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A B S T R A C T

The ‘Airey-system’ is a post-war prefab construction system which has recently gained heritage significance
recognition. As a result, recent refurbishments have shifted from applying exterior insulation to applying in-
ternal insulation in dwellings constructed with this system. Applying internal insulation to existing buildings is
known to pose a challenge in relation to hygrothermal risks, as this can lead to high relative humidity levels,
condensation, and ultimately, mould growth and decay. The aim of the paper is to assess the hygrothermal risk
associated with applying internal insulation in dwellings constructed with the Airey-system, as this remains
absent in literature. The assessment is conducted on a proposed refurbishment design of 144 dwellings and
evaluates the relative humidity near surfaces in combination with an advanced mould growth prediction model.
A simulation of a reference year indicates long periods of continuous condensation, and large amounts of mould
growth. The results show that a typical application of internal insulation, although it does meet standard
building regulations, is not sufficient to prevent mould growth and condensation in this type of construction.
Therefore, a subsequent sensitivity analysis of key parameters is carried out, evaluating the impact of increased
airtightness, increased ventilation rates and increased surface temperatures on the hygrothermal risk. All in-
dividual parameters have a significant impact, however, none of the parameters provides an easily achieved
stand-alone solution to the hygrothermal risk. A final assessment of the combination of parameters shows that
only a combination of far reaching improvements could mitigate the risk of mould growth and condensation.

1. Introduction

The Airey system is a post-war industrialized construction system, of
which 26.000 dwellings were built in England [1], and almost 10.000
dwellings were built in the Netherlands [2]. The bearing structure, in
the façade of the Airey system, consist of pre-cast reinforced concrete
posts (see Fig. 1). The floors are made up of steel lattice girders which
are connected to the concrete posts through a steel edge beam. The
exterior cladding is made up of concrete panels. In recent years, the
Airey system has gained heritage significance recognition in the Neth-
erlands, which was confirmed by various neighbourhoods and buildings
that were built using the Airey system being assigned a monument
status. This recognition has led to a shift in the way these buildings are
treated. During the last decades, many buildings constructed with the
Airey system were either demolished or refurbished in a way that sig-
nificantly impacted their appearance, by applying external insulation
on the façade. Due to the recognition of heritage significance, in recent
years, the focus has shifted towards applying internal insulation in
Airey dwellings. This paper describes the hygrothermal assessment of

applying internal insulation in dwellings constructed with the Airey
system, as such an assessment remains absent from literature. The as-
sessment will be conducted on a refurbishment design – based on a
vapour-tight internal insulation system – that has been applied to three
test-dwellings (see Figs. 1 and 2), and was approved to be applied to
141 dwellings constructed with the Airey system in Amsterdam.

Applying internal insulation in historic buildings is well-known to
pose challenges related to hygrothermal risks such as interstitial con-
densation and surface condensation due to thermal bridging, which can
lead to mould growth and decay [3–6]. As part of the same research, an
additional publication [7] provides a comprehensive overview of re-
search evaluating the hygrothermal risk associated with applying in-
ternal insulation in existing buildings. The main considerations as re-
lated to this research are presented here. An extensive body of literature
exists on the evaluation of the hygrothermal risk of applying internal
insulation to solid masonry walls [8–43], of which almost a third in-
cludes an evaluation of the wooden beam ends embedded in such solid
masonry walls [8–10,13,14,16,19,20,22,26,43]. Other construction
types (being: solid concrete [44–48]; hollow masonry bricks [49];
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hollow concrete bricks [50]; masonry cavity wall [45,51,52]; masonry/
concrete cavity wall [53,54]; hollow concrete bricks cavity wall [55];
wooden logs [56,57]; wooden skeleton [58,59]) are only covered by
1–5 papers. This is indicative of a lack of understanding of the hygro-
thermal risks associated with applying internal insulation in ‘other’ wall
types, as these few studies will not provide insight in a sufficient range
of climates, insulation systems and materials, and assessment methods.
No literature was found in which a construction system similar to the
Airey system was considered.

As the literature in this field has such a strong focus on solid ma-
sonry walls, it is not surprising that the analysis of the literature also
showed that most papers conduct a hygrothermal simulation that is
especially suited to evaluate solid masonry walls: “Most either use WUFI
(40%) or Delphin (33%) software to conduct mostly 1D (64%) and/or 2D
(40%) simulations” [7]. These simulations mostly evaluate vapour
transport through diffusion (and liquid transport through sorption) and
consist of a dynamic coupled heat and moisture transfer simulation.
Vapour transport through convection is neglected in these publications:
“Only 15% of the papers mention the word convection or air leak beyond
stating it's not included” [7]. Only 2 papers (out of the 42 reviewed pa-
pers including a hygrothermal simulation) conducted a 3D simulation
[13,24], of which one being the only paper to include convection in the
simulation [13]. As mentioned, a vapour-tight insulation system was
installed in the Airey dwellings, which: are lightweight; consist of a
very complex 3D configuration of elements; have many air cavities in
the construction; and are known to be very leaky [60]. It is acknowl-
edged in literature that in conventional, vapour tight insulation sys-
tems, convection generally plays a more significant role in the amount
of vapour transport than diffusion [3,5,6]. This is especially flagged in
relation to lightweight construction systems [3].

Based on these considerations, the additional publication [7] pre-
sents a hygrothermal assessment method that is tailored to the unique

characteristics of the Airey system. The development of an interzonal
HAM-model, and it's calibration to on-site measurements, showed a
better fit to the measurements if a convective flow was considered
which represents air leakage through the vapour barrier. This paper
presents a reference year simulation and subsequent sensitivity ana-
lysis, to gain understanding of the hygrothermal risks involved with the
internal insulation of dwellings constructed with the Airey system. The
findings can also be relevant for other industrialized construction sys-
tems, such as the Cornish Unit system - very similar to the Airey system
[61] - of which 30.000 were built in the United Kingdom [1]. This
paper contributes to this developing field in two distinct ways: firstly,
by contributing to a better understanding of the hygrothermal risks
associated with applying internal insulation in construction types other
than solid masonry walls; and secondly, by raising awareness of the
importance of modelling convection, and by contributing to this very
understudied aspect of hygrothermal assessments.

2. Method

2.1. Methodology structure

The methodology of the hygrothermal performance assessment
consists of 3 phases: model validation, reference year simulation and
sensitivity analysis (see Fig. 3). In a previous publication ([7]), a review
of the literature on hygrothermal performance assessments of internal
insulation was conducted, which was subsequently related to the un-
ique characteristics of the Airey system and the specifics of the re-
furbishment design in order to develop a suitable methodology. In ad-
dition, this previous publication covers the first phase of the
methodology, being the development and calibration of the simulation
models.

The evaluation focusses on three parts of the construction: the roof-

Fig. 1. The case study in Amsterdam of which three test dwellings were refurbished (left), and the interior of the dwellings when stripped, showing the unique
bearing structure of the Airey system (right).

Fig. 2. Refurbishment design of the Airey dwellings: horizontal section (left), vertical section (middle), and 3D image of the roof-wall construction part with the two
evaluation points Beam and Column (behind the insulation; which is transparent in this image to show these points).
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to-wall connection (1), the first-floor-to-wall connection (2); and the
ground-floor-to-wall connection (3). As the interior insulation posi-
tioned in the ceiling cavity is vapour open (μ 1,0), and the vapour
barrier is positioned alongside the interior surfaces (see dotted line in
Fig. 2), the vapour in the air of the ceiling and roof cavity can reach the
roof-to-wall connection (1) and the first-floor-to-wall connection (2). A
Heat, Air and Moisture building model (HAM-model) of the relation
between the exterior climate, interior climate and the ceiling cavities
was developed. This model considers vapour transport through walls by
means of convection, neglecting vapour transport through walls by
diffusion or liquid transport (moisture storage in furnishings and the
envelope is included). This results in hourly relative humidity (RH) and
temperature (T) data for each zone of the building (the ceiling cavity
being one of these zones). This output per zone of the HAM-model is
subsequently coupled to a 3D heat transfer model – constructed in
COMSOL (COMSOL-model) – which simulates the surface temperatures
of the evaluation points of the construction. Both the previous paper
and this paper will focus on the results of part 1, the roof-to-wall
connection. The results of the assessment as described in this paper are
also applicable to part 2, as a similar hygrothermal risk was found in
part 1 and 2. No significant hygrothermal risk was found in part 3. The
selected evaluation points are: Girder, on the steel lattice girder on the
warm side of the insulation; Beam, on the concrete column behind the
first layer of insulation, on the steel edge beam behind the first layer of
insulation (see Fig. 2). Both models were calibrated and validated using
on-site measurements (see [7]). This resulted in a better fit to the ca-
libration if an interzonal airflow was included from the interior (zone 1)
to the ceiling cavity (zone 2), indicating air leakage occurring through
the vapour barrier.

The second phase and third phase of the methodology will be in-
troduced in this paper. The simulation models as developed in the first
phase, are used in the second phase to simulate an occupied situation
during a reference year. Firstly, this requires a user profile to be defined
for the HAM-model, in order to determine indoor temperature set
points, ventilation rates, heat gains and moisture production levels (as
described in section 2.2 User Profile). Secondly, the exterior boundaries
are determined by climate data of a reference year (data provided by
the Royal Netherlands Meteorological Institute: 1st of May 1974–30th of
April 1975 is recommended as a reference year [62]). Thirdly, based on
the output of the coupled simulation – being hourly relative humidity
and temperature data of the zones (HAM-model), and surface tem-
perature of the critical evaluation points of the construction (COMSOL-
model) – the relative humidity at the critical surfaces can be calculated
(as described in 2.3 Relative Humidity). Due to vapour open insulation
material, this can be calculated using the vapour pressure of the ceiling
cavity. Lastly, the surface temperature and relative humidity data are
used as input for advanced mould prediction models to calculate the
risk of mould growth (see section 2.4 Mould Growth). Thereby, the
results of this second phase will indicate the hygrothermal perfor-
mance, and potential associated risks of condensation or mould growth,
of the proposed refurbishment design during a reference year.

The third phase of the methodology is a sensitivity analysis, which
focusses on defining the most important parameters impacting the hy-
grothermal performance, and secondly to test the improvement that can

be achieved by revising these parameters. Firstly, the results of the
average year simulation are analysed in order to identify those factors
that are most relevant to the identified risks (see 4.1 Parameter
Selection). Secondly, these parameters are changed in the simulation, in
order to improve the hygrothermal performance. The individual impact
of these parameter changes on the result is evaluated. Thirdly, based on
the outcomes of the individual parameter changes, the next step of the
sensitivity analysis is to run a series of simulations combining the most
promising parameter changes in order to further optimize the hygro-
thermal performance. Lastly, these results are interpreted in order to
review the proposed refurbishment design, and to suggest optimizations
or changes to it that could limit the hygrothermal risk.

2.2. User profile

The temperature set points were based on ISSO 41 [63]. The sug-
gested daytime temperatures are 21 °C for the living and kitchen and
18 °C for the bedrooms. The night time setback is 5 °C between 23:00
and 7:00. As the apartment is modelled as one zone, the setpoint was
21 °C during the day and 16 °C during the night.

The ventilation system relies on natural inlet (trickle vent in
window frame) and mechanical extract, which can be set to a CO2-
based demand control setting, but can also manually be set to a per-
manent low (Qv=36m3/h, equal to 0.24 ACH), medium
(Qv= 150m3/h, equal to 1.01 ACH) or high (Qv= 275m3/h, equal to
1.85 ACH) setting. An additional switch in the bathroom provides the
opportunity to put the ventilation to the high setting for 10, 30 or
60min. The CO2-based demand setting was assumed to be used, instead
of simulating the CO2-level in the dwelling, the ventilation setting was
assumed to be correlated to the number of people present in the
dwelling. The ventilation is assumed to be on its lowest setting in the
presence of 0–1 people, medium setting in the presence of 2–4 people,
and high setting in the presence of 5 or more people. This resulted in
the ventilation being set to the lowest setting from 09:00 to 15:00 and
to the medium setting for the rest of the day. Additionally, a one-time
60min maximum ventilation setting was incorporated, for someone
pressing this button once a day. This results in an average ventilation of
127m3/h, which corresponds to 0.85 ACH. The Dutch building code
doesn't specify the air change rate of dwellings, and instead only sets
requirements to the capacity of the ventilation system [64]. However,
this meets the minimum ventilation rate requirements and re-
commendations of the EU in general and the neighbouring countries,
which correspond to approximately 0.5–0.6 ACH (see [65]).

The moisture generation is based on British standard BS 5250:2002
[66]. A Handbook of Sustainable Building Design and Engineering [67]
provides a comparison of a range of moisture estimation standards, the
British standard was selected because it was well aligned with most
standards, providing ‘average’ estimations of moisture production. For
a three person household, with one person staying home during the
day, this results in almost 8.3 kg moisture production per day (an
hourly overview of the simulated moisture production, temperature
setpoints, heat gains and ventilation settings can be found in [65]).

Fig. 3. Methodology consisting of 3 phases: model validation, average year simulation and sensitivity analysis (Source [7]).
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2.3. Relative humidity

As a general rule of thumb, there is a risk of mould growth when the
relative humidity near the surface rises above values of 80%; the risk is
dependent on the surface temperature and the number of days of ex-
posure [68]. ISO 13788:2012 [69], titled ‘Hygrothermal performance of
building components and building elements – internal surface temperature to
avoid critical surface humidity and interstitial condensation – calculation
methods’, requires the average relative humidity near internal surface to
be below 80% during the coldest month of the year. For each country,
this results in a ‘temperature factor’ as part of the building code: a
minimal value which is used to assess thermal bridges in new con-
struction. For the UK this value is 0.75 [70] and for the Netherlands this
value is 0.65 (as required by the Dutch building code (Dutch: Bouw-
besluit) [71], and NEN 2778:2015 [72]). However, this standard only
applies to new construction, and moreover only targets interior sur-
faces, and therefore doesn't evaluate the risk of interstitial condensation
and mould growth inside of the construction.

However, in order to prevent mould growth and condensation risks
in existing structures, the same standard should apply. In addition, an
evaluation of the risk of mould growth and condensation of parts of the
building that can be reached by internal air should also be included in
the building code. This is underlined by the ASHRAE Standard 160
(Criteria for Moisture Control Design Analysis in Buildings) [73], which
is based on IEA Annex 14 [74]. It requires the 30-day moving average
(MA) surface relative humidity to be below 80% (for surfaces with a
moving average surface temperature between 5 °C and 40 °C), which is
similar to the requirement set by the above-mentioned ISO standard
and the corresponding Dutch building code. In addition, it requires the
7-day moving average surface relative humidity to be below 98%, and
the 24-h moving average surface relative humidity to be below 100%.
The ASHRAE standard applies these criteria to ‘all materials and sur-
faces, except the exterior surface of the building envelope’.

As a first indication of mould growth risk, the requirements of the
24-h, 7-day and 30-day moving average surface relative humidity not
surpassing 100%, 98% and 80% respectively, is used in the evaluation
of the results. From the average year simulation, the relative humidity
and temperature data of each of the zones is simulated. The linked
COMSOL model subsequently calculates the surface temperatures of the
construction detail. In steady state or slowly changing conditions, the
relative humidity near the surface can be calculated from the vapour
pressure near the surface and the saturation pressure at that surface (see
equation 1, adapted from [75]). It is assumed that the air is well mixed
and differences from relative humidity's measured arise from differ-
ences in the saturation pressures, e.g. near the surfaces. The relative
humidity near the surface φs thus may be taken from the relative hu-
midity simulations of the zone adjacent to the surface [75–77].

φ P
P

φ P
Ps

i

sat s

i sat i

sat s,

,

,
= =

×

(1)

whereby:

φs = relative humidity near the surface (hereinafter also referred to
as ‘surface RH’)
φi = relative humidity interior air (zone adjacent to surface)
Pi=vapour pressure interior air (zone adjacent to surface)
Psat,i=saturation pressure interior air
Psat,s=saturation pressure near the surface

The water vapour saturation pressure Psat is calculated by means of
an empirical relationship as a function of temperature [75]:

( )P e611sat θ
θ

θ( )
17.08

234.18= ⋅ + (2)

whereby:

θ=temperature (being≥ 1 °C)

When the calculated relative humidity near the surface surpasses
100%, this indicates surface condensation is occurring. Naturally, re-
lative humidity cannot surpass 100%. Therefore, throughout the paper,
the term ‘calculated’ surface relative humidity is used instead. In ad-
dition, the parts of graphs indicating relative humidity values above
100% are highlighted in red, specifying in the legend that this indicates
condensation. The hygrothermal model doesn't simulate the amount of
condensation occurring, nor does it simulate accumulation or drying
out of liquid moisture. Instead, the calculated indication of surface
condensation provides some initial insight in the amount and duration
of condensation occurring. Generally, continued periods of condensa-
tion should be avoided; the ASHRAE standard 160 requires the 24 h
moving average to remain below 100%. Therefore, this calculated in-
dication of surface condensation is sufficient for the purpose of flagging
a hygrothermal risk, assuming the occurrence of condensation should
be avoided to begin with.

2.4. Mould growth

Although the criteria set by the ASHRAE Standard 160 provide a
first indication of mould growth risk, they are a simplification of the
complexity of mould growth, not taking into account mould types,
substrate material types, temperature and other factors. Therefore,
advanced mould prediction models have been developed. The VTT
model [78], Sedlbauer's isopleths [79], Sedlbauer's biohygrothermal
model [79,80] and the mould index used by WUFI Bio are often men-
tioned as the most commonly used mould prediction models and are
frequently discussed in comparison [68,81–83]. A publication by Ver-
eecken, Vanoirbeek and Roels [82] provides a preliminary comparison
of these commonly used models based on a laboratory experiment and
concludes that using the VTT and WUFI-Bio mould indices, an under-
estimation of the mould risk is possible. In this research, the mould
prediction tool developed by Martens [84] is used, which is based on
the isopleth system described by Sedlbauer [80] (see Fig. 4) based on
fungi common in buildings.

Fig. 4. Sedlbauer's isopleth system for mould growth prediction per substrate type (I and II), predicting time till germination (left) and subsequent growth rate (right)
(Adapted from source [80]).
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In the model, the data on simulated temperatures and relative hu-
midity's close to critical points are assessed directly. Martens [84],
provides an extensive explanation of the mould prediction model that
was used, the main considerations will be introduced here. The first
step is to calculate the germination period by charting the simulated
temperature and corresponding relative humidity data in the germi-
nation chart. The curves represent that germination occurs when the
curve is exceeded for a certain continuous period of time (e.g. after
exceeding the 8-day curve for 8 successive days). From this point for-
ward, the spores germinate and are now able to grow. The temperature
and corresponding relative humidity data for the time simulated after
this germination point, is charted in the mycelium growth chart. For
each combination of temperature and relative humidity, a specific
growth rate of 0–5mm/day is determined. The outcome is the total
amount of mycelium growth in millimetres during the measured period.
Sedlbauer developed the isopleth system for two substrate types, cate-
gory I – biodegradable materials, and category II – porous materials. As
evaluation point Beam shares an interface with wood, category I was
chosen for this research.

Vereecken and Roels [68] identified a few limitations of the Sedl-
bauer isopleth model, which don't apply to the model used by Martens
[84]. Vereecken and Roels signal that although a delay during un-
favourable conditions is included in the model, a possible drying out of
the spores is not considered. Although the possible drying out of spores
is not the priority for risk assessment purposes – as germination and
mould growth should in itself be reason for concern – it is important to
consider for the long-term effects. Martens [84] estimates that a relative
humidity of 55% or less continuously for at least one month would
cause active fungi to die. Moreover, Martens [84] added a setback to
the germination time: when conditions suitable for germination don't
last long enough, and the conditions fall below the so-called Lowest
Isopleth for Mould (LIM), as shown in Fig. 4, the process of germination
stops and starts over. Both the VTT model [78] and the biohy-
grothermal model developed by Sedlbauer also include a (limited)
setback and allow for the interim drying out of spores.

As a second step to provide more insight in the data, a Climate
Evaluation Chart (CEC) is used, which was developed by Martens [84].
A CEC is based on a standard psychometric chart for air, in which the
humidity mixing ratio (g moisture per kg of dry air), the dry bulb
temperature (˚C) and corresponding relative humidity curves (%) are
charted. The hourly data on the evaluation of the critical points during
a reference year is represented by seasonal colors (i.e. winter in blue,
spring in green, summer in red, autumn in brown). Moreover, weekly
averages are also charted, using different symbols for the season in
which they occur. Although a CEC is mostly used to evaluate indoor
climate conditions, it can also be used for the evaluation of surface
humidity and temperature.

3. Results reference year simulation

3.1. Relative humidity

The results of the surface temperature simulations and surface hu-
midity calculations of the critical points of the construction during a
typical cold week with high relative humidity levels, representing the
winter scenario, is presented in Fig. 5. The exterior temperature is
hovering around 0 °C and the exterior relative humidity is approxi-
mately 80%. The critical evaluation points reach temperatures as low as
1 °C (Column), 4 °C (Beam) and 10 °C (Girder). The relative humidity of
the indoor air is approximately 40%, while the relative humidity of the
ceiling cavity is approximately 50%. When calculating the relative
humidity near the critical surfaces, this results in calculated relative
humidity values over 100% for most of the week for both points Beam
and Column. The simulation therefore indicates that interstitial con-
densation will be occurring almost constantly throughout the week on
these critical points in the construction. The relative humidity near the

surface of evaluation point Girder remains mostly below 80%.
The results representing a summer scenario, being a typical warm

week with high relative humidity levels, are presented in Fig. 6. The
exterior temperature is approximately 20–25 °C during the day, and
15 °C during the night. The exterior relative humidity levels fluctuate
from approximately 95-100% during the night, to 65% during the day.
The solar irradiation on the façade causes the critical points of the
construction to reach temperatures of approximately 30 °C during the
day. However, during the night, when the critical points cool down to
approximately 15–20 °C, the critical points of the construction reach
calculated surface humidity levels of approximately 80–90%. This
shows that even during summer, conditions suitable for mould growth
may temporarily be met.

When it comes to the evaluation of the results over the full year, the
weekly averages of the surface temperature and relative surface hu-
midity of the critical points are presented in Fig. 7 (graphs showing the
daily and hourly average results are presented in [65]). During the full
autumn and winter (15th of September to 15th of March), the weekly
average surface humidity of point Beam remains almost continuously
above 80%, with an overall six-month average of 92%, and maximum
30-day moving average of 96%. For point Column, the weekly average
calculated surface humidity remains continuously over 100% during
five out of these six months, with an overall average calculated surface
humidity of 105% during these six months, and the 30-day moving
average reaching 112%. This indicates almost continuous condensation
for approximately 5 months of the year, which may result in water
accumulating in the construction. The 30-day, 7-day and 24-h moving
averages of both evaluation points far exceed the maximum values as
defined by the ASHRAE standard [73].

3.2. Mould growth

The results of the relative surface humidity of the critical points, far
exceed the limits set by the standards. However, in order to evaluate the
mould growth risk, the temperature of these surfaces plays an im-
portant role. As the critical points are behind the insulation, they reach
relatively low surface temperatures, which means that 80% relative
humidity doesn't necessarily have to result in mould growth risk. The
mould prediction model takes this into account. Nevertheless, when
calculating the mould growth prediction, this results in large amounts
of mould growth for both evaluation points Beam and Column (see
Fig. 8 - right). The model even estimates the overall mould growth
during the average year simulation to be 382mm and 756mm. Al-
though these values should not be taken too literally, as they are based
on laboratory conditions and extrapolated, they do indicate that the
mould growth problem would be substantial. The Climate Evaluation
Charts, (see Fig. 8 - left), indicate that mould growth will mostly occur
in the autumn and the winter.

4. Sensitivity analysis

4.1. Parameter Selection

The results of the simulation of a reference year of occupation in the
test-dwelling predicted large amounts of mould growth and condensa-
tion in the construction on both critical point Beam and Column. The
cause of this interstitial condensation occurring can be associated to
multiple parameters related to the refurbishment design. Interstitial
condensation occurs when moist interior air is transported behind the
vapour barrier and reaches a cold surface. Therefore, the humidity of
the interior air, the airtightness of the vapour barrier, and the tem-
perature of the critical surfaces were identified as key parameters. The
sensitivity analysis is aimed at evaluating the impact of ‘improving’
these parameters in order to consider the feasibility of certain changes
to the refurbishment design in order to reduce the hygrothermal risk.

Firstly, the vapour barrier was not designed, nor installed, with
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great care for airtightness, which results in the vapour barrier being
punctured by screws during the construction (and will subsequently be
further punctured by the residents after the building is occupied). The
risk of applying the vapour barrier directly beneath the interior surface
is flagged by Pavlik & Černý [29], who argue this placement is in-
appropriate, as it is almost impossible to prevent mechanical damage
that impedes the proper function of the barrier (e.g. a sole nail driven
into the wall for hanging a painting will puncture the barrier). More-
over, the ASHRAE Fundamentals Handbook also flags this risk, in the
chapter titled ‘Thermal and Moisture Control in Insulated Assemblies’
[85].

Due to the lightweight characteristics of the construction type,
many air cavities exist within the construction of the walls and ceiling.
Therefore, vapour transfer occurring through the vapour barrier by
convection caused by air leakages, can reach these cavities. As the in-
ternal insulation positioned in these cavities is vapour open, the vapour
in the air reaches the cold side of the insulation. Improving the air-
tightness of the vapour barrier positioned in between the interior cli-
mate and the ceiling can therefore reduce the hygrothermal risk. A
sensitivity analysis of the hygrothermal performance of lightweight
roofs, as conducted by Janssens and Hens, showed that air leakage is a
very significant factor, while the vapour diffusion resistance of the
vapour barrier is of ‘no consequence’ if a perfect airtightness cannot be
achieved [3]. The improvement of the airtightness of the vapour barrier
is evaluated in the sensitivity analysis in two ways: by modelling a
reduced interzonal airflow, and by modelling a reduced pressure de-
pendent air leakage. These parameter changes therefore represent a
scenario in which the design of the refurbishment was changed to

optimize the airtightness of the vapour barrier, for example by changing
the location of the vapour barrier, or by replacing it with an airtight
material.

Secondly, due to the internal insulation, both the beam and column
surface temperatures are greatly reduced. Moreover, as there is addi-
tional insulation positioned in between the columns, while the columns
remain in contact with the exterior panels and the wall cavity, they
form a thermal bridge through this part of the insulation. The weekly
average surface temperature reaches approximately 6 °C (Column) and
8 °C (Beam) during the coldest week, with hourly temperature values as
low as −0.5 °C (Column) and 3 °C (Beam) when the exterior tempera-
ture dropped to −4.4 °C. Naturally, increasing the surface temperature
of the critical points will have a positive effect on the hygrothermal risk.
This can be achieved either by reducing the internal insulation, or by
reducing the thermal bridge. This is evaluated in the sensitivity analysis
by raising the surface temperatures of the critical points of the con-
struction.

Thirdly, the relative humidity of the air in the ceiling cavity may be
reduced by increasing the ventilation of the dwelling. This may, how-
ever, lead to reduced energy efficiency. Moreover, the relative humidity
of the dwelling should also stay within a comfortable range, which was
taken into account in the consideration of increased ventilation profiles.
Two increased ventilation profiles were evaluated in the sensitivity
analysis (see Table 1).

The proposed parameter changes did not significantly impact the
temperature of the ceiling cavity. The largest temperature change is
caused by maximum increased ventilation, which results in an average
hourly temperature change of 0.02 °C during the autumn and winter

Fig. 5. Calculated hourly surface RH (top) and T (bottom) of the critical points – Beam, Girder and Column – during a cold week of the reference year. For both points
Beam and Column, the calculated surface RH surpasses 100% for most of the week, indicating interstitial condensation will occur almost continuously on these
points. The RH and T of the air (exterior, interior, and ceiling) are shown as dotted lines as a reference.
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months (max. hourly difference of 0.46 °C). Therefore, these tempera-
ture changes were neglected in the calculation of the surface tem-
peratures of the critical points, allowing the sensitivity analysis to be
conducted using only the HAM-model. The analysis focussing on the
increased surface temperature of the critical points is calculated in-
dependently from both models, simply by increasing the surface tem-
perature manually in the dataset. (All data presented in this paper is
presented in [65]).

4.2. Results individual parameters

4.2.1. Reduced interzonal airflow
In the base scenario, a constant airflow (β) of 0.0933 dm3/m2·s·Pa

was simulated as this provided the best fit to the on-site measurement
(see [7]). For the sensitivity analysis, the airflow between zone 1 and 2
was reduced by 25%, 50%, 75%, 80%, 85%, 90%, 95% and 97.9%.
Moreover, a ‘perfect’ airtightness of absolutely no air leakage was si-
mulated, although this result is considered unrealistic and should
therefore not be seen as attainable.

The results show that reducing the airflow does significantly im-
prove the outcomes, but only if the airflow is reduced considerably. As
can be seen in Fig. 9, an airflow reduction of 25%, 50% and 75% (the
blue lines), doesn't significantly reduce the relative humidity. Only
those scenarios where the airflow is reduced by 90% or 95%, the re-
lative humidity is severely reduced (the green lines from dark to light
represent 80%, 85%, 90%, 95% and 97.9% reduction). However, even
if the airflow was reduced by 97.9%, to 0.00194 dm3/(m2·s), the surface
humidity of both critical points would not meet the standards as set by

ASHRAE. The max. 30-day moving average of the relative humidity
near the surface, which is required to be below 80%, would be 85%
(Beam) and 97% (Column). Additional graphs showing the weekly
average surface relative humidity of evaluation point Beam and the
weekly average relative humidity of the air in the ceiling cavity are
presented in [65].

4.2.2. Reduced pressure dependent air leakage
As the second step of the sensitivity analysis, the constant interzonal

airflow was replaced by a pressure-dependent air leakage coefficient
(C), as this is a more realistic representation of air leakage. No literature
could be found estimating the air leakage rate between an interior
climate and a ceiling cavity separated by gypsum panels and a vapour
barrier. Estimations that may come close are listed in the handbook
‘AIVC Guide to Ventilation’ [86], which lists air leakage rates for plaster
board ceilings (0.11 dm3/m2·s·Pan with n= 0.75 as the median air
leakage coefficient), for timber panel ceilings with an air barrier
(0.066 dm3/m2·s·Pan with n= 0.78 as the median air leakage coeffi-
cient and 0.2 dm3/m2·s·Pan with n=0.72 as the upper quartile air
leakage coefficient). In addition, ASHRAE Standard 160, ‘Criteria for
Moisture-Control Design Analysis in Buildings’, estimates component
permeance rates ranging from 0.06m3/m2·h·Pa1 (=0.0166 dm3/
m2·s·Pa1) for standard constructions [73], to 0.01m3/m2·h·Pa1 (=
0.0032 dm3/m2·s·Pa1) for air-tight structures. Künzel proposes a further
reduced component permeance rate of 0.007m3/m2·h·Pa1 (=
0.00194 dm3/m2·s·Pa1) for the purpose of moisture transport in hy-
grothermal simulations [87]. However, these estimates by the ASHRAE
standard and Künzel, are related to the entire exterior envelope, and are

Fig. 6. Calculated hourly surface RH (top) and T (bottom) of the critical points – Beam, Girder and Column – during a warm week of the reference year. Results
indicate that even during a typical summer week, conditions suitable for mould growth, and even interstitial condensation, will temporarily be met. The RH and T of
the air (exterior, interior, and ceiling) are shown as dotted lines as a reference.
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therefore not necessarily comparable to the air leakage from the indoor
climate to a ceiling cavity which is only divided by 30mm gypsum
board and a vapour barrier. However, they are adopted in the sensi-
tivity analysis in order to evaluate solutions in which a maximum air-
tightness is achieved. Thus, reduced pressure dependent air leakage
rates of 0.2 dm3/m2·s·Pa0.72, 0.11 dm3/m2·s·Pa0.75, 0.066 dm3/
m2·s·Pa0.75, 0.0166 dm3/m2·s·Pa, and 0.00194 dm3/m2·s·Pa were simu-
lated in the sensitivity analysis. Moreover, the non-realistic ‘perfect’
airtightness was simulated.

The first four simulations, those representing the estimated values
for a plaster board ceiling, timber panel with air barrier (2), and
‘standard construction’, all four do improve the results to some extent,
but by far not enough, with max. 30-day moving averages of the cal-
culated surface RH of approximately 95% (Beam) and 110% (Column)
(see Fig. 10, additional graphs showing results of evaluation point Beam
and the relative humidity of the ceiling cavity are presented in [65]).
When simulating the estimated air leakage coefficient for air-tight
structures, this does significantly improve the results, but doesn't en-
tirely solve the problem, with the max. 30-day moving averages of the
surface RH being 85% (Beam) and 98% (Column). For evaluation point
Column, this ‘airtight’ air leakage rate would reduce the number of
weeks in which the average calculated surface RH surpasses 100% to 2
weeks, instead of the 21 weeks for which this was the case in the base
scenario. However, there would still be 25 weeks in which the average
calculated surface RH surpasses 80%. The final simulation, representing
the unrealistic ‘perfect’ airtightness, would reduce the max. 30-day

moving average to 80% for evaluation point Beam, which is equal to the
limit set by the standards. However, for evaluation point Column, the
max. 30-day moving average would still be far over the set limit, at
92%.

4.2.3. Increase ventilation
As the third evaluation of the sensitivity analysis, the ventilation of

the dwelling was increased. In the base scenario, the average hourly air
change rate (ACH) is 0.85, which is based on an hourly estimated user
profile with ventilation settings. It must be noted that the simulated
indoor humidity of the dwelling is not exceptionally high for the Dutch
climate, with winter humidity's between 40 and 60%. The Dutch norm
[88], based on ISO 7730, recommends the relative humidity to be kept
between 30% and 70%. In addition, ASHRAE Standard 62.1–2016, re-
commends the upper limit to be 65% [89]. However, publications that
have a stronger focus on mould growth and/or specify seasonal limits
for the winter, recommend the relative humidity to be kept between
30% and 50% [90,91], 30% and 55% [92], and 40% and 60% [93].
Therefore, it is assumed that reducing the relative humidity by in-
creased ventilation will have a positive effect on the hygrothermal risk,
while 30% relative humidity was considered as the lower acceptable
limit.

Two additional scenarios were simulated, which result in an average
air change 1.0275 ACH and 1.22 ACH, with the ventilation set to the
maximum setting during activities such as cooking and showering (see
[65] for hourly ventilation settings). Both scenarios do significantly

Fig. 7. Weekly average calculated surface RH (top) and T (bottom) of the critical points – Beam, Girder and Column – during the full reference year. Results indicate
that the weekly average calculated surface RH on evaluation point Column will surpass 100% for most of the autumn and winter period, which suggests prolonged
periods of interstitial condensation. The weekly average calculated surface RH on evaluation point Beam will surpass 80% for most of the autumn and winter period,
which suggests a prolonged period of time in which the conditions for mould growth will most likely be met. The RH and T of the air (exterior, interior, and ceiling)
are shown as dotted lines as a reference.
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reduce the calculated relative surface humidity of the critical evalua-
tion points (see Fig. 11, additional graphs for evaluation point Beam
and relative humidity of the ceiling and interior are presented in [65]),
but again, it is not enough to solve the problem. The maximum venti-
lated scenario does result in a few weeks of the year having an average
indoor relative humidity of 35–37% and hourly values of approximately
30%. Therefore, further increasing the ventilation may result in the
indoor relative humidity becoming too low.

4.2.4. Increase surface temperature
In the base scenario, the weekly average surface temperature of the

critical points reaches approximately 6 °C (Column) and 8 °C (Beam)

during the coldest week, with hourly temperature values as low as
−0.5 °C (Column) and 3 °C (Beam) when the exterior temperature
dropped to −4.4 °C. For the sensitivity analysis, this surface tempera-
ture was simulated to be 1 °C, 2 °C, 3 °C and 4 °C warmer. These tem-
perature increases were chosen because they seem realistic to achieve
by reducing the internal insulation (see [65] for a graph showing the
increased surface temperatures in relation to the indoor and outdoor
temperatures). A scenario with even higher increased surface tem-
peratures could be achieved by strongly reducing the thermal bridge,
but due to the technical details of the Airey system, this is not easily
achieved. Although a continuous equal temperature increase in summer
and winter is not realistic, this does show the potential of increasing the

Fig. 8. Results of the average year simulation: Mould growth prediction according to the Sedlbauer Isopleth System for both evaluation point Beam (top right) and
Column (bottom right); and Climate Evaluation Charts (CEC) (left) of these evaluation points, showing the seasonal spread and weekly averages. Large amounts of
mould growth are predicted for both evaluation points, the CEC indicates the autumn and winter are the most critical seasons.
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surface temperature in winter. Naturally, increasing the surface tem-
perature of the critical points has an immediate effect on the relative
humidity near the critical surfaces (see Fig. 12). Increasing the surface
temperature by 3 °C, would solve the problems for evaluation point
Beam, with the maximum 30-day moving average of the calculated
surface RH being 79%. The maximum 30-day moving average of the
Column would be 91% in this scenario. As the surface temperature of
evaluation point Column is approximately 2 °C colder than evaluation
point Beam during the winter months, this point would have to be in-
creased by 5 °C to meet the requirements.

4.2.5. Overview results
In order to provide an overview of the comparative impact of these

parameter changes, Table 2 shows: firstly, the average surface humidity
during the year and the average surface humidity during the 6 coldest
months on the critical evaluation point; secondly, the 30-day, 7-day,
and 24-h maximum moving average surface humidity levels; and
thirdly, the number of weeks the average calculated surface RH is over
80% and over 100%. The requirements, as set by the ASHRAE standard
160 [73], are included in the table as a reference. Moreover, the table is
colour-coded in order to provide a quick overview of whether a result
meets the requirements or not, and to what degree (i.e. green meets the
requirements, white is equal to the requirements, light-red does not
meet the requirements, and red exceeds the requirements by a lot).

When evaluating the overall results of the sensitivity analysis, it
becomes apparent that there is no single proposed parameter im-
provement that can absolve the hygrothermal risk. Taking the max. 30-
day moving average as the deciding factor, there is only one realistic
proposed parameter change that would absolve the risk at evaluation

point Beam: increasing the surface temperature of the critical points by
3 or 4 °C. However, in order to solve the risk for evaluation point
Column, the surface temperature would have to be raised by at least
5 °C. As no single parameter change can absolve the hygrothermal risk,
but all show significant improvements, the effect of combined para-
meter changes is assessed.

4.3. Results combined parameters

As a last step of the sensitivity analysis, the individual parameters
were combined in order to achieve a more significant improvement of
the hygrothermal risk. Fig. 13 shows the results of simulating a pressure
dependent air leakage of 0.00194 dm3/(m2·s·Pa1) – the air leakage es-
timated for airtight structures – in combination with both increased
ventilation profiles and all four increased surface temperature profiles.
Due to the increased airtightness, the difference between both venti-
lation profiles is negligible (which results in almost overlapping lines in
Fig. 13). Two additional scenarios were simulated, in which the pres-
sure dependent air leakage was 0.0166 dm3/(m2·s·Pa1) – the air leakage
estimated for standard structures – and 0.00931 dm3/(m2·s·Pa1) – the
air leakage in the middle of the estimated air leakage for airtight
structures and for standard structures. For both simulated air leakage
coefficients, the results are presented in [65].

The combined scenarios show a much larger reduction of the weekly
average relative humidity of the critical surfaces than any of the in-
dividual parameters did. Moreover, the two scenarios with the max-
imum increase of the surface temperature, only have one weekly
average calculated surface RH reaching 80% at evaluation point
Column. Table 3 shows the results of the combined parameter analysis

Table 1
Parameter changes used for sensitivity analysis.

Decreased Interzonal Airflow β1,2 Pressure Dependent Air Leakage C1,2 Increased Surface Temperature T,surf Increased Ventilation avg. ACH

β1,2= 0.0933 dm³/(m2·s)a(BASE) C1,2= 0.20 dm³/(m2·s·Pa0.72)b T,surf +1 °C avg. ACH=0.85 (BASE)
β1,2= 0.0700 dm³/(m2·s)a C1,2= 0.11 dm³/(m2·s·Pa0.75)b T,surf +2 °C avg. ACH=1.0275
β1,2= 0.0467 dm³/(m2·s)a C1,2= 0.066 dm³/(m2·s·Pa0.78)b T,surf +3 °C avg. ACH=1.22
β1,2= 0.0233 dm³/(m2·s)a C1,2= 0.0166 dm³/(m2·s·Pa0.78)b T,surf +4 °C
β1,2= 0.0187 dm³/(m2·s)a C1,2= 0.00194 dm³/(m2·s·Pa1)b

β1,2= 0.0140 dm³/(m2·s)a C1,2= 0.000 dm³/(m2·s·Pa1)b

β1,2= 0.0093 dm³/(m2·s)a

β1,2= 0.0047 dm³/(m2·s)a

β1,2= 0.00194 dm³/(m2·s)a

β1,2= 0.000 dm³/(m2·s)a

a = zone 2 – zone 3, β2,3=0.279 dm³/(m2·s).
b = zone 2 – zone 3, C2,3= 0.52 dm³/(m2·s·Paⁿ) with n=0.67.

Fig. 9. Reduced interzonal airflow. Weekly average calculated surface RH of evaluation point Column with reduced interzonal airflow rates. The black dotted line
represents the base scenario. The blue lines represent an airflow reduction of 25%, 50% and 75%. The green lines represent and airflow reduction of 80%, 85%, 90%,
95% and 97.9%. The red dotted line represents the unrealistic ‘perfect’ airtightness with no air leakage. For all cases, β2,3= 0.279 dm3/(m2·s). (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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in relation to the requirements set by standards. All six scenarios
combining the increased surface temperature of 4 °C with the three
reduced pressure dependent air leakage rates and the two increased

ventilation profiles meet the requirements for both evaluation points. In
addition, the scenario's combining a 3 °C surface temperature with a
pressure dependent air leakage rate as estimated for airtight structures

Fig. 10. Reduced pressure dependent air leakage. Weekly average calculated surface RH of evaluation point Column, with reduced and pressure dependent air
leakage rates. The black dotted line represents the base scenario. The blue lines represent the estimated air leakage coefficient of a plaster board ceiling
(C1,2= 0.11 dm³/(m2·s·Pa0.75), and a timber panel with air barrier (C1,2= 0.066 dm3/(m2·s·Pa0.75) [86]. The green lines represent the estimated component air
leakage coefficient for ‘standard’ constructions (C1,2= 0.0166 dm3/(m2·s·Pa1), and for ‘airtight’ constructions (C1,2= 0.00194 dm3/(m2·s·Pa1) [73,87]. The red
dotted line represents the unrealistic ‘perfect’ airtightness with no air leakage. ** For all cases, C2,3= 0.52 dm3/(m2·s·Pa0.67). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Increased Ventilation. Weekly average calculated surface RH of evaluation point Column, with increased ventilation rates. The black dotted line represents
the base scenario. Although increasing the ventilation reduces the surface temperatures of the evaluation point, it does not have enough impact to mitigate the
hygrothermal risks.

Fig. 12. Increased surface temperature. Weekly average calculated surface RH of evaluation point Column, with increased surface temperatures. The black dotted
line represents the base scenario. The blue lines represent the increased surface temperatures. Increasing the surface temperature naturally has a direct correlation to
reducing the relative humidity at these surfaces. Although an increased surface temperature of 4 °C is not enough to mitigate the hygrothermal risk at evaluation
point Column, it does result in the most significant improvement of all parameter changes in the sensitivity analysis. (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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(0.00194 dm3/(m2·s·Pa1)), also meet all the requirements.
As a final evaluation, the mould growth prediction model was used

to evaluate the results. Merely relying on relative humidity surface le-
vels may over-estimate the problem, as the accompanying temperature
levels may be relatively low, which reduces the risk of mould growth. In
Table 3, the bottom four rows indicate whether a germination risk is
occurring (yes (y) or no (n)), and if so, the amount of mould growth that
is estimated to occur. The mould prediction model shows that in almost
all scenarios, there will be a risk of germination on evaluation point
Column. The only two scenarios for which this is not the case are the
maximum decreased air leakage rate (0.00194 dm3/(m2·s·Pa1) in com-
bination with the maximum increased surface temperate (+4 °C). Al-
though a germination risk is predicted in almost all scenarios, for all
scenarios with an increased surface temperature of at least 2 °C, there is
no actual mould growth predicted. In addition, for most of the scenarios
in which no mould growth was predicted on evaluation point Column,
the 30-day moving average does fall below 55% during the year, which
could cause active fungi to die [84]. Fig. 14 shows the mould growth
prediction curves of the base scenario and two of the combined para-
meter scenario's.

5. Conclusion

Based on the initial results and the sensitivity analysis, it can be
concluded that applying a ‘standard’ interior insulation system – being a
system with a vapour barrier directly below the interior surface – to
dwellings constructed with the Airey system, would result in a serious

mould growth problem. Moreover, interstitial condensation would be
occurring almost continuously throughout the heating season. The
sensitivity analysis reviewed the impact of airtightness, thermal bridge
effect, and ventilation levels on the hygrothermal risk. All three pro-
posed parameter changes prove to significantly reduce the hygro-
thermal risk. Increased ventilation of the dwellings can, as a standalone
measure, not absolve the hygrothermal risk. Increased airtightness of
the construction only has a very significant impact if a high level of
airtightness can be achieved. Moreover, even at the highest realistically
achievable airtightness, the hygrothermal risk is not averted by this
measure alone. Increasing the surface temperature of the critical points
does significantly reduce the risk, and is the only measure that can by
itself solve the problems, if the surface temperature is raised by at least
5 °C. However, this would either mean severely reduced insulation le-
vels, which negatively influenced the energy performance of the
dwellings or solving the thermal bridge, which is not easily achieved
when applying internal insulation.

The combined evaluation of the improved parameter changes do
indicate a range of possible scenarios in which no mould growth would
be predicted. However, in almost all cases there would still be a ger-
mination risk. Moreover, only those scenarios including at least a 2 °C
increase in surface temperature of the critical points did not result in
mould growth. Therefore, it can be concluded that all viable scenarios
include either a reduced level of internal insulation, or a reduced
thermal bridge. In addition, the air leakage rate was proven to have a
very large impact, and thus needs to be reduced significantly.

The next step of this research will be the development of safe

Table 2
Overview of results sensitivity analysis.
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refurbishment design proposals. In the development of these proposals,
in addition to the hygrothermal risk, the heritage impact and the en-
vironmental impact (through life cycle assessment) of the refurbish-
ment will be considered. For example, reducing the level of insulation
and increasing the level of ventilation will reduce the hygrothermal
risk, while having a negative impact on the energy performance of the
dwelling, and thus on the environmental impact. This balance, of re-
ducing both environmental impact and hygrothermal risk, while lim-
iting the heritage impact of the intervention, will be explored through
the evaluation of different refurbishment design alternatives.

6. Discussion & recommendations for future research

It is alarming that this proposed refurbishment design, which would
have been disastrous from a hygrothermal risk point of view and
could've resulted in danger to both the heritage structure as well as the
health of the inhabitants, would've been applied without any concern
being raised if it wasn't for this research. The refurbishment was de-
signed by an architectural office with a lot of experience in dealing with
heritage buildings. The design was subsequently evaluated for hygro-
thermal risks by a large building physics consultancy firm. The design
passed all requirements in the building code, and had been approved by
the consultancy firm, who specifically assessed the construction parts
that were evaluated in this research: the wall-to-floor connection, and
the wall-to-roof connection. However, the only aspect that was eval-
uated was the hygrothermal risk at the interior surfaces, as required by
the building code [71]. While the hygrothermal risks surrounding
wooden beam-ends embedded in solid masonry walls are generally
understood and recognized, which leads architects and building phy-
sicists to be cautious, and to propose specific measures to eliminate the
risks. This recognition and awareness is not present when it comes to

this type of construction system. This paper hopes to raise awareness of
the sensitivity of this type of non-traditional post-war construction
systems to hygrothermal risks.

This is particularly urgent, because those Airey-buildings that are
currently being refurbished with internal insulation, are done so due to
their recognized heritage significance. Thereby, they are some of the
first examples of dwellings built with post-war industrialized con-
struction systems to receive this recognition, and thus, are presumably
part of this period's greatest buildings. While internal insulation is being
applied in order to protect the heritage significance of these buildings,
doing so without a proper understanding of the hygrothermal risks
could seriously damage and potentially destroy these buildings and the
heritage significance they represent.

Although the results of the sensitivity analysis indicate a range of
possible scenarios in which no mould growth would be predicted, in
almost all cases there would still be a germination risk. It is important
to keep in mind that this evaluation was made considering a reference
year, meaning that a cold year would increase the risk even further.
Moreover, this evaluation was made considering a ‘typical’ household,
consisting of 3 people of which 1 is home during the day, who use the
CO2-setting on the ventilation system and set the thermostat to tem-
peratures as presented in norms. It is well-known that user behaviour
has a very large impact on hygrothermal risks. Therefore, a con-
servative approach would be to incorporate a safety margin to accom-
modate the risk of having higher moisture loads or lower ventilation
rates. In addition, the argument could be made that a CO2 steered
ventilation system should not be optional, but mandatory. Moreover, as
CO2 levels are an indirect indicator, a more direct and thus more ef-
fective solution would be installing a ventilation system that is re-
sponsive to the actual relative humidity level of the dwelling. Lastly, it
is recommended to inform the inhabitants of the impact of their

Fig. 13. Combined parameters. Weekly average calculated surface RH of evaluation point Beam (top) and evaluation point Column (bottom), with a reduced pressure
dependent air leakage of 0.00194 dm3/(m2·s·Pa1) in combination with both increased ventilation profiles (blue: 1.0275 avg. ACH, green: 1.22 avg. ACH), and all four
increased surface temperature profiles. The black dotted line represents the base scenario. (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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behaviour on hygrothermal risks and to instruct them on how to reduce
those risks.

Further research is needed to better understand the air leakage
characteristics of vapour barriers when applied in practice. In this re-
search, an air leakage rate of 0.00194 dm3/(m2·s·Pa1) proved to have a
great impact in reducing the hygrothermal risk. This is the estimated
rate for standard airtight structures, meaning exterior envelopes. It is
therefore unclear, when evaluating current literature, if this is a rea-
listic value to achieve for the air leakage of a ceiling. Furthermore, the
research shows that modelling a perfectly airtight structure, which lit-
erature has proven to be unrealistic, would result in a very significant
underestimation of the hygrothermal risk. Moreover, approaching this
case study with commonly used hygrothermal models solely based on
diffusion would not have flagged this risk, as driving rain is prevented
by the wall cavity and diffusion is prevented by the ‘assumed to be
perfect’ vapour barrier. As has been more thoroughly discussed in the
preceding publication discussing the calibration of the hygrothermal
models (see [7]), the practice of neglecting air leakage in hygrothermal

performance assessments, which is shown to be present both in litera-
ture as well as in regulations, is dangerous both to the cultural heritage,
as well as to the wellbeing of inhabitants. One of the main reasons for
not modelling air leakage, is the unknown characteristics of the leaks,
as they are accidental. This further underlines the need to better un-
derstand which air leakage rates are realistic, so that researchers will
feel more comfortable incorporating such estimations in their work.

7. Limitations

The hygrothermal models that were used in this research evaluate
the temperature and relative humidity of surfaces of critical points in
the construction, to evaluate the risk of condensation and mould
growth. The research didn't estimate the accumulation of condensation
occurring in the construction, and whether this is able to dry out.
Moreover, the research didn't evaluate the probability or degree of
degradation of the materials in the construction due to this condensa-
tion or mould growth. However, as the evaluation is meant to flag a

Table 3
Overview of results sensitivity analysis using combined parameters.
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potential risk (in order to prevent it), this initial assessment of mould
growth risk and condensation is sufficient for this purpose.

In this research, the focus was placed on the critical points of the
construction of the Airey dwelling, being the ceiling cavities. However,
it is probable that good airtightness was also not achieved in the wall,
which could result in similar conditions and cause interstitial con-
densation on the concrete columns throughout the wall. In addition, the
connection of the balconies was also identified as a significant thermal
bridge, which could pose an even greater risk than the evaluation points
considered in this research. However, in the case study evaluated here,
the steel beams supporting the balconies were already severely da-
maged (rust) before the refurbishment. Therefore, the beams were re-
placed, and the thermal bridge was eliminated. It is important to also
take these points of risk into account when applying internal insulation
in a dwelling constructed with the Airey system.
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