, but the RH was typically 0-15% lower, depending
on the type of wall. The computational analyses showed that the optimal air change rate
was 4-40 h~1. Significant mould growth in the air cavity was only possible near the inlet
area, where the temperature was the lowest and RH the highest. The analytical model
identified that the most influential factors for the hygrothermal conditions in the air cavity
were the interior and exterior R values, the ACH of the air cavity, and the vapour resistance
of the layers close to the air cavity. Insulation on the exterior side of the air cavity improved
the performance of the air cavity, but it was shown that reducing the size of the inlet
can be beneficial. Exterior R values should not exceed R = 0.35-0.5 m?K/W to maintain
solar-radiation-driven drying and to prevent mould growth during the summer season.
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Overall, it may be seen that the research regarding the microclimate of fagade air
cavities primarily concerns air flows by buoyancy and responses to wind, while parameters
such as moisture and temperature remain little studied. Viljanen’s work [44] is a welcome
exception, but unfortunately, the measurements were conducted on an unconventional
wall assembly that cannot be directly compared to the remainder of the studies.

3.3. Roofs

Gullbrekken et al. [45] presented calculations to determine pressure losses at the inlet
(eave) opening and inside the air cavity, consisting of friction losses and passing of tile
battens. The study consisted of a large-scale laboratory experiment and a numerical analysis
using the COMSOL software. The results showed that the pressure loss coefficient of the
airstream was greatly dependent on the shape of the tile battens (aligned perpendicular to
the air flow through the air cavity). Tile battens with rounded edges were found to incur
a pressure loss coefficient 40% lower than battens with right-angled edges. Additionally,
the results indicated that a classic eave design gave a lower pressure loss coefficient than
modern eave design. Installing a bug net at the openings of the air cavity doubled the
pressure loss coefficient. The calculations as well as laboratory and field studies were
further described in an M.Sc. thesis by Hansen [46]. Hansen noted that the air cavity width
should be increased by increasing the height of the longitudinal battens rather than the
cross battens, to reduce pressure losses of the cavity air flow. Another M.Sc. thesis that
contributed to the results of [44] is that of Eggen and Reer [47], who built upon the study by
Hansen. The two theses disagree slightly on whether it is more advantageous to ventilate
the roof cavity through openings in the eaves or behind the roof gutter. The disagreement
might be explained by the different placement of sensors in the two experiments.

Bunkholt et al. [48] investigated, through a laboratory study, how the air flow through
a ventilated roof cavity is affected by temperature and air cavity design. Measurements
indicated that the air cavity temperature and flow conditions were affected by the cavity
width as well as the roof angle. The temperature decreased and air flow rate increased with
higher roof angles and larger cavity widths. Increasing the cavity width only increased the
air temperature up to a certain point. The optimal cavity width was found to be 48 mm.
Increasing the cavity width from 23 mm to 70 mm reduced thermal buoyancy by two thirds.
The results of the study were also presented in a Master thesis [49]. A result reported in the
thesis is that thermal buoyancy caused a driving pressure equivalent to a wind speed of
0.4-2 m/s. Thermal buoyancy may thus be the primary driving force of the airflow through
the air cavity large portions of the year in Norway.

Sawén et al. [50] presented an analytical model to predict the air flow due to buoyancy
in a ventilated roof assembly. The developed Thermal Buoyancy Model was compared to
a laboratory study and a numerical calculation by using all three methods to analyse the
air flow and thermal conditions in an air cavity using the same test setup and the same
Norwegian climate. Results from the laboratory experiment and the numerical simulations
quantitatively showed that an increase in the heat loads or the roof inclination increased
the air flow rate due to increased driving forces. Increasing the cavity width increased the
air volume flow due to decreased air flow resistance. The analytical model underestimated
the air volume flow by an average of 20% compared to the laboratory experiment, and
overestimated by 3% compared to the numerical calculations, but the trends are similar.

Mundt-Pedersen and Harderup [52] investigated the suitability of a 1D hygrothermal
calculation tool in the design phase to prevent and evaluate the risk of mould growth and
moisture damage in ventilated roofs. Moisture and temperature sensors were mounted
in different positions in the roofs of four residential buildings in Sweden, while similar
roof structures were modelled in the WUFI simulation program. The sensors measured
temperature and RH over a period of 12-33 consecutive months. Quantitative results from
sensors and WUFI were compared to each other and to critical values for mould growth.
The results indicated that WUFI can be used as a tool to predict the climatic conditions, but
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that multiple parameters will affect the results and need to be considered to reliably assess
the mould growth potential.

In addition to their evaluations of facades as described in Section 3.3., Viljanen et al. [44]
assessed the performance of a roof structure. Field measurements were conducted similarly
to what was carried out for facades, insulating the exterior side of a roof air cavity with a
thermal resistance value R = 0.13 and 2.13 m?K/W. Calculation analyses showed that the
optimal air change rate for the setup was 20 h~!. Significant mould growth in the cavity was
only possible near the inlet, where the temperature was lowest and the RH was highest. The
analytical model identified the most influential parameters for the hygrothermal conditions
in the cavity to be the internal and external R values, the ACH of the cavity airspace,
and the vapour permeability of the vapour control layer. Insulating the exterior side of
the air cavity was shown to increase the performance of the air cavity. Exterior R values
should not exceed 0.7 m?K/W to maintain solar drying and to prevent mould growth in
the summer season.

Gullbrekken et al. [53] described the risk of condensation on the interior side of the air
cavity and mapped the relation between the air velocity in the cavity and the exterior wind
speed. Field measurements were conducted in Norway using sensors to measure surface
temperatures, the air temperature in the air cavity, and the air velocity in the cavity for three
seasons: spring, summer, and autumn. The temperature below the roofing was shown to
be lower than the exterior temperature 51%, 14%, and 56% of the time, respectively, for the
three seasons. The measurements indicated a strong correlation between the wind speed
and the air flow velocity in the air cavity. The hourly air exchange rate could be estimated
as 11 h~! for periods of low wind speed and 84 h~! for periods of high wind speeds.

Bunkholt et al. [19] investigated the influence of exterior temperatures on the tempera-
ture in the air cavity, what condensation potential results from an air cavity temperature
lower than the exterior temperature, and what the consequences of condensation risk
can be. Field studies were conducted using sensors to measure surface temperatures, air
temperature in the air cavity, and the air volume flow in the air cavity. Measurements were
conducted over five periods in Norway between 2016 and 2018: one period each for spring,
summer, and autumn, and two periods during winter. The results showed marked periods
of air cavity temperatures being lower than the exterior air temperature and positive CP;
(condensation potential) values for extended periods, especially during spring and autumn,
and in winter periods without snow on the roof. This indicated that the materials in the
roof absorbed moisture and regulated the air humidity in the air cavity. Large negative CP;
values indicated drying of the roof structure.

Ronningen [54] conducted a field study on air cavities on research buildings in Trond-
heim, Norway. Solar radiation was measured to cause significantly higher temperatures in
the air cavity (up to 35-40 degrees) than the outside air temperature. Near the top of the
ventilated roof cavity of a sloped roof, temperatures were lower than outside temperatures
42% of the time, compared to 63% at the bottom. For a neighbouring building with a
saddle roof, the numbers were 58% and 63% for the south and north side, respectively.
Moisture measurements showed that the battens were able to dry quite quickly, going from
a moisture level of 37 weight-% to 25% in 38 days.

Tianshu [51] conducted a numerical study of the air flow in air cavities for pitched
wooden roofs using computational flow dynamics (CFD). It was found that increasing
the width of a cavity from 23 to 48 mm greatly reduced the pressure gradient, friction
coefficient, and total loss coefficient. A further increase to 140 mm yielded significantly
lower impacts. The shape of the tile battens also greatly influenced the air flow, with a
small rounding (r = 4 mm) of the edges reducing the loss coefficient by 20% compared to
right-angled battens.

3.4. Building-Integrated Photovoltaics (BIPV)

Sandberg and Mosfegh [55] analysed the air flows and thermal transfer due to thermal
buoyancy behind solar panels numerically and experimentally. Laboratory experiments
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were conducted in Sweden, where thermoelements on the exterior side of the air cavity
simulated a solar heating flux of 20-300 W/m?. Numerical simulations were conducted
with a uniform thermal flux varying between 20 and 500 W/m?2. The results showed
agreement between the laboratory experiments and the simulations and indicated that it
is advantageous to use high-emissivity materials for surfaces in air cavities. The analysis
revealed the importance of thermal radiation exchange for the heat transfer mechanisms
between the air cavity walls. For a thermal flux at or above 200 W/ m?, almost 30% of the
heat was transferred to the otherwise unhated wall through radiation, and from there, it
was transferred to the air through convection.

In a further study [56], the same authors investigated governing parameters for air
flows generated by the heat transfer between solar panels and air cavities. A laboratory
study was conducted, using the variables of inclination angle, the placement of solar panels,
and the ratio between air cavity length and width. The results indicate that all the variables
greatly influenced the air change ratio and the temperature of the air cavity. The velocity
profile was uneven, and the highest airflow velocity did not necessarily occur on the heated
side, which indicated a complex airflow pattern. The net effect would be an uneven cooling
of the PV module, reducing its electricity generation. The temperature profile showed
the highest temperature by the heated wall, the second highest temperature along the
opposite wall of the air gap, and the lowest temperature in the middle of the air cavity. The
temperature across the entire air gap decreased as the wall/roof angle increased.

In a final study [57], Sandberg and Mosfegh analytically derived expressions for the
mass flow rate, air velocity, temperature increase, and location of neutral height (the point
where the air pressure in the air cavity is equivalent to the ambient air pressure) in air
cavities behind solar panels mounted on vertical fagades. The calculations were compared
to measured temperature values from previous studies [55,56]. The results indicated a good
correlation between analytical expressions and experimental measurements for situations
of constrained flow due to the small area of the inlet and/or the outlet compared to the
cross-section area of the air cavity. With both ends at the size of the cross-section of the
air gap, the agreement was 10-20% but increased at higher wall heights and cavity width
ratios. Possible reasons for the discrepancy between the theory and measurements include
difficulties with the laboratory measurements and the uncertainty in the many parameters
required for a mathematical calculation. Sandberg and Mosfegh’s studies comprise the
only identified work that concerns the microclimate behind photovoltaic facade elements,
unfortunately making comparisons impossible.

3.5. Notable Studies from Outside Nordic Climates

Some studies were identified that directly address the concerns of the present review
but that were not included in the main assessment (Table 1) for various reasons. For the
sake of reporting the wider international perspective on the microclimate of ventilated air
cavities, some notable studies are recounted in this section.

Bouchair [9] presented a theoretical framework for describing cavity airflows in rela-
tion to an interior and exterior climate, using the example of a wall built for solar-driven
ventilation in an Algerian climate. While “Nordic” parameters such as frost or wind-driven
rain were not considered, the equations described may be used to create numerical models
of air behaviour in cavities.

In Vancouver, Canada, Tariku and Iffa [58] performed an experimental study assessing
the hygrothermal performance of wood frame systems built with different concepts of air
cavities (ventilated, vented, no cavity). The findings included that ventilated fagades have
a vastly higher air change rate; that temperatures behind the facade boards are lower in
the wall without an air cavity during winter days; and that the ventilated cavity sees a
higher moisture content in the upper section during the wet winter season. This article
was not included in the main study as Canada fell outside the scope of Nordic climates;
however, the similar temperature conditions of the study site imply that its conclusions can
be relevant, nonetheless.



Buildings 2022, 12, 683

13 of 17

Also in Canada, John Straube and various co-authors [24,25,59,60] examined the role
of air cavities in the drying and ventilation of facades. A cavity width as small as 1 mm was
found to be enough to ensure drainage. The openings of air cavities were found to play a
significant role in the drying potential, they should be as large and unobstructed as possible
to ensure drying. Straube also documented that moisture retained in the cavity air and
deposited on surfaces was very challenging to simulate in computer models, highlighting
the need for field studies and laboratory measurements.

Defo et al. [61] assessed the moisture performance and durability of brick veneer walls
in the face of climate change in Canada. The deposition of moisture by wind-driven rain
was found to pose a moisture risk on Canada’s east coast, and it was found that an air
cavity should be accompanied by other measures such as roof overhangs to reduce this risk.

Rahiminejad and Khovalyg [62] reviewed the literature on ventilation rates in venti-
lated air cavities in fagades. A theoretical framework and mathematical models of cavity
air flows were presented. The reviewed articles relevant to Nordic climates are all included
in the present study.

Van Belleghem et al. [63] modelled the air, heat, and moisture transport in ventilated
cavity walls in Belgium, comparing a simplified model in WUFI to a more detailed model.
The WUFI model was found to overestimate the ventilation effect on drying and subse-
quently indicate lower moisture levels than was the case. A lesson learned from this study
is that the widely commercially used software may not be sufficient to evaluate the moisture
risk in air cavities accurately, presenting a challenge to the building designers who may
rely upon it for moisture risk assessment.

Also in Belgium, Langmans and Roels [35] compared four measuring techniques for
analysing cavity ventilation behind rainscreen cladding systems. The most suitable method
depended on the type of cladding: a vented brick veneer facade displayed air change rates
two orders of magnitude lower than ventilated siding, and thus required a pressure gauge
to accurately measure the air change rates. The study indicated that measurements of air
change rates in air cavities behind brick veneer may not be directly comparable to those
behind more open fagade claddings.

Marinosci et al. [37] investigated, numerically and experimentally, the thermal be-
haviour of a rainscreen fagade in Italy, featuring an air cavity width of 240 mm. The velocity
and temperature distribution of the air in the air cavity was measured and modelled. Cor-
relating values between the model and field measurements suggested that the model is
suitable for simulating large air cavities. The study, while thoroughly describing air flows
and temperature, did not consider moisture.

4. Discussion
4.1. Air Cavities in Research Literature

An observation recorded early in the literature review was that the literature focusing
on brick or rendered facades is much more abundant than the literature on ventilated
facades. Even within the latter category, more literature focuses on the cladding itself
or the structure behind the wind barrier than on the climate within the air cavity. Many
of these articles use assumed climate data for the cavity for calculations or simulations,
without performing or citing studies that indicate whether they match the actual conditions.
If anything, these articles illustrate the need for the microclimate in air cavities to be
investigated further.

The relevant literature recounted in this review originates from a quite small number
of researchers at a few research institutions in Norway, Sweden, and Finland. In practice,
only six independent field studies and two independent laboratory studies were identified
within the relevant scope and climate. Several of the studies lack adequate descriptions
of research parameters such as the precise design of the structure, or climate data for the
research period, which makes it challenging to replicate or validate the results. The studies
are also too different to make it feasible to directly compare their results with each other.
For instance, the studies from Finland [44] investigated air cavities with insulation on the
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exterior side, while the solar panel studies from Sweden [55-57] applied heat sources to the
exterior side. Another observed issue is that the studies did not seek to quantify or describe
microclimate parameters in the air cavity over time, with a chief focus instead being to
compare the performance of different designs.

Wider international literature has been found that addresses these concerns to a greater
degree, describing studies that cover hygrothermal conditions in finer detail with several
parameters. However, the studies are of limited applicability, as they do not consider
temperatures below 0 °C and rarely cover rain penetration. The deposition of liquid water
in general remains challenging to simulate in numerical models. It was reported by Van
Belleghem et al. [63] that commonly used simulation software tends to underestimate
moisture loads, highlighting a challenge in using computer models to investigate high-
moisture environments such as air cavities subject to wind-driven rain.

4.2. Climatic Conditions in the Air Cavity

A common observation across many of the field studies was that the temperature
of the air cavity will be colder than the ambient air temperature for significant portions
of the year, particularly near the inlet opening of the cavity. This creates potential for
condensation and moisture damage. There is insufficient data to quantify the moisture risk
due to this effect, as the studies are limited to short measurement periods and limited local
climates—effectively, relevant measurements have only been conducted in Trondheim in
Norway and Lund in Sweden.

Laboratory studies suggest that thermal buoyancy is a quite weak driving force of
cavity airflows when compared to wind pressure [49]. The shape of the tile battens has a
surprisingly large influence on the airflow resistance of the air cavity of ventilated roofs,
with rounded battens reducing the pressure loss coefficient by 20-40% compared to right-
angled battens [53]. This effect was observed through both laboratory and CFD studies [51].

4.3. Knowledge Gaps

This study uncovers certain knowledge gaps regarding the microclimate of ventilated
cavities in facades and roofs in Nordic climates. There is a general lack of research into the
long-term climatic behaviour of air cavities, and the few available studies are not directly
comparable to each other. Little systematic research has been conducted that considers
all relevant climatic parameters over time, such as the combination of temperature and
moisture (in the cavity materials as well as in the air) and how they vary during all seasons.
More studies, carried out in a comparable fashion to existing studies, would help address
the limited availability of data. Concrete knowledge gaps that have been identified and
should be addressed by future studies include:

e To what degree the temperature and relative humidity of the air cavity and correlate
with that of the ambient air in long time series, considering the impact of wind,
humidity, and rainwater penetration.

e  The impact of precipitation and freeze-thaw cycles and how they affect the durability
of materials in the building envelope.

e  Determining how the air cavity microclimate can be simulated for long-term simula-
tions using exterior climate data in a Nordic climate.

e  Determining and describing the climatic loads that materials in the air cavity must
withstand to achieve sufficient durability.

e  Validating the accuracy of models of humidity conditions in the air cavity, using field
or laboratory measurements.

Knowledge about these issues is required to improve the accuracy of simulations and
calculations of the durability of materials in ventilated roof and facade systems, increasing
the accuracy and reliability of service life predictions.
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5. Conclusions

This study showed that the extent of research into the climatic conditions in air
cavities in ventilated building roof and fagade systems is limited. There is a general lack of
comparable studies and quantitative results. The studies are also geographically limited;
even though ventilated facade and roof systems are widespread across northern Europe,
research into their operating parameters is mainly conducted in Norway and to a limited
degree in Sweden. Roofs have generally received more research attention than facades. The
studies show how the microclimate of the air cavity may differ from the exterior climate,
with the cavity air temperature often being lower than the exterior air temperature. This
creates a risk of mould in the air cavity. Thermal buoyancy is also seen to be a relatively
weak driving force of air flow in cavities, while the impact of wind is significant.

The implication of the deficiency of studies is that there is currently no good informa-
tion to use in assessing the durability and service life of materials in air cavities. Industry
experience suggests that the principle of two-stage weatherproofing creates durable fagade
and roof systems, but new types of defects emerge due to a changing climate. It is cur-
rently difficult to predict how to improve designs to address these challenges to material
durability, as the climatic loads in air cavities are not well studied.

Future work should aim to gather sensor data from buildings spread across different
Nordic climate zones over extended durations of time. The relation between the exterior
climate—e.g., as described in climate files for simulations—and the climatic conditions
of air cavities must also be investigated further. Sensor data may be compared to climate
data to evaluate the correlation between the exterior climate and the cavity microclimate,
to determine necessary corrections when using climate data to simulate the conditions
of ventilated air cavities. Such simulations are essential in evaluating the risk of rot and
mould growth in air cavities, and thus the long-term deterioration of components such as
the cladding, battens, and wind barrier.
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