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ABSTRACT

This graduation thesis is part of the PhD research about the refurbishment of post-war heritage,
conducted by Lisanne Havinga. The context of this thesis was in the field building physics and services,
the focus was on the hygrothermal aspects of refurbishment solutions. The PhD research started with
the investigation of ten case studies of post-war building (systems). Two case studies have been
chosen for further analyses within the PhD study. One of these two case studies, a post-war prefab
steel concrete frame dwelling (an Airey complex), is discussed in this report.

The refurbishment of an Airey complex was one of the chosen for further analyses because of its
unique construction method and because this building method is characteristic for the post-war
period. The steel/concrete frame, concrete façade panels and non-load bearing inner walls make this
system unique, and standard refurbishment solutions may not be suitable. In addition, a literature
study for refurbishment solutions of monumental buildings concluded there is no ideal single solution
for the internal insulation of monumental buildings. The internal insulation of monumental buildings
may introduce the risk of interstitial condensation, water accumulation, and mould growth. The
performance of internal insulation systems is case study depended. Because there is no hygrothermal
research found on the performance and risks of refurbishment of this building type and due to the
unique character of the Airey system, further research about the refurbishment of this system is
desirable.

To assess the performance of the refurbishment of the Airey dwelling, thermal imaging, 3D heat
transfer simulations, and on-site measurements have been executed. The most important part of the
research was formed by the computer simulations and the measurements. According to detailed
drawings of the case study refurbishment, 3D models have been made of three details: a ground floor
detail, a mid-section detail (a floor and façade connection),  and a roof detail. These models have been
examined by the heat transfer module of the simulation software COMSOL. The models have been
validated by means of time-dependent simulations with the use of the on-site measurements and
weather data. With a validated model, long-term variations have been made to predict different
scenarios of user behaviour. To include seasonal variations, the data of an average year was used for
the simulations. Also the habitation has a large influence on the air humidity, and therefore may have
a large impact on the probability of mould growth and condensation. To predict the risks caused by
habitation the Matlab application HAMbase have been used to generate climate data for different
residential situations. To evaluate the impact of the residents behaviour three user profiles have been
used. One profile was based on standards, and two variations on this scenario have been made. By
means of time-dependent simulations, the impact of several user profiles on the temperature and
relative humidity on critical areas in the dwelling have been assessed. To assess the risks on mould
growth the output of one year time-dependant simulations have been used in advanced mould growth
prediction models.

The obtained results show that the refurbishment solutions for the post-war prefab steel concrete
frame dwellings introduce a high risk of mould growth at some places in the construction and a
medium risk at some places on the interior surface. These are caused by the complex structure of the
Airey system, thermal bridges and perforations in the vapour barrier.
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1 INTRODUCTION

1.1 PhD research Advancing Post-War Heritage
The research in this report is part of a major research about post-war heritage. This research is
conducted by Lisanne Havinga.

Advancing Post-War Heritage: Research through Design
The PhD research aims to develop a methodology which integrates environmental sustainability
and cultural significance in a research through design process on the refurbishment of post-war
heritage. Not only will this create a methodology which can be exemplary for other areas where
a cultural historical fragile environment needs to be transformed sustainably, but this will also
provide insight in how these different disciplines influence the decisions that have to be made in
the design process. The design process will be informed at all scale levels by quantitative
(environmental impact) and qualitative (heritage impact) assessments, aiming to optimize these
two criteria. Additionally, the design process is framed by the criteria costs and comfort & health:
these two criteria do not necessarily need to be optimized, but their requirements need to be
met (see figure 1.1.1).

Figure 1.1.1 Aspect of design decisions (L.C. Having, n.d.)

This report is a graduation thesis in the field building physics and service. Hence, the focus was on the
hygrothermal aspects of a major research conducted by Lisanne Havinga. The major research started
with the investigation of ten case studies of post-war building. Two case studies were chosen for
further analyses (see figure 1.1.2). One of these two case studies was chosen to be analysed in this
report. The reason for this decision to analyse a specific system is further explained in next paragraphs.
First, the term post war-buildings was defined by means of literature research. Followed by a state of
the art review about the refurbishment solutions for monumental buildings. Thereafter, the case study
will be introduced.

figure 1.1.1 Scheme of the Phd research Advancing Post-War Heritage: Research through Design (L.C. Havinga, n.d.)
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1.2 Post-war buildings
In contrast to what many people think, non-traditional residential building methods in The
Netherlands is not a post-war invention, the base for these principles were devised after the first world
war (Ir. R.S.F.J. van Elk & Dr. H. Priemus, 1970). Since 1920 a number of trial projects in the Western
part of the Netherlands were constructed according to non-traditional methods. However, due to a
sharp decline in the construction cost of traditional dwellings, the interest in new building methods
vanished (Ir. R.S.F.J. van Elk & Dr. H. Priemus, 1970). After World War II there was an enormous
housing shortage as a result of the war devastations and the hibernation of the construction industry
during the war. Driven by this housing shortage and various government subsidies for innovative
building methods the interest for non-traditional construction systems resurrected in the post-war
period (Ir. R.S.F.J. van Elk & Dr. H. Priemus, 1970).

In the 1950s the Dutch cities grew rapidly, the focus was on subsidized social medium- and high-rise
housing and on austerity and uniformity (Priemus, 2006). A reason for this focus was to keep the rents
low. The idea was that by these low rents the wages could be kept low which will contribute to the
international economical competitive position of The Netherlands (N. de Vreeze, 1993). In the post-
war period of 1945-1965 the share of social housing was more than 50% of all constructed dwellings
(Blom, 2013).

One of those post-war urban expansions was The Western garden cities of Amsterdam. The plans for
this urban expansion already existed since 1934 (Blom, 2013). For these plans of major influence were
the 1920s, 1930s principles of the new building ‘Het Nieuwe Bouwen’. The design of the buildings was
sober and functional (Tellinga & Hofland, 2004). The major focus was on functional buildings and to
tailor the best possible way of living, working, recreation and traffic. The keywords of the design of
those neighbourhood and dwellings were light, air and space (K. Bosma & L. Crommelin, 1983). The
tradition urban building block whereby the dwellings were built around a (semi-)private garden
disappeared. According to the new philosophy the dwellings were aligned in strips or hooks in a royal
public green space (Tellinga & Hofland, 2004).

The plan was designed with the thought that Amsterdam was a tram and bicycle city. However, in
practice it turned out that Amsterdam was a car town (N. de Boer & D. Lambert, 1987). The original
plans were not changed structurally in here; original avenues were turned into expressways.
Furthermore, an adequate transport system was not designed but rails were simply laid in the middle
of the expressways (N. de Boer & D. Lambert, 1987).
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In the beginning of the 1990s the garden cities faced the filtering down process (Heusden, 1995). This
process is the result of the innovations of the housing industries. By these innovations the new
buildings are of higher quality, which can make the sustainability and usability of the existing housing
doubtful (Heusden, 1995; Priemus, 1984). In 1995, this process is still going on in the garden cities, the
technical quality of the dwelling as well as the quality of the building’s layout lags far behind the new
standards (Heusden, 1995). Also the aging and social drop of the dwelling and environment has the
consequence that in a certain neighbourhood more and more people settle with a relatively lower
socioeconomic status (Heusden, 1995; Priemus, 1984). This process can be seen as a downward spiral
in which the diversity of a population decreases more and more. It can cause a rise in the percentage
of elderly people, beneficiaries and migrants, and a decline of wealthy people (Heusden, 1995).
Further, the neighbourhoods are seen as monotonous and face with a low level of (shopping-)facilities
due to an unattractive business climate (Heusden, 1995).

In general can be concluded that the post-war garden cities need some major improvements to break
the negative image and enhancing the quality of life.
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1.3 Impact of the built environment
In the post-war period there was a huge demand for new dwellings and thermal insulation had no
priority, almost none of the buildings in 1973 had any kind of insulation (P. Fraanje, et al., 2016). The
paper ‘The Limits to Growt’ by The Club of Rome in 1972 and the oil crisis of 1973 was a turning point
in energy policy and had made the society aware of the limits and environmental impact of fossil fuels
(E. Israels, et al., 1989). The government act on these developments by compelling the first formal
building regulations of thermal insulation in 1975 (Ernest Israels et al., 1989). Since then, these
requirements have become more strict (see table 1.1).

These regulations for new buildings will reduce energy consumption in the long term, however new
regulations have no effect on the existing building stock. In Europe about 50% of the existing building
stock have been built before 1970 and about 30% before 1990 (Balaras et al., 2007). In 2007, the
existing building stock was responsible for over 40% of the total energy use in Europe, in which the
residential housing accounts for around 60% and commercial buildings for about 40% of the building
sector. (Balaras et al., 2007)

The post-war existing building stock is not built according to today’s strict regulations, with the
consequences of using much more energy compared with dwellings built according to today’s
standards. As a result of the stricter regulation, the building industries started using thermal insulation
material since 1975. The post-war buildings are built long before this transition, in the period of 1945-
1965,  therefore every post-war building probably contains no thermal insulation at all if they haven’t
been refurbished. That is why the energy performance of these buildings have a huge potential to be
improved by renovation.

Table 1.1 Historical overview thermal building regulations

Year
Thermal insulation requirements according to the Dutch building code
Whereby, Rc-value = thermal resistance [m2K/W], U-value = thermal transmission [W/m2K]
Floor Façade Roof Glazing References

≤1964 none none none none (E. Israels, et. al,
1989)

1965 none

‘moderate’≈
Rc ≥ 0.43 or
cavity wall

‘moderate’≈
Rc ≥ 0.43 none

1975 Rc ≥ 0.5 Rc ≥ 1.3 Rc ≥ 1.3 none
1980 Rc ≥ 1.3 Rc ≥ 1.3 Rc ≥ 1.3 double-glazing, in

kitchen and living

(Bouwwereld, 2008)

1985 Rc ≥ 1.3 Rc ≥ 2.0 Rc ≥ 2.0
1988 Rc ≥ 1.3 Rc ≥ 2.5 Rc ≥ 2.5 double-glazing, all
1992 Rc ≥ 2.5 Rc ≥ 2.5 Rc ≥ 2.5 U ≤ 4.20 (“Online

Bouwbesluit,” n.d.)2003 Rc ≥ 2.5 Rc ≥ 2.5 Rc ≥ 2.5 U ≤ 4.20
2012 Rc ≥ 3.5 Rc ≥ 3.5 Rc ≥ 3.5 U ≤ 1.65 (“Artikel 5.3

Thermische isolatie,”
n.d.)2015 Rc ≥ 3.5 Rc ≥ 4.5 Rc ≥ 6.0 U ≤ 1.65
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The energy saving potential of post-war buildings is emphasised in a report of energy savings in
residential and commercial construction by Ecofys in 2005. As shown in figure 1.1.a, the insulation of
dwellings built before 1966 has the most economic potential, more than 80% of the potential
economic savings can be realized in dwellings built before 1966 (Ecofys, 2005). Almost half of these
savings can be realized by façade insulation and about a quarter by means of roof insulation (see figure
1.1.b) (Ecofys, 2005).

Figure 1.1 Diagrams economic potential in energy reduction of the existing housing: a, year of construction b, place of insulation
(adapted from: Ecofys, 2005)
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1.3 Demolish or Refurbish
The built environment is one of the largest energy end-use sectors; it is currently accounted for around
40% of the final energy consumption in the world. (Fouquet, 2013) This huge share can emphasise the
high potential of buildings for energy and environmental policies.

Nowadays, the building codes have strict regulation to ensure new buildings consume less energy, e.g.
by high insulation requirements (see table 1.1). Consequently, it can be expected that newly
constructed homes will use significant less energy than a post-war building. Therefore, to reduce
energy consumption, it can be attractive to demolish a building and rebuild it according to today’s or
future’s standards. However, the use of materials should not be neglected because the extraction,
processing and transportation of materials have a certain environmental impact as well. The
embodied energy of building built according to today’s standards can accounts for 35% while, thus the
operating phase a uses about 65% of the total life cycle energy (Karimpour, Belusko, Xing, & Bruno,
2014). So not only the operational energy use of buildings should be taken into account, but a more
holistic approach is needed total achieve a low life cycle energy demand of buildings in the future
(Karimpour et al., 2014). This introduces the concept of a refurbishment solution, the upgrading of an
existing building, can be more sustainable than the demolition- and new construction option.

A report about the demolition or refurbishment of social housing, conducted by the University College
London in 2014 concludes that the overall lifetime costs of refurbishment may be lower than
demolition and new construction. And that a refurbish building can have similar levels of energy
performance compared with a new buildings whilst it avoiding the environmental impact of the
demolition and construction of a new buildings. (Crawford, Johnson, Davies, Joo, & Bell, 2014).

A master project at the Eindhoven University of Technology conducted by Michiel Voerman in 2015
emphasises the fact that a refurbishment solution can be more sustainable than the demolition- and
new construction option. This research presents the total lifecycle analyses (LCA) on the
environmental impact of two comparable residential construction projects situated in the Western
garden cities. It concludes that the extra material use and its environmental impact by the demolition-
new construction project, compensates not for the extra energy savings during its use phase
compared to the refurbishment projects (Michiel Voerman, 2015).

As told in paragraph 1.2 the energy performance of  the existing post-war building stock have a huge
potential to be improved by renovation. Demolition of these buildings is not always needed and not
desirable. Rebuilding will uses more materials and can therefore have a higher impact on the
environment than renovation.

Besides this energetic aspect, the refurbishment option offers more benefits. Firstly, a practical
aspect: time. In general, renovating is much faster than demolition and new construction, so the
residents can quickly return which will reduce the social impact (normteq, n.d.).

Furthermore, many of the buildings are characteristic for the period and are seen as post-war heritage
(A. Blom, 2012). In general people associate post-war neighbourhood as boring and monotonous,
however recently, there is a growing interest in the heritage of the post-war period. Consequently,
the desire arose to identify and preserve the most valuable objects of the post-war period. The
national Cultural Heritage Agency selected thirty post-war areas, which constitute a representative
overview of the reconstruction period (A. Blom, 2012).
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One of those representative areas are the Western garden cities. In the government policy document
of 2011 ‘Kiezen voor karakter. Visie erfgoed en ruimte’ it is described as: Characteristic repetition of
blocks and the alternation of high and low rise, according to the town planning principles of the 1920s,
hierarchical structure of infrastructure and green structure and a balance between built and unbuilt
(Ministerie van Onderwijs, Cultuur en Wetenschap, 2011).
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2 LITERATURE REVIEW

2.1 Post-war systems
In 1968 about 12.4% of all post-war built dwelling, have been built according to a non-traditional
building system (Ir. R.S.F.J. van Elk & Dr. H. Priemus, 1970). In 1970 Ir. R.S.F.J. van Elk & Dr. H. Priemus
wrote a book about non-traditional building methods in The Netherlands. They described 32 building
methods, and divided the post-war building systems into three categories; stack construction, cast
construction, and large elements construction. The stack construction method can be characterized
by wall and floor constructions made by buildings components which are manually put together. The
wall consist out of medium weight blocks or medium weight prefab elements. Examples of this
category are the Airey and MUWI system. In some cases, there is a hybrid variant of stack and cast
constructions. In those systems the floor is cast and poured on-site while the walls are made with a
stack construction method or vice versa. In a full cast construction method like the RBMII system, both
the walls and floors are poured on-site in standardized formwork. The large elements construction
method like the BMB system can be characterized by its load bearing walls and floor composed of
large prefab elements which are mounted on-site with a crane. Those elements are commonly made
out of intermediate weight or normal weight concrete. (Ir. R.S.F.J. van Elk & Dr. H. Priemus, 1970).
Examples of commonly used building systems are listed in table 2.1.

Table 2.1 post-war building systems and construction method
Non-traditional building systems

Stack construction Cast construction Large elements construction
Heavyweight Lightweight

Airey
Muwi
Pronto
Bakker VB
Pé-Gé
Huco
B.B.B.-Z-65
…..

RBM
Korrelbeton
Bitcon
PBG
Lisman
Heykamp L
Heykamp H
EBA-gietbouw
Wilma II
Breda
Sanders
ERA
…..

B.M.B.
Simplex
Rottinghuis
Vam
Vaneg
Coitnet-groep
Elementum-Larsen
& Nielsen
Smit II
Schokbeton
G.B.S.
Bouwvliet
….

B.G.
…..
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2.2 General quality post-war building systems
In 1989, Thijssen conducted a structural analysis of post-war apartment buildings commissioned by
the Dutch Ministry housing, planning and the environment. This analysis included a sample of more
than 20000 dwellings in 85 complexes. About a third of these dwellings were built according to a non-
traditional systems. About three quarters of these dwellings are situated in the major cities in the west
of the country. The report includes a general description of post-war apartment buildings, it states
that about a third of these buildings from the period 1945-1965 have monolithic brick or limestone
external walls without a cavity. The properties with cavity walls have mostly a brick external wall and
an inner leaf made of limestone, brick or concrete blocks. The inner walls are often not insulated or
insulated on the inner side which is less effective than insulation on the outer layer of these walls in
the cavity. In about half of the cases, the façade’s cavity is interrupted by the lining of the floors,
stabbing through the entire façade for structural reasons. In almost all cases the balconies are part of
the in-situation poured floor or floor system, so these balconies are not disconnected from the floors
and thus can be defined as a thermal bridge. (ir. C.C.F. Thijssen, 1989)

The conclusions of the analysis is that the technical qualities of these dwellings are far below the
standards of that time. (As shown in paragraph 1.2, today’s standards are even higher that the
standard in 1989). Especially, the thermal and acoustic insulation performances deviate significantly
from the standards, with the consequence of high energy consumption. Besides this energetic aspect,
the lack of thermal insulation, the thin walls, and the sound proofing problems, have also a negative
impact on the living comfort in these apartments. Already in 1989, many objects built according to the
requirements of the post-war period face with the problem of mould growth on the walls and in the
façades (ir. C.C.F. Thijssen, 1989).
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2.3 Airey
The case study was built according to the Airey system. Therefore, the Airey post-war buildings
systems is described into more detail in this literature review.

2.3.1 General description
The Airey system is named after the British inventor Sir Edwar Airey, characteristic for this building
type are the concrete façade panels (M. Liebregts, 2012) (see figure 2.3.1). In the Netherlands
approximately 8500 Airey dwellings have been built of which about 45% apartments and 55% family
houses (M. Liebregts, 2012).

After the second world war there was a large shortage of materials, in particular bricks. Therefore
there was a growing interest in alternative construction methods like the Airey-system, which needed
adequate available materials(e.g. steel and concrete) and less skilled workers (L. Oerlemans, 2009).

The main part of the construction is formed by the concrete columns in the façades, on these small
columns a horizontal steel beam are mounted (J.J. Kranendonk, 1987). The floors and roof are
supported by lattice steel grinders, these steel grinders are mounted on the steel beam in the long
façades (see figure 2.3.2 and 2.3.4). These girders can span the entire complex or, depending on the
building depth, are supported by a steel beam and steel columns in the middle of the complex (see
figure 2.3.3). The girders are not imposed on interior walls (J.J. Kranendonk, 1987). On the outer side
of the concrete columns, the concrete façade panels are attached. On the inner side of the columns a
wall of light stone is placed, often with a thin layer of wood wool cement insulation slab (J.J.
Kranendonk, 1987). The end walls of the complexes have the same composition as the long façades.
The partition walls were made of lightweight concrete blocks (J.J. Kranendonk, 1987).

2.3.2 Problems
A report by Kranendonk, funded by the Dutch government, explains the condition of the Airey
properties. The energy use of these buildings is very high due to ventilation losses and a lack of
insulation. The floors and roof have sometimes a thin insulation layer; the façades have most of the
time a 20 mm wood wool cement slab insulation layer. This results in an Rc-value of 0.44 m2K/W which
can be considered as very low. Moreover, the buildings are equipped with steel window frames with
single glazing (see figure 2.3.3). The large amounts of infiltration is a major cause of the high energy
consumption, however this ventilation ensures that those dwellings show little or no moisture related
problems. Furthermore, the dwellings have unsatisfactory soundproofing. The wooden floors are
squeaky and have not sufficient sound absorbing mass. In addition the inner walls are very thin, which
makes sound transmission through the façade’s cavity possible (J.J. Kranendonk, 1987). In 2013, van
Hooyschuur architecten confirmed these problems in a report about the Airey complex Amstelhof.
This research makes clear that the main complains are noise related, the wooden floors and
plasterboard ceilings do not provide sufficient sound insulation. In addition, the properties face with
noise nuisance due to its location near a busy street. Another main complaint is the lack of thermal
insulation: the façades have just some wood wool insulation, the frames are equipped with single
glazing and the dwelling has many air leaks. This has the consequence of drafts and discomfort in cold
periods (Hooyschuur architecten, 2013).
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figure 2.3.1 Sloterhof September 9th, 2015 (D.V. van Onna, 2015)

figure 2.3.2 Revit model (Hooyschuur architecten, 2016)

figure 2.3.3 Steel construction Airey (Messchaert, 2004) figure 2.3.4 Concept drawing adapted from
original drawings Nemavo Amsterdam 1951
(D.V. van Onna, 2016)
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2.4 State of the art; Internal insulation of historical buildings

Insulation of historical buildings usually takes place on the inside of the building envelope because of
the cultural historical value of the appearance of the façade (Klõšeiko, Arumägi, & Kalamees, 2015;
Schellen & Stappers, 2011; Zagorskas et al., 2014). As a consequence of  interior insulation, the existing
wall will become much colder in the winter period (Schellen & Stappers, 2011; Troi, 2015). The lower
temperatures reduces the drying potential of the wall and can lead to condensation of water vapour
on the former interior surface (Troi, 2015). This makes moisture management a major concern when
upgrading the energy performance of historic buildings.

2.4.1 Moisture transport mechanisms
Two out of the three physical states of matter are of relevance for moisture transport in building
materials: the liquid and gaseous states (Troi, 2015). Liquid water can be transported through building
materials by capillary effects, gravity force or pressure differences (Schellen & Stappers, 2011). The
transport mechanisms of water in gaseous state are called diffusion and convection (Schellen &
Stappers, 2011; Troi, 2015). Diffusion is the transportation of water vapour molecules through
materials, which is driven by a difference in the partial vapour pressure (Schellen & Stappers, 2011;
Troi, 2015). Convection takes place by an airflow through leaks as result of pressure differences
(Schellen & Stappers, 2011; Troi, 2015). Generally, the amount of water accumulation in the
construction by convection is of more significance than the amount by diffusion (Schellen & Stappers,
2011; Troi, 2015). A vapour barrier, e.g. PE-foil, can prevent moisture from entering the construction
due to its high diffusion resistance. To also prevent convective vapour transport the vapour barrier
should be installed as airtight as possible (Troi, 2015). When the airtightness is not sufficient, warm
moist indoor air can enter the construction. As a result of a lower temperature behind the insulation
material, condensation and water accumulation can occur (Janssens & Hens, 2003; Schellen &
Stappers, 2011).

2.4.2 Interior insulation systems
Interior insulation systems can be categorised in non-capillary active systems and capillary active
systems, see table 2.4.1 (Vereecken, 2013). The capillary active systems are always vapour open, while
the non-capillary active systems can be vapour open or vapour tight. A vapour tight system can be
realized by the use of a vapour tight insulation material and/or a vapour barrier (Vereecken, 2013).

Table 2.4.1 Classification of insulation systems (adapted from: Vereecken, 2013)

non-capillary active systems capillary active
systems

vapour open vapour tight vapour open
no vapour barrier vapour tight material

(+ vapour barrier)
vapour open material

+ vapour barrier
no vapour barrier

mineral wool
…

extruded polystyrene
cellular glass
polyurethane
…

mineral wool + PE-foil
mineral wool + SVR
cellulose + PE-foil
cellulose + SVR
…

calcium silicate
wood fibre board
cellular concrete
…



16

2.4.3 Non-capillary active systems

Vapour open
A vapour open non-capillary active insulation system is realized by the use of vapour open insulation
material, e.g. glass wool without a vapour barrier. As show in figure 2.4.1, in cold and moderate
climates there is a high change of interstitial condensation between insulation layer and wall during
the heating period, hence this system is in most cases not suitable (Vereecken, 2013).

Figure 2.4.1 Glaser diagram for a vapour open interior insulation systems (Vereecken, 2013)

Vapour tight systems
A vapour tight insulation material or a vapour barrier can hinder or prevent the water vapour flux into
the wall (Troi, 2015; Vereecken, 2013). Caution is required when connecting different vapour tight
insulation boards because disconnections can nullify the vapour resistance. (Vereecken, 2013). As
shown in figure 2.4.2, the vapour resistance of a vapour tight insulation material can be adequate to
avoid interstitial condensation (Vereecken, 2013).

Figure 2.4.2 Glaser diagram for a vapour tight interior insulation systems with a vapour tight insulation material (Vereecken,
2013)

- Vapour barrier
Vapour barriers, also called vapour retarders, can be used to avoid the accumulation of moisture inside
the building envelope in the cold season, see figure 2.4.3.a. However, in the warm season, summer
condensation can occur due to a relative high external absolute vapour pressure, see figure 2.4.3.b
(Vereecken, 2013). Interstitial condensation is not a problem as long as the amount is limited and can
dry out. By large amounts or an insufficient drying potential of the wall the moisture content can
increase with the consequence of water accumulation which can cause problems (Schellen & Stappers,
2011). In general, the vapour-impermeable interior insulation systems do not allow the construction
to dry out towards the inside environment. This can be a problem by e.g. brick walls with large amount
of rain penetration (Troi, 2015). In walls with large amounts of wind driven rain, the brickwork can
become more humid. This effect is caused by less drying to the internal and external environment and
also by less diffuse vapour transport due lower temperatures (Schellen & Stappers, 2011). The
consequences of this higher moisture content can be frost damage in the case of non-frost-resistant
bricks, and wood rot in the case of in the wall embedded floor beams (Schellen & Stappers, 2011).
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Figure 2.4.3 Glaser diagram for a vapour tight interior insulation systems with a vapour open insulation material in combination
with a vapour barrier: a) winter situation b) summer situation (Vereecken, 2013)

- Smart vapour retarder
To improve the inwards drying potential of the wall in the summer, the idea originated of a smart
vapour retarder (SVR) which is characterised by a humidity-dependent vapour diffusion resistance
(Schellen & Stappers, 2011; Vereecken, 2013).  The principle of SVR-foils is based on the fact that the
indoor RH is in the winter generally lower than in the summer, around 40% respectively 60% (H.M.
Künzel, 2004). At a low RH in the winter the foil has a low permeability, as it has to block vapour
diffusion to avoid interstitial condensation. At a high RH the foil has a higher permeability, to allow
vapour flow which increases the walls drying potential, see figure 2.4.4 (“Smart Vapor Retarders,”
2013; Vereecken, 2013).

The vapour diffusion properties of a material can be described by the diffusion resistance factor μ [-]
or the equivalent vapour diffusion thickness Sd [m]. The relationship between these units is as follows:
Sd = μ * d whereby d is the material thickness [m] (Slanina & Šilarová, 2009). Thus the higher the Sd or
μ value the lower the vapour permeability.

By a constant high relative humidity as result of high internal moisture loads, SRV-foils cannot be used
because of its relatively low vapour resistance as result of the high humidity. However, short peaks,
e.g. shower or cooking, do not have to affect the performance of the SRV-foil if the interior lining act
as a buffer (Hartwig M. Künzel, 1999).
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Figure 2.4.4 Equivalent vapour diffusion thickness Sd [m] of two commercial available smart vapour retarders: Vario KM duplex®
(SRV 1), an Intello® (SRV2) (adapted from: Vereecken, 2013)

In addition, hygrothermal research by E. Vereecken In 2013 shows that when a masonry wall is
exposed to wind-driven rain, the SVR-foil has similar performance as a traditional PE-foil. The SRV-foil
does not prevent summer condensation. Furthermore, in the case of a wall not exposed to wind-
driven rain, the Sd-value of the SVR shows no seasonal variation (Vereecken, 2013).

- Application of vapour retarders
Perforations of a vapour retarder, also called diffusion bridges, as shown in figure 2.4.5 should be
taken into account when hygrothermal behaviour of building envelope is studied. During the
application of the vapour barrier or SVR, disconnecting or penetrations should be avoided. Because,
small perforations have already the consequence of a significant decrease of the diffusion resistance
factor, see figure 2.4.6 (Slanina & Šilarová, 2009). For example, in the case of PE-foil, a perforation of
1.6 mm2/m2 causes a dramatic reduction of the Sd-value by 45%, see figure 2.4.6.

Figure 2.4.5 Moisture transport in a roof assembly. A diffusion bridge is demonstrated on the right, where a vapour retarder is
perforated (Slanina & Šilarová, 2009)
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Figure 2.4.6 Dependence of the Sd-value on percentage of perforation, a) regular scale, b) logarithmic scale (Slanina & Šilarová,
2009)

Not only perforations in the vapour barrier during the construction phase should be prevented, also
the user behaviour can have a negative impact. If the vapour retarder is applied behind a thin finishing
e.g. a layer of plasterboard, the hanging of e.g. paintings will make perforations in the vapour retarder.
To prevent this type of perforations, the vapour retarder can be protected by an extra layer of
insulation material placed with a retention wall, see figure 2.4.7.

Figure 2.4.7 In red the vapour barrier protected by a retention wall (archivolt architecten bv, 2015)
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2.4.5 Capillary active systems
Vapour open insulation materials with a high moisture buffering capacity are called capillary active
systems. At the cold side of this insulation material where condensation may occur, the water
condensate accumulates in the pores of the insulation material (Troi, 2015; Vereecken, 2013). The
absorbed moisture can be transported and evaporated towards the room preventing water
accumulation, see figure 2.4.8 (Troi, 2015; Vereecken, 2013). To insure liquid absorption in the
insulation material a glue mortar must be used with a higher vapour resistance and a lower liquid
conductivity than the insulation material (Vereecken, 2013). If the insulation material is not properly
glued on the original wall, interstitial condensation may occur in the air between the wall and the
insulation material and this condensate cannot be absorbed and redistributed by the insulation
material (Vereecken, 2013).

Figure 2.4.8 working mechanism of a capillary active interior insulation system (Vereecken, 2013)

Simulations conducted by the Dresden University showed that a thick massive masonry wall insulated
with the vapour-tight foam glass will have more than double the moisture content than that of a wall
that has been insulated with the capillary active calcium silicate. Additionally, the calculations showed
that the moisture contribution caused by (wind driven) rain is of a significantly higher proportion that
the moisture contribution of interstitial condensation (Ruisinger, 2004). A case study conducted by E.
Vereercken is in line with these findings and concludes that Calsium Silicaat insulation results in low
extra accumulated moisture content in a masonry wall, especially at the warm side of the masonry
wall. The case study also makes clear that only in cases of heavy rain load, over-hygroscopic moisture
between masonry wall and insulation can be expected (Vereecken, 2013). This report also states that
the performance of the capillary active system is very sensitive for small modification and thus case-
study dependent. Furthermore, it is noticed that the interior finishing is of high influence on the
moisture buffering capacity of a capillary active system, as finishing coats will hinder the inwards
moisture transport (Vereecken, 2013). Thus a layer of paint may hinder the proper functioning of this
type of insulation system, in the case of social housing it is almost impossible to prevent the users
from painting their walls.

2.4.6 Discussion and conclusion
In this literature review interior refurbishment solutions for monumental buildings with a massive
brick wall are described. Interior insulation systems can be categorised in vapour open or vapour tight
non-capillary active systems and vapour open capillary active systems. In general, it is clear that a non-
capillary active vapour open system should be avoided hence these systems certainly face with
interstitial condensation and water accumulation. The chance on water accumulation can be reduced
by the use of a vapour tight insulation material, vapour retarder or a capillary active insulation
material. A good function of a vapour tight system depends on proper workmanship as perforations
or disconnections have a major negative impact on the vapour barrier’s performances. In addition, the
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residents can break the vapour seal by e.g. the hanging of paintings if the vapour retarder is not
sufficient protected. The idea of a humidity depended vapour resistance foil (SVR) seems promising
to eliminate water accumulation as result of summer condensation, however the working of the foil
in practice can be seen as doubtful given the results of the research by Vereecken in 2013. The relative
humidity is not always as described thus its working is not guaranteed, also the foils are not applicable
in situation with high internal moisture loads. A capillary active material can be a good solution to
prevent interstitial water accumulation due to its high moisture buffering capacity and liquid
conductivity. The material must be applied by using a specific glue mortar. This application is less
delicate and less labour intensive than the application of a vapour retarder. However, the working of
the system is very sensitive for small modifications and thus case-study dependent. Additionally, these
materials have in general a lower thermal performance than conventional insulators and high
moisture loads reduce the thermal resistance of these materials even more (Schellen & Stappers,
2011; Troi, 2015).

It can be concluded that all systems for the internal insulation of monumental buildings have its
advantages and disadvantages. The proper functioning of systems are case study depended, thus the
performances and risks of the systems on Airey dwellings need to be investigated by hygrothermal
research.
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3 RESEARCH DESCRIPTION

3.1 Case study
Many post-war dwellings were built according to a specific system. Examples of those systems are
described in the previous chapter. In most cases there are similarities in those systems, like use of
material (concrete, bricks), construction speed, building type, etc. A system which significant differs
from the other building systems is the Airey system. The steel/concrete frame, concrete façade panels
and non-load bearing inner walls making this system unique, because it cannot be compared with
refurbishment solutions for other post-war buildings. In addition, as concluded in paragraph 2.4
refurbishment solutions for monumental buildings are case study depended. So there are no standard
solutions which are applicable. Because of the limited research about the renovation of this building
type and due to the unique character of the Airey system, further research about the renovation of
this system is desirable.

3.1.1 Location
In Amsterdam in the neighbourhood Slotermeer a number of Airey complexes have been realized.
One complex of Airey dwellings can be found near the Bugermeester de Vughtlaan, marked in red in
figure 3.2.1. As a test case, the housing association ‘Eigen haard’ renovated one strip of Airey dwellings
at the Hans Katanhof. The complex with this test case is marked in yellow in figure 3.1.1 and show in
figure 3.1.2-4. Moreover, the location of these test dwellings within the complex are shown in figure
3.1.5. This test case was used for the research in this report.
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Figure 3.1.1 aerial photo Bugermeerster de Vuchtlaan (google maps, 2015)

Figure 3.1.2 Airey dwelling Hans Katanhof (D.V. van Onna, 2015)    Figure 3.1.3 Hans Katanhof (D.V. van Onna, 2015)

Figure 3.1.4 Original state (Jan Postmahof, 1955) Figure 3.1.5 Hans Katanhof 10 (Kadastrale gemeente
Sloten N.H., n.d.)
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3.1.2 Description of the dwellings and refurbishment
The floor plans and section drawing of the object are given in appendix I. The object has an apartment
on the ground floor of 41 m2, the apartments on first and second floor have a size of 57 m2. The original
building envelope was not insulated, to attempt to meet today’s strict standard two insulation layers
were used in the refurbished façade. The original inner wall was removed to make place for a framing
with rock wool insulation (see figure 3.16-11). The cavity, between the concrete columns, was partly
filled with a 90 mm thick rock wool insulation guilt. In the refurbished situation a cavity width of 35
mm remains, see figure 3.1.5. The roof was insulated by means of external insulation, a 100 mm layers
of PIR-insulation was placed and finished with a new bituminous layer, see appendix II. The ground
floor was insulated with an internal insulation layer of 50 mm rock wool. An insulation guilt on top of
the ceiling was placed between the space of the ceiling of the ground floor and the floor of the first
floor. The space between the ceiling of the first floor and the floor of the second floor was filled with
glass wool flakes. Both measures were intended to improve the soundproofing between the
apartments. The original steel window frames with single glazing were replaced by aluminium frames
with double glazing.

Figure 3.1.5 Horizontal section of the Airey façade a) original and b) refurbished situation (D.V. van Onna, 2016)
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Figure 3.1.6 December 1st, 2015 (D.V. van Onna, 2015) Figure 3.1.7 December 1st, 2015 (D.V. van Onna, 2015)

Figure 3.1.8 December 11th, 2015 (D.V. van Onna, 2015) Figure 3.1.9 December 11th, 2015 (D.V. van Onna, 2015)

Figure 3.1.10 December 11th, 2015 (D.V. van Onna, 2015) Figure 3.1.11 March 4th, 2016 (D.V. van Onna, 2016)
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3.2 Research questions

The research focused on a test case of an Airey renovation project, this refurbishment is evaluated in
this report. The main research question is:

- What are the hygrothermal risks of refurbishment solutions for post-war prefab steel concrete
frame dwellings?

The main question can be can be divided into a number of sub-questions:

- What is the hygrothermal performance of cavity of the façade after the refurbishment based
on measurements?

- On what parts of the construction will be there a hygrothermal risk after alteration?

- What is the effect of the residents behaviour, e.g. moisture production, use of ventilation
system, on the risk of mould growth on the critical points?
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4 METHOD
When refurbishing a dwelling it is usually the aim to improve the thermal resistance of the building
envelope in order to achieve a reduction of the building’s energy use and to improve the living
comfort. However, the thermal upgrading of the building envelope can have side effects as explained
in paragraph 2.4. For example, the building’s façade can become colder which will reduce the drying
potential. Also, the insulation layer can introduce interstitial condensation and water accumulation,
which can cause of e.g. a lower heat resistance, mould growth, and/or frost damage. For the insulation
of monumental buildings different options are available; there is no ideal single solution. The
applicability of the insulation systems is case study depended and thus cannot be used in general for
the Airey case study. To say more about the hygrothermal performance and risks of this Airey case
study, further hygrothermal research is needed.

To assess the consequences of the refurbishment of the Airey dwelling, thermal images, computer
simulations, and on-site measurements were executed. A schematic overview of the research is shown
in figure 4.1.

First, thermal images were made to define the main thermal bridges and risk areas. The original
building and the partly refurbished building were evaluated. These images gave an impression of the
thermal performance of the building before and after renovation.

Next, stationary simulations of 3D models of a number of critical details were computed using the
heat transfer module of the Multiphysics software COMSOL. Three refurbishment details were
examined: a foundation detail, a mid-section detail (a floor and façade detail), and a roof detail. The
hygrothermal performances were tested by means of the building code (the f-factor) with fixed inside
and outside temperatures. These simulations, which were done according to prescribed conditions,
will give insight into about the quantity of the details in terms of surface mould growth risk. However,
the simulations are just an indicator of the risks and are not always representative for the
performances in the real situation in practice.

The thermal images and the steady-state simulations give information about the conditions on a
specific moment. To learn more about the performance of the construction over extended periods of
time, measurements with temperature and relative humidity sensors are needed. Therefore, sensors
were place on and in the construction of the building envelope.

Additionally, the models used for the simulations, were validated with the measurements. However,
as the practice is never steady state (e.g. weather condition) validation of these steady-state
simulations with measurements was not possible and therefore time-dependent simulations must be
used.

For the time-dependant simulations, it was attempted to achieve the same boundary conditions for
the simulation, as in the measurements (using weather data of the nearest weather station as input
for external T and RH settings, using on-site measurements as internal T and RH settings). With this
time-dependent simulations, it was possible to couple the measurement data with the model. Some
measured values can be compared with simulated values (e.g. surface temperatures) to evaluate how
reliable the model is. The models were validated with data from an uninhabited period.
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With a validated model, long-term variations were made to make predictions of different scenarios of
user behaviour. Because of seasonal variations, simulations over the period of one year have been ran
in order to say more about the risks in real practice. Also the habitation has a large influences on the
air humidity, and therefore has a large impact on the probability of mould formation and
condensation. To make a prediction of the risks caused by habitation the Matlab application HAMbase
was used to generate climate data of residential situations. First, a HAMbase model of the unoccupied
situation was made and validated with the measurements of the uninhabited situation. When
validated, the application was used to generate whole year climate data of an occupied situation.

To assess the risks on mould growth the output of the whole year time-dependant simulations ware
used in advanced mould growth prediction models.

Figure 4.1 schematic overview research

Case study
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4.1 Thermal imaging
On two days thermal images were made using an infrared camera. On the first day the interior of an
Airey dwelling in its original state was analysed.
On the second day, a complex which was partly refurbished was analysed. Because it was partly
refurbished, it was possible to capture an original-part and a renovated-part of the façade on one
image. This makes the difference between before and after refurbishment clear and makes a good
comparison possible because the exterior boundary conditions are the same for the whole façade.
Furthermore, thermal images were made from the interior of the renovated apartments. Beside each
thermal image, also regular photos were taken. An example of an exterior imaging is shown in figure
4.1.1. and of an interior imaging in figure 4.1.2.

4.1.1 Equipment
Camera specification: FLIR systems, ThermaCAM, S65HS

4.1.2 Settings
To get reliable results it the emission factor of materials in the settings of the camera must be checked.
The default value is 0.9, this value is representative for most building materials, exceptions are for
instance unpainted metals and glass. In this case, only common building materials were present so the
default value was used.

4.1.3 Boundary conditions
The date, time and weather conditions of the three thermal image shoots are listed in this paragraph.

Interior pre-refubishment
Date 1 December 2015
Time 12:50-14:50
Weatherconditions Overcast sky, drizzling rain, 12 °C, windspeed 6Bft

Exterior pre-refubishment, exterior refurbished and interior refurbished
Date 20 January 2016
Time 07:15-7:40
Weatherconditions Overcast sky, dry, 2 °C, windspeed 3Bft
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Figure 4.1.1.a,b  Old and new situation of the front façade, windows left original, window right refurbished

Figure 4.1.2.a,b Corner floor in the 2nd floor apartment
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4.2 Measurements
This paragraph provides an overview of the used sensors and their locations in the dwelling.

4.2.1 Used equipment
For the on-site measurement two types of sensors were used; temperature sensors (T sensors) and
sensors which measured both temperature and the relative humidity (T-RH senores). The T-sensors
look like pin buttons with a wire, see figure 4.2.1. These sensors were taped on a material and measure
its surface temperature. The T-RH sensors are slightly larger and need to be protected by a plastic
perforated sleeve, see figure 4.2.2. These sensors measured the temperature and the relative
humidity of air in the placed space.

Figure 4.2.1 T sensor (D.V. van Onna, 2016) Figure 4.2.2 T-RH sensor (D.V. van Onna, 2016)

The data of these sensors was collected by so called Eltek transmitters (see figure 4.2.3) and has been
sent by a GSM module to the server of the university (see figure 4.2.4).

Figure 4.2.3 Eltek transmitter (Eltek group, n.d.) Figure 4.2.4 Eltek GSM module (Eltek group, n.d.)

4.1.2 Locations
The locations of the sensors are listed in table 1.1 in appendix I and shown in the floor and section
drawings in appendix I.



32

4.3 Heat transfer simulations
In this paragraph the setup of the 3D heat transfer simulations is described. For these simulations the
software COMSOL V5.2 was used.

4.3.1 Geometry
The geometry of the models were made in the drawing software AutoCAD 2015. For the dimensions
of the construction the original blueprints, drawing of alterations of the building in the past, and
drawing of the current refurbished situation were used. The dimension of the façade elements can be
found in the left of figure 4.3.1. In order to obtain acceptable computation times, a simplification of
the column and façade elements were applied according to figure 4.3.1 right. A sensitivity study had
shown that this simplification has no significant influence on the outcomes of the simulations.

Figure 4.3.1 cross section concrete Airey façade and simplifications (D.V. van Onna, 2016)

The façade walls are composed of concrete panels, concrete columns, two layers of insulation
material, PE-foil vapour barrier, and a gypsum board finishing. See also page 23, figure 3.1.5. One layer
of soft insulation material was placed between the concrete columns. This layer is 90mm thick, which
leaves space for an air cavity with the width of around 35 mm. The other layer of insulation material
was placed in a wooden framing as an inner leaf. The global composition of the façade wall is shown
in table 4.3.1 and figure 4.3.2.

Table 4.3.1 façade structure from the inside to the outside
Component Width d [mm]
Gypsum board 15
Vapour barrier; PE-foil 0.2
Rock wool panel
+ wooden framing

90

Rock wool soft press quilt
+ concrete columns

90

Moderate ventilated cavity
+ concrete columns

35

Concrete façade panel 40
Figure 4.3.2 Horizontal section of the Airey façade,
refurbished situation (D.V. van Onna, 2016)
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4.3.2 Materials
The used materials and specifications are listed in table 4.3.3.
Table 4.3.3 material input COMSOL

Materials Thermal
conductivity
λcalc

[W/(m*K)]

Thermal
conductivity
λD

[W/(m*K)]

Density ρ
[kg/m3]

Heat capacity
Cp [J/(kg*K)]

Source
reference
value*

Concrete (wet, façade) 2.270* 1.812 2400 840 10
Concrete (dry, columns) 2.018* 1.614 2400 840 10
Lime stone 1.126* 0.760* 2000 840 11
Bouwplaat 201 vario 0.044 0.037* 40 840 5, 6
Rockfit 433 PLUS 0.040 0.033* 40 840 5, 7
Rockwool 501 0.042 0.035* 40 840 8
Glass wool flakes 0.048 0.040* 40 840 12
Kingsman thermal TR 26
(PIR)

0.026 0.022* 40 840 13

Steel 52.00* 41.60 7800 530 1, 2
Gypsum board 0.340* 0.262 1300 840 1, 2
Wood 0.170* 0.140 550 1880 1, 2
Plywood 0.200* 0.120 700 1880 1, 2
Wood-concrete board 0.210* 0.162 1470 525 1,2
Bituminous roofing 0.230* 0.170 1050 1840 1, 2
PE-foil 0.170* 0.170 750 1470 1, 2
Fermacel floor 0.333 0.257* 1300 840 9
Air equivalent 35mm 0.226* - Formule,

dynamic with
T

Formule,
dynamic with
T

4, §4.3.3

* Source reference value
1: (Bone, Kemps, Peters, Post, & Beelen, 2007)
2: (BriedÉ & Blok, 2000)
3: (C.R. Pedersen, 1990)
4: (“NPR 2068:2002 Thermische isolatie van gebouwen,” n.d.)
5: (BDA Dakadvies (Gorinchem), 2012; Have, Berg, & Majoor, 2006)
6: (“ROCKWOOL 201 VARIO veerkrachtige isolatieplaat voor houten bouwdelen,” n.d.)
7: (“ROCKWOOL 433 PLUS spouwplaat voor het isoleren van spouwmuren en vliesgevels,” n.d.)
8: (“ROCKWOOL 501 vloerisolatieplaat voor het isoleren van zwevende (dek)vloeren,” n.d.)
9: (“Productbladen,” n.d.)
10: NEN1068, 2012 Appendix C table C14
11: NEN1068, 2012 Appendix C table C15
12: NEN1068, 2012 Appendix C table C9
13: http://www.kingspaninsulation.nl/producten/kingspan-therma/tr26-fm-platdak-plaat.aspx
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The λ-calculation value is the expected thermal conductivity of the material after it is applied in
practice. To determine the calculation value, the λD –value must be correction by factors to take
several influences into account. The λcalc can be determined by formula 4.3.1 for building materials
with the exception of brickwork and isolation materials, the λcalc of insulation materials must be
determined by formula 4.3.2.

Formula 4.3.1. λcalc for building materials (NEN 1068, 2012)
λcalc = λD * FM

Whereby
λD = thermal conductivity based on measurements [W/(m*K)]
FAM = correction factor for the influence of moisture and aging, see table 4.3.4 [-]

Table 4.3.4 Correction factor for the influence of moisture and aging (NEN 1068, 2012, table C1)

Formula 4.3.2 λcalc for insulation materials(NEN 1068, 2012) (BDA Dakadvies (Gorinchem), 2012)
λcalc = λD * FA * FT * FM

Whereby
λD = thermal conductivity based on measurements [W/(m*K)]
FA = correction factor for aging (=1 if material is made in the factory, not in-stitu) [-]
FT = correction factor for temperature ( =1 if normal house, no cold store etc.) [-]
FM = correction factor for humidity (=1 if material is dry in situation) [-]

In general, all correction factors are equal to 1. However, there are a number of situations where this
is not the case. The correction factor for temperature (FT) has to be adapted by the insulation of special
object with exceptional temperatures e.g. cold storages and drying rooms. In some situation if it is
highly likely that the insulation material can become wet e.g. an inverted roof or around cellars, then
the correction factor for moisture (FM)  should be altered.

Material ρ mat

[kg/m3]
FMA

[–]
Inorganic materials such
as aggregate concrete,
concrete with light
additive, bulk mineral
materials (with the
exception of glass and
brickwork)

2 500 1,25
2 300 1,25
2 100 1,25
1 900 1,25
1 600 1,30
1 300 1,30
1 000 1,35
700 1,40
400 1,40

Glass 2 500 1,00
Organic materials  (with
the exception of
plastics)

1 000 1,20
700 1,20
500 1,20
≤ 400 1,25

plastics 1 500 1,00
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The correction factor (FA) is not equal to one if the insulating layer is created in situation by e.g. mineral
wool flakes instead of placing factory-made panels or quilts. Then the FA value can be determined with
formula 4.3.3 and table 4.3.5.

For in situ-made insulating layers a conversion factor for aging FA must be used. This factor is
composed of two parts. The in-situ application of the product-related part, FA;iso, and a factor for the
construction in which the product is placed, FA;appl.

Formula 4.3.3 FA for in-situation created insulation layers
FA = FA;iso * FA;appl

Tabel 4.3.5 Conversion factors for non-factory manufactured in-situation created insulation layers
(NEN1068, 2012 table C4)

Material FA;iso [-] FA;appl [-]
New construction Renovation

Glass wool or rock
wool flakes (MW) 1.05

1.00 1.15

Expanded polystyrene
(EPS beads) 1.05

Polyurethane /
polyisocyanurate rigid
foam (PU)

1.10

Urea Formaldehyde
Foam (UF) 1.25

Other 1.30

According to the building code for almost all building materials a correction factor should be used,
depending on the density it varies from 1.20 to 1.40, see table 4.3.4. This factor is used to compensate
for the influence of moisture and aging.

For insulation materials other rules apply. The correction factor for insulation materials in table 4.3.5
should only be used by in situ-made insulating layers e.g. glass wool flakes. Thus when factory made
panels of quilts are used, the building code prescribes to use not a correction factor at all. It is very
remarkable that the building code does not prescribe a correction factor for normally placed insulation
materials. It is remarkable because insulation materials are more fragile and unstable than building
materials such as concrete and wood which have always a correction factor according to table 4.3.4.

Also because the insulation materials were placed in the building as a refurbishment solution, a
correction factor was applied to compensate for mechanical fractures and not seamless installation
during application. Just as other building materials a correction factor for the insulation materials was
used. In the case of insulation materials the value (λD) found on the product sheets of the manufacture
was multiplied by the correction factor of 1.20.
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4.3.3 Cavity
In general, building materials are solid and opaque whereby only heat transfer by conduction should
be taken into account (Have et al., 2006). The air in the cavity cannot be assumed as a solid material
because air is transparent and can flow in the cavity. Therefore, besides conduction, there is also heat
transfer by convection and radiation, see figure 4.3.2.a (Have et al., 2006; Tammes & Vos, 1984).

Figure 4.3.2.a,b Heat transfer in a cavity [W/m2·K], whereby; c=convection, g=conduction, s=radiation, d=cavity width, t=total
(Tammes & Vos, 1984)

In the book by ten Have, et al. about thermal insulation and the building code in 2006, he extensively
discusses the thermal effects in a cavity. The heat transfer by conduction in a cavity with the width of
50 mm or more is low because air has a very low thermal conductivity. The heat transfer by convection
is depending on the cavity width and the extent of air movement. In general it can be conclude that a
wider cavity has more air movements with the consequence of a higher heat flow. The largest
proportion of heat transfer in a cavity is caused by radiation. The degree of radiation is independent
on the cavity width. The three ways of heat transfer summed up gives a total heat flux of 6 W/m2·K
for cavities of 50 mm or wider, see figure 4.3.2.b. Those values are representative for an unventilated
cavity. Based on these findings, in practice a heat resistance of 0.17 m2K/W is often used air cavities.
Because the reciprocal of the heat flux 6 W/m2·K gives the thermal resistance of 0.17 m2K/W
(1/6=0.17) (Have et al., 2006).

The often used Rc value of 0.17 according to the Dutch building code of 1991 is outdated and
inaccurate (Overveld, 2006). More accurate values can be found in table 4.3.6, if the air cavity is not
ventilated it is common to assume a Rc of 0.18 (NPR 2068, 2002). If there is a strong ventilation in the
cavity, the air should be considered as outside air. Thus in the case of a highly ventilated cavity, the
cavity self and the outwards layers form the cavity do not contribute to the thermal resistance of the
construction. In this case the Rsi value applies for Rcav (NEN 1068, 2014-a). The standardization of the
level of ventilation can be found in table 4.3.7 (ir. F.E. Bakker, dr. ir. H.L. Schellen, & ir. C.C.J.M. Hak,
2010; Overveld, 2006). If there is some ventilation in de cavity, Rcav need to be calculated according to
the formula 4.3.4 (NPR 2068, 2002).
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Formule 4.3.4 (NPR 2068, 2002):= (1500 − )1000 × ; + ( − 500)1000 × ;
Whereby:
Av Openings [mm2 per m length]
Rcav;nv Thermal resistance if the cavity is not ventilated according to the table 4.3.6
Rcav;sv Thermal resistance if the cavity is strong ventilated; Rsi

Table 4.3.6 Thermal resistance of unventilated air layers (NPR 2068, 2002) (Have et al., 2006, p.55)
Width air layer [mm] Thermal resistance [m2 · K/W]

direction of heat flow

Up Horizontal down
0
5
7
10
15
25
50
100
300

0,00
0,11
0,13
0,15
0,16
0,16
0,16
0,16
0,16

0,00
0,11
0,13
0,15
0,17
0,18
0,18
0,18
0,18

0,00
0,11
0,13
0,15
0,17
0,19
0,21
0,22
0,23

Table 4.3.7 The standardization of the level of ventilation (Have et al., 2006, p. 56)
Level of ventilation Openings [mm2 per

m length]
Indication

Unventilated < 500 1 open cross joint per
2.4 m

Slightly ventilated 500-1500 1 open cross joint per
0.8 m

Well ventilated > 1500

In simulation software and hand calculation it is common to assume the air as a homogeneous
conductive material, having a thermal conductivity coefficient. The equivalent thermal conductivity
(λeq) of the air in a cavity can be calculated using the equation: λeq = dcav / Rcav; where dcav represents
the cavity width in m, and Rcav the thermal resistance in m2·K/W of the layer. So the equivalent
depends on the made assumptions for the Rcav according to NEN1068 and the cavity width.

The average cavity width (dcav) in the AIREY system is 35 mm. It is assumed as a moderate ventilated
cavity, with ventilation surface area of 1000 mm2 per m length, this gives an Rcav value of 0.5 · 0.18 +
0.5 · 0.13 =0.155 m2·K/W (NPR 2068, 2002). The equivalent thermal conductivity for air (λeq) in the
model will be λeq = dcav / Rcav = 0.035/0.155 = 0.226 W/(m·K).

This value is respective for horizontal heat transfer in a cavity, however in complex details there is not
only horizontal heat transfer but also in other directions. This is a limitation of the model and hand
calculation. However, it is estimated that the vertical transport of heat is not significant, whereby the
assumption will be sufficient. A computer fluid dynamic model whereby the air is not considered as a
solid material with a thermal conductivity equivalent should probably give more accurate results.
However, due to the complex geometries of the details and computer processor capacity it is not
possible to examine the details according to a fluid dynamic protocol within acceptable computation
times.
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4.3.4 Boundary conditions

The surface heat transfer resistance
The surface heat transfer resistance Rsi and Rse in (m2·K)/W are depending on heat flow direction and
the location, in table 4.3.8 an overview of the surface heat transfer resistance according to the Dutch
building code is presented (NEN 1068, 2014).

Table 4.3.8 Surface heat transfer resistances (NEN 1068, 2014)

Direction of heat flow Construction section Rsi [m2 · K/W] Rse [m2 · K/W]
Down floors above an outdoor

environment
0.17 0.04

floors above unheated
space or crawl space

0.17 0.17

floors in contact with the
ground

0.17 0.04

Horizontal partition structures
adjacent to outside air

0.13 0.04

internal partition walls 0.13 0.13
Up roof above a heated

room
0.10 0.04

floors 0.10 0.10

As shown in the table, in the case of a cavity wall the internal surface heat transfer resistance Rsi =
0.13 (m2·K)/W and the external surface heat transfer resistance Rse = 0.04 (m2·K)/W. These surface
heat transfer resistances are used for the Rc-calculations.
For thermal bridge examinations other inner surface heat transfer resistance (Rsi) should be used
according to the NEN 2778. These values are shown in table 4.3.9.

Table 4.3.9 Internal surface heat transfer resistances (NEN 2778, 2015, Chapter 8)
Rsi

[(m2·K)/W]
Situation

0.13 Glazing

0.25 All surfaces  above the height of 1500
mm and in 3D corners with the offset
of 500 mm (light grey)

0.50 All surfaces below the height of 1500
mm (dark grey)
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Temperatures
In the case of a steady-state simulation interior temperature of 18 ° C and exterior temperature of 0 °
C ware used. In the case of a time-dependent simulation the measured climate data or generated
climate files were used. By this data the time step is one hour and the precision is one decimal.

Solar radiation
The diffuse solar radiation on the horizontal plane is given by the KNMI. The function Output.Enr in
HAMbase generates the solar radiation hourly values for a chosen surface and orientation, e.g. roof
or west-wall. This function uses the climate date of the KNMI which encounters only diffuse solar
radiation. The direct solar radiation is not measured by the KNMI and therefore unknown. The
function uses the cloud cover rate to estimate the direct solar radiation contribution.

Atmospheric radiation
Atmospheric radiation is the amount of energy which is emitted to the sky, it can be measured by
means of a pygeometer.
Measurement results of a pyrgeometer in a Mediterranean climate near the sea (Relatively high
humidity near 67% with mean temperature near 26ºC) show that an atmospheric radiation around
100 W/m2 is an reasonable average (I. Crespo, H. Coch, A. Isalgué, & A.Borrell, 2014). The Climate in
the Netherlands is different from the climate in south Europa, however for atmospheric radiation
measurements in the Netherlands show similar result with a clear sky. By clouds the atmospheric
radiation is lower, measurements for research for the energy management of greenhouses in Western
Netherlands make clear that the atmospheric radiation varies between -15 and -90 W/m2 with peaks
of -10 to -110 W/m2, see figure 4.3.3 (J. Bij de Vaate, 2012).

Figure 4.3.3: Atmospheric radiation in western Netherlands in the winter of 2011-2012 in W/m2 (J. Bij de Vaate, 2012)
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The atmospheric radiation is not continuous measured by weather stations like e.g. the temperature
is measured by the KNMI. However the cloud coverage is registered by the KNMI. So with the
knowledge that the atmospheric radiation varies between -15 and -90 W/m2 and the cloud coverage
value a good estimation of the atmospheric radiation can be made. The cloud coverage is given in a
number between 1 and 8, the value 0 is given for a clear sky. For a clear sky an atmospheric radiation
of -90 W/m2 is used, for an overcast sky the value of -15 W/m2 is representative. The values in between
are linear interpolated according to the formula N= -90+(65/8), see table 4.3.10, whereby N is the
atmospheric radiation in W/m2 and C is the cloud coverage given by the KNMI.

Table 4.3.10: approach to the atmospheric radiation by Means of the cloud coverage index of the KNMI
C cloud coverage [-] N atmospheric radiation

[W/m2]
0 -90
1 -89
2 -79
3 -68
4 -58
5 -47
6 -36
7 -26
8 -15

Besides these hand calculations, the application HAMbase has also a function to generate atmospheric
radiation data using the KNMI climate files. This function Output.Lnr using also the cloud coverage and
gives similar results.

The atmospheric radiation is measured on the horizontal plane, therefore these values can be used
for a flat roof. For an inclined surface the radiation can be calculated by the formula 4.3.5 with the
assumption the radiation has an isotropic and diffuse distribution.

Formula 4.3.5 irradiance on an inclined surface, as a fraction of the irradiance on a horizontal surface (Prof. dr. ir. M.H. the
Wit, 2009, p. 159)

Eβ= 0.5(1 + cos β)Eh

Whereby:
Eβ = irradiance on the an inclined surface with slope β [W/m2]
Eh = irradiance on the horizontal plane [W/m2]
β = the slope of the inclined surface [⁰]

The atmospheric radiation on wall can be seen as a vertical plane and can be approach by:
Ewall = 0.5(1 + cos 90⁰)Eh

= 0.5 * Eh
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4.3.5 Mesh
In the COMSOL simulation software the mesh can be automatic generated. There are different
options, the automatic generated normal size mesh was used.

4.3.6 Details
In figure 4.3.4 the cross-section of the building and the locations of the sensors (see figure 4.2.1 and
4.2.2 p.30) are shown. The blue circles illustrate the areas which were evaluated in COMSOL. The
contract detail drawings of the refurbishment are given in appendix II. These drawings were used to
make the 3D model of the details.

Figure 4.3.4 cross-section and location sensors
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4.3.7 Evaluation steady-state
By the Dutch building code there are requirements regarding thermal bridges in order to reduce the
risks of condensation and mould to a minimum. The side of a partition wall which is adjacent to an
accommodation area has to meet a minimum value of the factor of the temperature (f-factor). The f-
factor in a building with a residential function has to be at least 0.65 according to the building code.
(Bouwbesluit, 2012, artikel 3.22.)

When there is a temperature factor of f = 0.65 or higher usually there are no problems of mould
growth on the areas of the thermal bridges (J.J. Kranendonk, 1987). Sometimes an f-factor of 0.60 is
sufficient if a home is well ventilated. In addition the risk on mould growth can also be reduced with
the lowering of the relative humidity by means of ventilation. However, the effectiveness of this
intervention is difficult to predict because it is depending partly on the behaviour of the residents. (J.J.
Kranendonk, 1987)

On the basis of the normalized interior temperature of 18 ° C and exterior temperature of 0 ° C, the
inner surface temperature should be at least 11.7 ° C to meet the minimum f-factor of 0.65. The glass
and frames do not have to meet this regulation. The f-factor is determined with the formula 4.3.5
(NEN 2778, 2015).

Formula 4.3.5 the factor of the temperature (f-factor)(NEN 2778:2015)

; = ( ; ; − )( − )
Whereby:
fn;ri = normalized factor of the temperature (f-factor) [-]
θs;i;min = minimum inner surface temperature [°C]
θi = normalized indoor temperature of 18 °C [°C]
θe = normalized outdoor temperature of 0 °C [°C]
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4.3.8 Evaluation Time-dependent
The coupling between the measurements and the simulation took place by means of a time-
dependent simulation. The measured climate temperatures (room, external, and cavity temperatures)
were used as input for the time dependent simulation. These measured values have been used to
validate the assumptions of the model (e.g. simplification, material properties and surface heat
transfer resistances). The validation took place by comparing the simulated surface temperatures with
the measured surface temperatures.

The measured interior relative humidity (RH) was used to calculate the expected RH on the surfaces
and in the construction. The Comsol simulations compute the surface temperatures, together with
the climate data of the ejected zone the surface condition can be calculated according to formula 4.3.1
(ir. F.E. Bakker et al., 2010).

Formula 4.3.1 calculating the relative humidity near a surface (adapted from: ir. F.E. Bakker et al., 2010)

Whereby:
RHin = relative humidity in the room [%]
RHsurf = relative humidity of the test surface [%]
Pd = absolute vapour pressure [Pa]
Psat (Tin) = saturation vapour pressure at the corresponding zone temperature [Pa]
Psat (Tsurf) = saturation vapour pressure at the corresponding surface temperature [Pa]

When the relative humidity rises above values of 80% there is risk of mould growth, the risk is
depending on the number of days and temperature, see figure 4.3.5 (Evy Vereecken, 2012).

Figure 4.3.5 Sedlbauer’s isopleth system for mould growth prediction (a) time till germination, (b) growth rate (Evy Vereecken,
2012).
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To make a mould growth predictions by the use of the Sedlbauer’s isopleth system, M.H.J. Martens
developed a tool as part of his PhD thesis in 2012. This called The specific risk assessment method and
used the temperature and relative humidity data of at least one year of the test surface. The tool
includes four reference objects; paper, panel painting, furniture and a sculpture and including the
response time of these object. The tool predicts the mould growth on these object, the results can be
interpreted by the colour, green for a small risk, orange for a medium risk and red for a high risk of
mould growth see table 4.3.11 and figure 4.3.6.

Table 4.3.11: Determination of risks for each degradation principle (M.H.J. Martens, 2012)
Small risk (green) Medium risk (orange) High risk (red)

Mould SAFE Germination
factor ≤ 0.2

GERMINATION?
Germination factor >
0.2 & Mycelium
growth = 0 mm

… MM GROWTH
Mycelium growth > 0
mm

Figure 4.3.6 Example output of the specific risk assessment tool develop by M.H.J. Martens
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Additional, of each measurement point a temperature (T) and relative humidity (RH) climate
evaluation chart is given, an example of a T-RH climate evaluation chart is shown in figure 4.3.7. In this
chart all daily mean values and weakly mean value of the T and RH are given by dots resp. symbols,
each season has a different colour (winter=blue, spring=green, summer=red, autumn=orange) (M.H.J.
Martens, 2012). With a bold grey line the mould growth curve is highlighted (when the RH exceed the
80%). When weekly averages are marked on the right of this curve, there is high risk of mould growth
(Martens & Smulders, n.d.).

Figure 4.3.6 Example output of the climate chart tool develop by M.H.J. Martens
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4.4 Hygrothermal data generation
With the HAMbase application, programmed within the Matlab programming environment, the
temperature and relative humidity climate files have been created. In this multi zone application all
the building components e.g. the roof, walls, floors, windows and doors, and there orientation have
been specified. Furthermore, the composition of each component was specified for the calculation of
the thermal mass, heat gains and heat losses. Internal thermal mass contributed by partition walls,
floors, ceilings and interior walls were also included in the model. The input file of HAMbase consists
of several parts, each part is described in this paragraph step by step. An example input file is given in
appendix V.
All made assumptions are marked with a reference number, e.g. assumption(x), and listed in paragraph
4.4.8.

4.4.1 Calculation period
The application  makes used of a database of the weather conditions provided by the KNMI. The years
1974 till 2000 are imported by default, other current files can be downloaded and imported. As
average year 1 May 1974 till 30 April 1975 can be used (Wit, 2013).
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4.4.2 Zones
For two dwellings a HAMbase model has been made. A ground floor dwelling and a top floor dwelling.

The zones are schematically displayed in figure 4.4.1-2. The living space of the apartments was
assumed as one zone with(1). The top floor dwelling was divided into three zones; the living space
(yellow), the mid-ceiling cavity (orange) and the top-ceiling cavity (red). The living space includes all
rooms of the dwelling , living/kitchen, WC, Hall, Bedroom, ect. The ground floor dwelling had two
zones, one for its living space (yellow) and one for the ceiling cavity (orange). In order to keep the
report concise and readable, only the modelling of the top floor dwelling is explained in this chapter.
The modelling of the ground floor dwelling was similar.

Figure 4.4.1.a section .b plan: Zones dwelling top floor: Zone 1 yellow, Zone 2 orange, Zone 3 red

Figure 4.4.2.a section .b plan: Zones dwelling ground floor: Zone 1 yellow, zone 2 orange
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4.4.3 Construction data
The different building components such as walls, floors, the roof etc. mostly consist of several layers.
To calculate the temperature and moisture balance in all zones the composition of the components
was specified. The components and the used materials and its specifications are listed in table 1 and
2 of appendix IV. The same materials and specifications were used as in the 3D heat transfer COMSOL
models.
The input for the multi zone model of the top floor dwelling is discussed in this paragraph. The input
for the ground floor dwelling was created on a similar way. The major construction parts are the
façades (indicated in red), the partition walls (orange), internal walls (yellow), floor, ceiling, windows
and roof (see figure 4.4.3). The application used the climate date, orientation and user profile to
calculate the heat losses and gain trough the external constructions. The external constructions and
its orientations are given in table 3 and 4 of appendix IV. There is no heat loss or gain through internal
constructions like the internal walls. However, these object were specified for their contribution in
thermal mass and moisture buffering capacity. To simplified the model and because it is estimated
that the heat loss through the partition walls was minimal, these constructions were modelled as full
internal constructions(2). In the same way the floor of the top floor dwelling and the ceiling of the
ground floor dwelling were modelled. All internal constructions are given in table 5 of appendix IV.

Figure 4.4.3.a,b construction parts top floor, respectively ground floor
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The specifications of the daylight openings are shown in table 6 and 7 of appendix IV. Additional a
shadow profile can be given by a certain opening. The opening in the kitchen of the dwellings is
obstructions due its inwards position (see figure 4.4.4.a). Therefore the shadow profile according to
figure 4.4.4.b was applied to approach this shadow effect.

Figure 4.4.4.a: inwards position glazing kitchen (D.V. van Onna, 2016), b: shadow profile balcony windows
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4.4.4 Infiltration and interzonal airflow

Infiltration
The infiltration is estimated according to NEN 8088(3). First, the specific air permeability at a uniform
pressure difference was determined. This value can be determined by means of a blower door test. If
there are no blower door test results available the air permeability can be estimated by  formula 4.4.1
and table 8-9 of appendix IV (NEN 8088, 2012).

Formula 4.4.1 specific air permeability at a uniform pressure difference

Qv10;spec = ftype x fyear x qv10;spec calc

Whereby
Qv10;spec = is the specific air permeability at a uniform pressure difference

of 10 Pa [dm3/(s × m2)]
ftype = correction factor building type [-] (see table 4.4.9)
fyear = correction factor construction/refurbishment year [-] (see table 4.4.8)
qv10;spec calc = calculation value the specific air permeability of the uniform pressure

difference [dm3/(s × m2)] (see table 4.4.9)

In the case of the top floor apartment the specific air permeability at a uniform pressure difference of
10 Pa is :

Qv10;spec = ftype x fyear x qv10;spec calc = 1.2 x 0.7 x 0.5 =  0.42

In the HAMbase application a module called inputextra11a is given. Within this module there is an
input field  for infiltration data. The infiltration must be specified as air leak.  For each leak a flow
coefficient (Cd) and a flow exponent (n) must be given. The total flow coefficient can be derived from
the determined Qv10;spec value by formula 4.4.2 (R. Urquhart MBSc. & R. Richman PhD P.Eng, 2014)
The flow exponent is in cases of laminar flow 1 and in the case of turbulent flow 0.5. Because the air
flow through a building envelope is typically a mixture of laminar flow and turbulent flow 0.65 is the
most commonly used value (R. Urquhart MBSc. & R. Richman PhD P.Eng, 2014).

Formula 4.4.2 (R. Urquhart MBSc. & R. Richman PhD P.Eng, 2014)

Q = C (∆p)n

Where,
Q = airflow through opening [m3/s]
C = flow coefficient [m3/s/Pan]
P = pressure difference [Pa]
n = flow exponent [-]

Thus:
C = Q/(∆p^n) = Qv10;spec/(10^0.65) = 0.42e-3/(10^0.65) = 0.094e-3[m3/(s×m2)]=0.094 [dm3/(s×m2)]

Instead of the total airflow through opening [m3/s] the Qv10;spec [dm3/(s × m2)] was used. Therefore,
to get the total airflow the value was multiple by the dwelling’s surface.

Cd= C x A = 0.094 x 56.8 = 5.34 [dm3/s]
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The total flow coefficient was evenly divided over the two facades. Each façade is the boundary of the
three zones, the coefficient was pre surface ratio divided over these three zones as shown in table 10
of appendix IV.

Interzonal airflow
The on-site measurements make clear that there is airflow between the living area and the ceiling
cavity. The relative humidity and temperature were measured in the ceiling and in the room below,
this is done for a top floor apartment (see figure 4.4.6.a) and for a ground floor apartment (see figure
4.4.6.b). The data of the outdoor environment was derived from the KNMI database. The absolute
vapour pressure can be determined from the temperature and the relative humidity. The absolute
vapour pressure in the ceiling cavity for both the roof and ground floor situation were not constant,
this means that this area is not airtight. Fluctuations are highly likely caused by air leaks and
perforations in the vapour retarder. The absolute humidity in the ceiling/roof cavity is not equal to the
outdoor absolute humidity nor to the indoor absolute humidity (see figure 4.4.6). Therefore, it can be
assumed that there is both air exchange between the external environment to the ceilings/roof cavity
(infiltration) as between the living area and the ceiling/roof cavity (interzonal airflow). The external
air exchange is covered in the infiltration module. The air flow between the living area to the
ceiling/roof cavity must be estimated because no references are found of this type of air exchange.
The best fit to the measurements was found by an air flow of 5.3 dm3/s. This value was intended
because it is equal to the air exchange through the façade. So in other words, the air leaks through
the ceiling is equal to the air leaks through the façades(4). Above the ceiling cavity there is another
cavity (zone 3). These two zones are separated by just one layer over wood-wool cement slabs. Since
these plates are very porous, the air flow between these two zones is estimated as three times the air
flow between zone 1 and 2(5).
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Figure 4.4.6.a Measured T, RH, P, Roof cavity top floor Figure 4.4.6.b Measured T, RH, P, Ceiling cavity ground floor
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4.4.7 User profiles

Unoccupied situation
There were created four user profiles. First, an unoccupied profile to fit the model to the current
situation was specified. In this case the ventilation system was on its lowest default speed and the
thermostat was set on 18 ⁰C according to the situation (see figure 4.4.7).

Figure 4.4.7 thermostat is set on 18 ⁰C

Scenarios
After the validation, the model was adapted to further scenarios. A base case was configured
according to the ISSO norm and the British standard. Additional two variations on the base profile
were created. For each profile the temperature settings, ventilation settings, heat gains and moisture
generations were specified. The base case scenario was based on the norms and is repressive for a
standard four-person family, hereinafter referred to as case 2. An scenario with a two-person
household was formed by case 1. With case 3 was defined a four-person family in which the occupants
are much more at home and in which the occupied are less environmentally aware compared to a
standard family.

Temperature settings
The publication ISSO-publicatie 41 Energiewijzer woningen defined a user profile for temperature
settings based on the NEN 5128: energy performance of dwellings (ISSO 41, 1995). The suggested
daytime temperatures are 21°C for the living and kitchen and 18°C for the bedrooms. The night time
reduction is 5°C between the hours 23:00 and 7:00.
Because the model’s living area consist out of one zone, and the dwelling is well insulated and has a
central thermostat, the lower setting for the bedrooms was neglected(6). The base model (case 2) had
the day time setting of 21⁰C and the night time reduction of 5⁰C. The same settings were used for case
1 with the difference that during the day when the dwelling is totally unoccupied, the 5⁰C reduction
also was applied. The case 3 model has a two degrees higher heating behaviour as the other
scenarios(7) (see table 4.4.1).

Table 4.4.1 thermostat settings
Normal setting [⁰C] Night reduction or

absence [⁰C]
Case 1 21 16
Case 2 21 16
Case 3 23 18
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Moisture generation
According to an investigation of a family of four persons, the average moisture production per day per
person is 1.25 litres, for other activities the moisture productions are given in figure 4.4.8 (Gagnon,
n.d.). According to the British standard 5250, the moisture production per person is as follows; asleep
40 (g/h) and awake 55 (g/h) see table 4.4.2. This results in a similar moisture production per day per
person of (8x40+14x55)/1000 = 1.1 litres.

Table 4.4.2 typical moisture generation rates for household activities (BS5250, 2002)

figure 4.4.8 average moisture production (Gagnon, n.d.)

A handbook of sustainable building design & engineering performed an example calculation using the
British standard, see table 4.4.3. In this handbook several references and standards about moisture
generations are listed and compered. The British standard BS5250 seem to give acceptable average
values for most activities, the cooking value can assumed as high compered the other references. The
example calculation of a three-person household results in a 9 kg moisture production (see table
4.4.2)(Mumovic & Santamouris, 2013).

Table 4.4.3 moisture generation of a three-person household (adapted from: Mumovic & Santamouris, 2013)

The moisture generation profiles used in the HAMbase simulation are based on the British standard
BS5250 (BS5250, 2002)(8), an example calculation is shown in table 4.4.3. For the base model (case 2)
the table was kept almost equal, only the moisture production for cooking was adapted. It is not
known if there will be a gas or electric stove with a moisture production of 3000 resp. 2000 g., hence
the average moisture production of 2500 g was used for the total moisture production by cooking in
the base case scenario, and the for the case 3 scenario 3000 g.(9) Because only two people live in the
apartment in the case 1 scenario, a moisture production for cooking of 1000 g was used.(10) (see table
11 appendix IV). For the case 1 model the moisture production was lowered by less occupancy, less
cooking and drying clothes by means of an tumble dryer (see table 12 appendix IV). The moisture
production for the case 3 model is higher as the consequences of more cooking and more occupancy
(see table 13 appendix IV).

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total

Number of people 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1 1 2 2 2 3 3 3 3 3
Moist pp 40 40 40 40 40 40 40 40 40 55 55 55 55 55 55 55 55 55 55 55 55 55 40 40
Total moist people 120 120 120 120 120 120 120 120 120 55 55 55 55 55 55 55 110 110 110 165 165 165 120 120 2530

Activities
Cooking 600 600 1000 1000 3200
Shower 400 200 600
Dishwashing 200 200 400
Washing clothes 250 250 500
Drying clothes 250 200 150 100 100 100 100 100 100 100 100 100 1500
Plants 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 240

Total moisture (g) 130 130 130 130 130 130 130 530 930 65 315 315 315 865 215 165 220 220 1220 1275 675 275 230 230 8970

Household activity Moisture generation rate
People:

Asleep
Active

40 g/h per person
55 g/h per person

Cooking:
Electricity
Gas

2 000 g/day
3 000 g/day

Dishwashing 400 g/day
Bathing/washing 200 g/person per day
Washing clothes 500 g/day
Drying clothes indoor 1 500 g/person per day
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Ventilation system
According to the DPA report the ventilation in the dwelling will be managed by a natural in and
mechanical out ventilation concept. The inflow of air will be guaranteed by air inlets in the top of the
window frames. In the dwelling an under pressure is created by a central exhaust system with exhaust
vents in the kitchen, toilet and bathroom (see figure 4.4.5.b). This under pressure ensures that fresh
air will flow through the air inlets. By sufficient capacity of the air inlets the central exhaust system
capacity is decisive for the ventilation rate.
In the dwelling a fan of the brand Zehnder type ComfoFan S was used (see figure 4.4.5.a). In addition
a CO2-control panel was installed (see figure 4.4.5.c), with this panel the inhabitants can choose
between the automatic modules or one of the three manual options. After selecting the chosen mode
remains indefinitely on the selected mode. The max capacity of the fan is 350 m3/h. However, if the
device is installed according to the default factory settings the max capacity is 275 m3/h. The manual
options vary from low ventilation (36 m3/h), normal ventilation (150 m3/h) and maximum ventilation
(275 m3/h) see table 4.4.4. In the bathroom a wireless timer switch timer RF was installed which can
ensure max ventilation during and after the use of the bathroom. If the occupants use the RF timer,
the ventilation system is on its maximum mode for a chosen time of 10, 30 or 60 minutes.
Table 4.4.4 ventilation options ComdoFan S

Mode Symbol Qv [m3/h] = ventilation ACR
[1/h]
Top floor dwelling

Low 36 0.24

Normal 150 1.01

Max 275 1.85

Automatic AUTO
CO2

36-275 0.24-1.85

Figure 4.4.5.a,b.c respectively installed ComfoFan S, vent, control panel with CO2-sensor (D.V. van Onna, 2016)

Heat gains and ventilation rate
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The heat gains and ventilation are depending on the occupancy. The average heat gain per person is
150 W (Gagnon, n.d.). The ventilation system is mostly CO2-controlled and thus dependent on the
presence of persons. The recommended air flow volume to vent off humidity, CO2 and odours
produced by the occupants is around 20–30 m³/h per person (Troi, 2015). Independently of the
number of occupants, a minimum air change rate between 0.2-0.3 1/h should be ensured at all times,
in order to vent off background contamination and odours emitted by furniture, construction
materials, laundry etc. (Troi, 2015).
The mode 1 ensures an air exchange rate of 0.24 1/h in the case of the top floor apartment, this mode
is thus sufficient to ensure the recommended minimum air change rate. Furthermore, according to
the recommendations, it was assumed that the ventilation is on its lowest mode by the presence of
one or no persons, by 2 to 4 persons on mode 2 and by 5 or more on mode 3 (see table 4.4.5)(11).
Additionally, only in the case 1 scenario, when the residents cook or have a shower it was assumed
that the fan is on mode 3 manually activated by the residents(12). In all cases, to prevent overheating,
it was assumed that the fan will work on full speed when the internal temperatures exceeds 26 ⁰C
while the outdoor temperature is lower than the indoor temperature, so called Tset for free cooling
(13). See tables 14-16 in appendix IV for a complete overview of the ventilation settings of all scenarios.

Table 4.4.5 Interpretation ventilation settings
Situation Required Qv [m3/h] Fan mode [ventID] Qv [m3/h]
≤ 1 persons 20-30 1 36
2-4 persons 80-120 2 150
5 ≥ persons 120 ≥ 3 275
Cooking or shower
by best case

3 275

Overview user profiles
A complete overview of all profiles and its settings is shown in the tables 11-16 in appendix IV. The
major parameters are summarized in table 4.4.6. The average values of the number of present people,
the ventilation rate, and the thermostat setting are given. Furthermore, the total moisture generation
per day is shown. The least moisture production is defined in the case 1 scenario and the most
moisture generation is defined in the case 3 scenario. The ventilation rates are depending on the
presence of people, hence there were higher values found for the case 3 scenario compared to the
other two scenarios. Additional, the ventilation rate can be manually adapt by the occupants, e.g.
higher ventilation mode during shower and cooking. In the case 1 scenario a higher ventilation rate
was defined compared to the base case scenario (case 2) because of the assumed manually set of
higher ventilation during cooking and showering.

Table 4.4.6 Overview user profiles
Profile Average #

persons
[-]

Average
ventilation rate
[1/h]

Average Tset
[⁰C]

Total moisture
production
[kg/day]

Case 1 1.3 0.86 17.5 3.8
Case 2 (Base case) 2.3 0.79 19.3 8.3
Case 3 3.4 1.01 21.3 10.3
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4.4.8 Assumption
All made assumptions are marked with a reference number, e.g. assumption(x), and listed in this
paragraph.

1. The living space of the apartments was assumed as one zone.

2. To simplify the model and because it was assumed that the heat loss through the partition walls is
minimal as the temperature in neighbouring apartments is similar, these constructions were modelled
as full internal constructions.

3. The infiltration was estimated according to the NEN 8088, to obtain exact values a blower-door test
can be recommended for further research.

4. The air leaks through the ceiling were assumed equal to the air leaks through the façades, this was
validated by measurements.

5. Above the ceiling cavity (zone 2) there is another cavity (zone 3), these two zones are separated by
just one layer over wood-wool cement slabs. Since these plates are very porous, the air flow between
these two zones was assumed as three times the air flow between zone 1 and 2.

6. The temperature settings were based on the NEN 5128, the lower settings for the bedrooms ware
neglected, as the model’s living area consist out of one zone, the dwelling is well insulated and has a
central thermostat.

7. The residents in case 3 scenario had a two degrees higher heating behaviour as in the other
scenarios.

8. The moisture generation profiles were based on The British standard BS5250 (BS5250, 2002).

9. It is not known if there will be a gas or electric stove with a moisture production of 3000 resp. 2000
g, hence the average moisture production of 2500 g was used for the total moisture production by
cooking in the base case scenario (case 2), and 3000 g. in the case 3 scenario.

10. Because only two people live in the apartment in the case 1 scenario, the moisture production of
1000 g. was used for cooking.

11. It is assumed that the ventilation was on its lowest mode by the presence of one or no persons, by
2 to 4 persons on mode 2 and by 5 or more on mode 3.

12. Only in the case 1 scenario, when the residents cook or have a shower it was assumed that the fan
on mode 3 manually activated by the residents.

13. It was assumed that the fan will work on full speed when the internal temperatures exceeded 26
⁰C while the outdoor temperature was lower than the indoor temperature, so called Tset for free
cooling.
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4.5 Validation
To see if the models are representative, the results of the models were compared with the results of
the on-site measurement. Both the Comsol models as the HAMbase model were validated with the
on-site measurements.
Because the practice is never steady-state (e.g. weather condition), time-dependent simulations were
used for the validation. It was attempted to achieve the same boundary conditions for the simulation,
as in the measurements (using weather data of the nearest weather station as input for external T and
RH settings and using on-site measurements as interior T and RH settings). With this time-dependent
simulations, it was possible to couple the measurement data with the model. Some measured values
can be compared with simulated values (e.g. surface temperatures) to evaluate how reliable the
model was. The models were validated with data from an uninhabited period.

4.5.1 Validation Comsol

Roof detail
Because the output of Comsol models are surface temperatures measured surface temperature are
needed to validate the Comsol model. In the test case dwelling the surface temperature was measured
in the construction, on the steel beam in the roof (Tbeam, see figure 4.5.1.a), on the wall and in the
corner of the ground floor. There are two Comsol model of the roof detail, one of the current half-
refurbishment situation (see figure 4.5.1.a) and one of the situation if the refurbishment is fished (see
figure 4.5.1.b). The assumptions were validated on the model of the current situation. The full-
refurbishment model was used for further analyses.

The model was validated for two weeks, one week in March (see figure 4.5.2) and one week in May
(see figure 2 appendix VI). The figures show the results of the measured surface temperature (in blue)
and of the simulation surface temperature (in orange). On some days the results are similar while on
some (sunny)days the simulation results are lower than measured data. This is likely the result of the
leak of solar data, only the diffuse radiance is known instead of the diffuse and direct solar radiation.

In the roof detail also the average cavity temperature was simulated, these values are compared with
the on-site measurements of the cavity temperature. These values show similar deviations (see figure
4.5.3).

Figure 4.5.1.a: Comsol model of the current half refurbished situation, b: full refurbished situation
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Figure 4.5.2 Comsol model and measurements results 5-12 March 2016 a: Temperatures, b: Relative humidity’s

Figure 4.5.3. Comsol model and measurements results Cavity a: 5-12 March 2016, b: 1-8 May 2016
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Ground floor detail
On the ground floor the temperature in the corner was measured, these results were compared with
the results of a time-depended simulation of the model shown in figure 4.5.4. For this simulation a
week in February was used. The result of the measured surface temperature (in blue) is showing
strong similarities with the results of the simulation (in orange), see figure 4.5.5.

Figure 4.5.4 Comsol ground floor detail.

Figure 4.5.5 Comsol model and measurements results ground floor 13-20 February 2016, a: Temperatures, b: Relative
humidity’s
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4.5.2 Validation HAMbase
A HAMbase zone model was created of both the ground floor apartment as the top floor apartment.
These models were used for the generation of climate data. The models of the current unoccupied
situation were validated with the on-site measurements. For the validation the data of one week in
March and one week in May were used.

Top floor
The measurement results and simulation results show a rather strong similarities for both weeks, for
the results of the week in March see figure 4.5.6 and for the week in May see figure 6 appendix VI.
The measurement results of the living space (zone 1) are indicted in light blue and the simulation
results in dark blue. For the ceiling cavity (zone 2) the colours red for the measurements results and
dark red the simulation results are used.

Figure 4.5.6 HAMbase model and measurements results top floor 5-12 March 2016, a: Temperatures zone 1, b: Relative
humidity’s zone 1, c: Temperatures zone 2, d: Relative humidity’s zone 2
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Ground Floor
The measurements results and simulation results show a rather strong similarities for both weeks for
the results of the week in March see figure 4.5.7 and for the week in May see figure 8 appendix VI.
The measurement results of the living space (zone 1) are indicted in light blue and the simulation
results in dark blue. For the ceiling cavity (zone 2) the colours red for the measurements results and
dark red the simulation results are used.

Figure 4.5.7 HAMbase model and measurements results ground  floor 5-12 March 2016, a: Temperatures zone 1, b: Relative
humidity’s zone 1, c: Temperatures zone 2, d: Relative humidity’s zone 2
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5 RESULTS
The results can be dived in four parts, the infra-red images, the measurement results, steady-state
simulations and the time-dependent simulations results.

5.1 Thermal imaging
On two days, thermal images were made using an infrared camera. As told in paragraph 3.1, on the
first day the inside of an Airey dwelling in its original state was analysed. On the second day pictures
were taken from a complex which was partly refurbished. Hence it was possible to capture an original-
part and a renovated-part of the façade on one image. A selection of these images is shown and
discussed in this paragraph, the entire collection can be found in appendix III.

5.1.1 Interior pre-refurbishment
On the first of December 2015 the picture of the original dwellings were made. The outside
temperature at that moment was around 12 ⁰C. The building envelope and windows show in general
low temperatures, especially in the corners or edges of the room 13-14⁰C (see figure 5.1.1-2). The
balcony floor slab is a clear thermal bridge between the outside and inside environment (see figure
5.1.3). The temperatures here were even lower than the external temperature at that moment, which
was probably the consequence of the lower night time temperature and the high thermal mass of
concrete.
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Figure 5.1.1.a,b Ground floor, living room

Figure 5.1.2.a,b Ground floor, corner floor living room

Figure 5.1.2.a,b Top floor, threshold kitchen door - balcony
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5.1.2 Exterior pre-refurbishment, exterior refurbished
On the 20th of January 2016 the thermal images of the façades were made. The outdoor temperature
was around 2 ⁰C. At that moment just one section of the photographed block was renovated. In figure
5.1.4-5 the left part shows the original dwelling and the right part shows a refurbished section. These
pictures clearly indicate that there is less heat loss through the refurbished façade and windows than
through the original section. However, the inside conditions where not exactly the same, in the
refurbished part the thermostats were set on 15⁰C while the settings of thermostats in the original
occupied part are unknown. Nevertheless, the photos are taken in the early morning, thus it can be
expected that the residents had the thermostat on the night-time reduction mode which is commonly
around 15-18⁰C.

5.1.4.a,b Old and new situation of the front façade, left original, right refurbished

5.1.5.a,b  Old and new situation of the front façade, windows old en new, left original, right refurbished
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5.1.3 Interior refurbished
The images of the inside of a refurbished apartment were taken on the same day as the exterior
images. At the moment these images were taken, the refurbishment of the roof was not completed,
only the façades and the floor were renovated. This may explain the low temperatures on the ceiling
of the top floor (see figure 5.1.6). In other corners and edges also low temperatures of 10-11 ⁰C were
found with an internal temperature of 15⁰C and an external temperature of 2⁰C (see figure 5.1.7-8).

figure 5.1.6 top floor, corner ceiling

figure 5.1.7 top floor, corner floor

figure 5.1.8 ground floor, corner floor
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5.2 Results of on-site measurements
The measurement results of the sensors in the bedroom, and of the sensor in the façade’s cavity of a
relative cold period, February, are given in figure 5.1.1. The measurements of this cold period make
clear that the temperature, relative humidity and absolute vapour pressure in the cavity shows a
strong similarity with the external conditions. On some days the temperature in the cavity raised as
result of solar radiation. Probably, this rise in temperature caused extra evaporation of moisture which
was absorbed in building materials, which can explain the increase of absolute vapour pressure on
these moments.

Figure 5.1.1 Measurement wall cavity cold month February
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As introduced in paragraph 4.3, The specific risk assessment method can be used to predict the mould
growth by the use of an online application of the TU/e. The tool was developed for surface conditions
and for reliable results at least one year of data of the test surface is needed. The raw data of the
measurements was imported in this application. This data is about general space conditions and not
of surfaces. Beside, less than one year of data was available because the measurements run from
January 2016 till December 2016. So the use of these measurements results in this tool give
incomplete results. However, it can give an indication of problems that can be expected. Additionally,
if the model predicts mould growth in this relative short period, the result of a whole years input can
only be worse. An example output of the application is shown in figure 5.2.2 (right), all the output files
are shown in appendix VIII. The interpretation of all results is given in table 5.2.1.
Additionally, of each measurement point a temperature (T) and relative humidity (RH) climate
evaluation chart is given (see appendix VIII). An example of a T-RH climate evaluation chart is shown
in figure 5.2.2 (left). In this chart, of the top floor façade cavity measurement point, some weakly mean
value exceed the RH 80% grey line (the mould growth curve), hence it can be concluded that there is
risk of mould growth.

Table 5.2.1 results mould grow prediction

Evaluation space Mould growth risk Figure
Top floor

- Ceiling cavity Low risk Fig. 1 appendix VIII
- Bedroom Low risk Fig. 2 appendix VIII
- Façade cavity Medium risk Fig. 3 appendix VIII

See figure 5.2.1
Ground floor

- Ceiling cavity Low risk Fig. 3 appendix VIII
- Living room Low risk Fig. 4 appendix VIII

Figure 5.2.2 Results measurements – top floor – façade cavity, left: climate evaluation chart, right: mould growth prediction
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5.3 Results of steady-state simulations

5.3.1 Ground floor detail
The steady-state simulation of the ground floor detail is shown in figure 5.3.1-2. The steady-state
simulation was preformed according to paragraph 3.2.7 on the basis of the normalised interior
temperature of 18 ° C and exterior temperature of 0 ° C. The lowest surface temperature of 10.4⁰C
can be found in the corner (Tcorner gf). This gives a f-factor of 0.58.

Figure 5.3.1  Results steady-state simulation ground floor detail

Figure 5.3.2 Results steady-state simulation ground floor detail
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5.3.1 Mid-section detail
During the project, two refurbishment solutions for the floor-façade detail were tested. In one
solution, the ceiling was insulated with a layer of 100 mm thick insulation quilt, while in the other
situation the whole ceiling cavity was filled with rock wool flakes. First, the current refurbished
situation was evaluated, followed by the situation with rock wool flakes. According to the contractor
the second solution will be used in further project, therefore this solution forms the base for the time-
depend simulation further in this report.

Current refurbished situation ground floor (insulation guilt)
The steady-state simulation of the mid-section detail is shown in figure 5.3.3. The lowest surface
temperature of 6⁰C was found in the ceilings cavity on the concrete column. This gives an f-factor of
0.42 if the temperature in the ceilings cavity is 14 ⁰C. (Namely, the on-site measurements indicate that
with an outside temperature of around 0 ⁰C and a with internal temperature of 18 ⁰C, the temperature
in the ceilings cavity is around 14⁰C.) However, the building code imposes no requirements on surfaces
temperatures in the structure. Because the surface temperature was found in the construction, the
rules for the f-factor are not applicable. Nevertheless, this calculated value can give an indication of
to be expected problems.

Figure 5.3.3 Results steady-state simulation mid-section detail

Tsurf = 6⁰C
Tplafond = 14 ⁰C
F-factor? = 0.42?



71

Future refurbishment solution (glass wool flakes)
For the purpose of soundproofing, the space between the ceiling and the floor of the dwellings will be
filled with rock wool flakes. Obviously, these flakes have also thermal insulation qualities. The results
of the steady-state simulation are shown in figure 5.3.4-5. Because the ceiling cavity is fully filled with
glass wool flakes, the lowest internal surface temperature can be found in the corner between the
wall and ceiling (Tcorner 1 and Tcorner 2, see figure 5.3.5). The exact temperature on these spots are Tcorner1

= 14.19 ⁰C and Tcorner 2 = 14.24 ⁰C . The corner 1, hereinafter referred to as Corner ceiling GF, was used
for further analyse because the temperature in this corner 1 is showing the lowest surface
temperature in this detail and is thus the most critical point. The f-factor is 0.79.

figure 5.3.4 Results steady-state simulation mid-section detail – filled

figure 5.3.5 Results steady-state simulation mid-section detail – filled
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5.3.3 Roof detail
At the moment of the on-site measurements, the refurbishment of the roof was not completed, only
the façades and the floors ware renovated. First, a model was made of the half refurbished situation
with no roof insulation. This model was used for the validation of the on-site measurements.
Additionally, a model was made of the future renovation plans. This model forms the base for the
time-depend simulation further in this report.

Current half refurbished situation (no roof insulation)
The steady-state simulation of the roof detail is shown in figure 5.3.6. The lowest surface temperature
of 4.2⁰C was found in the ceilings cavity on the concrete column. This gives an f-factor of 0.35 if the
temperature in the ceilings cavity is 12⁰C. (Namely, the on-site measurements indicate that with an
outside temperature of around 0 ⁰C and with an internal temperature of 18 ⁰C, the temperature in
the ceilings cavity is around 12⁰C). However, because the surface temperature was found in the
construction, the rules for the f-factor are not applicable. Nevertheless, this calculated value can give
an indication of to be expected problems.

Figure 5.3.6 Results steady-state simulation roof  detail – half refurbished

Tsurf = 4.2 ⁰C
Tplafond = 12 ⁰C
F-factor? = 0.35
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Future refurbishment situation
The steady-state simulation of the roof detail is shown in figure 5.3.7-8. Due to the insulation it was
assumed that the temperature in the ceiling cavities was the same as the general internal temperature
of 18 ⁰C. The lowest surface temperature of 11.3 ⁰C was found in the ceilings cavity on the lattice
girder (see figure 5.3.7, Tgirder). This gives a f-factor of 0.63. However, because the surface temperature
was found in the construction, the rules for the f-factor are not applicable. Nevertheless, this
calculated value can give an indication of to be expected problems.

Figure 5.3.7 Results steady-state simulation roof  detail – full refurbished

Figure 5.3.8 Results steady-state simulation roof  detail – full refurbished
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5.4 Results of time-dependent simulations
As introduced in paragraph 4.3, The specific risk assessment method can be used to predict the mould
growth by the use of an online application of the TU/e. The tool was developed for surface conditions.
For reliable results at least one year of data of the test surface is needed. The time-depend simulations
were made with climate files of one year according to different scenarios. The case 1 , base case and
case 3 scenarios are described in paragraph 4.4.7 user profiles. First, the evaluation points used to
display the results are described. Next, the temperature (T) and relative humidity (RH) results of the
simulations for cold period and for a warm period are displayed. Lastly, the results of mould growth
prediction tools are given. In these tools the simulated T and RH date of each evaluation point is used.

5.4.1 Evaluation points
The models were examined on several critical surface points (see figure 5.4.1-3). Most points were
directly adjacent to a zone, except for the top floor points Tbeam and Tcolumn, which can be found in the
construction behind a layer of rock wool (see figure 5.4.1.b). Since the rock wool is very porous, it was
excepted that the same absolute vapour pressure can be found on these surface as in the adjacent
zone. Also the point Tbeam of the mid-section detail can be found in the construction. The onsite
measurements make clear that the values of absolute vapour pressure in the ceiling cavity were in
between the interior and exterior absolute vapour pressure values (see figure 4.4.6.b, p.51). This was
caused by infiltration, perforations in the vapour barrier placed on the ceiling and the absence of a
vapour barrier on the floor. This vapour pressure in the ceiling cavity was lower than the interior
vapour pressure. To estimate the RH at this point it was assumed in HAMbase that there was still an
air zone in the ceiling cavity to predict the absolute vapour pressure in the ceiling, although this zone
was fully filled with glass wool flakes.

Figure 5.4.1.a: evaluation point Tgirder, b: evaluation points Tbeam and Tcolumn behind insulation layer
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Figure 5.4.2 a:  evaluation point Tcorner ceiling b: evaluation point, Tbeam ceiling, behind insulation layer

Figure 5.4.3 evaluation points Tcorner floor insulation layers
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5.4.2 Results
The temperature (T) and Relative humidity (RH) results of the simulations are displayed for a cold
period and a warm period. Of the simulated year the coldest month was February, the warmest period
seems to be June. These two moths were used to show the T and RH simulation results of the
evaluation point in the graphs in appendix VII. A selection of the results is shown in this chapter
according to table 5.4.1

The simulated T and RH date for each point was used in the mould growth prediction tools. All the
output files are shown in appendix VIII. A selection of the results is shown in this chapter according to
table 5.4.1. The tool predicts the mould growth on reference objects, the results of which can be
interpreted by its colour: green for a small risk, orange for a medium risk and red for a high risk of
mould growth. The interpretation of all results is given in table 5.4.2.

Additionally, of each simulation surface point a temperature (T) and relative humidity (RH) climate
evaluation chart is given (see appendix VIII). In this chart all weakly mean values of the T and RH are
given by dots. Each season has a different colour (winter=blue, spring=green, summer=red,
autumn=orange). With a bold grey line the mould growth curve is highlighted (when the RH exceed
the 80%). Marked weekly averages on the right of this curve implicate there is a high risk of mould
growth.

Table 5.4.1 graph numbers results T, RH and mould growth prediction

Evaluation surface Case 1 Case 2 (Base case) Case 3
Roof detail §5.4.3 T + RH

Figure 5.4.4
Mould growth
predictions
Figure 5.4.5.a,b,c

- Beam roof
- Column
- Girder

Mid-section detail §5.4.4 T + RH
Figure 5.4.6
Mould growth
predictions
Figure 5.4.7.a.b

- Beam ceiling
- Corner ceiling

Ground floor detail §5.4.5 T + RH
Figure 5.4.8
Mould growth
predictions
Figure 5.4.9.a

T + RH
Figure 5.4.8
Mould growth
predictions
Figure 5.4.9.b

T + RH
Figure 5.4.8
Mould growth
predictions
Figure 5.4.9.c

- Corner floor
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5.4.3 Results roof detail
At the evaluation points beam and column, the RH near these surfaces were in the cold period almost
constantly above the 80% line (see figure 5.4.4), and were saturated 100% on many hours. In the warm
period the RH at the column exceeded the 80% line only for a few hours. For the point girder, the RH
values for both the cold and warm period were under 80%. Based on these results, mould growth and
condensation can be expected on the points beam and column.

Figure 5.4.4 Result of time-dependent simulation – roof detail - base case scenario (case 2)

In the climate charts of the points beam and column, on the left in figure 5.4.5.a.b, many weekly
averages of the winter and autumn period exceeded the 80% RH curve. That means in these periods
there was a high risk of mould growth. This is in line with the mould growth curve in figure 5.4.5.a.b.
on the right. The outcome of this assessment is a high risk of mould growth. In the climate chart of the
point girder in figure 5.4.5.c none of the weekly averages exceeded the 80% RH curve. This means
little risk of mould growth, which is in line with the mould growth curve in figure 5.4.5.c on the right.
The outcome of this assessment is a low risk of mould growth.
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Figure 5.4.5.a results mould growth prediction - base case (case 2) – roof – beam

Figure 5.4.5.b results mould growth prediction - base case (case 2) – roof – column

Figure 5.4.5.c results mould growth prediction - base case (case 2) – roof - girder
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5.4.4 Results mid-section detail
In the mid-section details two evaluation points were assigned; a point at the interior surface (corner
ceiling), and a point in the construction (beam ceiling). According to the T-RH results of a cold and
warm period, shown in figure 5.4.6, there was no risk of mould growth on the point corner ceiling.
On the point beam ceiling a high risk of mould growth was expended, especially in the cold period
where the RH almost constantly exceeded the 80% line. At this point, in the cold period, there was
also a high risk of interstitial condensation because the RH is 100% for many hours.

Figure 5.4.6 Result of time-dependent simulation – mid-section detail - base case scenario (case 2)

In the climate charts of the point beam, on the left in figure 5.4.7.a. many weekly averages of the
winter, autumn and spring period exceeded the 80% RH curve. This means that in these periods there
was a high risk of mould growth. This is in line with the mould growth curve in figure 5.4.7.a. on the
right. The outcome of this assessment is a high risk of mould growth. Neither the climate chart or the
mould growth prediction model for the interior point ‘corner ceiling’ predict any hygrothermal
problems.
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Figure 5.4.7.a results mould growth prediction - base case (case 2) – mid-section – beam ceiling

Figure 5.4.7.b results mould growth prediction - base case (case 2) – mid-section – corner ceiling
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5.4.5 Results ground floor detail
On the ground floor detail one point was evaluated; the interior surface point ‘corner floor’. For this
point the temperatures and relative humidity for all cases are displayed in figure 5.4.8. For the warm
period all values are more or less the same. For the cold period the case 1 scenario differs significantly
from the other two scenarios. There is less difference between the base case (case 2) and case 3
scenario. The least risk of mould growth is found for the case 1 scenario, where the 80% RH line is not
exceeded at any time. For the base case scenario the RH does exceeded the 80% line a few hours
during the warm period. The RH in the case 3 scenario exceeded 80% for a few hours both during the
warm and cold period.

Figure 5.4.8 Result of time-dependent simulation - ground floor detail - all scenario

For the case 1 scenario no weakly average values exceed the 80% RH curve (see figure 5.4.9.a).
However, the outcome of mould growth prediction model shows a medium risk of mould growth in
this scenario also. In the climate chart of figure 5.4.9.b-c a few summer weekly average values
exceeded the 80% RH curve. That means in those weeks there was a high risk of mould growth. This
is in line with the mould growth curve in figure 5.4.9.b-c on the right. The outcome of this assessment
is a medium risk of mould growth. Although all scenarios share the same qualification of medium risk
for mould growth, the weakly averages in the climate curves and dots in the mould growth curves
make clear that within this shared medium risk qualification there is less risk on mould growth in the
case 1 scenario compared to the base and case 3 scenario.
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Figure 5.4.9.a results mould growth prediction – case 1 – ground floor – corner floor

Figure 5.4.9.b results mould growth prediction – (base) case 2 – ground floor – corner floor

Figure 5.4.9.c results mould growth prediction - case 3 – ground floor – corner floor
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5.4.3 Results summary
It can be noticed that in general the RH graphs of the base cases and case 3 scenarios show little
differences. In contrast to the RH-values of the case 1 scenarios, these values are generally about 10%
lower. The outcome of the mould growth perdition models are displayed in table 5.4.2. The overview
of the risk areas is given in figure 5.4.10.

Roof – Beam and Column
On these two points the RH exceeded the 80% line in the cold period in all cases for many days. In the
case 3 and base case scenarios it shows a RH of 80% or higher almost daily. On many hours the RH
was even at a level of 100%. In all cases, during the warm period the RH on the column and beam was
only a few days higher than 80%. On these points there is a high risk of mould growth and
condensation.

Roof – Grinder
This point shows acceptable values for both cold and warm period in all cases. The RH does not
exceeded the 80% line.

Mid-section – Beam ceiling
As on the beam in the roof, the RH exceeded the 80% and 100% in the cold period in all cases for many
days. During the warm period the RH on this point was only a few days higher than 80%.

Mid-section - Corner ceiling
This point shows acceptable values for both the cold and warm period in all cases. The RH does not
exceed the 80% line.

Ground Floor - Corner floor
On this point the RH exceeded the 80% line in all cases for a few days in the cold period. In all cases,
during the warm period a RH of 80% or higher was found for the duration of a few hours/half days.

Table 5.4.2 results mould growth prediction

Evaluation surface Case 1 Case 2 (Base case) Case 3
Roof

- Beam roof High risk High risk High risk
- Column High risk High risk High risk
- Girder Low risk Low risk Low risk

Mid-section
- Beam ceiling High risk High risk High risk
- Corner ceiling Low risk Low risk Low risk

Ground floor
- Corner floor Medium risk Medium risk Medium risk
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Figure 5.4.10 section overview mould growth risk areas; high risk in red, medium risk in orange
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6 CONCLUSION

In this report, a test case of an Airey renovation project has been investigated. This test case focussed
on the refurbishment of an Airey dwelling. In this concluding section, first the sub-questions will be
discussed followed by the main research question.

- What is the hygrothermal performance of the cavity of the façade after the refurbishment
based on measurements?

Originally, the Airey complex from the case study had a relatively wide cavity and no insulation layer.
With the refurbishment, two insulation layers were placed improving the thermal resistance and air-
tightness of the building envelope. However, due to the placement of the insulation material, the
cavity becomes smaller and colder. The on-site measurements of an almost constant unoccupied
situation indicated that there is a medium risk of mould growth in the façade’s cavity after
refurbishment. The evaluated measurements, in this relative short period of January until December
2016, already predict a medium risk of mould growth. The mould growth risk of a whole year
measurement with normal occupancy will likely be even worse due to the extended time frame and
additional internal moisture sources.

- On what parts of the construction will there be a hygrothermal risk after alteration?

Both the thermal images and steady state examinations indicate that in the roof, mid-section, and
ground floor details thermal bridges can be found. The thermal images show that there is less heat
loss through the refurbished façade and windows than through the original section. On the other
hand, these images make clear that low internal surface temperatures may be occur in the corner of
the floor slabs, where the partition wall meets the façade. These lower temperatures indicate the
presence of a thermal bridge effect. Also, according to the f-factor calculations, performed by the
steady-state simulation, there is risk of mould growth at some spots on the interior surface of the
construction and highly likely that there will be risk of mould growth at some spots in the construction
itself. The time-dependent simulations and mould growth prediction models confirm these
presumptions. According to the results, mould growth and condensation is expected on the steel
beams and concrete columns in the ceiling and roof cavities. In the corner of the ground floor a
medium risk of mould growth is expected.

- What is the effect of the residents behaviour, e.g. use of ventilation system, on the risk of
mould growth on the critical points?

To evaluate the impact of the residents behaviour, three user profiles were used. The base case
scenario (case 2) was based on the norms and is repressive for a standard four-person family. An
scenario with a two-person household was defined by case 1. And by case 3 was defined a four-person
family in which the occupants are much more at home and in which the occupied are less
environmentally aware compared to a standard family. The number of people present, the ventilation
rate, the thermostat setting and the total moisture generation were varied per profile. The least
moisture generation was defined in the case 1 scenario, the most moisture generation was defined in
the case 3 scenario. The ventilation rate depends on the presence of people because the ventilation
system is CO2-controlled, hence there were higher ventilation rates defined for the case 3 scenario
compared to the other two scenario.
By means of time-dependent simulations, the impact of the several user profiles on the risk of mould
growth in the dwelling were assessed. It was found that in general the relative humidity values of the
base case and case 3 scenarios show little differences. In contrast to the RH-values of the case 1
scenario, these values generally are about 10% lower. Due to this lower relative humidity, the risk of
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mould growth can be reduced. However, the same mould growth risk-classifications are found in all
scenarios on each evaluation point.
The little differences between the base case and case 3 scenario can be explained by the higher
ventilation rate in the case 3 scenario. This compensates the extra moisture production. The difference
with the case 1 is more significant because in this scenario there was a much lower moisture
production and a relatively high ventilation rate.

- Main research question: What are the hygrothermal risks of refurbishment solutions for
post-war prefab steel concrete frame dwellings?

The obtained results make clear that the refurbishment solutions for the post-war prefab steel
concrete frame dwellings introduce a high risk of mould growth and condensation on the steel beams
and concrete columns in the ceiling and roof cavities and a medium risk of mould growth in the corner
of the ground floor and façade’s cavity.
Literature study shows the energy use of Airey building is very high due to infiltration and a lack of
insulation. However, the large amounts of infiltration ensure that those dwellings show little or no
moisture related problems. In the case of this refurbishment, the thermal resistance and air tightness
of the building envelope is improved in order to achieve a reduction of the building’s energy use and
to improve the living comfort. As a side effect, this thermal upgrading of the building envelope
introduces a medium risk of mould growth in the façade’s cavity. This mould growth risk is probably
caused by less ventilation and a reduction of the façade’s drying potential due to lower temperatures
of the façade as result of the internal insulation.
Also, the insulation system can introduce interstitial condensation and water accumulation, which
may cause mould growth. The risk of water accumulation can be reduced by the use of vapour tight
insulation material, vapour retarder or capillary active insulation material. Good functioning of a
vapour tight system depends on proper workmanship as perforations or disconnections have a major
negative impact on the vapour barrier’s performances. In the Airey case study a vapour barrier was
applied, however this layer was perforated on many places. The measurements show that the vapour
barrier does not work properly, as there is still a significant airflow and vapour diffusion between the
indoor climate and the construction. Therefore, the requirements set by the building code to assess
the indoor surface temperatures for hygrothermal risk, are not sufficient in this case. In addition, the
hygrothermal risk inside the refurbished structure has to be assessed.
The consequences of the refurbishment were evaluated on several points according to three
scenarios. The mould growth prediction models show a high risk of mould growth inside the
construction. Additionally, there is a medium risk of mould growth in the ground floor corners. These
problems are caused by perforations in the vapour barrier, thermal bridges and finally the complex
structure of the Airey system.
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7 DISCUSSION AND RECOMMENDATIONS

In general, simulations are an approximation of the reality based on assumptions. Also in this
research’s simulation assumptions are made. The most important assumptions for the simulations are
the values for the interzonal airflow and infiltration. The infiltration is estimated according to a NEN
norm. It would be better to estimate the infiltration by means of a blower door test. The values for
the interzonal airflow were validated on measurement results, therefore these values are probably
close to the reality. However, additional research on how realistic these values are can improve the
reliability of this report. Another important part of the assumptions is formed by the scenarios. There
is little difference between the base case and case 3 scenarios. The step size between the scenario’s
parameters could be optimized, e.g. the difference between the moisture generation of case 1 and
the base case is more significant than between the base case and case 3 scenario.
Much attention has been paid to the roof, mid-section and ground floor details. These details, where
different building components meet, are sensitive to hygrothermal problems and comprise many
aspects of the building envelope. However, there are more interesting details. Therefore additional
research is recommended about a detail of a window-façade connection and a balcony-façade
connection. Especially the balcony connection is normally in Airey dwellings a major thermal bridge,
in the case study during the refurbishment the balcony was replaced hence this thermal bridge was
eliminated and not analysed in this research.

This research demonstrates that the building code (f-factor) risk assessment of mould growth is not
always sufficient. This type of assessment takes only the risks at the interior surfaces into account. By
means of time-depend simulations and advance mould growth prediction models it was found that
inside the construction on several areas there is a high risks on mould growth and condensation. Thus
I would recommend to study always the effect of refurbishment solutions not only on the interior
surface by means the f-factor but also into the structure itself.

To eliminate the expected mould growth in the façade cavities, additional research is needed. Extra
cavity ventilation, extra overhang of the roof, and/or hydrophobic treatment of the façade might
contribute to a reduction of the mould growth in the façade’s cavities.

To reduce interstitial condensation and mould growth, elimination of the air cavities in the roof and
ceilings is recommended. In these cavities a lower absolute vapour pressure is found compared to the
interior absolute vapour pressure but a higher absolute vapour pressure in relation to the exterior. By
incorporating the girders in the interior environment, the higher temperatures and better ventilation
can reduce the risks on interstitial condensation and mould growth. Also, the applying of the vapour
retarder near the risk areas will be made easier and less sensitive to wrong application. Beside the
hygrothermal advantages, the omitting of a ceiling under the girder can contribute to the architectural
qualities of the property by means of showing characteristic elements; the steel construction of the
Airey system. The sound proofing should therefore be placed on top of the existing floors. In addition,
extra attentions should be paid to the vapour barriers. Although less foils have to be applied due the
absence of a floor/roof cavity, still the vapour retarder on the façade walls is necessary to eliminate
interstitial water accumulations and mould growth. Especially around the girders it will be a delicate
work to install an airtight vapour seal. Furthermore, the user phase should be taken into account as
the hanging of e.g. painting can make perforations in the vapour barrier. To prevent this type of
perforations, the vapour retarder can e.g. placed behind an extra layer of insulation with a retention
wall.

The insulation of the Airey dwellings by alternate internal insulation systems need to be investigated
by hygrothermal research. A protection of the vapour retarder by means of a retention wall and/or a
vapour tight insulation material placed in combination with a vapour retarder might be a good options.
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Alternatively, a vapour open, capillary active system may be connected to the external wall with a
special mortal. Since the Airey has thin façade panels as external walls, this system seems to be
unsuitable because those panels have too little moisture buffering capacity. However, additional
research is recommended to examine the applicability of this type insulation systems as well.
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Appendix I - Floorplans and section drawings

Table 1 location sensors
No Id T-no Channel RH T Short notation
1 1543 T-6882 1 Surface

temperature steel
beam in the roof
construction

T_surf_steelbeam_roof

2 Temperature in
the cavity

T_wall_cavity_2F

3 RH in the
cavity

RH_wall_cavity_2F

2 1572 4 Indoor surface,
plasterboard wood

T_surf_gyp+wood_2F

5 - Temperature in
the roof

T_roof_2F

6 RH in the roof RH_roof_2F
3 1582 T-6921 7 Indoor surface,

plasterboard,
insulation

T_surf_gyp+insul_2F

8 - Not in use
9 - Not in use

4 1788 T-9242 10 Steel beam above
balcony

T_surf_balc_steel_2F

11 T in the roof
construction above
the balcony

T_balc_ceiling_roof

12 RH in the roof
construction
above the
balcony

RH_ balc_ceiling_roof

5 1796 T-9250 13 T corner ground
floor

T_surf_corner_GF

14 T between ceiling
ground floor and
floor 1st floor

T_ceiling_GF

15 RH between
ceiling ground
floor and
floor 1st floor

RH_ceiling_GF

6 949 T-4106 16 T bedroom 2nd
floor

T_bedroom_2F

17 RH bedroom
2nd floor

RH_bedroom_2F

7 1237 T-4199 18 T living ground
floor

T_living_GF

19 RH living
ground floor

RH_living_GF
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A

01 eerste verdieping
3000

ok plafond bgg nieuw
2615

Fermacell vloer

Gipsplaat - dampremmende folie -
regelwerk met Rockfit 433 Plus

Rockwool 201 vario

Dampremmende folie en 2x Gipsplaat
MS C-profiel

Raatligger met spijkerregel

15 90 90 35 40

Randbalk Staal

Stelruimte om element omhoog te drukken

Airey beton element

18mm WBP tegen kolom gespijkerd
t.b.v. bevestiging dampremmende folie

Bestaande houten regel

15 90 90 35 40

Glaswol vlokken

Luchtdichting

01 eerste verdieping
3000

ok plafond bgg nieuw
2615

Dampremmende folie en 2x Gipsplaat

MS C-profiel

Raatligger met spijkerregel

Fermacell vloer

MS-wand

Bestaande Staalconstructie

70

70

Maten in het werk te controleren

Onderdeel:

Getekend:

Schaal:

Datum:

Tekeningnummer:
Projectnummer:

 1 : 5

150204Detail 01c-01d plafondligger buitengevel

B-30-01b05-04-2016

bvv

Detail 01dDetail 01c



02 tweede verdieping
6000

ok plafond 1e verd nieuw
5615

20 45 20

Vloerhout

Dampremmende folie en 2x GipsplaatBestaande ligger brandwerend omkleden

Koker 30 min brandwerend

Mineralewol + 2x gipsplaat

Brandwerende kit

Glaswol vlokken

Luchtdichting

20 55

55

Promatec o.g.
30 min brandwerend

100

75 25

01 eerste verdieping
3000

ok plafond bgg
2650

3

ok plafond bgg nieuw
2615

Bestaande woningNieuwe woning

70 250

15 45 10 125 125

Metal stud voorzetwand Gipsplaat -
Isolatie

Fermacell vloer

Dampremmende folie en 2x Gipsplaat

Metal stud voorzetwand Gipsplaat -
Isolatie

MS C-profiel

Raatligger met spijkerregel
Vloerhout

Brandwerende kit

Glaswol vlokken

Luchtdichting

Maten in het werk te controleren

Onderdeel:

Getekend:

Schaal:

Datum:

Tekeningnummer:
Projectnummer:

 1 : 5

150204Detail 02a-02b vloer koker bouwmuur

B-30-02a05-04-2016

bvv

Detail 02a Detail 02b



00 begane grond
0

bk fundering
-71

3

Kit

Metal stud voorzetwand Gipsplaat -
Isolatie

Fermacell vloer + Rockwool 501

70

15 45 10 125

Bestaande dekvloer

Bestaande woningNieuwe woning

A

3

Bestaande woningNieuwe woning

Airey beton element
Kalkzandsteen

Gipsplaat - dampremmende folie -
regelwerk met Rockfit 433 Plus

Metal stud voorzetwand Gipsplaat -
Isolatie

Dampremmende folie 1m omzetten

15 45 10 125 125

70

Kalkzandsteen t.p.v. kop bouwmuur

Maten in het werk te controleren

Onderdeel:

Getekend:

Schaal:

Datum:

Tekeningnummer:
Projectnummer:

 1 : 5

150204Detail 02c-02d bouwmuur gevel

B-30-02b05-04-2016

bvv

Detail 02c

Detail 02d



A

03 Systeem
9000

ok plafond 2e verd nieuw
8615

NB Omdat het dakrandprincipe gelijk blijft is het
afschot is niet verwerkt in het model noch het detail

265

Gipsplaat - dampremmende folie -
regelwerk met Rockfit 433 Plus

Rockwool 201 vario

Airey beton element

40 35 90 90 15

Isolatie Varioplaat

Raatligger met spijkerregel

MS C-profiel

Kingspan Therma TR26 FM Platdak Plaat

Kunststof profiel ter voorkoming
dat de isolatie nat wordt

Ventilatie

Ventilatie opening afdekken
(kastgreepje)

Aluminium daktrim
in kleur gemoffeld

(antraciet)

Maten in het werk te controleren

Onderdeel:

Getekend:

Schaal:

Datum:

Tekeningnummer:
Projectnummer:

 1 : 5

150204Detail 03a dakrand

B-30-03a05-04-2016

bvv

Detail 03a



Appendix III - Thermal images

Inside pre-refubishment shoot
Date:
1 December 2015
Time:
12:50--14:50
Weather:
Overcast sky, drizzling rain, 12 °C, windspeed 6Bft

Ground floor, living room



Ground floor, corner floor living room

Ground floor, corner ceiling living room

Ground floor, ceiling kitchen



Ground floor, kitchen floor and balcony door

Top level, staircase

Top level, staircase



Top level, staircase

Top level, living room, ceiling corner

Top level, living room, wall-floor corner



Top level, kitchen, ceiling corner

Top level, kitchen, ceiling corner

Top level, kitchen, floor corner



Top level, kitchen, floor and balcony door

Outside pre-refubishment and refubishment IR-photoshoot

Date:
20 January 2016
Time:
07:15-7:40
Weather:
Overcast sky/coulds, dry, 2 °C, windspeed 3Bft



Airey block, old situation

Airey block, old situation, façade

Airey block, old situation, façade



Airey block, old situation, façade

Airey block, old situation, backside

Airey block, old situation, backside



Airey renovation block, old situation, side façade

Airey renovation block, old situation, front façade

Airey renovation block, old situation, front façade



Airey renovation block, old en new situation, front façade, windows old en new

Airey renovation block, new situation, front façade

Airey renovation block, old and new situation, front façade



Inside refurbished

Airey,renovated block, top level, front room

Airey,renovated block, top level, front room

Airey,renovated block, top level, front room



Airey, renovated block, top level, back room

Airey, renovated block, top level, back room

Airey, renovated block, ground floor, back room



Airey, renovated block, ground floor, back room

Airey, renovated block, window new

Airey, renovated block, window old



Appendix IV – Tables HAMbase

The different building components such as walls, floors, the roof etc. mostly consist of several layers,
with different properties. To calculate the temperature and moisture balance in all zones the
composition of the components need to be specified. In the application a pre-programmed list of
materials is available, to refer to these materials a matID-number must be used. These materials can
be adapted or additional materials can be add to the material file. This file includes all material
properties. Table 1 shows an overview of all components and used materials. The material
properties of the used materials are given in table 2. The construction date also include a Ri and Re,
these are the internal and external heat transfer resistance (m2·K)/W of the structure. Furthermore,
for each component the external solar radiation absorption coefficient (ab) and external longwave
emissivity (eb) is given. For light-coloured materials are ab-value is around 0.4, while dark materials
have an ab-value of around 0.9. The external long wave emissivity is almost always 0.9.



Table 1 constructing data of building components

Construction conID Ri Mat d ID Mat d ID mat d ID Mat d ID Mat d ID Re ab eb
façade 1 0.13 gypsum 15 388 Insu. + wood 90 424 Insu. +

concrete
90 425 airgap +

concrete
35 5 conc

rete
40 345 0.04 0.65 0.9

Partition wall 2 0.13 gypsum 15 388 insulation 50 408 concrete 250 6 insulation 50 408 gyps
um

15 388 0.13 0.5 0.9

Inner wall 3 0.13 gypsum 13 388 insulation 74 408 gypsum 13 388 0.13 0.5 0.9
2nd floor
Roof (current) 4 0.10 plywood 18 508 bitumen 5 616 0.04 0.9 0.9
Roof refurbished 5 0.10 plywood 18 508 bitumen 5 616 insulation 100 427 bitumen 5 616 0.04 0.9 0.9
roof between zone 2
and 3

6 0.10 woodwool 35 510 0.10 0.6 0.9

ceiling 7 0.10 gypsum 30 388 0.10 0.5 0.9
Floor 8 0.10 fermacell 25 477 rockwool 20 478 plywood 22 508 0.10 0.6 0.9
Ground floor
Floor above zone 2 9 0.10 plywood 22 508 rockwool 20 477 fermacell 25 477 0.10 0.9 0.9
Ceiling current 10 0.10 gypsum 30 388 Insulation 100 422 0.10 0.6 0.9
Ceiling flakes 11 0.10 gypsum 30 388 flakes 330 414 plywood 22 508 rockwool 20 478 ferm

acell
25 477 0.10 0.9 0.9

Floor 12 0.17 fermacell 25 478 rockwool 50 477 concrete 120 6 soil 300
0

647 0.04 0.9 0.9



Materials
The used materials and its properties are given in table 2. The table displays the material thermal
conductivity(λ), density(ρ), heat capacity(C), emissivity(Eps), diffusion resistance factor(μ) and
moisture capacity (ksi).

Table 2 material properties
MatID description λ

[W/(m·K)]
ρ
[kg/m3]

C
[J/(kg∙K)]

Eps
[-]

μ
[-]

Ksi
[kg/m3]

5 Concrete +
airgap*

0.405 241 837 0.9 1 0

6 Concrete 2.018 2400 840 0.9 30 40
345 Concrete

facade
2.276 2400 840 0.9 30 40

388 Gypsum board 0.340 1300 840 0.9 8 9.5
424 Insu + wood* 0.060 117 1576 0.9 1.3 1
425 Insu. +

concrete*
0.241 276 840 0.9 1.3 1

477 Fermacel floor 0.333 1300 840 0.9 1.3 1
478 Rockwool 501 0.042 40 840 0.9 1.3 1
508 Plywood 0.200 700 1880 0.9 50 99
616 Bituminous

roofing
0.200 1050 1840 0.9 10000 0

647 Soil 2.000 1500 800 0.9 2.5 0

*Inhomogeneous material values can be calculated as follows:

Wood percentage 15% according DPA/Hooyschuur architecten.

Concrete percentage 10% can be determined as follow: the column width is 64 mm the space
between the columns is 561 mm, so the concrete percentage is 64/(561+64)*100%= 10%

λ5 =    λair gap * 0.90 + λconcrete * 0.10 = 0.226 * 0.90 + 2.018*0.10= 0.4052

λ424 = λinsulation * 0.85 + λwood * 0.15 = 0.040 * 0.85 + 0.170*0.15 = 0.0595

λ425 = λinsulation * 0.90 + λconcrete * 0.10 = 0.044 * 0.90 + 2.018*0.10 = 0.2414

Orientations
The orientations of building components must be given by an or.ID which is specified by means of
two angles. The beta indicates the angle of rotation in the vertical plane (vertical= 90°, horizontal
=0°), the gamma angle in the horizontal plane (east = -90°, west = 90°, south – 0°, north = 180 °). In
Table 5, the used orientations are displayed.

Table 3 input values orientations
or.ID part beta gamma
1 North façade 90 -167
2 East façade 90 -77
3 South façade 90 13
4 West façade 90 103
5 Flat roof 0 0



Construction
The input for the construction the multi zone model of the top floor dwelling given in this appendix.
The input for the ground floor dwelling is created on a similar way. The external constructions are
given in table 6. All internal constructions are given in table 7.

Table 4 External constructions
exID part zone Surface [m3] con.ID or.ID
1 East façade 1 17.47 1 2
2 2 2.20 1 2
3 3 0.75 1 2
4 Nord façade 1 1.94 1 1
5 2 0.24 1 1
6 3 0.08 1 1
7 Roof 3 56.8 5 5
8 West  façade 1 21.29 1 4
9 2 2.57 1 4
10 3 0.88 1 4

Table 5 Internal constructions
InID Part Zone 1 Zone 2 Surface [m3] Con.ID
1 Internal walls 1 1 77.32 3
2 Partition walls 1 1 47.16 2
3 2 2 5.94 2
4 3 3 2.39 2
5 Ceiling 1-2 1 2 56.8 7
6 Between 2-3 2 3 56.8 6
7 Floor 1 1 56.8 8

Windows
For the windows at its glazing separate input fields are provided, the default values for double
glazing are used as shown in table 3. The locations and size of the windows are given in table 7.

Table 6 Glazing properties
Specification Symbol Value Unit
Heat transfer coefficient U-value 2.80 W/(m2∙K)
Convection factor CF 0.03 -
Sun gain factor SF 0.65 -

Table 7 Windows whereby shaID=0 no shadow , shaID = 1 shadow profile accoriding figure 4.4.4.
WinID Part exID Surface [m3] shaID
1 Living 1 2.4 0
2 Balcony 1 3.15 1
3 Bedroom 1 8 1.2 0
4 Bedroom 2 8 1.2 0
5 Bedroom 3 8 2.4 0



Table 8 correction factor construction/refurbishment year (NEN 8088, 2012)
Year of construction or renovation f year [-]

J < 1970 4,3
1970 ≤ J < 1980 2,8
1980 ≤ J < 1990 1,9
1990 ≤ J < 2000 1,3
2000 ≤ J < 2010 1,0

J ≥ 2010 0,7
Table 9 correction factor building type and calculation value the specific air permeability

Building type q v10;spec;calc [dm3/(s×m2)] Type ftype [-]

Flat, complex 0,5

In-between on
ground floor or intermediate

storey

1,0

End wall appartment
ground floor or intermediate

storey

1,3

In-between on
top floor

1,2

End wall apartment
top floor

1,4



Table 10 flow coefficients
Façade Space Zone Flow coefficient

[dm^3/s]
Flow exponent
[-]

West Living space 1 2.27 0.65
Ceiling cavity 2 0.29 0.65
Ceiling top cavity 3 0.11 0.65

East Living space 1 2.27 0.65
Ceiling cavity 2 0.29 0.65
Ceiling top cavity 3 0.11 0.65

Total 5.34

Table 11 Case 1 moisture generation profile – top floor

Table 12 (Base) Case 2 moisture generation profile – top floor

Table 13 Case 3 moisture generation profile – top floor

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total

Number of people 2 2 2 2 2 2 2 2 2 0 0 0 0 0 0 0 0 0 2 2 2 2 2 2
Moist pp 40 40 40 40 40 40 40 40 40 55 55 55 55 55 55 55 55 55 55 55 55 55 40 40
Total moist people 80 80 80 80 80 80 80 80 80 0 0 0 0 0 0 0 0 0 110 110 110 110 80 80 1320

Activities
Cooking 250 750 1000
Shower 400 400
Dishwashing 200 200
Washing clothes 250 250 500
Drying clothes 75 75 150
Plants 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 240

Total moisture (g) 90 90 90 90 90 90 90 490 340 10 10 10 10 10 10 10 10 10 120 870 320 370 415 165 3810

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total

Number of people 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1 1 2 2 2 3 3 3 3 3
Moist pp 40 40 40 40 40 40 40 40 40 55 55 55 55 55 55 55 55 55 55 55 55 55 40 40
Total moist people 120 120 120 120 120 120 120 120 120 55 55 55 55 55 55 55 110 110 110 165 165 165 120 120 2530

Activities
Cooking 500 500 750 750 2500
Shower 200 400 600
Dishwashing 200 200 400
Washing clothes 250 250 500
Drying clothes 250 200 150 100 100 100 100 100 100 100 100 100 1500
Plants 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 240

Total moisture (g) 130 130 130 130 130 130 130 330 830 65 315 315 315 765 215 165 220 220 970 1025 875 275 230 230 8270

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Total

Number of people 4 4 4 4 4 4 4 4 4 2 2 2 2 2 2 2 4 4 4 4 4 4 4 4
Moist pp 40 40 40 40 40 40 40 40 40 55 55 55 55 55 55 55 55 55 55 55 55 55 40 40
Total moist people 160 160 160 160 160 160 160 160 160 110 110 110 110 110 110 110 220 220 220 220 220 220 160 160 3850

Activities
Cooking 500 500 1000 1000 3000
Shower 400 400 800
Dishwashing 200 200 400
Washing clothes 250 250 500
Drying clothes 250 200 150 100 100 100 100 100 100 100 100 100 1500
Plants 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 240

Total moisture (g) 170 170 170 170 170 170 170 570 870 120 370 370 370 820 270 220 330 330 1330 1330 930 330 270 270 10290



Table 14 Case 1 calculation heat gains and ventilation setting – top floor

Table 15 (Base) Case 2 calculation heat gains and ventilation setting – top floor

Table 16 Case 3 calculation heat gains and ventilation setting – top floor

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Number of people 2 2 2 2 2 2 2 2 2 0 0 0 0 0 0 0 0 0 2 2 2 2 2 2
Heat gain 300 300 300 300 300 300 300 300 300 0 0 0 0 0 0 0 0 0 300 300 300 300 300 300
Cooking/shower y y y y
Ventilation level 2 2 2 2 2 2 2 3 3 1 1 1 1 1 1 1 1 1 2 3 3 2 2 2

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Number of people 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1 1 2 2 2 3 3 3 3 3
Heat gain 450 450 450 450 450 450 450 450 450 150 150 150 150 150 150 150 300 300 300 450 450 450 450 450
Cooking/shower y y y y y y
Ventilation level 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2
Thermostat 16 16 16 16 16 16 16 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 16

Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Number of people 4 4 4 4 4 4 4 4 4 2 2 2 2 2 2 2 4 4 4 4 4 4 4 4
Heat gain 600 600 600 600 600 600 600 600 600 300 300 300 300 300 300 300 600 600 600 600 600 600 600 600
Cooking/shower y y y y
Ventilation level 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2



Appendix V- Input file HAMbase

Example input file of HAMbase – (base) case 2 – top floor

%             HAMBASE
%
% HEAT And Moisture Building And Systems Evaluation
% -------------------------------------------------------------------------
% BUILDINGref
%
% Example input file to specify the building, profiles, systems are off
% The name of this m-file can be changed at wish.
% feb 2009

clear all
close all

% -------------------------------------------------------------------------
-----
%  PART 1 : THE CALCULATION PERIOD
% -------------------------------------------------------------------------

% The available climate data of De Bilt are of the years 1971 till 2008. If
the
% climate files of a different location are used the name and format must
be
% adapted and the geographical coordinates must be changed (in InClimate-
file).
% As an average year can be considered 1 May 1974 till 30 April 1975.
% A cold winter (242 days) started 1 September 1978.
% A hot summer (123 days) started 1 May 1976.
% 9 hot days started at 1 July 1976 and 9 cold days started at 30 December
1978.

%
% FORMAT BAS.Period=[yr,month,day,ndays]
%
% yr        = start year
% month     = start
% month day = start day
% ndays     = number of days simulated

%BAS.Period=[1974,5,1,365][1974,4,29,368]
fitmaart#2016,3,5,7mei#2016,5,1,7August#2016,8,21,7; Ave jan
[1974,12,29,34]
BAS.Period=[1974,4,29,368];

% If BAS.DSTime=1 the EU daylight-savings time is taken into account. It
starts on the
% last Sunday of March and ends on the the last Sunday of October (the
total
% duration is 30 or 31 weeks). If there is no daylight-savings period
BAS.DSTime=0
% If the daylight-savings period is different from the EU the starting and
ending days



% must be given:
% BAS.DSTime(1,:)=[year,starting month,day,ending month,day];
% BAS.DSTime(2,:)=[year+1,starting month,day,ending month,day]; etc.

%BAS.DSTime(1,:)=[1987,4,28,4,29];
%BAS.DSTime(2,:)=[1988,4,3,4,3];
BAS.DSTime=1;

% -------------------------------------------------------------------------
---
% PART 2 : THE BUILDING
% -------------------------------------------------------------------------
---

%   ZONES NUMBERS [-] & VOLUMES [m3]
%
% A zone consist of a room or several adjacent rooms with oubout the same
% temperature and relative humidity and the same climate control e.g. a
dwelling
% might have three zones: the ground floor (living room etc), the first
floor
% (sleeping) and the attic (not heated). There is however no restriction in
the
% number of zones that can be simulated. Example: three zones:
BAS.Vol{1}=..;
% BAS.Vol{2}=..; BAS.Vol{3}=.. If alone 2: use '%' for 1 and 3 so only
% BAS.Vol{2} remains.
%
% FORMAT BAS.Vol{zonenumber}=volume (m3);
BAS.Vol{1}= 148.9; %dwelling h*opp 2.620*56.8
BAS.Vol{2}= 18.74; %ceiling cav mid h*opp 0.330*56.8
BAS.Vol{3}= 6.41; %ceiling cav top h*opp 0.113*56.8
% ** CONSTRUCTION COMPONENTS DATA **
%
% A construction component usually consists of different layers. The order
of
% the input of the properties of these layers is standard from indoors to
% outdoors and for construction components between zones from the zone with
the
% lowest zone-number to the highest so: 1->2,1->3,2->3etc..  The material
% properties of the component layer are inserted by a material ID-number.
By
% typing 'help matpropf' a list of materials appear with a material ID-
number.
% Also each different construction component gets a different construction
% ID-number: conID=1,2,....
%
% FORMAT BAS.Con{conID}=[Ri,d1,matID,...,dn,matID,Re,ab,eb].
% dn = material layer thickness [m]
% matn = material ID-number.
% Ri = internal surface heat transfer resistance (for example Ri=0.13)
[Km2/W]
% Re = surface heat transfer resistance at the opposite site (for example
Re=0.04) [Km2/W]
% ab = external solar radiation absorption coefficient [-] e.g.light
ab=0.4, dark ab=0.9.
% eb = external longwave emmisivity [-]. Almost always: eb=0.9

% BAS.Con{conID}=[Ri,  d1,matID,...         ,
dn,matID,  Re,   ab,   eb].



BAS.Con{1} =  [0.13,    0.015,388,  0.090,424,  0.090,425,  0.035,005,
0.040,345,  0.04,   0.65,   0.93];
BAS.Con{2} =  [0.13,    0.015,388,  0.050,408,  0.250,006,    0.050,408,
0.015,388,    0.13,   0.5,    0.9];
BAS.Con{3} =  [0.13,    0.013,388,  0.074,408,  0.013,388,
0.13,   0.5,    0.9];

BAS.Con{4}  =  [0.10,   0.018,508,  0.005,616,
0.04,   0.9,    0.9];
BAS.Con{5}  =  [0.10,   0.018,508,  0.005,616,  0.100,427     0.005,616,
0.04,   0.9,    0.9];
BAS.Con{6}  =  [0.10,   0.035,510,
0.10,   0.6,    0.9];
BAS.Con{7}  =  [0.10,   0.030,388,
0.10    0.5,    0.9];
BAS.Con{8}  =  [0.10, 0.025,477,  0.020,478,  0.022,508,
0.10    0.6,    0.9];

BAS.Con{9}  =  [0.10,   0.022,508,  0.020,478,  0.025,477,
0.10    0.9,    0.9];
BAS.Con{10} =  [0.10,   0.030,388,  0.100,422
0.10    0.6,    0.9];
BAS.Con{11} =  [0.10,   0.030,388,  0.330,414,  0.022,508, 0.020,478,
0.025,477,   0.10    0.9,    0.9];
BAS.Con{12} =  [0.17,   0.025,477,  0.050,478,  0.120,6,  3.00,647,
0.04,   0.9,    0.9];

BAS.Con{13}=  [0.13,    0.003,104   0.090,425,  0.035,005,  0.025,345,
0.04,   0.65,   0.93];

% Commments
%1: Facade
%2: Partition wall
%3: Inner wall
%
%2nd floor
%4: Roof (current)
%5: Roof refurbished
%6: roof between zone 2 and 3
%7: ceiling
%8: Floor
%
%Ground floor
%9: Floor above zone 2
%10: Ceiling (current)
%11: Ceiling refurbished, flakes, no zone 2
%12: Floor

% ** GLAZING SYSTEMS DATA**
%
% The solar gain factor of glazing depends on the incident angle of the
solar
% radiation. The properties below are independent of this angle but if one
wants
% to account for the incident angle this can be done with the shadow
section
% (below). Each different glazing system gets an ID-number: glaID=1,2,.
%
% FORMAT BAS.Glas{glaID}=[Uglas,CFr,ZTA,ZTAw,CFrw,Uglasw]



%
% Uglas = U-value without sunblinds  [W/m2K]
% CFr   = convection factor without blinds [-]
% ZTA   = Solar gain factor [-] without blinds
% ZTAw  = Solar gain factor [-] with blinds
% CFrw  = convection factor with blinds [-]
% Uglasw = U-value with blinds  [W/m2K]
%
%BAS.Glas{glaID}=   [Uglas,     CFr,        ZTA,        ZTAw,       CFrw,
Uglasw]
%BAS.Glas{1}=       [1.309,     0.047,      0.308,      0.072,      0.116,
1.253   ];
%BAS.Glas{2}=       [5.7,       0.01, 0.80,       0.80,       0.01,
5.7     ];
%BAS.Glas{3}=       [1.4,       0.03,       0.65,       0.65,       0.03,
1.4     ];
BAS.Glas{4}=        [2.8,       0.03,       0.65,       0.65,       0.03,
2.8     ];
%BAS.Glas{5}= [1.4,       0.03,       0.65,       0.65,       0.03,
1.4     ];
% Comments
% Glazing 1  saint-roch skn 165
% Glazing 2  single glazing
% Glazing 3 HR glazing
% Glazing 4 double glazing
% Glazing 5 HR double glazing

% ** ORIENTATIONS **
%
% For each surface of the building envelope (exterior walls) the tilt and
the
% orientation with respect to the south has to be known. Each different
% orientation gets a different orientation-ID-numbernumber: orID.
%
% FORMAT  BAS.Or{orID}=[beta gamma]
% beta = tilt (vertical=90,horizontal=0)
% gamma = azimuth (east=-90, west=90, south=0, north=180)
%
%BAS.Or{orID}=[beta,    gamma];
BAS.Or{1}= [90.0, -167.0  ];%N
BAS.Or{2}= [90.0, -77.0   ];%E
BAS.Or{3}= [90.0,       13.0    ];%S
BAS.Or{4}= [90.0, 103.0   ];%W
BAS.Or{5}= [0.0,        0.0     ];% horizontal roof

% **SHADOWING DATA**
%
% For each vertical window the shadow by exterior obstacles can be
accounted
% for. The obstacles can have any combination of blocks, cylinders and
spheres,
% provided some limitations regarding the positioning: The position of the
% blocks is such that two planes are horizontal, two vertical and
perpendicular
% to the window pane and two parallel. The axis of the cylinder must be
% vertical. E.g. a tree is a cylinder and a sphere. If two equal windows
with
% the same orientation and zone have a different shadow they cannot be
added to
% one window (with the sum of the surface areas) anymore. Each shadow
situation



% gets a shadow ID-number:shaID.
%
% FORMAT BAS.shad{shaID}= [
% typenr, size1, size2, size3, x, y, z, extra;
% ......,......,......,......,..,..,..,......;
% typenr, size1, size2, size3, x, y, z, extra;
% typenr, size1, size2, size3, x, y, z, extra;]
%
% x,y,z are Cartesian coordinates where z is vertical and x is horizontal
and
% perpendicular to the window plane. Left means left when facing the window
from
% outside. The sizes are always positive numbers.
%
% typenr=1 (window):size1=depth (=distance glazing to exterior surface),
size2=
%   width, size3=height of the window
%   [x,y,z] = the coordinates of the lowest window corner at the left side
%   extra   = elevation-angle of the horizon in degrees to account for far-
away
%   obstacles.
% typenr=2 (block):size1= width(in x-direction),size2=length(in y-
direction),
%   size3=height(in z-direction)
%   x,y,z] coordinates of the left block corner closest to the window
%   extra= solar transmission
%   factor (0 opaque)
% typenr=3 (tree):size1=radius crown,size2=radius trunk (e.g.1/20*radius
crown),
%   size3=height center of crown
%   [x,y,z]: coordinates of the bottom of trunk.
%   extra=solar transmission factor of crown (0 opaque). In
winter(120<iday< 304)
%   this is higher than in summer. e.g. winter extra=0.8, summer extra=0.35
% typenr =4 input for incident angle dependency of transmittivity of
glazing.
%   Perpendicular (angle=0) always 1 and for 90 degrees (parallel) always
0. So
%   there is no need for an input for these angles! First row [4, incident
%   angle1,.,incident angle7], second row [5,
transmittivity1,.,transmittivity7]
%
% Example input
%
BAS.shad{1}=[

1  0.842     2.1        1.50      0.169        0.85         0
0;...

];

% Changing below '0' into '1' below, gives a drawing of the
% obstacle geometry for ShaID.
if 1==0

shaID=1;
figure(1)
shaddrawf1101(BAS.shad,shaID);

end

% -------------------------------------------------------------------------
-----



% A building is an assembly of different construction components. The input
here
% is about the seize, place in the building and ID of these different
components
% (for convenience called walls and windows i.e. also if doors, floors or
roofs are meant).
% They are divided into 5 groups:
% I.   Constructions separating a zone from the exterior climate: EXTERNAL
WALLS
% II.  Windows in external walls I
% III. Constructions separating a zone from an environment with a constant
%   temperature e.g. the ground: CONSTANT TEMPERATURE WALLS
% IV.  Constructions separating a zone from an environment with the same
%   conditions: ADIABATIC EXTERNAL WALLS
% V.   Constructions between and in zones: INTERNAL WALLS
% For external walls and constant temperature walls the heat loss by
thermal
% bridges can be accounted for if the extra steady state heat loss in Watt
per 1K
% temperature difference across these bridges is known. These values can be
% obtained by thermal bridge software or a approximate methods. Use '0' if
not
% known.
% -------------------------------------------------------------------------

% I. EXTERNAL WALLS
%
% For each wall ID-number exID=1,2,...
%
% FORMAT BAS.wallex{exID} = [zonenr,surf,conID,orID,bridge];
% zonenr    = select zone number from ZONES section
% surf      = total surface area[m2] including the windows surface area.
% conID = select construction ID-number from CONSTRUCTION section.
% orID  = select orientation ID-number from ORIENTATIONS section
% bridge= the heat loss in W/K of the thermal bridges (choose 0 if unknown)

%BAS.wallex{exID}=      [zonenr, surf,      conID, orID,   bridge]
BAS.wallex{1} =         [1,      17.47,     1,         2,      0];
%2.620*6.668    East facade
BAS.wallex{2} =         [2,      2.20,      1,         2,      0];
%0.330*6.668
BAS.wallex{3} =         [3,      0.75,      1, 2,      0];
%0.113*6.668
BAS.wallex{4} =         [1,      1.94,      1,          1,      0];
%2.620*0.742    Nord facade
BAS.wallex{5} =         [2,      0.24,      1,          1,      0];
%0.330*0.742
BAS.wallex{6} =         [3,      0.08,      1,          1,      0];
%0.113*0.742
BAS.wallex{7} =         [3,      56.8,      5,          5,      0]; %
Roof
BAS.wallex{8} =         [1,      21.29,      1,         4,      0];
%2.620*8.125 West facade slp1
BAS.wallex{9} =         [2,      2.57,      1,         4,      0];
%0.330*7.800                cavm
BAS.wallex{10} =        [3,      0.88,      1,         4,      0];
%0.133*7.800                cavt

% II. WINDOWS IN EXTERNAL WALLS
%



% Each external wall can have one or more windows. The surface area is the
area
% of the transparent part. If the surface is curved the effective area for
solar
% radiation is needed. The U-value must be increased in such a way that the
% heat loss per 1K temperature difference equals the one for the curved
glazing,
% e.g. a glazed dome in a flat roof has an orientation with tilt=0, surface
% area=pi*r^2 and U-value=Uglazing*2*pi*r^2/pi*r^2.
% If a wall has 100% glazing use an EXTERNAL WALL that is slightly larger
than
% the window area. Each window gets an ID-number winID=1,2,...
%
% FORMAT window{winID} = [exID, surf,glaID, shaID];
% exID  = select external construction ID-number from CONSTRUCTIONS section
% surf   = surface area of the glazing [m2]
% glaID  = select glass ID-number from GLAZING section
% shaID  = select ID-number of shadow from SHADOW section, no shadow:
shaID=0

%BAS.window{winID}=     [exID,  surf,   glaID,   shaID]
BAS.window{1} =         [1,     2.4,    4,        0]; %west
4*0.464*1.297=2.40
BAS.window{2} =         [1,     3.15,   4,        1]; %3*0.7*1.5=3.15
balkon + shadow
BAS.window{3} =         [8,     1.2,    4,        0]; %east slp1 windows *
2
BAS.window{4} =         [8,     1.2,    4,        0]; %east slp2 windows *
2
BAS.window{5} =         [8,     2.4,    4,        0]; %east slp3 windows *
4

% III. CONSTANT TEMPERATURE WALLS
%
%  Each constant temperature wall gets an ID: i0ID=1,2,...
%
% FORMAT walli0{i0ID} = [zonenr, surf, conID ,temp];
% zonenr = select zone number from ZONES section
% surf      = total surface area [m2]
% conID     = select construction ID-number from CONSTRUCTION section.
% temp      = constant temperature [oC],e.g ground = '10'
% bridge   = the heat loss in W/K of the thermal bridges (0 if unknown)

%BAS.walli0{i0ID}=  [zonenr, surf,   conID,         temp,    bridge]
%BAS.walli0{1} =        [2,     19.8,   7,          10.0,        0];
%groundfloor
%BAS.walli0{2} =        [1,     20.5,   7,          10.0,        0];

% IV ADIABATIC EXTERNAL WALLS
%
% Each adiabatic wall gets an ID: iaID=1,2,...
%
% FORMAT wallia{iaID} = [zonenr,surf,conID];
% zonenr    = select zone number from ZONES section
% surf      = total surface area in m2
% conID = select construction ID-number from CONSTRUCTION section.

%BAS.wallia{iaID}=  [zonenr, surf,      conID]



%BAS.wallia{1} =        [1,      25.0,  2   ]; %internal walls
(2*3.307+3.195)*2.620
%BAS.wallia{2} =        [2,      33.2,  2   ]; % (2*2.7+0.63+6.500)*2.650

% V. INTERNAL WALLS BETWEEN AND IN ZONES
%
% Also here all different internal walls get an ID-number: inID.
% If there are 3 different walls (or floors) between zonenr1 and zonenr2,
the
% input is BAS.wallin{1}=[1,2,...  t/m BAS.wallin{3}=[1,2,.... If the 4th
% construction is completely in zonenr2 the input is consequently:
% BAS.wallin{4}=[2,2,... The first layer (Ri) of the construction component
is
% in the zone that comes first. If instead BAS.wallin{3}=[2,1,.... is used
the
% construction is reversed and Ri is in zonenr2. The surface area is the
surface
% area of one side of the wall also for walls that are completely in the
same
% zone.
%
% FORMAT wallin{inID} = [zonenr1,zonenr2,surf,conID];
% zonenr1   = select zone number from ZONES section
% zonenr2   = select zone number from ZONES section
% surf      = total surface area [m2]
% conID     = select construction number from CONSTRUCTION section.

%BAS.wallin{inID}=  [zonenr1,   zonenr2,    surf,       conID   ]
BAS.wallin{1} =         [1,        1, 77.32,      3   ];%internal
walls (29.51)*2.620

BAS.wallin{2} =         [1,        1,       47.16,      2   ];%internal
walls (18.00)*2.620
BAS.wallin{3} =         [2,        2,       5.94,       2   ];%internal
walls  cav m (18.0)*0.330
BAS.wallin{4} =         [3,        3,       2.39,       2   ];%internal
walls  cav top(18.0)*0.133

BAS.wallin{5} =         [1,        2,       56.8,       7   ];%roof low
(Ceiling)
BAS.wallin{6} =         [2,        3,       56.8,       6   ];%roof mid

BAS.wallin{7} =         [1,        1,       56.8,       8   ];%floor
%--------------------------------------------------------------------------
--
% PART 3 : profiles for internal sources, ventilation, sunblinds and free
% cooling
% -------------------------------------------------------------------------
---
%
%
% **PROFILES**
%
% Profiles are related to the use of a zone: office, living room, school
etc
% Each day of a week can have a different profile e.g. weekends are
different.
% Here the profiles are defined and given an ID-number; proID.



% For each day up to 24 different periods can be defined with different
data. period1:
% start time = hrnr1 and end time = hrnr2; period2: start time = hrnr2 and
end
% time = hrnr3; last period: the hours that are left on the same day.
% for example [1,8,18] means period1: 1h till 8h, period2: 8h till 18h,
period 3:
% 24h(==0h) till 1h and 18h till 24h. (3 periods are often used).
% The inserted hours are the clock time.
% The profile allows for free cooling i.e. above a certain threshold Tfc
(oC)
% the ventilation is increased from vvmin to vvmax: e.g. vvmax=3*vvmin. So
if
% vvmin=vvmax there is no free cooling. The temperature Tfc is also used
for the
% control of blinds: if the solar irradiance on the window is higher than
Ers
% and the indoor temperature higher than Tfc the blinds will be down. This
means
% that if there is no free cooling the temperature Tfc is still necessary
for
% the control of blinds. Ers is the same for all zones. A number often
% encountered for Ers is 300W/m2.
%
% BAS.Ers{proID}     = irradiance level for sun blinds [W/m2]
% BAS.dayper{proID} = [hrnr1,hrnr2,hrnr3], the starting time of a new
period
% BAS.vvmin{proID} = [.  .  . ], the ventilation ACR [1/hr], for each
period
% BAS.vvmax{proID}  = [.  .  . ], the ventilation ACR [1/hr] in case free
cooling
% BAS.Tfc{proID}    = [.  .  . ], treshold [oC] for free cooling, for each
period
% BAS.Tsetmin{proID}= [.  .  . ], setpoint [oC] switch for heating, (in
case of
%   no heating choose -100)
% BAS.Tsetmax{proID} = [.  .  . ], setpoint [oC] switch for cooling, (in
case
%   of no cooling choose  100)
% BAS.Qint{proID}   = [.  .  . ], internal heat gains [W]
% BAS.Gint{proID}   = [.  .  . ], moisture gains [kg/s]
% BAS.RVmin{proID}  = [.  .  . ], setpoint [%] switch for
humidification,(in case of no
%   humidifcation choose -1)
% BAS.RVmax{proID}  = [.  .  . ], setpoint [%] switch for
dehumidification,(in case
%   of no dehumidifcation choose 101)

% proID=1 dwelling
BAS.Ers{1} =300;
BAS.dayper{1}=      [   0,      1,      2,      3,      4,      5,      6,
7,      8,      9,      10,     11,     12,     13,     14,     15,     16,
17,     18,     19,     20,     21,     22,     23     ];
BAS.vvmin{1}= [   1.01,   1.01,   1.01,   1.01,   1.01,   1.01,
1.01, 1.01,   1.01,   0.24,   0.24,   0.24,   0.24,   0.24,   0.24,
0.24,   1.01,   1.01,   1.01,   1.01,   1.01,   1.01,   1.01,   1.01   ]; %
low 0.24 normal 1.01 high 1.85
BAS.vvmax{1}=       [ 1.85,   1.85,   1.85,   1.85,   1.85,   1.85,
1.85,   1.85,   1.85,   1.85,   1.85,   1.85,   1.85,   1.85,   1.85,
1.85,   1.85,   1.85,   1.85,   1.85,   1.85,   1.85,   1.85,   1.85   ];



BAS.Tfc{1}=         [   26,     26,     26,     26,     26, 26,     26,
26,     26,     26,     26,     26,     26,     26,     26,     26,     26,
26,     26,     26,     26,     26,     26,     26     ];
BAS.Qint{1}=        [   450,    450,    450,    450,    450,    450,
450,    450,    450,    150, 150,    150,    150,    150,    150,
150,    300,    300,    300,    450,    450,    450,    450,    450    ];
BAS.Gint{1}=        [   3.61e-05,   3.61e-05,   3.61e-05,   3.61e-05,
3.61e-05,   3.61e-05,   3.61e-05,   9.17e-05,   2.31e-04,   1.81e-05,
8.75e-05,   8.75e-05,   8.75e-05,   2.13e-04,   5.97e-05,   4.58e-05,
6.11e-05,   6.11e-05,   2.69e-04,   2.85e-04,   2.43e-04,   7.64e-05,
6.39e-05,   6.39e-05    ];
BAS.Tsetmin{1}=     [   16,     16,     16,     16,     16,     16,     16,
21,     21,     21,     21,     21,     21,     21,     21,     21,     21,
21,     21,     21,     21,     21,     21,     16     ];
BAS.Tsetmax{1}=     [   100,    100,    100,    100,    100,    100,
100,    100,    100,    100,    100,    100,    100,    100,    100,
100,    100,    100,    100,    100,    100,    100,    100,    100    ];
BAS.RVmin{1}=       [ -1, -1, -1, -1, -1, -1, -1,
-1, -1, -1, -1, -1, -1, -1, -1, -1, -1,
-1, -1, -1, -1, -1, -1, -1      ];
BAS.RVmax{1}=       [   100,    100,    100,    100,    100,    100,
100,    100, 100,    100,    100,    100,    100,    100,    100,
100,    100,    100,    100,    100,    100,    100,    100,    100    ];

%proID=2 ceiling cavity mid
BAS.Ers{2}=300;
BAS.dayper{2}=      [   10,     1,      ];
BAS.vvmin{2}=       [   0,      0, ];
BAS.vvmax{2}=       [   0,      0,      ];
BAS.Tfc{2}=         [   100,    100,    ];
BAS.Qint{2}=        [   0,      0,      ];
BAS.Gint{2}=        [   0,      0,      ];
BAS.Tsetmin{2}=     [ -100, -100,   ];
BAS.Tsetmax{2}=     [   100,    100,    ];
BAS.RVmin{2}=       [ -1, -1,     ];
BAS.RVmax{2}=       [   100,    100,    ];

%proID=3 ceiling cavity top
BAS.Ers{3}=300;
BAS.dayper{3}=      [   10,     1,      ];
BAS.vvmin{3}=       [   0,      0,      ];
BAS.vvmax{3}=       [   0,      0,      ];
BAS.Tfc{3}=         [   100,    100,    ];
BAS.Qint{3}=        [   0,      0,      ];
BAS.Gint{3}=        [   0,      0,      ];
BAS.Tsetmin{3}=     [ -100, -100,   ];
BAS.Tsetmax{3}=     [   100,    100,    ];
BAS.RVmin{3}=       [ -1, -1,     ];
BAS.RVmax{3}=       [   100,    100,    ];

% THE PROFILES OF THE BUILDING
%
% FORMAT BAS.weekfun{zonenr} = [upnrmon, upnrtue, upnrwed, upnrthu,
upnrfri,
% upnrsat, upnrsun]
% for each zone n=1.. number of zones,  select profiles ID-numbers for each
% day
% upnrmon = select profile ID-numbers for Monday from PROFILES



% upnrtue = select profile ID-numbers for Tuesday from PROFILES
% upnrwed = select profile ID-numbers for Wednesday from PROFILES
% upnrthu = select profile ID-numbers for Thursday from PROFILES
% upnrfri = select profile ID-numbers for Friday from PROFILES
% upnrsat = select profile ID-numbers for Saturday from PROFILES
% upnrsun = select profile ID-numbers for Sunday from PROFILES
%
% BAS.weekfun{zonenr} =[upnrmon,    upnrtue,    upnrwed,    upnrthu,
upnrfri, upnrsat,  upnrsun]
BAS.weekfun{1}=         [1,         1,      1,          1,          1,
1,          1];
BAS.weekfun{2}=         [2,         2,      2,          2,          2,
2,          2];
BAS.weekfun{3}=         [3,         3,      3,          3,          3,
3,          3];

%--------------------------------------------------------------------------
--
% PART 4 : Heating, cooling, humidification, dehumidification
% -------------------------------------------------------------------------
---

% If the maximum heating capacity is known then that value can be used. If
it is
% unknown  the value '-1' means an infinite capacity. The value '-2' can be
used
% for a reasonable estimate of the maximum heating capacity. Cooling and
dehumification
% are negative! If there is no cooling the dehumidification capacity is
'0'.
% For each zone :
%
% FORMAT BAS.Plant{zonenr}=[heating capacity [W], cooling capacity [W],
%  humidification capacity [kg/s],dehumidification capacity [kg/s]];

BAS.Plant{1}=[3000,0,0.001,-0.001];
BAS.Plant{2}=[0,0,0.001,-0.001];
BAS.Plant{3}=[0,0,0.001,-0.001];

% The simulation program treats radiant heat and convective heat
differently.
% For each zone:
%
% FORMAT BAS.convfac{zonenr}=[CFh, CFset, CFint ];
% CFh =Convection factor of the heating system: air heating CFh=1,
%       radiators CFh=0.8 floor heating CFh=0.5, cooling usually CFh=1
% CFset= Factor that determines whether the temperature control is on the
air
% temperature (CFset=1), or comforttemperature
(CFset=0.6),Tset=CFset*Ta+(1-CFset)*Tr
%
% CFint= is the convection factor of the casual gains (usually CFint=0.5)

BAS.convfac{1}=[0.8, 1, 0.5 ];
BAS.convfac{2}=[0.8, 1, 0.5 ];
BAS.convfac{3}=[0.8, 1, 0.5 ];

% If a heat recovery from ventilation air is used the effective temperature
% efficiency 'etaww' and the maximum indoor air temperature 'Twws' above
which



% the  heat exchanger will be by-passed must be known. In summer with
cooling
% conditions this temperature is used to switch the exchanger on, e.g
Twws=22oC
%
% FORMAT BAS.heatexch{zonenr}=[etaww, Twws];

%BAS.heatexch{1}=[0 22];
%BAS.heatexch{2}=[0 22];

% Real rooms are furnished. Furnishings are important for moisture storage.
% Moisture is released dependent on the change in relative humidity.
Especially
% in zones with a lot of paper or textiles this can easily outweigh the
moisture
% storage of the building. A value of '1' means that about the same amount
is
% stored as in the air that fills the volume of the zone. The heat storage
of
% furnishings is less important but by absorbing solar radiation and
releasing
% that directly to the indoor air more solar energy is released in a
convective
% way. A value for the convective fraction of 0.2 can be considered as
% reasonable.  For each zone:
%
% FORMAT BAS.furnishings{zonenr}=[fbv, CFfbi];
% fbv = Moisture storage factor
% CFfbi= The convection factor for the solar radiation due to furnishings.

BAS.furnishings{1}=[1, 0.2];
%BAS.furnishings{2}=[1, 0.2];

% -------------------------------------------------------------------------
% PART 2 : THE BUILDING
% -------------------------------------------------------------------------

% Extra input for infiltration, shadow etc can be inserted in Inputextra.
% Without this m.file no extras are used
Inputextra11a

% The input is now completely stored in the structured array BAS. By typing
% BAS in the command window, this input can be checked and changed
% At the end of Inputextra a function is called for that changes the input
% BAS to an input the simulation program WAVO needs:

[Control,Profiles,Meteo,Building,Elan]=Bastrans11a(BAS);

[Output,Control,Elan]=Hambasex11a(Control,Profiles,Meteo,Building,Elan);

Hamoutput11a



INTPUT EXTRA
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% INTERZONAL AIRFLOW

if (~isfield(BAS,'Linkv')&& BAS.Interzonal==1)
% Known interzonal known airflows (e.g. by mechanical ventilation
% system) are given by a profile that is not a zone profile (as the
% profiles given before) but a building profile because for each value
% two zones are involved and the periods of different zones don't need
% to be equal. From the interzonal airflows an hourly file is made
% so the experienced user can change the values each hour and a maximum
% flexibility is guaranteed.

% The linking of zones by mechanical ventilation can cause numerical
% problems if the value is high (many iterations are needed). As the
% indoor climate in two very strongly coupled zones is almost equal it
% is often better to combine the zones. The profiles for the interzonal
% airflows are given by:

% BAS.Linkv{k}=[zoneNoj,zoneNoi,value(dm3/s);zoneNol,zoneNok,value(dm3/
% s);etc];

% k is the profile number, in the first two columns the two zones
% involved are given: first column the zone the flow enters and the
% second column the zone where the flow is coming from. In the third
% column the value for the flow rate (dm3/s)(are always positive) is
% given. If between 2 zones the ventilation is zero there no need to
% enter a value.

% Each day of the week a different interzonal airflow profile can be
% used. The profiles are given by a weekfun for interzonal airflows.
% FORMAT BAS.weekfunlinkv = [upnrmon, upnrtue, upnrwed, upnrthu,
% upnrfri, upnrsat, upnrsun]
% Example
k=0;
for zoneNoj=zone1

for zoneNoi=zone1
k=k+1;
if zoneNoj>zoneNoi

BAS.Linkv{1}(k,:)=[zoneNoj,zoneNoi,0.5];
else

BAS.Linkv{1}(k,:)=[zoneNoj,zoneNoi,1];
end

end
end
%BAS.Linkv{1}=[2,1,(7.5 airflow [dm3/s]);3,2,7.5;2,3,7.5;1,2,7.5];

BAS.Linkv{1}=[2,1,5.3;3,2,15.9;2,3,15.9;1,2,5.3];
BAS.weekfunlinkv = [1, 1, 1, 1, 1, 1, 1];

% MASS BALANCE OF A ROOM
% Default the ventilation in the profile is considered as supply air
% flow of the zone. So the net air flow to other zones cannot exceed
% the ventilation in the profile. If this is violated an
% error message will appear. If there is infiltration this doesn't need
% to be an error. (see below)
clear zoneNoi zoneNoj

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%



% AIR INFILTRATION

if BAS.infiltration==1

% Air leakages (cracks and openings) are characterized with two
% coefficients Cd and N. volume flow=Cd*(pressure drop)^N (dm3/s)
% Each different leakage has an ID (lekID).
% Sometimes Cd is known per m2 surface area of the opening (CdA) and

has
% to be multiplied here with this area (Cd=A*CdA). Also a value per m
% length of a crack (Cdl, Cd=l*Cdl)is possible:
% BAS.Lek{lekID} = [Cd, N]; Cd (dm3/s) = flow coefficient and N =
% flow exponent

Cd=[12.9,11.6,12.8,16.5];
BAS.Lek{1}=[2.27,0.65]; %front 1
BAS.Lek{2}=[0.29,0.65]; %front 2
BAS.Lek{3}=[0.11,0.65]; % front 3
BAS.Lek{4}=[2.27,0.65]; % back 1
BAS.Lek{5}=[0.29,0.65]; % back 2
BAS.Lek{6}=[0.11,0.65]; % back 3

% The pressure on the building envelope caused by wind is calculated
% with a wind pressure coefficient Cp: wind pressure=0.5*1.2*Cp*vwind^2
% The wind pressure coefficients must be known for different wind

angles.
% The wind angle is the difference between the wind direction and the
% azimuth of the orientation of the surface with the crack opening.
% For winddirection the wind coming from the north has direction zero,
% east is 90, south 180 and west is 270. The orientation of surfaces is
% defined differently: north is 180 and south is 0 (also clockwise).
% So the wind angle = winddirection +/-180-orientation. (Note that
% a different definition of wind angle might be used in AIVC tables)
% All openings of a building to the exterior must have the same number
% of Cp-values. e.g. if length(Cp) = 4: Cp(1:4) = [Cp(windangle=0),
% Cp(90), Cp(180), Cp(270).(clockwise, 360 is not used==0)
% The reference velocity for which pressure coefficients are defined
% differs from the meteorological velocity vwind(at height=10m and
% roughness length=0.03m), so a correction is necessary cp=Cp*fwind^2.
% The wind amplication factor (fwind)is defined as the ratio of the
% wind velocity at the reference height  and the meteorlogical

velocity.
% There are several ways to estimate this factor, e.g. the estimation
% with the meso wind velocity (KNMI), vmeso= velocity at the heigth

60m.
% At the meteostation vmeso=1.31*vwind, in town vmeso=fmeso*1.31*vwind.
% So fwind=1.31*fmeso*log(href/z0)/log(60/z0)
% e.g local z0 in the city:z0=1, fmeso for the location in the

town=0.74
% reference height=8.4m
%fwind=1.31*0.74*log(8.4)/4.09;

fwind=1.12*log(7.4+1)/3.8;
% Cp-values
% The first 27 are taken from a publication of the IEA’s Air
% Infiltration and Ventilation Centre (Air Infiltration Calculation

Techniques



% - An Applications Guide, Liddament M,W. 1996, A guide to energy
efficient ventilation,

% AIVC, pp240 Table A2.1, A2.2,A2.3,A2.4,A2.5,A2.6). These sets can be
% used (with care) for low-rise buildings (up to 3 storeys).
% The 8 compass directions are expressed relative to the external

surface normal vector.
% The first coefficient therefore corresponds to wind impinging

normally on the surface,
% with the following values corresponding to 0, 45°, 90°, 135°, 180°,
% 225°, 270°and 315°  progressing clockwise in plan from above. A
% coefficient set can therefore be used for more than one surface, if

appropriate,
% since it is independent of absolute surface orientation.
% cp(1:4,:): lenght to width ratio: 1:1, shielding condition: Exposed,
% reference level: building height
% cp(5:8,:): lenght to width ratio: 1:1, shielding condition:
% Surrounded by obstructions equivalent to half the height of the
% building, reference level: building height
% cp(9:12,:): lenght to width ratio: 1:1, shielding condition :
% Surrounded by obstructions equivalent to the height of the building,
% reference level: building height
% cp(13:17,:): lenght to width ratio: 2:1, shielding condition :
% exposed, reference level: building height
% cp(18:22,:): lenght to width ratio: 2:1, shielding condition :
% Surrounded by obstructions equivalent to half the height of the
% building. wind speed reference level: building height
% cp(23:27,:): lenght to width ratio: 2:1, shielding condition :
% Surrounded by obstructions equivalent to the height of the building,
% reference level: building height

cp=(fwind^2)*[...
0.7,0.35,-0.5,-0.4,-0.2,-0.4,-0.5,0.35;... % 1, 1:1, exposed, wall
-0.8,-0.7,-0.6,-0.5,-0.4,-0.5,-0.6,-0.7;... % 2, 1:1, exposed, roof

<10deg
-0.4,-0.5,-0.6,-0.5,-0.4,-0.5,-0.6,-0.5;... % 3, 1:1, exposed, roof

10-30deg
0.3,-0.4,-0.6,-0.4,-0.5,-0.4,-0.6,-0.4;... % 4, 1:1, exposed, roof

>30deg
0.4,0.1,-0.3,-0.35,-0.2,-0.35,-0.3, 0.1;... % 5, 1:1, semi-exposed,

wall
-0.6,-0.5,-0.4,-0.5,-0.6,-0.5,-0.4,-0.5;... % 6, 1:1, semi-exposed,

roof <10deg
-0.35,-0.45,-0.55,-0.45,-0.35,-0.45,-0.55,-0.45;... % 7, 1:1, semi-

exposed, roof 10-30deg
0.3,-0.5,-0.6,-0.5,-0.5,-0.5,-0.6,-0.5;... % 8, 1:1, semi-exposed,

roof >30deg
0.2,0.05,-0.25,-0.3,-0.25,-0.3,-0.25,0.05;... % 9, 1:1, sheltered,

wall
-0.5,-0.5,-0.4,-0.5,-0.5,-0.5,-0.4,-0.5;... % 10, sheltered,roof

<10deg
-0.3,-0.4,-0.5,-0.4,-0.3,-0.4,-0.5,-0.4;... % 11, 1:1,

sheltered,roof 10-30deg
0.25,-0.3,-0.5,-0.3,-0.4,-0.3,-0.5,-0.3;... % 12, 1:1,

sheltered,roof >30deg
0.5,0.25,-0.5,-0.8,-0.7,-0.8,-0.5,0.25;... % 13, 2:1, exposed,long

wall
0.6,0.2,-0.9,-0.6,-0.35,-0.6,-0.9,0.2;... % 14, 1:2, exposed,short

wall
-0.7,-0.7,-0.8,-0.7,-0.7,-0.7,-0.8,-0.7;... % 15, 2:1, exposed,roof

<10deg



-0.7,-0.7,-0.7,-0.6,-0.5,-0.6,-0.7,-0.7;... % 16, 2:1, exposed,roof
10-30deg

0.25,0.0,-0.6,-0.9,-0.8,-0.9,-0.60,0.0;... % 17, 2:1, exposed,roof
>30deg

0.25,0.06,-0.35,-0.6,-0.5,-0.6,-0.35,0.06;... % 18, 2:1, semi-
exposed,long wall

0.4,0.2,-0.6,-0.5,-0.3,-0.5,-0.6,0.2;... % 19, 2:1, semi-
exposed,short wall

-0.6,-0.6,-0.6,-0.6,-0.6,-0.6,-0.6,-0.6;... % 20, 2:1, semi-
exposed,roof 10deg

-0.6,-0.6,-0.55,-0.55,-0.45,-0.55,-0.55,-0.6;... % 21, 2:1, semi-
exposed,roof 0-30deg

0.15,-0.08,-0.4,-0.75,-0.6,-0.75,-0.4,-0.080;... % 22, 2:1, semi-
exposed,roof >30deg

0.06,-0.12,-0.2,-0.38,-0.3,-0.38,-0.2,-0.12;... % 23, 2:1,
sheltered,long wall

0.18, 0.15,-0.3,-0.32,-0.2,-0.32,-0.3,0.15;... % 24, 2:1,
sheltered,short wall

-0.49,-0.46,-0.41,-0.46,-0.49,-0.46,-0.41,-0.46;... % 25, 2:1,
sheltered,roof <10deg

-0.49,-0.46,-0.41,-0.46,-0.4,-0.46,-0.41,-0.46;... % 26, 2:1,
sheltered,roof 10-30deg

0.06,-0.15,-0.23,-0.6,-0.42,-0.6,-0.23,-0.15;... % 27, 2:1,
sheltered,roof >30deg

0.9,0.5,-0.1,-0.2,-0.2,-0.2,-0.1,0.5;... % 28, 1:1, exposed,wall
-0.1,-0.1,-0.1,-0.1,-0.1,-0.1,-0.1,-0.1]; % 29, 1:1,

exposed,roof,no pitch

% Openings between zones are defined by BAS.Lekin and openings between
% a zone and outdoors are defined by BAS.Lekex. Each opening gets a
% number:linID,lexID
%
% BAS.Lekex{lexID} = [zoneNo, orientation, distance, lekID, cp];
% orientation= orientation of the envelope part with the opening
% distance = the distance to a reference plane e.g. the top of the

roof.
% If the reference plane is below the position of the opening the

distance is negative!
%InBuil.mainorientation=-135;

%cp=[0.2,-0.25,-0.25,-0.25;-0.25,0.2,-0.25,-0.3;-0.3,-0.5,-0.3,-
0.5]*fwind^2;

if sum(zone1)>1

BAS.Lekex{1}=[1,270,2.7,1,cp(1,:)];
BAS.Lekex{2}=[2,270,1.15,2,cp(1,:)];
BAS.Lekex{3}=[3,270,0.95,3,cp(1,:)];
BAS.Lekex{4}=[1,90,2.8,4,cp(1,:)];
BAS.Lekex{5}=[2,90,1.16,5,cp(1,:)];
BAS.Lekex{6}=[3,90,0.96,6,cp(1,:)];



Appendix VI - Validations

Figure 1 Comsol model and measurements results 5-12 March 2016 a: Temperatures, b: Relative
humidity’s

Figure 2 Comsol model and measurements results 1-8 May 2016 a: Temperatures, b: Relative
humidity’s

Figure 3. Comsol model and measurements results Cavity a: 5-12 March 2016, b: 1-8 May 2016



Figure 4 Comsol model and measurements results ground floor 13-20 February 2016, a:
Temperatures, b: Relative humidity’s



Figure 5 HAMbase model and measurements results top floor 5-12 March 2016, a: Temperatures
zone 1, b: Relative humidity’s zone 1, c: Temperatures zone 2, d: Relative humidity’s zone 2

Figure 6 HAMbase model and measurements results top floor 1-8 May 2016, a: Temperatures zone 1,
b: Relative humidity’s zone 1, c: Temperatures zone 2, d: Relative humidity’s zone 2



Figure 7 HAMbase model and measurements results ground  floor 5-12 March 2016, a: Temperatures
zone 1, b: Relative humidity’s zone 1, c: Temperatures zone 2, d: Relative humidity’s zone 2

Figure 8 HAMbase model and measurements results ground  floor 1-8 May 2016, a: Temperatures
zone 1, b: Relative humidity’s zone 1, c: Temperatures zone 2, d: Relative humidity’s zone 2



Appendix VII - Results of time-dependent simulations

Table 1 graph numbers results T and RH time-dependent simulations

Evaluation surface Case 1 Case 2 (base case) Case 3
Top floor February

Figure 1
June

Figure 2

February
Figure 5

June
Figure 6

February
Figure 9

June
Figure 10

- Beam roof
- Column
- Girder

Ground floor February
Figure 3

June
Figure 4

February
Figure 7

June
Figure 8

February
Figure 11

June
Figure 12

- Beam ceiling
- Corner ceiling
- Corner floor



Figure 1 Top floor – case 1 scenario – cold month February

Figure 2 Top floor – case 1 scenario – warm month June



Figure 3 Ground floor - case 1 scenario – cold month February

Figure 4 Ground floor - case 1 scenario – warm month June



Figure 5 Top floor - case 2 scenario – cold month February

Figure 6 Top floor - case 2 scenario – warm month June



Figure 7 Ground floor - case 2 scenario – cold month February

Figure 8 Ground floor - case 2 scenario – warm month June



Figure 9 Top floor - case 3 scenario – cold month February

Figure 10 Top floor - case 3 scenario – warm month June



Figure 11 Ground floor - case 3 scenario – cold month February

Figure 12 Ground floor - case 3 scenario – warm month June



Appendix VIII - Results of mould prediction models

Table 1 Results mould growth prediction of measurements
Evaluation space Mould grow risk
Top floor

- Ceiling cavity Low risk (fig 1)
- Bedroom Low risk (fig 2)
- Façade cavity Medium risk (fig 3)

Ground floor
- Ceiling cavity Low risk (fig 4)
- Living room Low risk (fig 5)

Table 2 Results mould growth prediction of simulations
Evaluation surface Case 1 Case 2 (base case) Case 3
Top floor

- Beam roof High risk (fig 6) High risk (fig 9) High risk (fig 12)
- Column High risk (fig 7) High risk (fig 10) High risk (fig 13)
- Girder Low risk (fig 8) Low risk (fig 11) Low risk (fig 14)

Ground floor
- Beam ceiling High risk (fig 15) High risk (fig 18) High risk (fig 21)
- Corner ceiling Low risk (fig 16) Low risk (fig 19) Low risk (fig 22)
- Corner floor Medium risk (fig 17) Medium risk (fig 20) Medium risk (fig 23)



Results of measurements period 19 January to 16 November 2016
Figure 1 Ceiling - top floor



Figure 2 Bedroom - top floor



Figure 3 Cavity - top floor



Figure 4 Ceiling - ground floor



Figure 5 Living - ground floor



Results time depend simulation average year
Figure 6 Case 1 - top floor - beam



Figure 7 Case 1 - top floor - Column



Figure 8 Case 1- top floor - girder



Figure 9 Case 2 (base case) - top floor - beam



Figure 10 Case 2 (base case) - top floor - column



Figure 11 Case 2 (base case) - top floor - girder



Figure 12 Case 3 - top floor - beam



Figure 13 Case 3 - top floor - column



Figure 14 Case 3 - top floor - girder



Figure 15 Case 1 - ground floor - beam ceiling



Figure 16 Case 1 - ground floor - corner ceiling



Figure 17 Case 1 - ground floor - corner floor



Figure 18 Case 2 (base case) - ground floor - beam ceiling



Figure 19 Case 2 (base case) - ground floor - corner ceiling



Figure 20 Case 2 (base case) - ground floor - corner floor



Figure 21 Case 3 - ground floor - beam ceiling



Figure 22 Case 3 - ground floor - corner ceiling



Figure 23 Case 3 - ground floor - corner floor


