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ABSTRACT

Most buildings in Europe were constructed between 1850 and 1960, a period in which energy efficiency was not
considered much. However, many of these structures have architecturally valuable facades that should be pre-
served, making internal thermal insulation the only practical solution. Therefore, internal insulation has grown
in popularity despite the potential risk of moisture-related problems behind the insulation and on the external
surface of the original wall. To ensure the structure’s durability and the residents’ wellbeing, insulating solutions
must undergo real-life testing to demonstrate their effectiveness and moisture safety.

The present paper is a compilation of case studies performed over the last decade in Denmark, it compares
across four case studies of residential buildings. The apartments were insulated internally with either diffusion-
tight or diffusion open and capillary active insulation systems. In some of the cases, internal insulation was
applied in combination with hydrophobization of the existing facade. Temperature and relative humidity were
measured in the indoor climate, at the intersection between insulation and masonry, and in some cases also at the
wooden beam ends or the spandrels. Additionally, the risk of mold growth was calculated. The current study
focuses on the wall’s hygrothermal performance in relation to the thickness of the masonry and insulation, the
wall’s orientation, the indoor moisture excess, the effects of hydrophobization and the role of indoor climate. The
results indicate that — while internal insulation of masonry more or less result in expected energy savings — areas
with thin masonry or very thick insulation give an increased risk for mold growth. In addition, high indoor
moisture excess in combination with diffusion open insulation system increases the risk for mold growth, while
the other parameters played a less decisive role.

1. Introduction

hygrothermal effects of multiple types of internal insulation systems,
thickness of masonry and insulation material, and hydrophobization, on

In recent years, internal insulation has undergone a product and
method development to solve some of the technical construction prob-
lems with the insulation method. Internal insulation has high potential
as an energy improvement for the part of the general housing mass that
was built as a time-typical brick buildings up to the 1960s [1,2]. For the
insulation method to be more widespread, it must be robust and proven
suitable. Internal post-insulation has been much debated, as there has
been examples of homes where the insulation has resulted in mold
growth on the inside of the outer wall [2,3]. In these homes, indoor
climate problems have arisen that have affected the health of residents
[4]. Other homes with interior post-insulation have apparently not had
similar problems with the indoor climate.

This study aims to evaluate in a real-life setting and examine the
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the hygrothermal conditions at the interface of internal insulation and
masonry, and in certain cases, at the wooden beam ends. Additionally,
the effect was evaluated by measuring the energy saving and the risk of
indoor climate problems using a mold growth model.

1.1. Motivation

The current study is motivated by the combination of the climate
action plans of European and Danish authorities and increasing aware-
ness to decrease space heating consumption while preserving the
architectural features of traditional masonry, and achieving a more
comfortable and healthy interior environment [5]. Internal insulation is
believed to be a way to reconcile these goals. Thus, the current study’s
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objective is to show how to reduce energy consumption in a moisture-
safe way. Additionally, this study will help to learn more about con-
struction technology and the robustness of the insulation method con-
nected to user behavior. Based on the robustness of the insulation
method and construction in combination with the user behavior, the
study can also pinpoint which parameters are the most important to be
aware of to reduce the risk of moisture induced indoor climate problems.

1.2. State of the art

41 % of the multi-story Danish buildings were constructed between
1850 and 1960 [4]. The built environment is responsible for 30-40 % of
all COz emissions [6]. Like the ones in the current study, buildings of this
type are often constructed with solid brick masonry walls and wooden
beam ends embedded in the wall [3]. These structures lack thermal
insulation, which increases the potential for energy savings. Neverthe-
less, only internal adjustments are feasible due to historical, aesthetic,
and architectural reasons [3,5,7]. However, thermal insulation from
inside poses a risk as thermal bridges cannot be avoided and the original
wall is left exposed and cold [8,9]. Also, the use of the insulation ma-
terial may result in decreased vapor diffusion inwards. In addition, the
insulation’s steep temperature gradient increases the danger of mold
growth and moisture problems at the insulation’s interface with the cold
external wall. Risks are influenced by the temperature both inside and
outside, the moisture level, and the vapor permeability of the internal
insulation system [4]. Therefore, it is necessary to find and test sus-
tainable methods and solutions for wall refurbishment that only provide
limited risk for wood rot or mold growth [3,7]. The external surface of
the wall might also be hydrophobized as an extra technique to reduce
the external moisture load, as the treatment stops capillary suction.
Hydrophobization is an almost invisible and irreversible treatment [10].
There is a variety of previous studies, such as [6,8,11-15], which focus
on the robustness and moisture safety of internal insulation in older
buildings as well and use relevant methodologies to examine the prop-
erties and risks of the different internal insulation systems.

1.2.1. Internal insulation

Internal post-insulation causes a large temperature drop in the
original wall in areas with cold climate, which results in even lower
temperatures on the external side of the wall [1,8,16]. This leads to
reduced drying capability and perhaps increased moisture content in the
wall when combined with covering the internal surface of the wall with
a material. As a result, there is a possibility of moisture-related issues
like frost damage at the exterior surface, rot in the wooden beam ends,
high relative humidity, or even interstitial condensation at the interface
of internal insulation and the original wall, where, as a result, mold may
appear [2,17-19].

In recent years, focus on interior insulation of historic structures has
been increasing. Harrestrup et al. [20] observed the impact of deliberate
thermal bridges around the wooden beams in a case of interior insu-
lation with 40 mm Aerowolle (composite of aerogel and mineral wool)
on a historical brick building. There was a decreased risk of mold growth
when a 200 mm uninsulated gap was left in the beam ends, although this
was shown to be highly dependent on the orientation and thickness of
the original wall. A 19th-century building with solid brick walls, utilized
as kindergarten, with external render, hydrophilic mineral wool insu-
lation board on the inside, and no vapor barrier was the focus of the 4-
year study by Toman et al. [21]. Although, no vapor retarder was
installed, acceptable hygrothermal conditions were observed and there
was no risk of interstitial condensation. Two cases of internal insulation
made of calcium silicate and lightweight aerated concrete on a solid
brick wall were studied by Walker et al. [22]. The results showed no
critical moisture conditions as the structure was protected from external
moisture loads with an exterior curtain wall. Unfortunately, measure-
ments only lasted for six months. On the other hand, throughout the
course of a 9 month investigation, Kloseiko et al. [23] tested four
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internal insulation materials and found high relative humidity. The
materials were monitored for interstitial condensation and mold growth
risk. Calcium silicate had the maximum heat conductivity of the tested
materials, and it had the best performance in terms of moisture safety.

1.2.2. Diffusion open and tight insulation systems

Both diffusion open and tight insulation systems are examined in the
current study. An insulation material’s microstructure with a closed
pore structure, possibly combined with a foil as a vapor barrier on the
insulation material’s warm side, makes a diffusion-tight system. Two
conditions must be fulfilled for the traditional diffusion tight internal
insulation to prevent indoor climate problems: 1) to prevent water from
penetrating from the outside; the exterior surface of the external wall
must be watertight. Thus, the masonry must be intact, 2) the vapor
barrier must be tightly fitted and placed correctly; no more than a third
of the insulation when measured from the warm side to ensure that
relative humidity stays below critical values [16].

On the other hand, careful installation is also necessary for the
diffusion open and capillary-active materials without a vapor barrier to
perform properly. For capillary active and diffusion open insulation
materials, the moisture that has been absorbed at the interface can be
redistributed and allowed to evaporate inwards when the conditions are
right [2]. All capillary active systems must be tightly fitted to the
existing wall to prevent air pockets behind the insulation. Otherwise,
moisture cannot be sucked from the areas without physical contact, and
favorable conditions for mold growth may occur. Internal post-
insulation can be problematic even when these conditions are met;
this especially applies to thermal bridges, which appear when floors or
partitioning walls meet the external walls. Due to internal post-
insulation, the temperature is further decreased and the relative hu-
midity rises in the areas of the thermal bridges [3]. However, thermal
bridges may be also used to reduce the risk; if there is a gap in the
insulation near the floor, the area will still be warm, and the moisture
risk will not be the same as before. Because there are many prerequisites
that must be fulfilled, internal post-insulation is considered a chal-
lenging solution.

1.2.3. Moisture sources and protection

The amount of moisture in the wall relies on both the external and
internal moisture loads, as well as the initial built-in moisture. Three
main forms of external moisture loads might have an impact on the
performance of the external walls of masonry: water vapor from the
humid outdoor air, liquid water from the wind driven rain — WDR [2]
and liquid water from the rising damp. The inhabitants’ daily humidity
production while living in the apartments causes the internal moisture
load. This moisture load is normally managed by a vapor tight layer as
described in previous section. In external walls made of porous materials
like brick and mortar, as in these projects, WDR may particularly be
crucial [2,8,17]. The current study examines and compares the south
orientation for WDR (WDR with south-west orientation is dominant in
Denmark) with the north orientation. The quantity of rain and wind,
along with the material’s qualities and any potential flaws like broken
joints, bricks, or render that allow air pressure to drive water through
the wall, determine how easy WDR can penetrate porous building ma-
terials [18]. Additionally, summer condensation can occur when solar
radiation warms up the external side of the wall, causing the moisture to
penetrate deeper into the wall [24]. Other moisture sources, like rising
damp, will be relevant for some structures, especially for basements and
walls in ground floor.

Older masonry may benefit from external rain protection like
hydrophobization since it can prevent or at least obstruct the penetra-
tion of precipitation by effectively blocking the capillary suction without
effecting the vapor diffusion of the wall, as shown in [8] and [17].
However, experimental results on the combination of hydrophobization
with internal insulation in solid masonry walls also show in certain
studies [25,26] that the effect of hydrophobization not always is
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positive. Both diffusion open and tight insulation systems are subject to
this problem.

1.2.4. Risk of mold growth

Avoiding excess moisture is essential for healthy and durable
buildings. Mold growth is one of the consequences and the first signs of
too high moisture loads in indoor air and building constructions. Bio-
logical growth like mold growth is unwanted in indoor air and con-
structions in connection to indoor environment, as it can compromise
the indoor air quality and the health of the occupants, e.g. by causing
respiratory system issues [27]. However, there might be places where
some mold growth would be acceptable, e.g., embedded beam ends if
there is no transfer of air from the moldy area to the indoor air [28].

Table 1
Facade with indication of insulated walls, and sensor placement on floor plan.
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Jensen [29] examined a few common VOCs (Volatile Organic Com-
pounds) produced by fungi. The water vapor permeability of the insu-
lation has been found to be correlated with the ability of the VOCs to
move to the interior environment [29]. Favorable conditions for mold
growth are: High humidity levels (typically > 75 % RH) and tempera-
tures within a certain range (20-30 °C) in a necessary period of time,
together with nutrition availability like organics compounds and/or
dust [30,31]. When applying internal insulation, there is a risk of that
favorable conditions for mold growth are created in the interface be-
tween the original wall and the insulation. Removing all the wallpaper
and glue lowers the likelihood of mold growth since it can provide
nutrition for fungi, if it is present [27]. In the case of a vapor tight
insulation system mold risk applies in the case where the insulation or

Cases Building facade

Floor plan of apartment

M

Red (B3, B5 and B7): wooden beam ends
Purple (W2, W4 and W6): intersection
Green (I11): internal climate

Living room

2
% -~ Sensors & :
2 Intomal insulation 80 mm (3,15 inch) & '
~ ~ ~

Pink stars: interface sensors
Yellow lines: insulation

Green: indoor climate sensors
Red: interface sensors
Yellow lines: insulation

Room | Room I Living room

b=

Living room

" hxrl I Room

Hall

Kitchen

Pink stars: interface sensors
Yellow lines: insulation
Blue line: staircase insulation
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vapor barrier is compromised and air can be transferred to the interface.
In addition, inadequate heating during the winter can further lower the
temperatures and increase the relative humidity.

2. Method and materials
2.1. Description of the cases

In the section below the methods and materials are presented. In all
cases, the masonry was inspected for damage before internal post-
insulation was applied and, if damage was found, small repairs took
place. The information and details about the cases are gathered in
Table 1, Table 2, and Table 3. Information about the four cases are also
found in [16,24,32].

For all cases, the detail of the wall construction and the placement of
the sensors is shown in Fig. 1.

2.2. Construction and materials

In all cases, the walls were cleaned of organic material, such as in-
ternal rendering, wallpaper, and paint, and imperfections were
straightened with new plaster before the internal insulation was
installed. The external surface of the brick wall was without rendering.
In all cases (except case M), the insulation system was placed completely
adhered to the original wall, and consisted of the following layers:
original wall, glue mortar, insulation, and finishing layer (with rein-
forcing mesh and diffusion open paint). In case M, there was also gyp-
sum board as part of the insulation system, and diffusion tight paint.
Additionally, the humidity class for every case was determined ac-
cording to the international standard EN ISO 13788 [33]. The humidity
class based on measurements of indoor and outdoor temperature and
relative humidity. According to the moisture excess [g/m®] and tem-
perature in each apartment/case there is a corresponding humidity
class. In the next sections, the humidity classes for each of the cases are
presented, along with further information and details.

In two cases (M and B), a silane-based, water-based cream with a 40
% concentration was used as hydrophobization agent. Before the
hydrophobization, the renovation process involved replacing any bricks
that were broken or damaged and repointing the joints. Following the
manufacturer’s instructions, the hydrophobization product was applied
in one coat using a roll brush after letting the walls cure for two weeks.

2.2.1. Case M

The location of this case is in the center of Copenhagen, Denmark. It
is a multi-story residential masonry structure constructed in 1877 in the
typical Danish construction style, with wooden beams separating the
floors [16]. The 5th floor’s external walls were insulated during the
winter of 2014. Additionally, a 20 cm gap above the floor was used to
intentionally create a thermal bridge (see Fig. 2). Fig. 2 depicts the
wall’s construction in detail, including the placement of the sensors (for
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Table 3
Information of the original wall and hydrophobization for each case.
Case  Original wall Hydrophobization
M 1 % brick (350 mm) solid masonry, spandrel 1 brick ~ No + Yes
(228 mm)
B 1 Y% brick (360 mm) solid masonry, spandrel 1 brick  No + Yes
(228 mm)
D 1 Y brick (360 mm) masonry with multi-hole brick No

on external side and lightweight clinker concrete on
the internal side (half and half).
F 1 Y brick (360 mm) masonry with multi-hole brick No
on external side and lightweight clinker concrete on
the external side (half and half).

Original external wall

Insulation material-———-k

Sensor

Wooden beam ends

Fig. 1. Wall construction and sensor placement. Blue: wall interface, Green:
internal, Red: wooden beam ends (only in case M). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

sensor description, see Table 5). The measurements were made between
the winter of 2014 and the spring of 2018. Six years after the insulation,
in the fall of 2020, the building’s whole facade underwent renovation,
including repointing, before being hydrophobized [32]. After that, the
measurements resumed.

2.2.2. Case B

The location of this case is in Copenhagen’s northwest. This case
involved four identical multi-story residential buildings constructed in
1940. Internal insulation was installed in one gable wall of each test
apartment, four gables in total (two north-facing and two south-facing).
As a reference, one uninsulated apartment was chosen. One gable wall
for each direction (one north and one south), underwent hydro-
phobization [32]. Two sensors (one in every room) were used to

Table 2
Information on insulation materials.
Case Insulation Material Thickness (mm) A-value (W/ U-value (W/m2K) Type p-value Orientation
mK) -)
M Phenolic Foam (with gypsum board and 60 (20 at spandrels) 0,02 0,27 Dif. tight 35 SW
alufoil)
B Autoclaved lightweight AAC 100 (220 at 0,042 0,33 Dif. open + cap. 2 N+S
spandrels) active
D Autoclaved lightweight AAC 80 0,042 0,35 Dif. open + cap. 2 N
active
F Polyurethane foam with calcium silicate 80:gable wall 0,033 0,29:gable Dif. tight 27 N+S+W
50:facade 0,41:facade
15:window reveal 0,72:window
reveal
Autoclaved calcium silicate 50:staircase 0,05 Dif. open + cap. 15 N

active
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L

=3 mm adhesive mortar—|_[=4 [

1% brick + internal render = 360 mm—-{—

60 mm phenolic foam-—_
\apour barrier—| .
12.5 mm gypsum board-"| _
Baseboard-
=TT TT -—‘——'_4».-=‘*-uL_r—-

7

Wooden beam /'

/

Air gap~—
Wooden lath—"

2 brick + internal render = 470 mm—=

Fig. 2. Construction detail with sensor placement. Red (B3, B5 and B7):
wooden beam ends. Purple (W2, W4 and W6): intersection. Green (I1): internal
climate [16]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

measure the indoor hygrothermal conditions, and three sensors (one at
the spandrel and two in the center of the external wall) were used to
measure the conditions at the interface between the original wall and
the insulation material. The measurements began in the fall of 2018 and
were finished in the summer of 2020. Information on the five case
apartments are shown in Table 4.

2.2.3. Case D

In this case, a three-story residential structure in Copenhagen’s
southwest is examined. It is a part of a larger building complex that
includes numerous other buildings erected similarly between 1952 and
1962. The walls are made of a combination of yellow multi-hole bricks
and clinker concrete (Fig. 3), and the floor partitioning of concrete slaps.
The external walls of three north-facing gable apartments, one on top of
another, were insulated during summer of 2015. Fig. 3 depicts the top
view of the structure with a small part of the gable covered by the next
building. Each apartment included eight sensors, all of them installed at
the interface between the original wall and the insulation. Table 1 shows
where the sensors were installed. They were placed about in the center
of the height of the wall and in three areas supplemented by sensors
mounted near the floor. Hygrothermal measurements began in winter of
2015 and continued until summer of 2023 when most of the sensors
stopped working. Energy use for heating was registered from April 2016
to March 2017, but excluding June-September, which is outside the
heating season. Indoor climate measurements (temperature and relative
humidity) were measured before and after interior insulation installa-
tion; from September 2014 to August 2015 and from March 2016 to
June 2017.

Three apartments in a similar building were used as reference
apartments. The reference apartments were also on top of each other

Table 4
Information about the apartments of case B, including the time of the
installation.

Apartment  Floor Orientation Hydrophobization Internal
insulation system

Al 3rd N Yes (mid Sept-18) Yes (start/mid Oct-
18)

A2 2nd S Yes (mid Oct-18) Yes (start Oct-18)

A3 4th N No Yes (mid Sept-18)

A4 5th S No Yes (start Nov-18)

Reference 2nd S No No
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Table 5
Information of sensors.
Case  Sensor type Accuracy Logging Area of Measuring
of sensors interval placement condition
M Rotronic +1 Kand + 1 min. Interfaces, T, RH
HygroClip2 0.8 % RH Beam ends,
(HC2) (up to 90 % Indoors
RH)
B Rotronic HL- +0.1 °C and 1 hr. Interfaces T, RH
RC-B with + 0.8 % RH
HC2A-S
HOBO data +0.35 °C 1 hr. Indoors T, RH
logger (U12- and + 2.5 %
012) RH
D Hygro-I T/ +0.3°Cand 30 min. Interfaces T, RH
RF + 1.8 % RH
Lascar EL +0.45 °C 30 min. Indoors, T, RH
USB 2+ and + 2.05 Outdoors
% RH
F Tramex +0.3°Cand 30 min. Interfaces T, RH
Hygro-I ® + 1.8 % RH Indoors

(10 % to 90
%)

with a north-facing gable. No energy-saving measures were installed in
these apartments; they were only used for measuring indoor climate
(temperature and relative humidity) from 2016 to 2017 and energy
consumption for the same heating season.

2.2.4. Case F

This case is a part of the same complex as Case D, the original
components are therefore the same. In summer 2015, post-insulation
was established [24]. From the beginning of 2016 until the start of
2022, the hygrothermal conditions at the interface between the insu-
lation and the existing wall have been measured. In a three-story
building, all six apartments around one staircase were used for the
measurements; on each floor, one apartment was “in the middle of the
building” i.e. only having two facades as outer walls, and one apartment
also had a gable (see Table 1). The facades (facing north and south) of all
six apartments, and the gables (facing west) of the three ‘end’ apart-
ments were insulated. The common staircase and window reveals were
also insulated in all six cases. Per apartment, 8-10 sensors were
installed. They were installed at two different heights, one at the top
(0.15 m from the ceiling) and the other at the center of the wall (1.25 m
from the floor). In addition to interior insulation, mechanical ventilation
with heat recovery was installed in all six apartments.

Indoor climate sensors were installed in the six reference apartments
as well as in the six retrofitted apartments. The indoor climate was
recorded from September 2014 to August 2015 and from March 2016 to
June 2017, i.e., measurements were performed before and after the
energy-saving measures were installed. To visually analyze the condi-
tions at the interface and conduct mold testing, the insulation was
removed in two of the apartments in summer 2017. In both occasions,
the insulation was immediately re-established.

In this case, some in-situ mold testings were also implemented with
the Mycometer test. The Mycometer test is a quantitative examination
technique that demonstrates the degree of mold growth. The test is
based on the identification and quantification of an enzyme present in
the mycelium and spores of every kind of mold. The results can be
divided into 3 categories:

o A: Mycometer value < 25. The amount of mold is not excessive.

e B: 25 < Mycometer value < 450. Mold contamination is above
average. This may be as a result of older mold that has dried-out or
the buildup of fungus spores in dust and dirt.

e C: Mycometer value > 450. The amount of mold is significantly
higher than average. The result in this category, which is based on
testings made in areas with high mold levels (bio-mass), shows rapid
mold growth.
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Fig. 3. Left: Top view of the building showing the covering of the neighboring property and the refurbished wall (yellow) [34] (Copyright Google Maps). Right: Drill
core from original wall of case D. The outer part of the wall (on the left) is made of yellow brick and the inner part of lightweight clinker concrete (on the right). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Measurements of temperature and relative humidity

In each case, the sensors were installed at the interfaces either in
preexisting joints or intentional holes created in the original wall. The
information about the sensors is also found in [16,24,32,35-38] and are
presented in Table 5.

2.4. Mold model

The Mold Index VTT 2.0 mold model [31,39] was applied on the
measured temperature and relative humidity information to assess the
potential mold risks. The Mold Index categorizes the amount of mold
growth on a scale from 0 (no growth, no spore activation) to 6
(extremely heavy and tight growth, coverage about 100 %). For surfaces
in contact with indoor air, safe limit is < 1, while a mold index < 3 is
acceptable for locations without contact to indoor air [30,31,39].

The model index (M) is calculated based on equation (1) [40]. Factor
tis time (h), T is temperature (°C), RH is relative humidity (%), W is the
timber species (0 = pine and 1 = spruce), and SQ is the surface quality
(SQ = 0 for sawn surface, SQ = 1 for kiln-dried quality). Factors SQ and
W were both set to zero for sawn surfaces and pine, respectively. The
parameters k; (equation (2) and kg (equation (3) are correction co-
efficients for mold growth intensity and moderation of mold growth
intensityas M approaches M., respectively. The factor ty—; is the time
needed for the material to start the growth (mold index reaches level M
= 1), and ty—3 is the time needed for the material to reach level M = 3.
The subscript “pine” refers to the value with the reference material pine.
Mpax (equation (4) is the maximum mold index achieved for each
sensitivity class, and parameters A, B and C are constant related to the
material sensitivity classes: Resistant, medium resistant, sensitive and
very sensitive. RHcyjt (%) is the limit relative humidity level to start the
mold growth and is a function of temperature. It should be noted that,
the Mold model is based on empirical formulas and the details and
constant values for the Mold Index calculation can be found in [40].

In the current study, the “medium resistant” sensitivity class, which
corresponds best to materials in the studied cases, was used as the
default choice together with a relatively small decline of 0.25 for un-
favorable growth conditions.

M 1

dr = 7 @ ¢—0-68In(T)—13.9In(RH)-+0.14W—0.3350+66.02 ® kiky @
tMtzlpine7M < 1
M=1
k= P (2
0 o M=3pine M:l‘pme’ M>1
=3 — tu=1
_ p23(M—Myax)
b = max{ 1-¢ 0 3

My =A+Be

2
RHcr[t — RH _ ° (RHcril - RH) (4)

RH; — 100 RH;; — 100

To evaluate if there were any mold traces behind the insulation in case F,
a visual assessment growth were conducted after removing the insu-
lation in two apartments [41]. Several surface tests of mold growth were
implemented in one of these apartments. Mycometer-Surface [42-44],
which measures biomass but does not identify the kind of mold, was
used for the measurements. If there is mold growth, the biomass amount
will be considerably high. Thus, this type of test is a measure of the
degree of growth on the surface. Five Mycometer tests were conducted.
The sample locations were chosen based on where the risk of mold
growth was assumed to be the highest. In addition some other mold tests
were conducted: tape samples (microscopy) and impression samples.

3. Results
3.1. In situ measurements of temperature and relative humidity

3.1.1. Case M

Fig. 4 show the relative humidity and temperature measurements for
case M for two time periods (2014-2018 before hydrophobization and
2020-2022 after hydrophobization) as hourly averages generated from
minutely data. The external climate (T and RH) is running averages
every two weeks for better readability. There is a gap of 2.5 years with
no measurements. Prior to hydrophobization, sensors W2 and W4 (S
oriented in the intersection) barely recorded relative humidity levels
above 80 %, in contrast to W6 (SW oriented in the intersection), which
peaked at 95 % during the second winter after insulation. The lowest
humidity level at the beam ends was recorded in the post-
hydrophobization period from July through September. The sensor at
the interfaces with the highest relative humidity after hydrophobization
was W4. Relative humidity is typically observed to be higher during the
second measuring period compared to the first.

Except sensor W6, which had a 2-3 °C rise in winter temperature
during the first three months after hydrophobization, all sensors’ values
for the temperature conditions in both periods are very similar and
exhibit typical seasonal variation. In all cases, the temperature at the
wall interface is higher than the beam ends, despite the thermal bridge.
After hydrophobization, the interior temperature (sensor I1) gradually
rises over the course of the year (by max. 4 °C). The external climate data
(both T and RH) seem to follow the normal seasonal fluctuations. The
humidity class of this case is calculated to be class 2 (dwellings with
normal occupancy and ventilation).

3.1.2. Case B

Fig. 5 displays the results of the measurements for relative humidity
and temperature in the intersection between the original wall and the
insulation for the living room, bedroom, and spandrels of case B. The
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Fig. 4. Case M: Measured relative humidity and temperature in S (B3, W2) and SW (B5, B7, W4, W6) facade. Grey lines: indoor (sensor I1). Black lines: external

weather conditions, obtained from DMI (Danish Meteorological Institute).

drying out period had various offsets, since the systems were not
installed simultaneously [32]. Additionally, since the (yellow) sensor is
mounted on the living room wall, these measurements should be
regarded as interior climate measurements (Ref. = Indoor climate).
Some measurements stopped earlier than others due to sensor mal-
function. The external climate (T and RH) is running averages every two
weeks for better readability. Winter 2019-2020 showed relative hu-
midity up to 100 %. Al sensors (north, hydrophobized) in the bedroom
and living room showed the lowest relative humidity, whereas A3
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sensors (north, non-hydrophobized) in the living room and bedroom
consistently displayed the highest relative humidity. Relative humidity
in all wall sensors generally drops after the first few months to 90 % the
following winter.

Spandrels appear to be an exception, as the minimum relative hu-
midity during warm months was approximately 70 % and the maximum
was 100 % for the first nine months. Additionally, A2 sensors (south,
hydrophobized) at the spandrels displayed significantly larger relative
humidity fluctuations. The external climate data (both T and RH) seem
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Fig. 5. Case B: Measurement data from a) living room + external climate (black lines), obtained from DMI (Danish Meteorological Institute), b) bedroom and c)

spandrels for all four apartments.
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to follow the normal seasonal fluctuations. The humidity class of this
case is calculated to be class 2 (dwellings with normal occupancy and
ventilation).

3.1.3. Case D

Fig. 6, Fig. 7 and Fig. 8 display the measurement results for case D.
The measurements were interrupted for three months in 2017 because of
sensor malfunction [24]. The wall is regarded as internal in the places
where the gable is joined to the neighboring building; therefore, the
sensors there roughly measured the indoor climate conditions (sensors
115, 114, 123, 125, 126 and 124), as presented in the graphs [24].
However, there were dedicated sensors (5503, 5524, 5507, 5506 and
5511) for measuring the indoor climate, but these sensors measured only
for the period March 1016-July 2017 (see Fig. 6). The external climate
(T and RH) is running averages every two weeks for better readability.
The measurements in the interface between insulation and the existing
wall were generally lower than 80 %. Measurements taken from the
ground floor differed from those above; in the eastern bedroom, sensors
105 and 106 displayed higher values than those taken from the other
measuring points. This increasing tendency started at winter 2019 and
continued until 2022 when the measurements stopped. Relative hu-
midity in the interface was above 90 % at this time, and one sensor
(105) reached 100 % every winter before it decreased during spring
times. These sensors’ temperature measurements also indicated lower
temperatures; in particular, sensor 106 showed a reduction in temper-
ature up to 5 °C during the colder months. Additionally, relative hu-
midity in the ground floor apartment seems to be higher from the
beginning and keeps rising over the years while 1st and 2nd floor’s RH
stayed lower and only the last 1-2 years started to increase. The external
climate data (both T and RH) seem to follow the normal seasonal fluc-
tuations. The humidity class of this case is calculated to be class 2
(dwellings with normal occupancy and ventilation).

3.1.4. Case F

The hygrothermal measurements of case F are presented in Fig. 9,
Fig. 10, Fig. 11, and Fig. 12. There are separate graphs for each floor and
the staircase results. Some sensors stopped functioning after a short
period, leaving 48 active sensors. In this case, there are no indoor
climate sensors for measuring the indoor climate conditions. The insu-
lation in the first-floor apartments was removed and re-established
during summer 2017. As a result, measurements showed a sharp rise

Ground floor

100

90

80

70

60

50

40

Temperature (oC) and Relative Humidity (%)

W’kaf '

17-09-2018 30-01-2020
Time (days)

|

22-12-2015 05-05-2017

) J" v'-l"l"}, A SN Ty :m !
L s
Jﬂ \ m i

Energy & Buildings 312 (2024) 114180

in relative humidity due to the wet adhesive mortar; thus the peaks in
the graphs are disregarded and not further commented on. The external
climate (T and RH) is running averages every two weeks for better
readability.

On the ground floor, sensor 132 and 189, which displayed up to 85 %
RH during the winter, are the sensors with the highest relative humidity
values. On the 1st floor, sensors 133 and 172 displayed relative humidity
values up to 85 % and slightly lower temperatures during winter 2021.
However, for the remaining time, these measurements resembled the
measurements of the other sensors. The seasonal variation on the 1st
floor was similar to the ground floor. On the 2nd floor, sensors 177 and
178 diverge, reaching 80 % RH during winter periods. These sensors also
measured lower temperatures. Sensors 171 showed up to 85 % RH in the
first winters, and gradually increases over the next winters above 80 %.
The deviation could be explained by the lower temperature measured in
this sensor. Living room sensor 164 registers an expected seasonal range
of 35-70 % RH and a minimum temperature of 15 °C. On the contrary,
sensor 175 peaks at 85 %. However, during summer, the relative hu-
midity falls below 70 %.

In the staircase (north facing), measurements have been made in the
interface on the ground and 1st floor. The results revealed similar
findings for the two floors. Relative humidity is shown to be higher in
the ground floor sensor than the 1st floor, while temperature is the
opposite. The external climate data (both T and RH) seem to follow the
normal seasonal fluctuations. The humidity class of this case is calcu-
lated to be class 2 (offices, dwellings with normal occupancy and
ventilation), with the staircase being class 1 (unoccupied buildings,
storage of dry goods).

3.2. Mold index

The VTT Mold Index model [31,45,46] was used to evaluate the risk
of mold growth in all cases. The Mold Index was calculated for all
available sensors in all cases. For improved visual clarity, the y-axis in
some cases goes up to 1 and not 6, which is the entire range of the mold
index (0-6). Although this mold model was designed for free surfaces
(surfaces in contact with the indoor air layer), it may also be applied to
the interior of the structures. In our cases, for interfaces between the
original wall and the internal insulation a Mold Index of less than 3 and
not increasing over time is acceptable [39].
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Fig. 6. Case D: Measurements of relative humidity and temperature from ground floor, Black lines: External climate, obtained from DMI (Danish Meteorolog-

ical Institute).
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Fig. 9. Case F: Measurements of relative humidity and temperature from ground floor, Black lines: External climate, obtained from DMI (Danish Meteorolog-

ical Institute).
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Fig. 12. Case F: Measurements of relative humidity and temperature from the staircase (north-facing) for ground and 1st floor.

3.2.1. Case M

Fig. 13 displays the risk of mold growth for Case M. Both measuring
times—before and after hydrophobization—are shown in the graph. The
mold growth index was practically zero and consistently below 1 in both
periods. Only sensors B5 and W6 showed some mold growth initiation
for the observed values prior to hydrophobization, although they never
reached Mold Index 1. For sensors B5 and B7, the mold growth initiates
during the post-hydrophobization phase. Furthermore, for all 3 sensors
(W6, B5, and B7), the mold index, which had initially been somewhat
above zero, quickly decreased to zero. In measurements made before
hydrophobization, the Mold Index was found above zero both in the
interface and the beam ends, however, after hydrophobization, this was
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only found at the beam ends.

3.2.2. Case B

Fig. 14 depicts the mold growth risk for case B. Except for the sensors
at the spandrels, all sensors had a Mold Index of less than 1. All spandrels
had a Mold Index higher than 2. Sensor A3_spandrels had the highest
value of M = 3 between all spandrel sensors.

3.2.3. Case D

Fig. 15 presents the mold growth risk for case D. Winter 2019 was the
first time when mold risk appeared specifically on the 1st floor. Two
bedroom sensors, showed values above zero; sensor 105 displayed the
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maximum Mold Index of 3.5, while sensor 106 gave a value of less than
1. The assessed mold risk was practically equivalent to O for the other
locations.

3.2.4. Case F

Fig. 16 shows the mold growth risk for case F. As a result of the re-
installation of the insulation, there was initial built-in moisture, and
several sensors indicated risk of mold growth with a maximum of almost
2, but it rapidly decreased. In the remaining time, sensors displayed
lower mold index values with no risk of mold initiation.

In case F, there was also implemented some mycometer laboratory
analyses for mold (Mycometer test).
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Fig. 15. Mold index of case D of all sensors as a function of time.
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In general, the Mycometer test results have been at level A. A total of
17 Mycometer tests were taken. One of the tests was at B level, corre-
sponding to value 34. A Mycometer test of level B usually indicates mold
spores accumulation, but can also indicate mold growth. Even though
the Mycometer number was 12 (level A), a pressure plate sample from
the region revealed that more than 50 colony-forming units formed on
the agar sample, indicating that there is a significant quantity of viable
spores.

3.3. Energy savings

For cases F and D an energy savings investigation and calculation has
been implemented. In case F, in addition to the internal insulation of the
external walls, a balanced mechanical ventilation system with heat re-
covery was established as well. For case D, only the gable walls were
refurbished. Table 7, compares the heat consumption for space heating
in the experimental apartments with the consumption in the corre-
sponding reference apartments for the heating period 2016-2017.

The heat consumption in case F, decreased by 24 % compared to the
reference buildings, see Table 6, and the indoor temperature was 0.4 °C
lower in the renovated apartments.

In case D, the heat consumption increased by 15 %. In these apart-
ments the interior temperature was 1 °C warmer than the reference
apartments. However, a comparison of the measurements of heat con-
sumption between two periods, before and after the internal post insu-
lation, was done (March 2015 and March 2016). The results show a
reduction in the heat consumption of 0.42 MWh and almost the same
indoor temperature of approx. 22C. The saving corresponds to a
reduction of 17 %. Also, the heating saving has been calculated and
resulted in 0.43 MWh. There is therefore good agreement between
measurements and calculations.

4. Discussion

This study focuses on the presumably most important parameters
that influence the decision about the type of internal insulation that is
suitable for older, Danish buildings, based on real-life measurements in a
Danish setting. The considered factors are: hydrophobization, orienta-
tion, insulation system and indoor climate (with energy savings), and
will be explained below.

4.1. Hydrophobization

In this study only cases M and B were hydrophobized and are the
ones explained below.

The findings from the measurements in Case M demonstrated that
applying hydrophobization after installing internal insulation with high
water vapor diffusion resistance in an older building had both favorable
and unfavorable impacts on the structure’s hygrothermal response. A
negative effect was that the relative humidity rose at the interface be-
tween the original wall and the insulation material compared to the time

6
- 5
x4
©
£ 3
o
g 2
1 A\
0
22-12-2015 05-05-2017 17-09-2018 30-01-2020 13-06-2021 26-10-2022
Time (days)
189 —132 —133 172 —171 —175 —162 —176 —160 —163
—139 —180 —184 188 182 159 —161 146 —147 —148

—141
—158

—131
—168

—166
—164

—138
—177

187
—178

143
—179

—149
153

—140
152

156 157

Fig. 16. Mold index of case F as a function of time.
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Table 6
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Measured heat consumption for space heating in the period April 2016 to March 2017 (1 year).

Case F (Insulation and heat recovery) (6

Case F (Reference) (6

Case D (Gable insulation) (3 Case D (Reference) (3

apartments) apartments) apartments) apartments)
Average internal 22.2 22.6 21.4 20.4
temperature [°C]
Heat consumption [KWh] 31.189 41.052 16.210 14.080
Reduction [%] 24 - -15 -

before hydrophobization. As hydrophobization prevents capillary suc-
tion, any water trapped behind the hydrophobized surface can only be
evacuated to the outside through diffusion, a very slow process
compared to capillary suction. Furthermore, diffusion resistance of the
hydrophobized masonry is slightly higher than of an untreated masonry
[10]. In addition, water can be trapped if the treatment had flaws that
enabled water to enter. To allow the moisture to dry inwards, it is often
advised to apply hydrophobization before the application of insulation.
The wall needs longer time to reach moisture equilibrium if hydro-
phobization is applied after the insulation [1].

The influence of hydrophobization appears positive at the beam ends
in Case M, where the measured relative humidity is lower at the wooden
beam ends after hydrophobization than before. A possible explanation is
that there is an uninsulated air gap just above the beam ends, so the
drying inwards is not hampered by diffusion tight insulation material in
this area. Since there was a big rain event at the end of September 2020
that might not have directly affected the wall (due to the scaffold) before
the application of hydrophobization, but undoubtedly raised the
external relative humidity, thus the initial increase for a short time after
treatment was anticipated. However, it is unclear if the lower humidity
levels at the beam ends resulted from hydrophobization’s effectiveness,
diffusion open interior surface (or combination of these) or the warmer
winters, but the relative humidity was generally lower than the time
before hydrophobization. It appears that hydrophobization has the least
impact on the interface temperature.

None of the investigated locations in either period achieved Mold
Index 1. This might imply that the site’s interior insulation installation
and hydrophobization processes were successfully carried out, resulting
in a vapor-tight system and a well-hydrophobized facade. Another
explanation could be that the first winter following the treatment was
comparatively mild; the freshly placed hydrophobization was not sub-
jected to adverse weather.

In Case B, the built-in moisture was most probably dried out
throughout the first winter season (2018-2019). The moisture content
was significantly lower in the following winter. In the last 10 months of
2020, hydrophobization appeared to have a positive impact on the
northern gable while having little or negative impact on the southern
gable, which got the most WDR. This is unexpected because according to
e.g. Jensen [25], the effect of hydrophobization is most noticeable in
walls with a lot of WDR. That, however, was based on measurements in a
lab-like facility (brick wall section cut into a container with a controlled
indoor environment and at ground level), which, compared to this study,
is much more favorable for a successful hydrophobization.

The measurements in case B show:

e Hydrophobization in walls with a north orientation (reduced WDR)
appears to be a successful combination (Al-lowest RH) with a
diffusion open internal insulation.

e The northern wall without hydrophobization, A3, always had the
highest RH. In comparison, in the south-oriented walls, the ability of
the sun to dry outwards the moisture helped keeping the humidity
levels lower.

In both cases, the Mold Index does not exceed the value of 1, except
in the spandrels of case B where a Mold index of 3 is achieved. However,
no obvious effect regarding the different orientations or different cases
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(with and without hydrophobization) was noticed.

4.2. Orientation

In all cases, except case M, a variety of apartments were tested on
different floors and orientations. Case M has mainly S (and SW) orien-
tation so no obvious differences could be seen regarding direction.

The measurements in case B show that:

e South-oriented walls may have the highest relative humidity most of
the time (A2 and A4), due to the strong WDR in that direction.
Floor levels appear to be important in respect to assumed run off
which is expected to increase for lower floors. A2 (hydrophobization-
2nd floor) experiences more run offs than A4 (no hydrophobization-
5th floor), where the WDR is higher, and generally, the relative
humidity of A2 is higher than A4, so WDR appears to be less signif-
icant than the run off.

In case F, although sensor 171 on the 2nd floor’s southern facade
varied from the norm by showing a slightly higher relative humidity and
lower temperature than the normal seasonal fluctuation, the risk of mold
growth is minuscule. Sensors 177 and 178 on the 2nd floor diverge,
reaching 80 % RH in the winter, resulting in a very low risk of mold
when combined with low temperatures. Sensor 175, on the other hand,
peaks at 85 %. However, the relative humidity drops below 70 % in the
summer. The measurements in the west-facing gable generally reveal
acceptable conditions; <75 % RH and < 1.5 max Mold Index. Conclu-
sively, the orientation does not seem to make a difference considering
risk of mold growth.

4.3. Insulation system

Regarding the insulation systems, several insulation materials as well
as thicknesses were investigated. In this section the most important
findings are discussed.

Case B, is the only case where there are measurements from the
spandrels, where the wall thickness is smaller. In that case, the span-
drels’ exceptionally high relative humidity may be caused by a combi-
nation of the thick insulation, which decreases the wall’s temperature,
and the thinner wall, which increases the risk of water penetration.
Thus, the moisture risk in the spandrels is higher than in the regular
walls. The results demonstrate that the mold risk is relatively high in the
spandrels, and, therefore, they cannot be characterized as moisture-safe.

In case F, despite the relatively high relative humidity measured,
there is no increased risk for mold growth. None of the measurements
achieved mold index higher than 2. Furthermore, the two locations with
the highest mold index, reached these values only because of the built-in
moisture (re-establishment of internal insulation). The result of the mold
testing when the insulation was removed in the 2nd floor apartment
confirmed that after 2 years there was none or very little mold at the
intersection (low mycometer values). Thus, the mold risk calculation
and the mold testing agree and they both show that there is no risk of
mold growth in that case.

A similarity between the four cases is that none of them are expected
to face the severe risk of mold growth, except for the spandrels, where
the masonry is thinner and the insulation thicker. The higher calculated
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Table 7

Summary of the four cases.

Results

Description

Outcome

RH (%) (winter) Mold (max) (—)

System Indoor climate

Orientation Insulation thickness (mm) R-value (m%K/W) Hydrophobization

Case

75-85
70-95
75-90
75-80
80-90
80-90
80-95
80-90

90

~2

Tight

60

0.1

SE

+ +

SE
S

0.18

M (beam ends)

I+ o+

SE

0.15
0.07

SE

Open

2.38

100

80
90
90

(+) but might be critical in ground floor

>2
2.5
2.5
2.5
0%

70-90*

70-85
65-80

100
100
100
100
70-85
70-80

Open

220 5.24
80 1.9

B (spandrels)

Qe

Tight

1.51

50 (facade)

1.3

2.42

80 (gable)
50

Open

F (staircase)

*Ground floor 80-100 % RH, Mold index > 3.

**Re-establishment of new insulation
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mold growth risk in regular walls appears right after applying insulation
(build-in moisture) where the pH value is high, and mold growth can
therefore be assumed inhibited. Another similarity is that the relative
humidity is generally not above 90-95 %. Moreover, the temperatures in
all cases follow normal seasonal fluctuations.

Cases D and B have the same insulation material but in different
thicknesses (80 and 100 mm). The calculated mold index in both cases
remains in low levels (max 1), except the spandrels in case B (max 2.5)
where the wall is thinner, and the insulation is thicker. Finally, all cases
have the same thickness of original wall (360 mm). The U-value of the
existed wall is approximately 1.67 W/m?K. Maybe an improvement of
the U-value may be the key: if it is too high (like in the spandrels) the risk
of the interface being at a too cold place is too high (like the vapor
barrier). On the other hand, if the wall is too thin it has a higher risk of
becoming wet at the interface due to capillary suction, defects etc.
Furthermore, the insulation thicknesses differ from case to case and
range from 60-100 mm. The external walls in cases M and B are solid
masonry while cases D and F, which belong in the same building com-
plex, have mixed masonry (half-brick, half-lightweight clinker con-
crete). This results in slightly different wall properties even if the total
original wall thickness is the same (360 mm). However, the different
materials of the original walls do not seem to have any influence on the
results. Finally, comparing cases B and D (both diffusion open) it can be
seen that the mold risk is minimum to non-existent and the systems
seems to perform efficiently. Regarding cases M and F (both diffusion
tight), it can be seen that the outcome is also positive, but the mold
growth risk is higher in these cases and there are certain locations
(ground floor next to the kitchen) where the conditions are even more
critical.

4.4. Indoor climate and energy savings

While the indoor climate was monitored in all cases, the energy
savings were measured only for cases D and F. The energy savings were
measured with sensors measuring the heat consumption [47].

In Case D, the main moisture load is assumed to be from indoor air.
The increased relative humidity behind the insulation in one of the
rooms on the ground floor indicated that there must have been a high
humidity load, and it is limited how much moisture this capillary active
insulation material can carry back to the interior climate. The indoor
moisture content in all floors had a moisture excess corresponding to
humidity class 2. However, these estimations have a high degree of
uncertainty as the indoor climate measurements that were used were the
ones from the part of the building which is adjacent to the neighboring
one. It must also be noted that the indoor climate measurements in case
D and F only took place during the first year after the installation of the
insulation and do not cover the last time period with monitored high
moisture levels behind insulation.

Except for the room on the ground floor, the mold model predicted
no mold growth risk behind the insulation. This one sensor that recorded
100 % relative humidity during the most recent winter season reached a
Mold Index of 3.5 before decreasing along with the relative humidity.
This high moisture level can only be explained by a high interior
moisture load during the last period of the measurements, when resi-
dents’ behavior might have changed, e.g. very low ventilation rates or/
and high moisture production.

In Case F, the relative humidity at sensor 132 and 189 (ground floor)
peaked during winter at 85 % RH, so they deviate from the other data.
Additionally, this sensor registers lower temperatures, which results in
higher relative humidity. The bedroom’s corner, which is next to the
gable, registers relatively low temperature. However, the results
demonstrate that the conditions at the interface are influenced by user
behavior and the interior climate, as the sensor on the 1st floor in the
same place registers higher temperature and lower relative humidity.

The staircase is an area that none stays for longer times, thus the
moisture load there is likely to be minimal. The staircase sensor on the
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ground floor registers somewhat higher relative humidity and slightly
lower temperatures. However, that sensor was closer to the front door,
which often opens during the day, fact that explains this.

The highest relative humidity levels combined with lower tempera-
tures are generally found in the gables, which are insulated with thicker
insulation than the facades. Before refurbishment Case F apartments
were classified as moisture load class 3. However, the moisture class was
reduced to 2 due to the mechanical ventilation that also was established.

The amount of data on energy consumption is the same in the two
cases (cases D and F). However, data from more apartments makes the
result more valid for case F (3 and 6 apartments, respectively). Also,
according to residents’ interviews, it is likely that differences in habits
(especially residential density, cooking, use of lighting) results in dif-
ferences in heating usage.

In case D, the heat consumption in the renovated apartments was
higher than in the reference apartments, this was surprising, but the
indoor temperature was 1 °C higher in the renovated apartments, indi-
cating very different user behavior. Consequently, the heat consumption
in the renovated apartments for March 2015 (prior to insulation
installation) was compared with March 2016 (after renovation) to
address these uncertainties. The temperatures outside and indoors were
similar in these two months. This comparison showed a reduction in
energy consumption by 17 % which was also the prediction which was
done with calculations. The residents have experienced an improvement
in the indoor climate in the form of reduced drafts from the outer walls,
while the ventilation pattern has remained unchanged. The average
temperature in the indoor climate has not changed significantly because
of the implemented energy savings.

In case F, the indoor climate measurements and the moisture content
calculation showed that 22 % can be saved on space heating by insu-
lating all external walls internally and establishing balanced mechanical
ventilation. Unfortunately, the ventilation system results in higher
power usage. This energy usage is equal to the savings from heat re-
covery (1.0 MWh/year). In that case, there was a relatively low air ex-
change initially, which is primarily why all the savings from heat
recovery were used for ventilation rather than because power con-
sumption was not considered when designing the ventilation system.
The air exchange was doubled when the ventilation system was
installed. After installing the ventilation system, the infiltration—which
is not covered by heat recovery—is up to around 30 % of the air change.

According to the hypothesis of this project, orientation, indoor
climate, hydrophobization and insulation thickness and type and the
wall thickness play a role in the outcome of the measurements. This
study showed that all these parameters seem to be decisive, thus one
should be cautious with comparing the different cases.

Table 7 is a summary of the systems’ characteristics, winter relative
humidity, mold growth index as well as the outcome that appear in the
four cases which are being studied.

4.5. Limitations

There are some limitations that need to be considered in the current
study of the four cases.

1. Since the sensors have not been re-calibrated during the measure-
ment period, the data may have an increasing error rate.

2. The results do not always concern watertight walls. There may be
either differences in the quality of the work between facades that
have been repointed or the facades that have been visually accessed
cannot be assumed as completely watertight.

3. The effectiveness of the hydrophobization treatment is affected by
parameters like the local climate and the hygrothermal properties of
the building materials (brick and mortar) [14].

4. Given that the system is being examined in real-life conditions, it is
likely to have flaws because of human application errors.
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All the aforementioned limitations should be considered since they
influence the results of the real-life measurements. Meaning that these
are only a few cases, and therefore just examples of outcomes that may
describe a trend. But there will be a variety of outcomes for different
settings. Special attention should always be paid to each construction’s
special features and details.

5. Conclusion

The outcome of the measurements from the four cases demonstrates
an acceptable moisture-safety of the chosen insulation systems and
typical thicknesses. During the time of measurement, there was no
general indication of wetting in the constructions. Most sensors present
values that are below the threshold for mold growth. Furthermore, it
may be anticipated that the adhesive mortar’s initial high pH will inhibit
any potential mold growth during the initial period of high moisture
load. More specifically:

¢ In terms of hydrophobization, it is showed that there is a risk of WDR
absorption if the hydrophobization is applied after the internal
insulation (case M). This may result in moisture trapped between
internal insulation and the applied hydrophobization and exhibits
lower drying rates. This fact is even more severe in the case of vapor
tight insulation system, as in case M. Also, the studied cases show,
rather surprisingly, that hydrophobization works better in the north
direction where less WDR and sun radiation exists (case B).
Regarding orientation, it was noticed that the direction of the facade
and floor level plays a role in the moisture levels. The orientation is
of less importance than the floor level; the lower the floor the higher
the risk, since it is likely that the runoff volume is more significant
than direct WDR (case B).

o When using diffusion-open solutions, it is crucial that the indoor
climate is not too humid because this increases the risk of high
moisture levels in the construction during the colder months. The
elevated humidity behind diffusion open insulation in the single
room in case D illustrates this clearly. Also, case D showed that even
though the maximum Mold Index was calculated to 3.5 which nor-
mally is not on the safe side for the inside of structures, it only ap-
pears in one specific location, presumably due to higher moisture
loads and/or lower ventilation rates than expected. Apart from that,
there is no obvious risk of mold growth.

In the cases with humidity class 2 or lower there is no general risk of
mold growth, especially if the high indoor moisture loads are regu-
lated by mechanical ventilation system (case F).

In terms of energy savings, internal insulation reduces energy con-
sumption for space heating as expected, unless these savings are
transferred to higher indoor temperature.

Overall, there are no apparent distinctions in the performance of the
various systems. No system stands out in comparison to the others. All
systems can display acceptable moisture-related conditions. However,
the variations in the apartments’ interior climates, residents, orienta-
tions, and floor levels pointed out that indoor climate and residents’
behavior plays a vital role in the hygrothermal performance of the sys-
tem. In addition, the results showed that orientation has less effect on
the moisture levels and hydrophobization performs better in the north
orientation where there is less sun and WDR. For future cases to follow
the methodology and practices given in the current study, the hygro-
thermal and system parameters should be comparable to those examined
here for being robust and moisture safe.
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