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Introduction

Background

Energy performance requirements, better understanding of moisture safety and higher
demands by users have created the need to find solutions to upgrade the envelope of
heritage brick buildings. If the fagade is valuable, the hygrothermally safer exterior
insulation is not an acceptable solution (Figure 1). At the same time, traditional interior
insulation solutions using mineral wool with or without vapour barrier are risky due to
possible mould hazard and moisture accumulation caused by wind driven rain (Haupl
et al., 2005; Mgller and Hansen, 2013). The latter can lead to deterioration of the fagade
and structural problems in wooden beam ends which are supported by the wall.

Figure 1  Exterior insulation is the most appropriate solution to reduce heat losses through walls for
most of the buildings built during the second half of the 20" century (left). However, it cannot
be used if the facades are valuable (right) and one of the alternatives is the hygrothermally
risky interior insulation. Source of photo on the right: Wikimedia commons user “lifar”,
CCBY-SA 3.0 EE.

During the last 15 years, the so-called “capillary active” insulation systems have been
used in Central Europe to mitigate the aforementioned risks. However, as part of the
functioning principle of these systems is to tolerate higher moisture content than usual,
their performance in colder climate cannot yet be warranted — frost damage risk and
effects of moisture loads can be a lot more pronounced there. As the effects of interior
insulation can take a long time to manifest themselves, it would be much more efficient
to use hygrothermal modelling to predict the performance of different solutions
compared to measurements only. On the other hand, relying solely on modelling, can
result in underestimation of risks due to some aspects not considered by the user and/or
model. By combining both measurements and modelling to mitigate such issues, this
thesis aims to study the suitability of vapour open “capillary active” interior insulation
solutions to Estonian climate and compare them to the vapour tight approach that has
been used thus far.



Research questions and methods
The main research questions of the thesis are:

RQ1 Is heat, air and moisture (HAM) modelling reliable enough to assess the
hygrothermal performance of interior insulation in cold climate and high
humidity loads?

RQ2 Is the capillary condensation redistribution (CCR) test relevant to material
characterization when modelling “capillary active” interior insulation
solutions?

RQ3 Are capillary active insulation systems frost sensitive? If yes, what could the
suitable performance criterion be?

RQ4 Which interior insulation approaches function properly in Estonian climate and

buildings?
The methods to answer these questions are:
. field studies — on-site hygrothermal measurements;
. laboratory studies — freeze-thaw cycling, hygrothermal and tensile
strength measurements, measurement of basic material properties;
. hygrothermal modelling — comparisons to measurements; parametric

modelling with long term climate dataset for suitability assessment.

The thesis is based on peer-reviewed journal articles and conference papers.
Publication I-lll involved in-situ measurements of different insulation solutions in real
buildings. Publication IV used a study in a climate chamber to investigate the
performance limits of the capillary active insulation systems by subjecting them to
freeze-thaw cycles at different moisture content levels.

In publications I-VI the measurements are compared to hygrothermal modelling
results. As moisture content levels were significantly underestimated when modelling
insulation systems near their performance limits during non-isothermal wetting, the
method for optimizing the liquid and vapour conductivity curves of the insulation
materials based on the CCR test is proposed in publication V.

Publication VI presents and employs the improved liquid and vapour conductivity
curves for 2 insulation materials (generated using the tool proposed in publication V) in
parametric modelling with long-term weather data to identify the effect of different
insulation solutions and other parameters (bricks, indoor and outdoor humidity loads,
etc.) and recommends the approaches that are on the safer side.

Pub. L..I1I Pub. IV Pub. I..V Pub.V & VI Pub. VI
Hygrothermal and mechanical HAM modelling accuracy verification Suitability
measurements assessment

Figure 2 Main structure of the thesis.
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Limitations

The hygrothermal modelling presented in publication VI uses the outdoor
climate data from 1970-2019 from Tartu. Future climate and its impact are not
considered in this thesis.

Wooden beam ends or other 2D/3D details have not yet been studied.

Cost, energy efficiency, ecological footprint, VOC emissions and reaction to fire
were not analysed in this work — the focus was on determining the hygrothermal
impact of the interior insulation.

The performance limits of the wall enclosures depend highly on the specific
materials. For example, different bricks have different frost resistances. This is
still an actively evolving topic with research results suggesting that frost damage
is dependent on the degree of moisture saturation and frost temperature
(Feng et al., 2019). Furthermore, attempts to derive such data from basic
material properties has so far failed. Beside frost resistance, the unknowns also
include mould growth inside the structure, exact hygrothermal properties of
building materials, etc. Conservative conclusions based on the available data are
therefore drawn in this thesis.

Novelty and practical application

New knowledge gained from this research includes:

Comparisons between modelling and measurements showed significant
underestimation of moisture content levels of “capillary active” insulation
materials in overhygroscopic moisture range when subjected to non-isothermal
wetting through vapour diffusion. Relative humidity in hygroscopic range was
underestimated during wetting and overestimated during drying periods
(hinting at unaccounted for hysteretic effects).

Modelling with “conventionally” characterized material properties can lead to
overly optimistic assumptions of the hygrothermal performance of the
“capillary active” interior insulation systems. The results showed that it makes
sense to include the capillary condensation redistribution (CCR) test in
material characterization procedures (publications IV, VI).

Insight into frost resistance of the interior insulation systems (publication 1V):
autoclaved aerated concrete (AAC), which was presumed to be frost resistant,
showed a reduction of its tensile strength after freeze-thaw cycling. Expanded
perlite showed a similar performance as AAC, while no statistically significant
loss of strength was detected in unsaturated calcium silicate (CaSi) test wall.
Frost caused damage in water-saturated CaSi.

Parametric modelling campaign using a 49-year Estonian climate data and mass
brick masonry walls showed the following:

o CCR-optimized CaSi and AAC exhibited an increased frost risk in the
cold side of insulation, interior plaster and glue layer compared to the
“conventionally” characterized materials (i.e. those not taking the CCR
test into account);

o frost in the insulation layer can be an issue for both AAC and CaSi
insulation systems in certain cases;

o the exterior layer of masonry must tolerate higher ice saturation levels
and freeze-thaw cycles regardless of the insulation type;

11



o old interior plaster should be removed before applying interior
insulation;

o mould indexes behind the insulation were high — emphasis should be
put on achieving airtight installation of both vapour tight and vapour
open “capillary active” insulation systems to avoid convection behind
the insulation and possible contamination of indoor air;

o while the chances of success are good when using interior insulation,
a case-by-case approach is necessary to avoid critical combinations.

The applications of the results include:

Frost resistance performance criteria are suggested for AAC, perlite and CaSi
insulation systems (maximum ice saturation degree at -15 to -10 °C). They can
be used to assess both HAM modelling and measurement results (publications
IV, VI).

AAC and CaSi material data that take capillary condensation redistribution test
into account are created — a more reliable modelling of those materials when
applied as interior insulation is now possible (publication VI). This is important
as material data characterized without the CCR test (as usually found in HAM
software databases) results in underestimated moisture content levels especially
near performance limits of the insulation systems.

The tool to derive the liquid and vapour conductivity functions through
generative inverse modelling (publication V). It can be used for material
characterization for hygrothermal modelling while incorporating results from
experiments such as CCR, drying, cup tests, water uptake, etc.

The decision trees given in the supplementary material of publication VI can be
used to assess the suitability of interior insulation solutions and combinations
of indoor moisture loads and original brick types.

Measurement results were collected from 3 field studies and 1 laboratory
study — in total incorporating 3 wall types and 6 different insulation systems.
They can be used as reference datasets for hygrothermal model
validation/calibration (publications I-lI, IV).

12



Abbreviations

AAC
avg.
Casi
CCR
cMU
ET

EU

F/T cycle or FTC
HAM

IBK

IBP

iQ-T

MC
MP
MRC
MRY
MW
PE
PIR
PUR
RH
th.

WDR
WTA

WWII

Autoclaved aerated concrete

Average

Calcium silicate

Capillary condensation redistribution (test)
Concrete masonry unit

(Epasit) Epatherm, an insulation system based on a calcium silicate
board
European Union

Freeze-thaw cycle

Heat, air and moisture (modelling)

Institut flr Bauklimatik (Technische Universitat Dresden)
(Fraunhofer) Institute for Building Physics

(Remmers) iQ-Therm, an insulation system combining a PUR board
with capillary active channels
Moisture content

(Ytong) Multipor, autoclaved aerated concrete insulation board
Moisture retention curve

Moisture reference year

Mineral wool

Polyethylene

Polyisocyanurate

Polyurethane

Relative humidity

thermal

(Knauf) TecTem, an insulation system based on an expanded
perlite board
Wind-driven rain

Wissenschaftlich-Technische Arbeitsgemeinschaft flr
Bauwerkserhaltung und Denkmalpflege / International Association
for Science and Technology of Building Maintenance and
Monuments Preservation

The Second World War
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Symbols

Aw
Cmat
d
Dq
frsi

RHcrit
Rif
Rv

Sd

~

Ug
ui

S

Av

©

Water absorption coefficient, kg/(m?s%°)

Relative mould decline coefficient (used in Finnish mould model), -
Dimension, mm

Water vapour diffusivity in still air, m?/s

Temperature factor, -

Moisture mass flux, kg/(m?:s)

Specific enthalpy of water vapor, J/kg

Gas permeability, s (= kg/(m-s-Pa))

Liquid water conductivity, s (= kg/(m-s-Pa))

Water vapour conductivity, s (= kg/(m-s-Pa))

Mould index (according to Finnish mould model), -

Capillary pressure, Pa

Gas pressure, Pa

Pressure in liquid phase, Pa

Water vapour partial pressure, Pa

Heat flux, W/m?

Thermal resistance, m2-K/W

Gas constant of air, J/(kg-K)

Relative humidity, %rn

Critical relative humidity which should not be exceeded, %gH
Interface resistance, m/s

Gas constant of water vapour, J/(kg-K)

Saturation degree (water or ice volume divided by pore volume), %sat

Relative water vapour diffusion resistance of a layer (equivalent air layer
thickness), m
Temperature, K

Temperature, °C

Thermal transmittance, W/(m?2-K)

Specific internal energy of gas phase, J/kg
Specific internal energy of liquid phase, J/kg
Moisture content, kg/m3

Wall factor (used in ISO 15927-3:2009), -
Water vapour diffusion resistance factor, -

Moisture excess (difference between indoor and outdoor air moisture
content), g/m?3
Thermal conductivity, W/(m-K)

Density, kg/m?
Moisture content by volume, m3/m3
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1 Background

1.1 Existing wall structures

While a large share of buildings built before 1950s in Estonia had wooden structure,
masonry structures were considered more desirable due to being fire resistant and more
“exclusive”. Due to higher price, masonry was used for more prominent buildings and
today most of them are under heritage protection in one form or another.

In the early 20™" century, it was acknowledged that mass-masonry walls had too high
thermal transmittance and would also be moist and cause an undesirable indoor climate
(Veski, 1935). To overcome that, an air cavity would be added, however, it would be
located near the interior surface (see Figure 3 walls 13, 17-18). From today’s viewpoint,
the exterior cavity is more desirable — the majority of the wall would be protected from
driving rain and wooden beam ends lie in drier conditions.

During the era of the first independence period of the Republic of Estonia (1918-1940),
the multi-layered walls (see Figure 3 walls 9—11) were promoted as more economically
efficient and hygienic than mass masonry walls. 2 cavities were recommended, as the
inner one was to be filled with insulation such as peat, flax or saw dust mixed with lime
(Grauen, 1935).

Concrete masonry units (CMU) were also a novel technology at that time and products
with different shapes and properties appeared (see Figure 3 walls 11, 12, 15, 16, 20).
CMU-s with cavities filled with peat were advertised as simpler and cheaper alternative
to multi-layered walls made of solid bricks (Tiltsen, 1932).

The wall with an exterior cavity became one of the main masonry structures during
the Soviet occupation (1944-1991) — see Figure 4. The introduction of mass-produced
standardized apartment houses (Khrushchyovkas) in 1955 marked a sudden drop in the
aesthetic quality of new residential buildings. In the latter case, those facades are not
mainly considered preservation-worthy (Mandel, 2019) and therefore the use of exterior
insulation should be preferred. A decade later, the concrete large panel construction
method started to dominate and masonry was again reserved for the more prominent
“special” buildings.

In conclusion, for every wall type and construction, there are buildings for which the
interior insulation can be the only choice. However, the issue is most pressing for mass
masonry structures —thermal transmittance is highest, surface temperatures lowest and
wind driven rain flux is not interrupted by a cavity.

15
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Figure 3  Some masonry structures used in Estonia during pre-WWIl era along with calculated



METQARUNECKUE COASU
Basgytsions Npotrock
P

b 7 <
NP
=
¢‘¢ /

\‘ Z
‘;/%
=

V/,
Y
0

sesi s 7
éd/%& ~
car
P 2 ?
o2 (.'(Og';/e 7{0//7//(7;] //ZGIM’ :’4 s
KNOJKU I

Figure 4  The Soviet occupation (1944...1991) introduced the 1.5-brick cavity wall as one of the main
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1.2 Main interior insulation approaches

The issues with dampness, mould and low thermal comfort in existing mass masonry in
Estonia were recognized back in the 1930s and recommendations to overcome them
included:

e to prevent rising damp: drainage, slopes on ground, waterproofing of foundation
walls (Veski, 1935);

e to prevent rainwater penetration: plastering and hydrophobization of the
exterior surfaces (Veski, 1935). Juirgenson (1942) claimed that the main means
for the rain to wet the masonry are cracks, not necessarily the capillary flow in
bricks and recommended repointing the mortar joints;

e to prevent condensation on interior surfaces: proper ventilation of the rooms
and sufficient insulation of the walls were deemed necessary (Grauen, 1937;
Jirgenson, 1942);

e wooden beam ends were recommended to be separated from the wall with an
air cavity (on the tip and on the sides) to prevent rot (Jirgenson, 1942; Vendach,
1929).

On one hand, Jiirgenson (1942) did dew point calculations akin to the later well-known
method by Glaser (1958, 1959), which showed condensation in multi-layered brick walls
and emphasized that the proper location for vapour tight layers is near the interior
surface. On the other hand, he recommended interior insulation of brick walls with
vapour-open reed and lime-wood strand boards (which, according to dew point
calculations, should cause interstitial condensation).

During the intervening 70 years, the technology and understanding of interior
insulation has developed, and today, the main approaches can be split into three (see
also Figure 6, where their presumed performance is compared):

e The “traditional” vapour-tight approach: reducing the water vapour flux into
the wall using vapour barriers or insulation materials with high vapour
diffusion resistance.
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E.g.: mineral wool insulation with vapour barrier, polyisocyanurate (PIR)
insulation boards, foam glass boards, spray foam insulation, etc.

e Vapour open “capillary active” approach: the pore structure of the
insulation material has fine capillaries, which allows the excess moisture at
wall-insulation interface to be redistributed toward the interior surface (see
Figure 5). Due to its vapour open nature, wind driven rain can allegedly also
dry towards the inside reducing the moisture content of the wall compared
to the vapour tight approach.

E.g.: calcium silicate (CaSi) boards, autoclaved aerated concrete (AAC)
boards, wood fiberboards, expanded perlite boards, etc.

e Hydrophobisation combined with either of the previous approaches.
The approach is based on impregnating and/or coating the exterior surface
of the wall to reduce the water uptake while aiming to preserve vapour
conductivity. However, the material properties are one of the major
unknowns —there are a multitude of producers and products, while the effect
of hydrophobization is also dependent on the substrate material (i.e. original
masonry) and might degrade over time (Hansen et al., 2018). This is a subject
of research on its own is thus not covered in this thesis.
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3
2 § Pos:r':g ]’? Redistribution of water \
=] [ H |
T £ ,b through capillary forces /
58 damage /
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Figure 5  The functioning principle of vapour open “capillary active” insulation system in winter
conditions. Based on Zirkelbach et al. (2011) and Plagge (2011).
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PRINCIPLE COLD SEASON WARM SEASON PROS/CONS

Vapour open ¥ + drying towards
insulation B / interior not
- restricted
e.g. mineral wool
. - condensation and
mould risk behind
insulation
Vapour open 4 I I + indoor humidity
insulation + loads mitigated
vapour barrier 4 | | - airleakagescan
9. min. |+ 1 cause problems
:g f:i]lm e - | | - condensation risk
[/ { & in summer
| I - moisture
& ; accumulation risk
Vapour tight 7 + indoor humidity
insulation Z / loads mitigated
e.g. PIR, XPS 3 7 - air leakages can
S ol ' 7 / cause problems
R glase 7 { / - drying towards
i g ) interior restricted -
moisture accumu-
lation risk
"Capillary active" B / + drying towards
vapour open 7 / inter!or not (much)
insulation -l / restricted
; - indoor humidity
e.g. calcium _
silicate, aerated / ';Zd; asItII” affect
concrete ¥ 4
LEGEND Dry Wet

Figure 6  Comparison of different interior insulation approaches and their impact on a mass masonry
wall subjected to wind-driven rain. Based on Zirkelbach and Kiinzel (2013).

There are also other products and concepts which combine different aspects of these
approaches. Examples of them which have been more thoroughly studied include:
hydrophilic mineral wool (Pavlik et al., 2005; Toman et al., 2009), mineral wool board
wrapped with vapour barrier and a moisture transporting wick (Rode et al., 2020),
multi-layered wood fibre board with embedded moisture control layer (Vereecken and
Roels, 2014) and a PUR board with capillary active channels (Jensen, Odgaard, et al., 2020).
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1.3 Performance criteria

1.3.1 General
Even if most accurate measurement and modelling data is available, there is little to do
with them if the performance criteria are missing. WTA Merkblatt E-6-5 (Kiinzel et al.,
2012) shares some guidance to achieve properly functioning interior insulation. Mainly,
the following goals can be summarized:

e avoid accumulation of moisture;

e avoid microbial growth (mould, bacteria) on the interior surfaces;

e avoid accelerated degradation of the structure;

e avoid mould and rot.

In addition, several other risks can be summarized, however, they are outside the scope
of this study:

e 2D and 3D details/joints — interior insulation also affects neighbouring
structures (e.g. exterior-interior wall joints, wooden beam ends supported by
the original wall, etc) and the renovation solution has to take into account
the possible risks there.

e  Reduction of thermal mass of the interior surfaces — as the interior insulation
materials have lower density and hence lower thermal inertia, the rooms are
quicker to overheat during heat waves. However, it also means that the
rooms are easier to heat up if intermittent heating is used. (Vereecken, 2013)

e Salt efflorescence. Beside the original wall, in right conditions the salt
crystallization can also damage the interior insulation material calcium
silicate (Poupeleer, 2007).

e Higher (hygro)thermal stresses. Larger temperature amplitudes and
therefore higher thermal stresses/strains can be expected in the masonry
due to the thermal influence of the insulation. (Vereecken, 2013)

1.3.2 Frost

According to Kiinzel (2011), frost behind an interior insulation system should be avoided.
It was suggested that temperature at the insulation-original wall interface should be
above -5 °C (considering dissolved salts and capillary pressure which reduce the freezing
point) and relative humidity below 95%gru. This very much restricts the thickness of
interior insulation that can be applied, especially so in colder climates on walls with high
thermal transmittance.

WTA Merkblatt 6-5 (Kiinzel et al., 2012) recommends taking the saturation degree of
the material pores into account, it should stay below 30%sat. That allows more freedom
compared to the previous criterion. Study on Canadian bricks by van Straaten (2014)
corroborated that most of the bricks had their critical saturation degree above 30%sat.

Scheffler (2013) tested lightweight AAC insulation at 97.4%rw, froze it at -15°C for
20 cycles, and detected no loss of compressive or tensile strength. Based on the moisture
retention curve in IBK Delphin database, the respective saturation degree at which no
damage occurred in AAC insulation is 4%sat.

Based on a study by Feng et al. (2019), the critical saturation degree is a function of
temperature — the lower the frost temperature, the lower the maximum allowable
saturation degree. Experiments conducted by Feng et al. (2019) and Al-Omari et al. (2015)
suggest that the main damage in the material takes place during the first freeze-thaw

20



cycles with additional cycles being less significant. Feng et al. (2019) also demonstrated
that frost resistance predictions made using two existing models based on simple
material parameters (capillary and saturated porosity, water uptake, etc.) did not correlate
with the measurement results. Overall, the main issue with the more detailed frost damage
models is the lack of experimental data — the results are material-dependent and further
studies are required.

1.3.3 Mould
Several models for mould growth assessment exist. Within the scope of this thesis,
the Finnish / VTT mould model (Hukka and Viitanen, 1999; Ojanen et al., 2010; Viitanen
et al., 2011) is used due to its versatility and applicability to both measurement and
modelling results. The model offers two methods to assess the situation — the critical
relative humidity above which mould growth is possible and mould index. The former
depends on material sensitivity and temperature (see Figure 7, left), the latter considers
the material characteristics, temperature, relative humidity and the duration of conditions
favourable for mould growth and returns the mould index value from 0 (no growth) to 6
(extensive mould growth) — see Figure 7, right.

The recommendations by the developers of the mould model suggest that if the
analysed surface is in contact with indoor air, the mould index values 1-2 correspond to
the upper limits of the safe functioning of the structure (Viitanen et al., 2015).

1 Mould index Growth rate

53 % 0 No growth
8 Mould growth possible: 9
I o5 | | 1 Small amounts (microscope)
E‘ for all itivity ol 2 Several colonies (microscope)
= or all sensitivity classes
T 90 - Y ‘ 3 Visual findings (< 10% coverage) or
g < 50% coverage (microscope)
ﬁ 85 1 4 Visual findings (10-50% coverage) or
> v sensitive & > 50% coverage (microscope)
% 80 1 RHcr/it very sensitive 5 PIent_y of growth

14 (> 50% visual coverage)

75 Mou'f’ grO\(\/th nf)t p0§S|bI? 6 Heavy and tight growth

10 0 10 20 30 40 50 60 (= 100% visual coverage)

Temperature t, °C

Figure 7 Left: critical relative humidity (RHcri) above which mould growth is possible according to the
Finnish mould model. Based on Viitanen et al. (2011). Right: mould indexes along with
corresponding descriptions of growth rate and colors denoting acceptability on surfaces in
contact with interior air (green — acceptable; yellow — warning; red — unacceptable). Based
on Viitanen et al. (2015).

According to Kiinzel (2011), mould growth is prevented and contaminants are
contained if the whole surface of the insulation board is glued to the wall. However,
this depends on the quality of the workmanship, as it is possible to leave air pockets
behind the insulation (too dry mortar, uneven subsurface, etc), and unfortunately has
occurred in practice (KId3eiko and Kalamees, 2016; Morelli and M@ller, 2019). Therefore,
it is still sensible to consider the mould index at least as an indicator of how serious the
conditions behind the insulation are and how flawless the workmanship should be.
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1.4 Hygrothermal modelling

The dew point / Glaser (1959) / EN ISO 13788 method, which has been widely used since
its introduction, has severe limitations. For example, it does not consider liquid conduction,
wind driven rain, hygroscopicity, air convection, moisture-dependent material properties
and dynamic boundary conditions and is therefore only applicable where these factors
are irrelevant. In case of interior insulation of mass masonry walls, neglecting the wind
driven rain can result in overly optimistic results and conclusion.

In recent decades the accessibility and use of hygrothermal modelling tools (e.g. IBP
Woufi, IBK Delphin, DTU MATCH, Hamtools) has grown noticeably. Compared to the
calculations made using the dew point method, complex problems involving dynamic
boundary conditions and combined vapour and liquid water transfer can be solved.
The premise is, that design decisions can be made without expensive and time-consuming
in-situ or laboratory tests.

Numerous studies by different research groups as well as engineers and architects
have employed such tools to analyse the impact of interior insulation on the
hygrothermal performance of building enclosures. Haupl et al. (2005) modelled the
performance of a 600 mm masonry wall in Amsterdam and concluded that the use of
vapour tight cellular glass insulation would lead to moisture buildup and the destruction
of the structure while the impact of “capillary active” calcium silicate would be much
more tolerable. Modelling results of several interior insulation solutions in Norwegian
climate by Knarud et al. (2014) show that CaSi has lower relative humidity behind
insulation than vapour tight systems. Vereecken et al. (2015) conducted a probablilistic
modelling study of a 15-50 cm-thick brick wall using outdoor climate data from Germany.
They concluded that of the studied solutions the vapour open calcium silicate is
preferable for buildings which are sensitive to frost damage and with wooden beam
ends, whilst vapour tight solutions are more appropriate in those buildings where these
aspects are not important. A modelling study using Swedish climate data (Abdul Hamid
and Wallentén, 2017) exhibits the risk of microbiological growth and an increased
corrosion rate of reinforcement if vapour tight solutions are used. At the same time,
calcium silicate shows a lower mould risk and can even reduce the corrosion rate and its
combination with hydrophobation is reported to perform best. In recent years, the
RIBuild project has made valuable contributions to the field through experiments and
modelling alike. For example Jensen, Bjarlgv, et al. (2020) determined that of the studied
solutions, only CaSi and CaSi+PUR systems with hygrophobic treatments would be robust
enough to withstand the future climate.

However, the accuracy of hygrothermal modelling is — among correct boundary
conditions, proper specifications of the structure, etc. — largely dependent on the reliability
of the material properties. The main equations and relationships that govern the
hygrothermal processes in the HAM modelling software IBK Delphin (Grunewald, 1997;
Nicolai et al., 2009) are given in Figure 8. Compared to the dew point method, which only
required thermal conductivity and vapour diffusion resistance factors to describe the
materials, the experimental dataset needed to understand the behaviour and
interdependence of material properties is now much wider. Furthermore, the processes in
over-hygroscopic moisture range are difficult to measure and material properties harder
to determine. Unfortunately, this is the moisture content range that mass masonry walls
subjected to wind driven rain and “capillary active” insulation systems can also reach.

Conventionally, water uptake and drying tests are used to determine the water vapour
and liquid conductivity curves in the higher moisture content range (Krus, 1996; Scheffler
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and Plagge, 2010). Assessing the share between the flows in these experiments is based
on assumptions as both have the same direction and are subjected to rather extreme
conditions (water contact and full saturation).
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Figure 8  The main equations and relationships governing the hygrothermal processes in the finite
volume mesh of IBK Delphin. Some of the experiments used to create the material property
functions (right) are also given. The presented material properties are based on AAC. (Based
on Feng and Janssen, 2021; Nicolai and Grunewald, 2006; Scheffler, 2008; Scheffler and
Plagge, 2010)
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To gain more information on this, Binder et al. (2010, 2013, 2014) proposed a capillary
condensation redistribution (CCR) test, where vapour and liquid flows are in opposite
directions. In this test (see Figure 9), a temperature difference causes a condensation
plane inside the material sample while the mass change and moisture profile of the

sample are monitored.
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Figure 9  Setup of the capillary condensation redistribution (CCR) test for vapour and liquid conductivity
determination. Reproduced from Binder et al. (2013).

In their preliminary example comparisons Binder et al (2014), Publications V and VI
(covered in chapter 4 of this thesis) and Hirsch et al. (2020) indicated that modelling
with material properties using conventional material characterization (i.e. without taking
the CCR test into account) significantly underestimated moisture content in
non-isothermal experiments where wetting due to vapour diffusion and possible
capillary redistribution were concerned, while CCR-optimized material data managed to
better reproduce the measurement results. Furthermore, the conditions in the CCR test
are much closer to the real-life application of the “capillary active” insulation materials
than a wetting experiment with sudden water contact or an isothermal drying test.
Should the performance criterion be a critical moisture content of some kind, then in
those conditions the underestimation of moisture content levels using “conventionally”
characterized (i.e. without taking the CCR test into account) material data results in a
non-conservative error.

However, as of writing this in 2021, only a handful of materials in IBP Wufi and lately
also in IBK Delphin database have been characterized based on the CCR test. This raises
the question whether the conclusions drawn from previous modelling in high moisture
range while using conventional material characterization are still valid. One of the aims
of the thesis is to gather further measurement and modelling data to study the impact
of the CCR test on the modelling results of interior insulation solutions.

24



2 Experimental studies

2.1 General

The simplest way to assess the suitability of the interior insulation solutions would be to
install the solutions in a building and then wait for the masonry to freeze, wooden beams
to rot or mould to grow. However, while the most probable subjects of the interior
insulation are valuable buildings and allowing them to be damaged is not acceptable,
such processes can also take decades to exhibit themselves. Shorter-term measurement
of hygrothermal conditions inside the walls can shed the light on the state and trends
of temperature and humidity, which can be used to assess the impact of the insulation
and help predict the long-term outcome.

At the start of the experiments listed in this thesis (in 2012), in-situ experiments using
“capillary active” insulation had only been conducted in Central-European countries. As
Estonian colder climate can possibly cause more severe conditions in the insulation and
original wall, local measurements were deemed necessary to study the hygrothermal
performance of the interior insulation solutions. Acquiring first-hand experience in
working with the materials was also vital.

To determine the frost resistance of the “capillary active” insulation systems a study
of a wall mock-ups was subjected to freeze-thaw cycling in a climate chamber along with
tensile strength and hygrothermal measurements.

2.2 Methods

2.2.1 Hygrothermal study of 4 different insulation solutions under typical
apartment conditions (Spordi 2, Kohtla-Jarve)

Studied

wall N
area

Figure 10 View of the studied school building.
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To compare the hygrothermal performance of different internal insulation materials
and to develop an energy renovation solution for historic school building the exterior
wall was insulated with four materials, while the fifth section was left uninsulated as a
reference (see Figure 11).

Materials were selected so that diffusion open, capillary active, and vapour tight
materials were used:

e calcium silicate (CaSi): capillary active material with very high open porosity and
low vapour diffusion resistance;

e aerated concrete (AAC) with high open porosity, lower capillary activity and
thermal conductivity;

e polyurethane board with capillary active channels (IQ-T) - combines low thermal
conductivity and some capillary activity;

e polyisocyanurate board (PIR) with closed pores: low thermal conductivity and
relatively high vapour diffusion resistance forming a vapour barrier in itself.

The original brick wall was 73-75 cm thick, composed of three brick layers with air and
insulation (peat) layers between them. The thicknesses of the insulation layers were
selected to represent typical products and to avoid large thermal transmittance
differences between the walls. Figure 12 shows different stages of the insulation and
sensor installation.
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Figure 11  Plan and section/view of the studied test walls.
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N
Figure 12 Top row: test wall before (left) and after (right) the installation of insulation and measurement
equipment. Bottom 3 rows: different stages of the process.
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Each test wall was equipped with two temperature and relative humidity (RH) sensors
between insulation and the original wall (35mm, Rotronic HC2 SCO5, accuracy * 0.3 °C,
+ 1%en) and heat flow plates (Hukseflux HFPO1, accuracy + 5%) on the internal surface of
insulation. Internal and external surface temperatures were also measured.

Indoor climate was heated with the set point of thermostat +21 2C and humidified to
keep the moisture excess (Av difference between indoor and outdoor air moisture
content) of 2.3-4.6 g/m3, to represent the average conditions in dwellings with high
humidity loads (Kalamees, 2006). Figure 13 shows the values of moisture excess plotted
against outdoor temperature.

The climatization of the test room is an attempt to imitate a typical renovation process:

e period 1 (P1): internal insulation works and starting to heat the room:
27.03.2012-4.07.2012; Av +0.1 g/m?3;

e period 2 (P2): starting to humidify = 3 months after installation (4.07.2012—
6.08.2012) to represent time period between the renovation and moving
back in, high humidity load; Av +2.3 g/m?3 (humidified)

e period 3 (P3): humidifying period to see the influence of different humidity
loads on the hygrothermal performance of test walls, medium high humidity
load: 6.08.2012-8.10.2012; Av +2.9 g/m?3;

e period 4 (P4): medium humidity load, 8.10.2012-14.12.2012; Av +4.2 g/m3
(humidified);

e period 5 (P5): with low humidification (from 14.12.2012) to see drying out
potential of different walls; Av +2.5 g/m? (humidified according to indoor RH).

e period 6 (P6): medium humidity load, 22.01.2013-16.02.2013; Av +4.6 g/m3
(humidified);

e period 7 (P7): high humidity load, 16.02.2013-17.10.2013; Av +3.6 g/m3
(humidified);

Indoor and outdoor temperatures as well as temperatures between the insulation and
the original wall are shown in Figure 25 (top). Indoor air temperature stayed the same
throughout the heating period (+21 0.5 °C). Outdoor air temperatures ranged from +17
to +30 °C in July with an average of +19.4 °C. Temperature until December was rather
mild, with an average of +5.4 °Cin November and minimum temperatures reaching +1 °C
on several occasions.
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Figure 13 Indoor moisture excess dependent on outdoor temperature during the experiment at Spordi
2, Kohtla-Jdrve. Combined data from publication | and KlGseiko et al. (2013a).
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2.2.2 Hygrothermal study of AAC insulation in an office building (Vabaduse
valjak 7, Tallinn)

Vabaduse viéljak 7 is a 7-storey office building builtin 1932 (Figure 14 left). As it is heritage
protection listed, alterations to the fagade are forbidden. During preliminary studies,
the wall structure was opened, its dimensions and materials were specified and material
samples were collected (Figure 15 and Figure 16). Due to the wall structure being
complex and previous experience showing the need for caution, a field study was carried
out.
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Figure 14 Fagade of the studied building (left) and plan of the test rooms (right).

The field study consists of monitoring an insulated test room (Figure 14) and its
neighbouring uninsulated reference room. Both are situated on the 3™ floor and are
north-facing.

Based on initial hygrothermal simulations a 50mm layer of autoclaved aerated
concrete (AAC) insulation Ytong Multipor was chosen to cover the walls and one of the
two radiator niches. Due to space restrictions, window jambs were insulated with
d=12.5mm and 20 mm XPS insulation boards (Tycroc TWP). Figure 15 shows the
insulation and measurement setup. Insulation and monitoring equipment were installed
during the period of 2—8.07.2014 (Figure 16 bottom row). The following measurement
devices were used in monitoring of the hygrothermal performance of the building: t&RH
probes: Rotronic HygroClip HC2-CO5 (accuracy +0.3 °C, +1%gru); heat flux plates:
Hukseflux HFPO1 (accuracy * 5%); data logger Grant Squirrel SQ2020 1F8 (accuracy
+0.05% of readings + 0.025% of range); data logger Grant Squirrel SQ2010 (accuracy
+0.1% of readings £0.1% of range); temperature probes: Onset Hobo TMC6-HD
(accuracy £ 0.15 °C); t&RH data loggers: Onset Hobo U12 and UX100 (accuracy + 0.21 °C,
+ 2.5-3.5%rn). Measurement and logging interval of 1h was used.
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Figure 15 View at the insulated test wall from the inside — placement of sensors and insulation scheme
(top). Middle part of the test wall — wall structure, placement of sensors (bottom).
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Figure 16 Sampling of the original wall to specify its structure (top left). Original wall after sampling
(top right). It is relatively easy to leave air channels behind the insulation due to bad
workmanship, wrong tools, too stiff mortar etc. (bottom left). Installation of insulation boards
(bottom right).

Figure 17 (left) gives the indoor and outdoor temperatures as measured on site.
Minimum outdoor temperature during the winter of 2014/2015 was -11.1 °C with an
average of +1.5°C (1.11.2014-1.03.2015), which is higher than usual. The winter of
2016/17 was similarly mild, while 2015/2016 and 2017/18 also showed lower
temperatures (minimum -17.9 °C and -14.8 °C respectively). Average indoor temperature
in the measured rooms was 21.5 °C. Due to an intermittent heating scheme the indoor
temperature had a daily amplitude of < 4 °C. Figure 17 (right) gives the moisture excess
in the studied rooms and shows that moisture loads during the measurement period
were relatively low.
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Figure 17 Indoor and outdoor temperatures (left) and indoor air moisture excess during the
measurement period. Figures initially published in Publication Il are updated to show the
whole duration of measurements.
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2.2.3 Long-term hygrothermal study of PUR foam and CaSi boards in an office
(Vabaduse viljak 10, Tallinn)

This study took place on the last floor of an 8-storey office building (built in 1936; cultural
heritage; see Figure 20). Existing interior insulation (gypsum board, PE foil, min. wool)
exhibited excessive mould damage and a renovation solution had to be found. The main
challenges were: low surface temperatures, high thermal transmittance and avoidance
of future biological decay. Preliminary HAM modelling showed that “closed cell” PUR
foam injected into air cavities of the masonry and “capillary active” CaSi on the surface
of the wall could perform well.

ol

W= /o
1"’

-
= A

m=m= e

L e

Figure 18 Fagade of the studied building; test room is designated with the dashed red line.

Vertical and horizontal sections of the studied wall are given in Figure 20. The wall
structure, renovation solution and sensor placement are also shown. Sensors and their
positions were selected both to assess the hygrothermal situation after the insulation
and to have enough reference points to calibrate the HAM models. Figure 19 shows
different stages of the insulation and sensor installation.

The following measurement devices were used: t&RH probes: Rotronic HygroClip
HC2-CO05 (accuracy * 0.3 °C, + 1%rn); heat flux plates: Hukseflux HFPO1 (accuracy * 5%);
data logger Grant Squirrel SQ2020 1F8 (accuracy + 0.05% of readings + 0.025% of range);
temp. probes & logger: Onset Hobo UX120-006M & TMC6-HD (accuracy + 0.15 °C); t&RH
data loggers: Onset Hobo U12 and UX100 (accuracy #*0.21°C, *2.5-3.5%rH).
Measurement and logging interval: 1 h.
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Figure 19 Installation of PUR foam (top left). Air channels can exist in the glue mortar due to bad
workmanship, wrong tools, too stiff mortar, uneven subsurface, etc. (top right, middle left).
CaSi insulation before (middle right) and after plastering (bottom left). Measurement devices
on the interior surface (bottom right).
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Figure 20 Vertical and horizontal sections of the wall showing sensor placement and wall layers.

The measurements took place from March 2015 til March 2018 and included
installation, dryout and use phases. Indoor and outdoor temperatures are given in Figure
28. Moisture excess during the measurement period in the test room was very low (close
to moisture class 1 according to EN-ISO 13788 A.2), as a well-functioning HVAC system
was installed.

2.2.4 Hygrothermal and mechanical study of AAC, CaSi and expanded perlite
systems in climate chamber

2.2.4.1 Test setup
In this study 3 different vapour open “capillary active” insulation systems were tested:
Ytong Multipor autoclaved aerated concrete (AAC) in 50mm and 60mm thicknesses
(designated as MP50 and MP60 respectively), 50mm Knauf Tectem expanded perlite (TT)
and 50mm Epasit Epatherm calcium silicate (ET). All the insulation boards were attached
to the base structure using system-specific glue mortar and covered with plaster and
paint. The goal of the study was not to imitate the exterior wall exactly as it would appear
in real life but to achieve similar moisture content in the insulation systems and to test
them for frost resistance. Thus, to shorten the duration of the cycle, a base structure with
low thermal mass was selected. This consisted of timber framing, wood particleboard,
PE foil and Knauf Aquapanel cement fibreboard. The view and section of the wall are
given in Figure 21. The materials in the test wall were selected so that the majority of
them would be represented in HAM software IBK Delphin database to reduce
uncertainties. Figure 22 shows different stages of the study.
Temperature, relative humidity, moisture content and heat flux sensors were installed
in the wall (Figure 21 top and bottom). The following sensors and devices were used:
1) temperature sensors (inside the wall and on surfaces): Onset Hobo TMC15-HD &
logger UX120-006M (accuracy + 0.15 °C);
2) t&RH sensors (boundary conditions in chambers and inside the wall): Rotronic
HygroClip HC2-CO5 (accuracy * 0.3 °C, + 1%ru) & A/D converter: Siemens SM331
6ES7331-1kf02-0ab0 (accuracy = 0.004 V);
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heat flux sensors: Hukseflux HFPO1 (accuracy + 5%), logger: Grant Squirrel SQ2020

1F8 (accuracy + 0.05% of readings, + 0.025% of range);

3)
4)
5)
6) oven Venticell 111.

backup t&RH sensors for int. and ext. chamber climate: Onset Hobo UX100-023;
balance: Vibra AJH-2200CE (e =0.1 g, d = 0.01 g);

Also, gravimetric measurement of moisture content from different drill core layers
were used (see Figure 23). Samples were dried at 70 °C until constant mass had been

achieved.
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Figure 21 View to the test wall from the interior chamber (top), horizontal section (middle), detail of

the layers (bottom).
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Figure 22  Top left: sensors behind an insulation system. Top right: installation of an insulation board.
Middle left: smoothing the interior plaster and the reinforcement mesh. Middle right: cutting
the insulation systems in preparation for pull-off testing and gravimetric moisture
measurements. Bottom left: pull-off testing of the insulation system. Bottom right: view at
the test wall after the final series of sampling.
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Figure 23 A typical drill core and layers from which moisture content was gravimetrically measured.

2.2.4.2 Boundary conditions
Temperature and relative humidity in the indoor and outdoor chambers had 5 main
periods (see Figure 24):

1)
2)

3)

4)
5)

Temperature t, °C
N e BN oW
© © o o o o

@
S

dry-out without artificial climate control;

humidification in the indoor chamber and cooling in the outdoor chamber.
The boundary conditions were chose so that the insulation systems would achieve
similar moisture content as a 380mm brick wall with 100mm autoclaved aerated
concrete or calcium silicate interior insulation according to modelling with a
43-year climatic dataset obtained from Tartu, Estonia;

drying — the measured moisture content levels were far higher than the
hygrothermal models predicted and it was decided to reduce them;

second humidification period;

freeze-thaw cycles. A typical freeze-thaw cycle in the exterior chamber consisted
of a freezing period (t = -29 °C, duration ca. 25 h) and a thawing period (t = 20 °C,
duration ca. 11 h), while the interior chamber temperature was kept at a constant
20 °C. During the freezing cycle, temperatures in the insulation glue layer dropped
to ca -15 —-7 °C depending on the insulation system and moisture content.

N i } -100 A T T T |
b il x |
sty T+ £ g0 ] |
| =4
| > 80 A 2
| 2 g 1l 23
[ 23 '€ 70 Ty Yh 5o
| ! = El J 5‘_%‘
- 5|2 S8l S0 /s iMdls o |Ill} e
S.| 8 = W% SE 2 Ssl ® 1 ° £3
S5, & S N =2 = 50 {88l & | o S o<
=8| = = Do M © S| E i 2 $ 3 Qg
S8l 2 o 3| 2 NG ko) s2) 2 =N gz 8<
%a} g \%\ g () :Tjg’ o 40’22\ E } § } LI.E } L=
=El T 19 I by i 30 L Nz 1 ‘
0 30 60 90 120 150 180 0 30 60 90 120 150 180
te ti Time, days ———RHe ———RH.i Time, days

Figure 24 Temperature and relative humidity in indoor and outdoor chambers.

2.2.4.3 Freeze-thaw resistance assessment

At 0, 11, 26 and 53 freeze-thaw cycles 10 test samples of each insulation system were
tested for adhesion/tensile strength. A $92 mm core-drill was used for the separation of
the samples (resulting in @85mm specimens) and these were tested with a Proceq DYNA
Z Pull-Off tester. Moisture content was sampled initially from 1 and later 2 drill cores per
system per series. Although other methods have also been used for frost resistance
assessment (e.g. compressive strength (Scheffler, 2013), dilatometry (Mensinga et al.,
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2014), dynamic elasticity modulus as used in EVS-EN 14146 (2004), mass loss, visual
inspection etc), tensile strength was deemed suitable as the whole system was under
study and changes to any layer would become apparent.

2.3 Results and discussion

2.3.1 Hygrothermal performance of the interior insulation solutions

2.3.1.1 4 different insulation solutions under typical apartment conditions (Spordi 2,
Kohtla-Jarve)
Measured temperature and relative humidity between the insulation and original wall
are given in Figure 25. Although the outdoor air temperature stayed under -10 °C for 8
days in December, none of the sensors detected temperatures below 0 °C directly behind
the insulation.

Drying finished fastest in the case of CaSi (24 days), AAC section dried to the same
level in 38 days, whereas iQ-T reached the lowest RH of 86% at the start of humidification
(3 months after the installation).

In the case of PIR the critical RH from Finnish mould growth model (Ojanen et al., 2010;
Viitanen and Ojanen, 2007) was used to assess the possibility of mould growth, as the
side which was in contact with the original wall was covered with paper. The limit is given
in Figure 25 as “RHcrit “80%””. Measured relative humidity values behind PIR insulation
exceeded this critical limit from August to October in 2012 and from June to the end of
measurements in October 2013.

After the initial dryout, the relative humidity in the iQ-T section stayed around the
limit of 95% which is also the range where the capillary transport of humidity increases
significantly. The RH sensor malfunctioned after ca 5 months of use and measured values
between Oct. 2012 and Jan. 2013 are missing.

Due to the lower vapour resistance of AAC and CaSi, relative humidity between
insulation and the original wall reacted more quickly and drastically to the changes of
indoor humidity. While the absolute humidity levels stay practically the same, the lower
thermal resistance of CaSi layer causes higher temperatures and lower relative humidity
levels compared to AAC. In case of AAC, the 95%r+ limit is occasionally exceeded.
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Figure 25 Measured temperature (top) and relative humidity (bottom) between insulation and original
wall. Combined data from Publication | and Kldseiko et al. (2013b).

Thermal transmittances were calculated based on heat flow and surface temperature
measurements for the period of 1.09.2012-28.12.2012. The period was chosen because
of its low temperature fluctuations and solar radiation. The average values for thermal
transmittance are given in Figure 26. The thermal transmittances of all systems dropped
= 3% during the period without humidification.

The average values of surface temperature in November stayed within 19.2-19.8 °C
and the average for the uninsulated reference wall was 17.3 °C (the average indoor
temperature was 20.9 °C). During the cold period in December, the surface temperature
of the reference wall dropped to an average of 13.1 °C, while the sections with insulation
stayed 3—4 °C higher (the average indoor temperature was 19.0 °C) depending on the
material. A potential issue were low surface temperatures at the metal fasteners of PIR:
the temperature factor frsi measured at the fastener was 0.72, while the respective value
at PIR surface was 0.92 and on the reference wall 0.82.
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Figure 26 Average thermal transmittances calculated from measured heat fluxes and surfaces
temperatures during the period of 1.09.2012-28.12.2012.

2.3.1.2 AAC insulation in an office building (Vabaduse viljak 7, Tallinn)

The measured temperature and relative humidity values at various points in the test wall
are given in Figure 27. The dryout to stable relative humidity levels took ca. 1.5 months.
Data from all sensors show that hygrothermal conditions during the measurement period
stayed well below the safe performance limits of the system. On one hand this can be
attributed to relatively low thermal conductivity of the historic aerated concrete (when
compared to other masonry structures) and the air cavity between outer brick leaf and
interior layers, which reduces the ingress of driving rain. However, it must be noted that
indoor humidity load in the test room was low. Comparison of heat flux data from HFP1
(on insulated wall) and a similarly placed sensor on the reference wall revealed over two-
fold reduction of thermal transmittance (Unrpz = 0.50 W/(m?:K) vs Urer= 1.13 W/(m?:K)).
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Figure 27 Temperature (top) and relative humidity (bottom) behind insulation layer. Combined data
from Publication Il and Klseiko and Kalamees (2015), extended measurement period is now
also shown.
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2.3.1.3 Long-term study of PUR foam and CaSi insulation in an office (Vabaduse viljak
10, Tallinn)

The temperatures behind CaSi (Figure 28 top, sensors TRH1, 3, 4) were closest to limits
during the winter of the first year. At sensor TRH4 (concrete section) they fell to as low
as -2.5 °C, but not reaching the critical -5 °C. In the masonry section the temperatures
were higher due to PUR insulation adding further thermal resistance. Consequently,
sensors on the exterior side of PUR (TRH2 shown here) measured far lower temperatures
than between CaSi and the concrete bond beam. Figure 28 (bottom) gives the measured
relative humidity levels. Dryout of the built-in moisture to stable levels took about
2.5-3 months. RH values between exterior brick leaf and PUR (sensor TRH2) were quite
stable (fluctuating about 5%rn throughout the year) after the dryout of the CaSi built-in
moisture.

Analysis of measured data hints that vapour concentration of air in the pores of
exterior masonry leaf are governed by the outdoor climate while lagging behind by about
half a week. A = 4 g/m3 rise in vapour concentration compared to indoor and outdoor air
in autumn (mid-Aug to Oct.) is pronounced, possibly due to rain. However, moisture does
not seem to be accumulating in the wall over time, which could be the case with vapour
tight interior insulation and heavy wind driven rain loads. Sensors behind CaSi insulation
measured vapour concentration quite close to that of the indoor air throughout the year.
A lag of a couple of days was detected.

30 -— -
© I
= 1w Wil
L 20 1 f
5
® ’
g8 101/
£ |
o |
- 01 |
PN =GR ¥ ALL . NS CEPRSVENE. o | L/ S0 o U SN Ll £
10 | | | First half of April:
| | CaSi installation
I land plastering exterior temp. t,
-20 — T T T T T T T T T
Mar.2015 Jul.2015 Nov.2015 Mar.2016 Jul.2016 Nov.2016 Mar.2017 Jul.2017 Nov.2017 Mar.2018 T —
—— TRH1 (CaSi) —— TRH2 (PUR) TRH3 (CaSi tiestone) TRH4 (CaSi concrete) Time, mmm.yyyy = 3
100 A e e e e e e Hor. section
e IR RHy1=95%
$eod v it RH
T 70
4
> 601 T X ‘ g% o
S 50 A J\ | i "R ,.‘.‘\bw,\,d b/l e
E 40 I i) p y W i Y { T&RH 1 ;
2 5] i d VAR A . W Wik T
=301 11 { \ WL'V" A A
> | | First half of April: L L.'ﬂ“ iy i ‘w /)
g 20 LI . PUR
o 0] ! CasSi installation iy
0 || and plastering RHierior o

— r r r r r r r
Mar.2015 Jul.2015 Nov.2015 Mar.2016 Jul.2016 Nov.2016 Mar.2017 Jul.2017 Nov.2017 Mar.2018
TRH1 (CaSi)

TRH2 (PUR) TRH3 (CasSi tiestone) TRH4 (CaSi concrete) Time, mmm.yyyy

Figure 28 Vabaduse viljak 10: measured temperatures (top) and relative humidity levels (bottom)
throughout the monitoring period.

Temperature indexes/factors (frsi) were calculated from surface temperatures to
assess mould and condensation risk on the wall’s surface. The worst situation was
detected at the wall-floor intersection (fssi = 0.79) and at the concrete bond beam
(frsi= 0.83). None of those results should indicate a risk, however, as indoor moisture
load was low. frsi values at the rest of the intersections were also considerably higher (i.e.
safer).

Average heat flux and temperature data from 1. Nov. 2015-29. Feb. 2016 were used
to calculate the thermal transmittances (U) of the insulated wall (see Figure 20 for
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placement of the sensors). At tie bricks (HFP2) U = 0.52 W/(m?-K) was measured and
between tie bricks (HFP1) the value was U = 0.31 W/(m?K). 2D thermal transfer
modelling of the insulated structure results in an average thermal transmittance of
U =0.39 W/(m?K), which is = 3-fold reduction compared to the uninsulated case
(U=1.14 W/(m2K)).

2.3.1.4 Study on freeze-thaw cycling of 3 interior insulation systems in a climate chamber
A typical freeze-thaw cycle in the exterior chamber consisted of freezing (t = -29°C,
duration ~25h) and thawing periods (t = 20°C, duration ~11h), while the interior chamber
temperature was kept at a constant 20°C. During the freezing period, the temperature
inside the glue layer dropped to as low as -15 to -10 °C depending on the insulation
system (see Figure 29). Due to relatively high moisture content of the insulation systems,
the effect of freezing and thawing is evident on the temperature chart. It can be said that
freezing starts at nearly 0°C for MP50 and MP60 (AAC) and at around -1...-2°C for TT and
ET (CaSi) systems. This is higher than the > -5°C temperature limit for frost avoidance
derived from thermodynamics by Kiinzel (2011) and suggests that larger pores are filled
with water. Using porosities from the Delphin database and measured densities,
the saturation degrees were calculated from the measured moisture content at the end
of each pull-off test cycle (Figure 36). The saturation degree in insulation reached the
highest in ET (CaSi; 20%sat) and stayed the lowest in MP (AAC) and TT insulations
(20...11%sat). In the case of the substrate (cement fiberboard), the trend was reversed —
the lowest saturation degree was in the ET (CaSi) and TT sections (27...29%sat) vs MP (AAC;
36...37%sat). The highest saturation degree in the glue was in the TT (41%sat) and lower in
the MP (AAC) and ET sections (CaSi; 25...32%sat).

Figure 30 compares the moisture content of the cold layer and the mean of the whole
insulation layer to the mean thermal conductivity of the insulation layer. As the moisture
content is not uniform along the thickness and between the insulation systems,
the correlation between the mean thermal conductivity and the moisture content levels
is different. Also, it should be considered that ice has higher thermal conductivity than
water and the insulation was partly frozen during some stages of the study. The ET (CaSi)
was better at redistributing moisture towards the warm side than e.g. MP (AAC) and also
continued to accumulate moisture throughout the test —the former had a more notable
increase (ca 30%) in the mean thermal conductivity than the latter (ca 10%).
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2.3.1.5 Discussion

A factor influencing the accuracy of direct comparison between the Spordi 2a and
Vabaduse viljak 7 reference and insulated wall sections could be air flows in cavities and
non-uniform distribution of insulation in the existing wall (in Spordi 2a case). In Spordi
2a, the total thickness of the multi layered wall was high (ca 700 mm) and 1000 mm-wide
test wall sections are probably not wide enough to give a complete comparison on the
effect on the exterior layers between the systems that aim to be vapour tight and those
that are more vapour open. However, the impact on the insulation-original wall interface
can still be judged.

As all systems using “wet installation” had a = 5 mm layer of glue mortar according to
installation instructions, the amount of water added inside the wall was largely the same.
On 1Q-T, the topmost plaster level was thicker than on the other systems (10-15 mm vs
2 mm on CaSi and 5 mm on AAC).

The moisture added during the retrofit works can cause long periods of high RH, if the
renovation works are done during the period when the outdoor and indoor conditions
are not suitable for the drying out or the moisture is not dried out before the rooms are
taken into use again. The results show that the timing of the renovation works or when
the rooms are put into use again need to be considered. The length of time after the
renovation works is most critical for the 1Q-T, while for CaSi and AAC it is considerably
shorter. Beside specific insulation material, the dryout time is dependent on the indoor
and outdoor conditions and the original wall too, as shown by a 3-fold difference in its
length when comparing CaSi systems in different case studies. Even longer dryout time
was measured by Jensen, Bjarlgv, et al. (2021) when cork insulation plaster was used —
in that case, the whole insulation layer was initially nearly saturated with water.

In general, direct comparison with works by other researchers is difficult as the indoor
and outdoor climate loads, insulation thicknesses, material properties, wall structures
and studied details (some concentrated on wooden beam ends) are different. However,
like in current case studies, if the indoor humidity load is governed by the users naturally,
the performance of the interior insulation systems is good (Haupl et al., 2004; Ruisinger,
2013) and if artificial humidification is used, the measured relative humidity is higher
(De Mets et al., 2017; Jensen, Bjarlgv, et al. 2021; Jensen, Odgaard, et al., 2020) and
might exceed the basic 95%kn criterion.

2.3.2 The effect of freezing and thawing on the tensile strength of the insulation
systems
The tensile strength levels of the insulation systems before and after freeze-thaw cycling
are given in Figure 31. Testing showed quite a high spread. In TT & ET (CaSi) systems the
rupture appeared in insulation layer near the glue in all cases. With MP50 and MP60
(AAC) it occurred in the middle of the insulation layer during the base (0 cycles) and 11
cycle cases. However, after 26 and 53 cycles (especially with MP50), the drill cores mostly
separated from the base structure (cement fiberboard) and the glue layer interface.
Comparing the base cases to the tensile strengths at 53 cycles, independent samples
1-tailed t-tests showed a statistically significant drop in tensile strengths for all insulation
systems (p < 0.05) except for ET (CaSi). In case of MP50 and MP60 (AAC), the deterioration
was significant already at 26 cycles. However, as statistical equivalence of the results
from different cycles was not tested for, it cannot be said that ET (CaSi) is frost resistant.
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Figure 31 Tensile strengths of drill cores: sample and mean values of 50 mm Multipor (MP50, top left),
60 mm Multipor (MP60, top right), 50 mm Tectem (TT, bottom left) and 50mm Epatherm (ET,
bottom right).

2.4 Chapter conclusions

The interior insulation had the expected positive effect: thermal transmittances were
reduced and interior surface temperatures increased. The studied solutions cut the
thermal transmittances 2-3-fold, which shows potential for energy savings. The surface
temperatures on the insulation systems were considerably higher than those on the
uninsulated reference walls thus improving thermal comfort. However, the metal
fasteners penetrating the PIR insulation system had an even lower interior surface
temperature than that of the reference wall and they could become a problem in high
indoor humidity loads. The fact that in none of the case studies the temperature behind
“capillary active” insulation systems dropped below the -5 °C threshold should not be
taken for granted and can be attributed to mild winters and favourable wall structures.

The dryout time of built-in moisture inherent to the “capillary active” insulation
systems is considerable (especially in the case of more vapour tight iQ-T system) and
should be accounted for when planning the retrofit. On the other hand, installation
works of PIR insulation did not introduce additional moisture to the wall.

In low indoor humidity loads (office setting; Vabaduse vialjak 7 and 10, Tallinn;
moisture excess Av = 1.5 and 1 g/m3 respectively), the tested solutions performed well
and were not close to exceeding the 95%r+ performance criteria.

The results from the test with humidity loads similar to high population density
apartments (Spordi 2a, Kohtla-Jarve; moisture excess Av = 2 to 6 g/m3) showed that
95%rn performance criterion of “capillary active” insulation materials can be exceeded
even in a rather mild winter by insulating a favourable masonry wall (2 cavities, one of
them insulated) with modest interior insulation thicknesses (60 mm AAC exceeded the
criterion, 50 mm CaSi was on the limit). Considering that the outdoor weather can be
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colder, wind driven rain more pronounced and thermal resistance of the original wall
lower, the 95%en limit is probably quite hard to fulfil. Therefore, higher allowable
humidity/moisture content levels behind the insulation are needed. According to the
Finnish mould model, the relative humidity behind all insulation systems was high
enough for mould growth initiation, however, the “capillary active” systems are marketed
as mould resistant and their glue layer should not leave any space for the mould to grow.
Still, it is questionable if using a paper-covered insulation (PIR system) in contact with the
original wall is a wise choice.

Climate during the measurement periods was quite mild and all tested walls had some
favourable properties. Thus, far reaching conclusions cannot be drawn from these
measurements only. To assess the performance in more severe climatic conditions,
modelling could be used. However, its results should have to be accurate or at least
conservative in its errors — also in the overhygroscopic range.

Freeze-thaw cycling of the insulation systems in the climate chamber study at ca
10%sat and ca -10 °C revealed that the tensile strength of AAC and the expanded perlite
insulation systems are reduced. These results show that damage can possibly occur much
earlier than the maximum allowable 30%sat saturation degree recommended by WTA
Merkblatt 6-5 (Kinzel et al., 2012). In the CaSi system, damage occurred in saturated
samples. This means that the insulation materials cannot be considered as “frost
resistant” by default.
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3 Comparison of hygrothermal modelling and measurement
results

3.1 General

While the results of previous chapter demonstrated that in case studies in real buildings
the insulation solutions performed rather well, they probably did not yet have to endure
the most severe climatic loads of their lifetime. Also, the results do not automatically
reflect on other masonry structures. To overcome these limitations, hygrothermal
modelling can help rapidly test the solutions in different conditions. In this chapter, the
measurements are compared to modelling results to check the accuracy of these
predictions. There were two main reasons for that comparison:
e to acquire a better understanding of the hygrothermal performance of the
internally insulated brick walls;
e tovalidate the simulation model for future simulations with different initial and
climatic conditions as well as with different dimensions of the building envelope.

3.2 Methods

3.2.1 Model setup

Hygrothermal simulation software IBK DELPHIN (Grunewald, 1997; Nicolai, 2008) versions
5.8.1-5.9.6 were used for hygrothermal modelling. To take the phase change enthalpies
and freezing point depression into account, the ice modelling (model by Haupl and Xu
(2001), implementation by Nicolai and Sontag (2013)) was turned “on” in Vabaduse
valjak 10 and climate chamber studies. 2D models were used where appropriate
(Vabaduse valjak 7: from the window to the center axis of the column, see Figure 15;
Vabaduse valjak 10: from the tie brick to the center of the cavity, see Figure 20) and were
also compared to respective 1D models.

3.2.2 Material properties

Material properties from IBK Delphin database were used as much as possible due to
them being comprehensively studied and calibrated at TU Dresden. If the specific
materials were not present (historic bricks, plasters, mortars, insulation materials etc),
best of the matches based on basic material properties (open porosity, absorption
coefficient of water, and density that were measured in the laboratory) were selected.
The material properties of the unknown materials (e.g. brick) were calibrated against
measured temperature, relative humidity and heat flux data within the range of
measurement results of the basic parameters.

The main properties of materials used in Spordi 2a, Kohtla-Jarve study are shown in
Table 1. The properties of the peat layer in the interior cavity were based on literature
(Jurgenson, 1942; Kuts and Sheiman, 1965; Mikk, 1977; Vinha et al., 2005) and the
“blown in cellulose” material in the database. Table 2 gives the respective materials in
the Delphin database for Vabaduse viljak 7, Tallinn study. At Vabaduse viljak 10, Tallinn
the Delphin database ID 543 and 569 were used for brick and concrete respectively), PUR
foam properties were fine-tuned according to the limits given in its datasheet (based on
ID 195; following changes were made: p = 39 kg/m3, u =39, A =0.022 W/(m-K)). The rest
of the material IDs from the Delphin database used in models were 464, 143, 424, 21,
230.
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Table1  Spordi 2a, Kohtla-Jdrve: material properties used for HAM modelling.
Original wall materials Insulation materials
Property RH : ;
Exterior | i | peat | MEMIOT | pg iQT | AAC | casi
plaster plaster
Material ID 145 531 580 148 193 438 596 424
Dry density p, 1270 | 1800 | 150 1800 35 49 126 | 297
kg/m
0% 0.55 0.70 | 0.07-0.09 0.82 0.020 0.029 0.045 0.067
Thermal 33% 0.56 0.70 | 0.07-0.09 0.82 0.020 0.029 0.046 0.071
conductivity A,
W/(m-K) 75% 0.58 0.70 | 0.07-0.09 0.83 0.021 0.029 0.047 0.075
>93% 0.59 0.71 | 0.07-0.09 0.83 0.022 0.030 0.054 0.077
X 33% 11 4.8 9.1 2.3 0.49 0.27 13 16
Moisture
content w, 75% 57 6.4 18 9.2 0.96 0.35 3.4 21
kg/m3
>93% 75 13 42 25 4.4 1.4 16 26
0% 12 25 2 12 400 51 6 11
Vapor
diffusion 33% 12 25 2 12 400 51 6 11
resistance 75% 14 25 2 13 400 51 6 11
coefficient y, -
>93% 14 26 2 13 400 51 6 11
Water
absorption 00093 | 0055 | 015 | 0127 || 0013 | 0.0036 | 039
coefficient
Aw, kg/(m?-h03)

Table2  Vabaduse viljak 7, Tallinn: material properties used for HAM modelling.
Material Equivalent in Delphin database
Brick Old Building Clinker Hamburg Holstenkamp (1D528)

Aerated concrete

Plaster

AAC insulation board (Ytong Multipor)

Glue mortar/plaster for AAC insulation
(Ytong Leichtmortel)

Glue foam for XPS (Ceresit CT84)

XPS insulation board (Tycroc TWP)

Wood
Concrete

Cork

Based on “Lightweight concrete” (ID159) and “Blast furnace
slag concrete” (ID29)

Lime plaster (ID629)
Mineral Foam Multipor (from 2011), ID595

Glue Mortar (For Mineral Insulation Board), ID77

Polyurethane-foam, ID195
Polystyrene Board — Extruded (1D189)
Spruce SW Radial (ID460)

Concrete (ID569)
Insulation-Clay-Cork-FW (1D801)

The models of test walls in the climate chamber use material properties from the
Delphin database. Exact matches existed for all materials except for the Epasit Epatherm
glue and plaster layers, which were selected based on their basic parameters (p, ¢, A, 4,
Aw). Also, the definite properties of 0.1 mm PE foil and 22 mm particleboard are not yet
known. The effect of particleboard on the insulation systems is largely thermal and
its properties in the models were adjusted using the heat fluxes and temperatures.
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The thicknesses of the layers were based on measurements of the drill cores. Based on
the manufacturer’s data, an additional vapour resistance of s¢ = 0.18 m was added to the
interior surface to take the silicate paint into account.

3.2.3 Boundary conditions
The following climatic boundary conditions were used: indoor and outdoor temperature
and relative humidity — measured on site; precipitation, wind speed, wind direction —
measured ca 10 km away (at JGhvi and Tallinn-Harku weather stations of Estonian
Weather Service); diffuse and direct radiation — measured ca 150 km away (at Téravere
weather station of Estonian Weather Service). The time step for the data was 1 hour.

In the case of the climate chamber study, the boundary conditions comprised of
temperature and relative humidity measured in indoor and outdoor chambers and
surface temperatures measured at 5-minute time steps.

3.3 Results and discussion

3.3.1 Hygrothermal study of 4 different insulation solutions under typical
apartment conditions (Spordi 2, Kohtla-Jarve)

Modelled and measured relative humidity values (which include both thermal and
moisture modelling errors) behind the insulation are given in Figure 32 and Figure 33.
Further comparisons (temperature, vapour pressure and relative humidity for the whole
measurement period) can be seen in KI&Seiko (2014). While modelled and measured
temperatures correlated well, discrepancies were found when looking at humidity data.
Satisfactory agreement was achieved with the more vapour tight solutions PIR and iQ-T.
However, as the simulated RH levels for both CaSi and AAC were considerably lower than
measured values during the wetting period, a safety margin of 5-10%g+ should be used
when analysing future simulation results. Possible sources of deviations include
ventilation in the air cavity (air could mix between different wall sections), evenness of
peat layer and material properties. As the humidity levels are underestimated during
wetting and overestimated during the drying period, hysteresis of materials (which IBK
Delphin does not currently account for) is also an apparent culprit.
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Figure 32 Relative humidity between the insulation and original wall: PIR board (left) and iQ-T (right);
periods of humidification.
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Figure 33 Relative humidity between the insulation and original wall: AAC (left) and CaSi (right); periods
of humidification.

3.3.2 Hygrothermal study of AAC insulation in an office building (Vabaduse
véljak 7, Tallinn)

Because monitoring sensors cover the axis HFP1-TRH3-THR7 best, the measurement and
simulation results (Figure 34) from the position of TRH3 are compared here. Different
types (temperature, relative humidity, heat flux, water vapour pressure) of data allow
for finer assessment of the simulation accuracy.

: 14
25 & | &
- E 54 ‘;- 12 4
g2 g ¥
Elagcl 3 10
815 5 2
g 2 %
g10 - 0 | g ®
@ { Outdoor < .
F o5 | % 61 u
i temp. ——> > ]
H o c
0 - ! = 471 8 !
5 S s 5 .:-"‘m{'”m"\
=5 = i
-10 ; o+ . : :
Jun.2014 Sep.2014 Dec.2014 ) Mar.2015 Jun.2014 Sep.2014 Dec.2014 Mar.2015
Sim.(1D) Sim.(2D) Meas. Time, mmm.yyyy Sim.(1D) Sim.(2D) Meas. Time, mmm.yyyy
3500 100 +
3 T N e e e — — —
s 3000 £90 | RH_;=95%gy
i =
@ 2500 - ® g0
£ 2z
= 2000 - 2704
o . E =
g £ 2,,] B
g 1500 1 & 601 §
z ] 2 2
7] ‘5 S 5}
£ 1000+ B 3% =
= & 4 i}
500 . d . 40 T i i
Jun.2014 Sep.2014 Dec.2014 Mar.2015 Jun.2014 Sep.2014 Dec.2014 ~  Mar.2015
Sim.(1D) Sim.(2D) Meas. Time, mmm.yyyy Sim.(1D) Sim.(2D) Meas. Time, mmm.yyyy

Figure 34 Measurements compared to modelling results at TRH3 (between interior insulation and
original AAC masonry). Reformatted figures from Publication Il (changed the axis limits of top
left fig.; removed erroneous modelling results starting from 11. March 2015).

The models were calibrated by iteratively fine-tuning the properties of the historic
aerated concrete while comparing simulation results with measurements from all relevant
sensors. While good agreement was mostly found, larger discrepancies exist in measured
and modelled heat flux data. Although opening of the structure and data from TRH4 gives
ground to belief that some ventilation took place in the air cavities, they were modelled
as unventilated. This and uncertainties concerning the original wall material properties
could cause the differences. Comparison of 2D and 1D models showed that in this
position (TRH3) the results from the models differed only slightly. Temperature error of
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both models at TRH3 was non-conservative (i.e. the modelled temperatures were ca 3 °C
higher at indoor-outdoor AT = 30 K) and should be considered when doing frost avoidance
assessment. Water vapour pressure and relative humidity errors were conservative (lower
than measured).

At a hygrothermally more critical position TRH1 (behind insulation at the edge of a
concrete column) humidity and temperature coincided better with measurement results
and both errors were found to be conservative (i.e modelled humidity higher and
temperature lower than measured). Between the old cork insulation and the concrete
column (TRH2) an underestimation of temperature and overestimation of water vapour
pressures occurred. This resulted in an RH modelling error of +10%en during the winter
period making calculation in this position conservative. Unreliable material data for
existing cork insulation could be the possible cause for errors there.

3.3.3 Hygrothermal study of PUR foam and CaSi boards in an office (Vabaduse
véljak 10, Tallinn)

Results from the models which achieved the best fit and positions that are most relevant
to the assessment criteria are presented here. Figure 35 shows data from TRH2 (between
CaSi and tie brick) and TRH4 (between CaSi concrete bond beam). Relative humidity is
given as it integrates the errors in thermal and moisture calculations.
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Figure 35 Comparison of measured and modelled relative humidity levels at TRH3 (between CaSi and
tie brick; top right) and TRH4 (CaSi insulation on top of concrete; bottom left).

The agreement of calculated and measured temperatures (TRH3 2D model; TRH4 1D
model) was within + 1 °C for most of the year with an overestimation of temperatures by
2 to 3 °C in summer (possibly due to deficiencies in solar modelling of the south facing
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wall). TRH3 1D model exhibits too low temperatures which results in higher than measured
RH. Like in previously described studies, the modelled RH values exhibit less fluctuation
in all cases — again, as wetting periods are underestimated and drying periods
overestimated, this could point at hysteretic effects currently not considered by the
modelling tool. 24h avg. heat fluxes in masonry section achieved less than +1 W/m?
(ca. 5-10%) difference for most of the heating period using 2D model; in case of 1D
models, the errors were 4—8 times higher.

Beside the lack of hysteretic modelling other possible sources of errors could be: the
material data (limestone as a location specific and inhomogeneous material; only basic
parameters were measured for brick), unknowns concerning the actual wall structure,
wind driven rain modelling, solar radiation modelling. At concrete beam (TRH4) only 1D
model through concrete was used, while the location also has interaction with the brick
layer and the exact dimensions of the cornice could not be determined.

The correlation between measurements and modelling was deemed satisfactory.
For performance assessment of the CaSi insulation the 1D model of the masonry section
might be good enough as the relative humidity was generally overestimated during the
comparison period. However, as wind driven rain could cause the accumulation of
moisture in the exterior masonry leaf, a 2D model is also necessary.

3.3.4 Hygrothermal and mechanical study of AAC, CaSi and expanded perlite
systems in climate chamber

As the relative humidity inside the glue layer was over the measurement range of RH
sensors for most of the study, the comparison can be given for the initial phases (Figure
36 bottom right). The trend coincides with previous studies where measured relative
humidity levels exceeded the modelled values in higher hygroscopic range and when
sharp rises were concerned — again, this can point at hysteretic effects which the
modelling tool currently does not account for.

Gravimetric measurements give a more accurate indication of moisture content of the
material compared to RH measurements. Almost all hygrothermal models underestimated
the moisture content during humidification periods. Typically, 1.5-3-fold differences
occurred in the glue and exterior parts of the insulation layers. The exception was cement
fiberboard (Figure 36 top left), where TT and ET models achieved best correlations.
Theory of underestimated moisture content is asserted by freeze thaw-cycling where the
delay in temperature drops and rises is not apparent in modelled data (see Figure 29).
It has to be born in mind that the detailed glue and plaster material data of ET system
was not available and it influences the modelling results.
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Figure 36 Gravimetrically measured volumetric moisture contents in different parts of drill cores

and comparison to modelling results: cement fiberboard (top left), glue mortar (top
right) and exterior part of insulation (bottom left). Bottom right: measured and modelled
relative humidity levels inside the wall (glue layer) during the first stages of the test
(readings were over range for the rest of the study).
NB1: measured vol. moisture content of glue layers was calculated using respective
densities from the Delphin database; NB2: detailed hygrothermal material data for ET
glue and plaster layers was not available and their modelling results should be treated
with caution. NB3: compared to Publication IV the measured vol. moisture content of
cement fiberboard and exterior part of insulation have been recalculated according to
measured dry densities as in Publication VI instead of using Delphin database values.

It is certain that errors were made sampling the data during this study (sensor
accuracy, flaws in cutting, weighing, drying, etc). However, as large deviations, repeated
sampling, duplicated sensors and previous studies show, the trend is probably still the
same. Beside measurement errors, the other possibility is that the model might have its
weaknesses. Deviations in material production might induce errors. Janssen et al. (2015)
raised doubts about the Delphin's approach to over-capillary moisture range, according
to which, the slow secondary phase in capillary absorption experiments is caused by low
capillarity instead of the widely accepted concept of air entrapment. The latter held true
in experiments by Janssen et al. (2015). However, in this study, only AAC (MP50 & 60)
reached such moisture content, while the issues with correlation are present with other
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materials too — thus, it cannot be the reason for deviations between modelling and
measurements. Dynamic effects too have been identified influencing the hygrothermal
processes (Janssen et al., 2016), but are not yet reliably described by the models. Finally,
the methods and experimental dataset for deriving the moisture dependent liquid
conductivity (Ki) function might be the cause of inconsistencies as indicated by Binder et al.
(2010, 2013, 2014).

3.4 Chapter conclusions

The modelling accuracy of the “capillary active” insulation materials was deemed
satisfactory in the lower hygroscopic range, however, above ca 90%rn, the modelling
results begin to underestimate humidity levels. Similar discrepancies are also apparent
in a studies by De Mets et al. (2017) and Jensen, Bjarlgv, et al. (2020). In the latter case
an automated script was used to calibrate the models to the measurements, but RH
between CaSi and original wall was still underestimated by ca 10%rx (while
measurements indicated = 100%g+).

Busser et al. (2019) analysed dozens of studies comparing numerical predictions to
experimental data and found that especially if hygroscopic materials (including calcium
silicate and aerated concrete) are used, current models have issues with predicting mass
transfer kinetics, especially with varying load. The results also showed that models which
take hysteresis effects and temperature dependency of the moisture storage capacity
into account agree better with measured values. Hysteresis in this context means that
the equilibrium moisture content depends not only on the ambient conditions
(temperature and relative humidity), but also on the history — desorption processes have
higher equilibrium moisture content than adsorption. For example, Mualem (1984) and
Pedersen (1990) proposed and applied methods to account for the phenomenon in HAM
modelling. Busser et al. (2019) also suggested that some other phenomena (advection of
air, nonequilibrium state and microscopic effects) are currently not considered and could
explain the discrepancies.

In the climate chamber study — while having the most reliable material data, controlled
boundary conditions and various measurement methods — the discrepancies are most
apparent, as the overhygroscopic moisture range is concerned. There, the moisture
content levels in the insulation glue and cold side of the insulation board are
underestimated roughly 2-fold. The latter becomes a reason for concern when freezing
temperatures are allowed — the modelling results can leave an impression that the
maximum relative humidity or moisture saturation degree is not exceeded, while in
reality it might be. It will also affect the accuracy of how the performance of neighbouring
layers and components are modelled — for example, the rate of wood decay in beam ends
can be underestimated too.
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4 Optimizing the liquid and vapour conductivity curves based
on an experimental dataset which includes CCR test results

4.1 General

Previous research by Binder et al. (2010) and results in chapter 3 indicated that in
over-hygroscopic moisture content range, the modelling results can show much lower
moisture content than there actually is — should such modelled values be used to assess
e.g. frost resistance, the errors would be non-conservative. Usually, water uptake and
drying test are used to determine the water vapour and liquid conductivity curves in the
higher moisture content range (Krus, 1996; Scheffler and Plagge, 2010). Assessing the
share between the flows in these cases is based on assumptions as both have the same
direction and are subjected to rather extreme conditions (water contact and full
saturation). To gain more information on this, Binder et al (2010, 2013, 2014) proposed
a capillary condensation redistribution (CCR) test. There, a condensation plane inside a
material sample is caused by a temperature difference while the mass change and
moisture profile are monitored (see Figure 9).

Taking the CCR test results into account has so far been a step-by-step iterative
process (Binder et al., 2014), which adds to the already existing high work load when
conducting the material characterization. This chapter investigates the application of a
generative optimization tool GenOpt to counter that and to increase the reliability of the
modelling results.

This chapter presents the optimization tool from Publication V and updated methods,
reference data and results from Publication VI. The main changes compared to
Publication V are the use of monotonically decreasing vapour conductivity functions and
the inclusion of CCR data for CaSi from Hirsch et al (2020) (now the whole CaSi dataset is
measured from the same material). To show the effect of including the CCR-test in the
reference dataset, the “CCR-optimized” material data is now compared to the functions
optimized without the CCR test instead of the properties from the Delphin database (to
exclude the influence of different users and tools and which created them). The material
functions optimized without the CCR test presented in this chapter still exhibited similar
hygrothermal performance as the respective files in the Delphin database.

4.2 Methods

The proposed workflow incorporates optimization tool GenOpt (Wetter, 2001) and
hygrothermal modelling software IBK Delphin (Grunewald, 1997; Nicolai et al., 2009) to
search for the best fit of the water vapour and liquid conductivity curves of interior
insulation materials based on experimental data from material tests. This work is a further
development of the tool by Freudenberg et al. (2017) used to calibrate hygrothermal
simulations according to measurements.

The operating principle of the optimization tool is given in Figure 37. Moisture
dependent water vapour (log(Kv(¢)) and liquid water conductivity (log(Ki({)) curves are
defined by having a certain number of points at fixed moisture content values while
GenOpt varies their conductivities. As GenOpt handles all optimizable variables
independently, the Python script checks if the liquid conductivity curve is monotonically
increasing. In the case of vapour conductivity, the curve should increase until point j and
is expected to fall from point j (both can be defined). Penalties are applied if previous
conditions are not met.
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Figure 37 Operating principle of the optimization tool based on GenOpt, Python and Delphin 5.9.

This chapter presents optimization cases with autoclaved aerated concrete (AAC;
mostly large macropores and fine capillaries) and calcium silicate (CaSi; mostly fine
capillaries) insulation materials as examples. The tests currently incorporated in the
optimization tool are: capillary condensation redistribution (CCR; moisture content
profile at the end of the experiment; avg. moisture content over time), drying (avg.
moisture content over time), wet cup (moisture flux at wet cup boundary conditions) and
water uptake tests (the latter was currently used for CaSi). Table 3 summarizes the
sources of material test data that were used to characterize the materials described in
this chapter. The first point of the K, curve was fixed to conductivity determined from
dry cup measurements. The vapour conductivity curve was forced to be monotonically
decreasing and vice versa for the liquid conductivity curve. The end of the liquid
conductivity curve was set according to the saturated flow test. Optimization limits were
selected wide enough to keep the process unbiased. The average absolute difference
between the measured and modelled data is used as a cost function that GenOpt tries to
minimize using Particle Swarm Optimization combined with the Generalized Pattern
Search method implementation of the Hooke-Jeeves algorithm (GPSPSOOCCHJ)(Wetter,
2016). Weighting factors were applied to the tests to take different scales into account
and to keep the optimization balanced. Another set of material functions was optimized
without the CCR test, which resulted in a similar hygrothermal performance as the
respective files in the Delphin database.

Finally, the CCR-optimized and “conventional” material files were used to model two
different studies (Spordi 2a, Kohtla-Jarve, see section 2.2.1 and the climate chamber
study, see section 2.2.4) and are compared to the respective measurement results.

III
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Table 3  Source of material test data for conductivity function optimization.

Source
Test Usage AAC CaSi
Desiccator test, Moisture retention curve of the
pressure plate test material
Drying test Reference for liquid and vapour TU Dresden IBK  TU Dresden IBK lab
conductivity optimization lab data for data for material
.  Reference for liquid and vapour cond. material ID595 ID571
Water uptake test L . ]
optimization (high moist. cont.)
Saturated flow test Liquid conductivity near saturation
Dry cup test Vapour conductivity of dry material In-house In-house
. measurements, measurements,
Wet cup test REfe'ezce for liquid and vapour TU Dresden IBK  TU Dresden IBK lab
conductivity optimization lab data for ID595 data for ID571
Reference for liquid and vapour Binder et al. )
CCR test conductivity optimization (2014) Hirsch et al (2020)

* — water uptake test was used for optimization of CaSi

4.3 Results and discussion

4.3.1 Optimization results

The optimized material data (Figure 38 row 1) shows notably reduced liquid conductivity
in the moisture content range of 0.01-0.15 m3/m?3 compared to the curves optimized
based on a conventional experimental dataset. Similarly to Binder et al. (2014) and Hirsch
et al. (2020) an ideal combination of material functions that would fit all the reference
tests (Figure 38 rows 2—4) could not be found — the main contradiction being between
the CCR and drying tests and, in the case of the slightly hydrophobic dry AAC, water uptake
too. Moisture content levels in the drying test are overestimated by the CCR-optimized
material functions once the moisture content levels reach those described by the CCR
test. This could be due to vapour conductivity actually being higher, but being restricted
to be monotonically decreasing by the optimization tool.

As described by Scheffler (2008), the drying test helps to describe the conductivity
curves after transitioning from the initial linear mass decrease phase (which is
characterized by surface mass transfer coefficient and boundary conditions). The results
are thus presumed to be more reliable in the range between 0-0.2 m3/m3 and near
saturation, where reference data is available. The decrease in mass change rate during
the drying test indicates the critical moisture content where a significant change in liquid
conductivity takes place (Vos and van Minnen, 1966). Based on the drying test, the
approximate values are 0.3 m3/m?3and 0.2 m3/m? for AAC and CaSi respectively (although
high air velocity exaggerates them). Moisture content at the end of the CCR test for both
AAC and CaSi are below these values, which agrees with the shape of the moisture
content profiles provided in the literature too (Binder et al., 2010, 2013, 2014; Hirsch et al.,
2020) — a more uniform distribution would be expected should the opposite be true.

Here — while not being a universally applicable approach — more preference was
placed on achieving better correlation with the CCR test than the drying experiment, as
the former describes the behaviour of “capillary active” insulation in actual usage
scenarios and at performance limits better. Furthermore, in sense of possible moisture
and frost damage in the interior insulation system, the error caused by failing to
reproduce faster drying would overestimate the risk, while failure to capture the wetting
processes (akin to the CCR test) would leave possible risks unnoticed.
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Figure 38 CCR-optimized and conventionally characterized material properties (“w/o CCR”) used in this
study (top 2 rows) and some of the material tests used as a reference for optimization
(bottom 3 rows). Figures and data from Publication VI.
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4.3.2 Comparison to measurements

In a laboratory study with a high moisture load (as described in section 2.2.4), the moisture
content in the cold (exterior) part of the AAC and CaSi insulation boards increased about
2.5-3 times and therefore dramatically improved the correlation with measurement data
(see Figure 39). Similarly to the drying test described in section 4.3.1, the moisture
content levels during the dryout phases are overestimated using the CCR-optimized
material files. The deviations in the courses of modelled and measured m/c of the whole
AAC layer (Figure 39 bottom left) at the final phases of the experiment can be explained
by the loss of capillary contact between the insulation and base layers (also shown by the
loss of tensile strength in Figure 31). It should be noted that while CaSi achieves quite
good correlation with measured average moisture content of the whole insulation layer
(Figure 39, bottom right) and during the initial wetting phases in the cold layer (Figure
39, top right), it still fails to capture the increasing trend during the second wetting phase.
This probably hints at overestimated capillary conductivity at those moisture content
levels and redistribution of moisture within the insulation layer (similarly to Figure 38,
row 3 right). This implies a risk of underestimating the moisture content in further
modelling at similar conditions.

In the case of more realistic moisture loads in a real building (as described in section
2.2.1), the difference of RH on the cold side of the insulation was small (conventional vs
CCR-optimized properties) and did not improve nor worsen the correlation between
measured and modelled data noticeably (see Figure 40). The discrepancies in the second
study can be attributed to a lack of detailed material data, but also to hysteresis and
dynamic effects (Bianchi Janetti and Janssen, 2020; Janssen et al., 2016) in ad- and
desorption processes.

o 140 T 180 Y
£ Lab study: £ 50 | Labstudy:
= 120 1 cold 5Smm ofiAAC = cold 5mm of CaSi  measured
£ 100 % 140 -
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Figure 39 Comparison of measurement results to modelling with CCR-optimized and conventionally
characterized material properties (“w/o CCR”). Study 1 (high moisture content; climate
chamber), avg. moisture content of cold side of insulation (top row) and avg. of the whole
insulation layer (bottom row). The CCR-optimized material shows about 2-3-fold increase in
max. moisture content and coincides better with measurement data. Measurements from
Pub. IV, modelling from VI.
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Figure 40 Study 2 (medium moisture content; real building), relative humidity in cold side of insulation:
comparison of measurement results to modelling with optimized and conventionally
characterized material properties. No notable differences between modelling results.
Measurement data from Publication |, modelling from VI.

It is worth bearing in mind that the CaSi materials used in the studies were not the
same specific product as optimized in this chapter, while the CCR-test data for the AAC
material could have been measured using a different product. However, they all
belonged to their respective families of similar products and the improvement to the
modelling ability to reproduce higher moisture contents in study 1 outweighs the
possible uncertainties in their intended use in this thesis — to model the materials as
interior insulation solutions where higher moisture content levels can also occur.

4.4 Chapter conclusions

The proposed material characterization tool proved capable of creating the conductivity
curves using different experimental datasets for two “capillary active” insulation materials.
Although the variation limit boundaries were kept large and different initial values and
curve resolutions were used for optimization, the resulting optimized curves were in a
relatively similar range.

Still, as the CCR test data for AAC was taken from literature and the exact tested
products and boundary conditions were not disclosed, it is quite possible that the CCR
and the rest of material data were measured from different products. This may introduce
mismatches in moisture retention curves and the optimization algorithm trying to
compensate for it through conductivity curves.

Comparison with case study results show that for both AAC and CaSi, the optimized
materials show better correlation to measured data in the high moisture content range
(especially so for AAC; CaSi still underestimated the moisture content at the cold
side), hinting at the value of the CCR test. The improvements in better reproducing
non-isothermal wetting phase come at a cost though — the moisture content levels in
lower overhygroscopic drying phases are now overestimated. It is acceptable in current
intended use but should be kept in mind when interpreting the modelling results.
In hygroscopic range, the optimized properties perform similarly to their default
counterparts — as Delphin has shown to be quite reliable in that range, it could be
considered a good result for the algorithm.

These results underline that there are still many unknowns when dealing with
overhygroscopic moisture contents — caution is advised when drawing far-reaching
conclusions from the modelling results in that range. As the CCR and drying experiments
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follow different moisture retention curves (ad- and desorption respectively) but are
currently modelled and optimized according to desorption curve only, there are bound
to be inherent errors introduced by that approach.

Future work could include applying it to a modelling tool which incorporates hysteretic
modelling, developing a better user interface, a wider experimental base for optimization
and defining stricter rules/boundaries for the conductivity curves. Currently, the results
are less reliable above moisture content levels reached in the CCR test — the share of
liquid and vapour transfer is hard to determine due to the drying test having both fluxes
in the same direction and being useful as a reference after first drying phase. Also,
the CCR test could be enhanced with relative humidity sensors in the samples to gain
more reference data from the hygroscopic range.
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5 Parametric modelling with long-term dataset

5.1 General

In their preliminary example comparisons Binder et al (2014) and Hirsch et al. (2020)
along with results in chapter 4 indicated that the modelling using conventional material
characterization underestimated moisture content levels, especially near the performance
limits which might not be reached in laboratory or in-situ tests that have been used to
calibrate the HAM models. This could mean that frost or moisture damage risks might be
left unnoticed and raises the question whether the conclusions drawn from previous
modelling in the high moisture range while using a conventional material characterization
are still valid.

By using a parametric study of different interior insulation solutions and a long-term
real weather dataset (a preferable choice over Reference Years or mean years that have
been typically used in previous studies), this chapter has two main aims:

e To quantify the difference in the modelling results caused by conventional and
CCR-optimized material characterization processes.

e To assess the suitability of vapour open and vapour tight insulation approaches
in cold climate and to determine if the “capillary active” vapour open materials
with corrected liquid conductivity curves still have the advantages as described
in the literature.

5.2 Methods

5.2.1 Calculation models

IBK Delphin 5.9.6 (Grunewald, 1997; Nicolai et al., 2009) was used for HAM modelling.
Delphin uses the implementation of the ice model by Nicolai and Sontag (2013) to take
the phase change enthalpies and freezing point depression (model by Haupl and Xu
(2001)) into account.

A 51 cm thick masonry wall was selected to represent a typical Estonian mass masonry
structure. Thinner walls would have a lower thermal resistance and moisture capacity
(hence making them more critical), however, they are not common. Thicker walls,
in contrast, are less critical and usually have an air cavity, which further reduces the effect
of wind driven rain.

Figure 41 describes the structure of models used in the current study as modelled in
IBK Delphin. Two 1-dimensional base models were created: a section through brick layer,
intersected with a vertical mortar joint (base model B), and a section through a horizontal
mortar joint itself (base model M). Two 1-dimensional models were chosen instead of a
single 2D model due to modelling speed, which also allowed more variations in
parameters to be included. Preliminary modelling showed that the difference in results
between the 1D and 2D models was small, which corroborates the findings of Vereecken
and Roels (2013).

Two different insulation approaches were considered — vapour open capillary active
autoclaved aerated concrete (AAC) & calcium silicate (CaSi) and a more vapour tight
polyisocyanurate (PIR) insulation with a 9 mm gypsum board on top of it as a finishing
layer. The vapour open systems were presumed to have hydraulic contact with the
original wall as glue mortar is used for installation, while a 3 mm air cavity was assigned
between the original wall and the PIR insulation system (to account for unevenness of
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the original wall). According to the manufacturer’s guidelines (HelRe et al., 2018), the old
interior plaster was retained under the insulation layer.

The thicknesses of the insulation layers (30 mm PIR, 60 mm AAC and 90 mm CaSi) were
selected to represent real products available on the market while achieving similar
thermal resistance. The largest differences were between the CaSi and PIR: the thermal
resistance of the PIR system was ca 1/10 higher than that of the CaSi one, while thermal
transmittances of the whole walls differed by ca. 5%. To minimize the frost risks in cold
climates, the layers were intentionally thin.

Base wall model M (mortar section)

Uninsulated wall Mortar 510 mm
- I Lime plaster 16 mm
! Silicate paint, sy = 0.18 m
1 1 s Sq .
O 1 ®
L I H Base wall model B (brick section)
Outside | I L 7 | Inside | Brick 250 mm
Mortar 10 mm
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1 1
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L

I

1
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Figure 41 Schematic of the 1D wall models and their boundary conditions used in IBK Delphin.

63



5.2.2 Material properties

Table 4 gives the overview of basic material properties used for modelling in different

combinations. Three different bricks were selected from the Delphin database to represent

historic Estonian bricks based on in-house measurements of their basic parameters (type,
porosity, vapour conductivity and water uptake coefficient). The selection of 3 lime-cement
mortars covered different historic mortars in the Delphin database.

Three interior insulation solutions with different approaches were selected:

e 2 vapour open solutions advertised as “capillary active”:

o Autoclaved aerated concrete (based on data for IBK Delphin material ID
643/595).
o Calciumsilicate (based on data for IBK Delphin material ID 571).
Both had 2 versions: one being the result of conventional material characterization
and another which included the capillary condensation redistribution test in the
calibration of its liquid and vapour conductivity functions. The curves were created
using the tool described in chapter 4 and are given in Figure 38 (top row).

e  “Vapour tight” material without liquid conductivity: polyisocyanurate (PIR) board
(without diffusion tight coatings) with a gypsum board applied on top (id 599). The
insulation material was based on material ID 194 with a modified vapour diffusion
resistance coefficient u = 60 and a thermal conductivity of Adgr, = 0.023 W/(m-K).

Table 4 Basic material properties of materials used in modelling.

Thermal Water vap.
conductivity  Porosity diffusion Water
IDin Density Adry, Ypor, resistance uptake Av,
Material name Delphin p, kg/m? W/(m-K) m3/m3 factor y, - kg/(m?2-s%%)

Brick Bernhard 97 2060 1.00 0.25 19 0.100
Historical Brick 33 1710 0.80 0.33 8.3 0.278
(Cluster 4)
Lime Sand Brick 153 1810 1.00 0.34 40 0.052
(traditional)
Lime cement mortar 143 1570 0.70 0.41 11 0.176
Lime cement mortar 717 1878 0.80 0.29 37 0.036
Lime cement mortar ) g 1739 1.05 0.34 28 0.494
(low cement ratio)
Lime Plaster 148 1800 0.82 0.30 12 0.127
(historical)
Glue Mortar 407 1472 0.92 0.44 38 0.008
Inside Plaster 656 1279 0.31 0.52 10 0.082
CaSi insulation 270 0.069 0.91 2.5 1.13
Glue Mortar 77 830 0.16 0.69 13 0.003
AAC insulation 99 0.044 0.96 3 0.006
PIR insulation 32 0.023 0.95 60 -
Gypsum Board 599 745 0.18 0.72 11 0.179
Air gap (3 mm) 13 13 0.03 1 1 -
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5.2.3 Interface contact resistances

Derluyn et al. (2011) obtained the interface resistances Rjr of 1.25 - 10'° m/s (dry cured
mortar) and 2.5 - 10 m/s (wet cured mortar), while Vereecken & Roels (2013) used
2.5-10% m/s and 5 - 10'° m/s respectively in their simulations. Later, Vereecken and
Roels (2015a) studied the hydraulic contact resistances in the case of capillary active
insulation glue and concluded that constant resistances do not represent measurements
very well and recommended values depending on moisture content. Calle et al. (2019)
determined that hydraulic lime-brick interface resistances are an order of magnitude
lower than the cement mortar-brick ones available in literature. Zhou et al. (2020)
conducted an experiment on the water uptake of a masonry section and determined that
the interface resistances between brick and mortar were in the range of 3.5 - 10° to
8- 10 m/s — this shows that the interface resistances can vary by several orders of
magnitude even on different interfaces of the same masonry.

In this study, in order to simplify the modelling, interface resistance of Rir=2.5- 10 m/s
is compared to the perfect hydraulic contact (Ry = 0 m/s). Resistances are applied to
brick-mortar and brick-plaster interfaces. The choices made here are meant to reflect the
impact of different parts of the interface resistance spectrum and should not be
considered as the only possibilities.

5.2.4 Boundary conditions

A 49-year period of historical weather data from TGravere, Estonia was used as outdoor
climate. According to the Koppen-Geiger classification, Estonia belongs to humid
continental climatic zone (Dfb). Outdoor temperature, relative humidity, wind speed,
wind direction, short-wave radiation and wind driven rain were assigned as climate
conditions. The overview of them is given in Figure 42 and Figure 43.

Hourly values of wind driven rain (WDR) imposed on the wall were calculated
according to I1SO 15927-3 (2009). The parameters for WDR calculations were mostly
fixed: height: 7 m, terrain category: Ill (suburban and industrial areas), topography
coefficient CT: 1 (building not on an uphill slope), obstruction factor O: 0.8 (obstacles of
similar size 80—100 m from the building, no wind funnelling). Wall factor W was varied as
0.5 (top part of a multi-storey building without eaves) and 0.75 (local maxima). Yearly
mean wind driven rain rose (W = 0.5) is given in Figure 43 (center). If the air temperature
was below -2 °C, the precipitation was deemed as snow and discarded.

The climate data used for the modelling starts on the 1st of January 1970. The initial
temperature of the wall was 12 °C and 80%:r~ was assigned on all layers.

The indoor climate model was based on the analysis of 190 apartments with central
heating (llomets et al., 2018). The indoor temperature model was based on the indoor
climate of Estonian brick apartments and it corresponds to the lower limit of Fig. 7 in
llomets et al. (2018). The indoor temperature and moisture excess dependence on outdoor
temperature is given in Figure 41 (bottom right). The different moisture excess (moisture
load) levels based on Figure NA.3 from EVS EN ISO 13788 (2012) were varied and are
shown in Figure 41 (bottom right). Figure 41 (bottom right) also gives the corresponding
average occupancy rates based on Fig. 9 in llomets et al. (2018).
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Figure 42 Outdoor boundary conditions: hourly and monthly mean temperature (top), relative humidity
(middle) and total shortwave (direct + diffuse) radiation on a horizontal surface (bottom).
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Figure 43 Mean shortwave radiation (direct + diffuse; left) and yearly mean wind driven rain roses
(calculated according to ISO 15927-3:2009, wall factor W = 0.5; right).
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5.2.5 Summary of variations

The summary of all varied parameters is given in Table 5. Combinations of them resulted
in 3455 different models. No weighting of the variations was done as the distribution of

the parameters in real life is not known.

Table 5 Variations of parameters used in the parametric study.
Parameter Variations
Brick e  Historical brick (ID 97)

Lime-cement mortar

Interface resistances
(brick-mortar and mortar-insulation)

Wall factor Win ISO 15927-3
(rain exposure)

Wall orientations

Indoor air moisture excess

Interior insulation solution

e  Brick Bernhard (ID 33)
e Lime sand brick (ID 153)

e Lime cement mortar (ID 143)
e High cement ratio (ID 717)
e Low cement ratio (ID 718)

e  Perfect hydraulic contact
e 25-10°m/s

e 05

e 0.75
e North
e [East
e South
o West

e  Moisture class 1 (= 50 m?/person)
e  Moisture class 2 (= 20 m?/person)
e  Moisture class 3 (= 15 m?/person)

e Uninsulated

e  AAC (CCR-optimized)

e  AAC (without CCR)

e (CaSi (CCR-optimized)

e (CaSi (without CCR)

e  PIR on paper backing + gypsum board

5.2.6 Performance assessment

The performance assessment is based on the criteria described in section 1.3. Figure 44
shows the sections and parameters checked in these locations. The greatest number of
freeze-thaw cycles and the highest ice content occurs near the exterior surface. The exact
location of the critical section depends on the combination of the material properties,
insulation solution and saturation degree used to count the freeze-thaw cycles, etc.,
all of which varied from case to case. Based on preliminary modelling, the layers between
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5-135 mm from the exterior surface were used to judge the magnitude of changes
caused by different parameters and the result from the most critical layer of each case is
presented as “exterior masonry”.
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Freeze-thaw cycles * Freeze-thaw cycles » Ice saturation * Heat flux

Freeze-thaw cycles
Figure 44  Sections and parameters used for performance assessment.

The freeze-thaw cycles were counted if ice saturation (ratio between ice and pore
volumes) rose above a certain level and was then reduced to zero. Unfortunately, the exact
damage criteria for used materials were unknown. To overcome this, the freeze-thaw
cycles are presented as curves of freeze thaw cycles as a function of different ice
saturation threshold levels. This allows to get an overview of the cycle counts independent
of a specific saturation degree criterion.

Based on the assumption that the main damage takes place during the first cycles
(Al-Omari et al., 2015; Feng et al., 2019) and that critical saturation degree is a function
of temperature (the lower the frost temperature, the lower the maximum allowable
saturation degree), the results are also assessed based on curves of maximum ice
saturation as a function of temperature.

Mould growth was analysed using the Finnish mould model (Hukka and Viitanen, 1999;
Ojanen et al., 2010; Viitanen et al., 2011). The interior surface and surfaces behind the
insulation layer were concentrated on (due to the possibility of air gaps). The parameters
for mould index calculation are given in Table 6, the choice of which was based on the
documentation of the Finnish mould model calculation file (VTT and TTY, 2018).
According to that, the AAC has separate sensitivities for mould growth and Mmax.

Changes in heat fluxes were assessed based on the modelling results on the interior
surface. As the thermal boundary conditions were the same for different insulation
solutions, the heat flux also reflected the thermal transmittance.

68



Table 6  Surface properties used for mould index calculation according to the Finnish mould model.

Surface properties
Surface Parameter

Uninsul. AAC CaSi PIR (paper coated)
. . plaster + gypsum board +
Material wallpaper plaster + paint . sl
Interior i
e Sensitivity sensitive medium resistant 2;3::1 sensitive
Crnat 0.25 0.25 0.25 0.25
Material AAC CaSi paper coated PUR
Behind e sensitive medium -
) ) Sensitivity (mould growth), ; sensitive
insulation ) resistant
med. resistant (Mmax)
Crnat 0.25 0.25 0.25

5.3 Results and discussion

5.3.1 Frost and moisture in exterior layers of masonry
The depth of the harshest location in the exterior masonry varies between models and
observed quantities. For each case, the layers between 5-135 mm from the exterior
surface are analysed and the most critical result is presented.

The maximum ice saturations of insulated cases are nearly all higher than the
uninsulated ones (median relative increase ranged between 7-8%, maximum up to 93%
— see Annex 2.1 (KIGSeiko and Kalamees, 2021)). However, the difference between the
studied insulation solutions (vapour tight and vapour open both in CCR-optimized and
conventional form) is small.

Figure 45 (left) helps to analyse the modelling results based on the concept that the
combination of high ice saturation levels and low temperatures contribute to the
destruction of the material (Feng et al., 2019). In general, the insulated models were
colder and more saturated with ice, but the difference between insulation types, and
optimized and conventional material characterization is negligible.
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Figure 45 The most critical results from exterior layers of masonry: maximum ice saturation at different
temperatures (left) and freeze thaw cycles dependent on the ice saturation degree limit
(right).
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Regardless of the insulation solution, the number of freeze-thaw cycles increased
significantly, with a median relative increase of = 55% compared to uninsulated walls.
Figure 45 (right) shows the number of freeze thaw cycles dependent on the ice saturation
limit that is used to count them. The relative increase in FTC caused by interior insulation
was greater at higher limiting saturation degrees, while CaSi performed slightly better
than AAC and PIR in the top quartile if medium ice saturations were used as the FTC
threshold.

The main factors contributing to both maximum ice saturation and freeze thaw cycles
(see Annexes 1.1-1.3, 2.1 and 3.1 in KIGSeiko and Kalamees, 2021) in the exterior layer
were the brick type and wind driven rain load (dependent on orientation and rain
exposure coefficient). Compared to them, the effects of indoor moisture load, hydraulic
contact resistances and even the type of insulation (whether it is “capillary active” or
“vapour tight”, and the specifics of material characterization) are minute. This means
that the impact of interior insulation probably stems mainly from its additional thermal
resistance.

Unfortunately, the performance limits of the modelled bricks are not known.
The conservative 30%sat ice saturation limit was exceeded in about half of the uninsulated
cases and in 2/3 of the insulated cases (regardless of the insulation solution; see Annex
3.1in (KI&Seiko and Kalamees, 2021)). Should the 30% sat limit prove to be true, the bricks
of a historic building would probably be damaged even before any thermal upgrade and
the insulation works would only worsen the situation.

The critical saturation degrees (tested at -15 °C) of various bricks from North America
were presented in Figure 5 in a paper by van Straaten (2014). Most of the bricks tested
there were able to endure higher saturation degrees than those reached in this study.
However, as Figure 45 (left) shows, the temperature in this study can be far lower and
thus more critical.

On one hand, increase in ice saturation due to insulation is not very dramatic and if
the results about the North American bricks are representative of Estonian ones too,
it could be deduced that if the facade has survived until now without frost damage, the
interior insulation should not be a major problem. On the other hand, if the main cause
of the damage is the high number of freeze-thaw cycles at higher ice saturation degrees,
the distinction is clear — insulation causes higher cycle counts and hence accelerated
degradation.

5.3.2 Frost between interior insulation and original wall
Maximum ice saturation levels in the plaster on the interior surface of the original wall
behind the insulation are given in Figure 46 (left).

The lower 3 quartiles perform similarly in vapour open solutions. As Annex 2.3
(KIoSeiko and Kalamees, 2021) shows, the PIR insulation is mostly more critical and can
cause up to 75%sat higher ice saturation than a similar case using the vapour open
approach. The tentative 30% ice ratio threshold was exceeded in 31% of PIR cases, while
when using CaSi and AAC insulation the rate was much lower at 2% and 8% respectively
(also see Annex 3.2 in (KIGSeiko and Kalamees, 2021)). The CCR optimization caused more
severe conditions in the majority of the cases compared to material characterization
without the CCR data. Furthermore, the number of cases exceeding the tentative 30%
ice ratio increased by = 2 times when using optimized material properties.

The outcome was mainly determined by the wind-driven rain load (wall orientation
and exposure coefficient) and the material of the original wall —see Annex 1.1-1.3 and 3.2
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in (KIoseiko and Kalamees, 2021). Of the walls with optimized material characterization
exceeding the 30% ice saturation ca 1/10 were oriented to the west. Walls made of sand-
lime bricks fared best: they did not exceed the limit in vapour open cases and had a 2%
failure rate when PIR insulation was used. The other two brick types were more
susceptible to higher ice saturations.

The trend and the contributing factors were similar when freeze-thaw cycles were
considered (Figure 46, right). In lower ice saturation degrees, the top quartile of FTC was
roughly 1.5-2 times higher using PIR insulation compared to vapour open insulation.
If higher ice limits are used, the number of freeze-thaw cycles in PIR’s top quartile is vastly
higher than in vapour open materials.
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Figure 46 The old interior plaster layer behind the insulation: maximum ice saturation at different
temperatures (left) and freeze thaw cycles dependent on the ice saturation degree limit
(right).

Vereecken and Roels (2016) suggested that in severe climate conditions, the insulation
material and glue mortar should be able to handle the freezing and thawing; according
to the current study, this applies to the old interior plaster too.

High ice ratio and the number of freeze-thaw cycles imply that if PIR insulation is
applied on top of existing interior plaster, gluing the insulation to the plaster may not be
enough and a mechanical fastening to the masonry layer should also be used. This will
possibly cause issues with high surface humidity at the fasteners and is further discussed
in section 5.3.4.2.

While the number of freeze-thaw cycles using vapour open materials was lower
compared to PIR, the extreme cases of AAC still caused ice saturation well above the
30%sat limit — some even on par with PIR (albeit subjected to fewer cycles). Should the
damage occur, it would have an impact on the hydraulic contact with the original wall
and possibly hamper the intended functioning of the capillary active insulation (Vereecken
and Roels, 2015a).

It must be noted that only one plaster type was modelled in this study, however, it is
doubtful that the interior plasters would have been designed to endure repeated high
ice saturation levels that the extreme cases of the AAC and PIR insulation solutions cause.
Therefore, the safe option would be the removal of the existing interior plaster.
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5.3.3 Frost in the cold side of the insulation

Due to a more realistic moisture distribution (higher moisture content on the cold side
of insulation), the CCR-optimized materials showed an increase in both the maximum ice
saturation and in freeze-thaw cycles (Figure 47). While the median increase was rather
low at 0.2%sat and 1 cycle for both AAC and CaSi, the change was greater in the top
quartile as the increase could reach 5% sat and 7%sat and 45 and 28 cycles respectively in
some cases (see Annex 2.2 in (KI6Seiko and Kalamees, 2021)).

Similarly to the interior plaster layer, the high values were caused by a high indoor
moisture load and a wind-driven rain load (orientation and rain exposure) — see Annexes
1.1 and 3.4 (KI&Seiko and Kalamees, 2021). The type of brick also had an impact here.
While maximum moisture saturation degrees in the exterior layer of PIR insulation
reached over 80%sat in extreme cases, no ice was detected there due to high moisture
content coinciding with warm temperatures.
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Figure 47 The cold side of the interior insulation: maximum ice saturation at different temperatures (left)
and freeze thaw cycles dependent on the ice saturation degree limit (right).

Although the maximum ice saturation in the insulation layer was well below the
tentative 30%sat limit, section 2.3.1.4 of the thesis and Publication IV suggested that the
AAC insulation system can still fail below that level. Significant reduction of tensile
strength of the AAC insulation system was detected at glue saturation of 15-20%sat and
insulation saturation of = 10%sat. The rupture occurred in either the cold side of the
insulation, at the glue-insulation interface or the glue-substrate interface. The loss of
strength progressed over the duration of the experiment (concluding at 53 freeze-thaw
cycles). In the current study, similar ice saturation levels were modelled in extreme cases
in the glue layer using CCR-optimized AAC material, suggesting that damage could occur.
In the same study ( section 2.3.1.4 / Publication IV) CaSi fared better, as damage occurred
in saturated samples, while no statistically significant changes in tensile strength were
detected during the test at 10-20%sat.

Scheffler (2013) also tested AAC for frost damage and found that no loss of strength
occurred in samples conditioned at 97.4%rn and frozen at -15°C for 20 cycles. This humidity
corresponds to = 4%satand the minimum temperatures in the insulation in current study
were = -15°C too. Stemming from the moisture content where damage did not occur,
the ice saturation limits of 4% sat (AAC) and 10%sat (CaSi) can be conservatively used to
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compare the results of optimized and conventionally characterized materials (see Annex
3.4 (KIoseiko and Kalamees, 2021)). The failure rate of the optimized AAC models was
about 7 times higher than the conventional ones (9.5% vs 1.5% of all models using the
respective material data), while 16% of the optimized CaSi cases failed in contrast to 0%
without CCR. According to these results, keeping the indoor humidity within Moisture
class 1, and reducing the wind driven rain wall factor to 0.5 will mitigate frost damage
risks in the insulation layer.

5.3.4 Mould indexes behind the insulation and on the interior surface

5.3.4.1 Results

The risk of mould growth is assessed using mould indexes with values above 1 being
undesirable and indicating mould growth. The surface parameters used for mould index
calculation and the choice of the performance criterion are discussed in sections 5.2.6
and 5.3.4.2.

Figure 48 (left) gives the maximum mould indexes over the whole modelling period
for the surface between the insulation and the original wall. The median maximum
mould indexes were well above the safe threshold of 1 for all insulation solutions except
the CaSi without CCR optimization (also see Annex 3.3 in (KIGSeiko and Kalamees, 2021)).
Median maximum mould indexes for both AAC materials were ca 2, which corresponds
to “several local mould growth colonies” that are detectable using a microscope.
The median levels were lower in CaSi walls, however, similarly to AAC, the top quartile
was at the maximum possible value according to their sensitivity class (mould index = 3).
Paper-coated PIR performed far worse as the majority of models indicated moderate to
plenty of visually detectable growth, the median increase compared to vapour open
insulation solutions was ca. 2 units on the mould index scale (see Annex 2.3 in (KI&Seiko
and Kalamees, 2021)).

Based on Annexes 1.2 and 3.3 (KI&Seiko and Kalamees, 2021), the mould index behind
insulation is mainly determined by the indoor humidity load. About 15% of the optimized
CaSi cases in the mildest indoor moisture class 1 (Avte< sec = 2 g/m3, 53 m? / person) had
a maximum mould index above the acceptable threshold of 1, while in the case of AAC,
it was roughly twice of that. The failure rate of the PIR models at a low humidity load was
a further = 2 times higher than those of the AAC ones (ca 70% of the cases). Virtually all
cases with indoor humidity loads in moisture classes 2 (Avtg<sc =4 g/m3,20 m?/ person)
and 3 (Avte< sic =6 g/m3, 15 m? / person) failed regardless of the insulation solution,
with the exception being CaSi, where in moisture class 2, the failure rate was 43%. Wind
driven rain load was also important with northerly and easterly walls faring better than
others.

The higher mould index of PIR insulation can be explained by its higher sensitivity to
mould growth and by higher humidity occurring also in warm periods, which is more
favourable for mould growth. The opposite is true for the AAC and CaSi — their sensitivity
class is lower and their higher vapour conductivity allows for drying out during the
summer, while the indoor moisture load causes wetting during cold periods.
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Figure 48 Maximum mould indexes behind the insulation (left) and on the interior surface (right).

The maximum mould indexes on the interior surface are given in Figure 48 (right) and
the failure decision tree in Annex 3.5 in (KI6Seiko and Kalamees, 2021). Uninsulated walls
are most at risk with 9% of the cases failing to stay below the critical threshold of mould
index 1 and at some combinations showing serious mould growth. All the failed walls
were oriented to the west with a high rain exposure coefficient, a high indoor moisture
load and good hydraulic contact in masonry further contributing to the failure. The majority
(= 95%) of the failures occurred in walls made of burnt bricks (id 33 and 97) while
sand-lime brick (id 153) walls fared better — the latter had a lower water uptake
coefficient Aw, which caused less wind driven rain to be absorbed into the masonry.

The PIR insulation did not cause problems with mould index on the interior surface,
while in the CaSi and unoptimized AAC walls some combinations existed above the mould
index 1. None of the AAC walls with CCR-optimized material data failed and the failure
rate was reduced 2-fold in the CCR-optimized CaSi — this can be attributed to their lower
liquid conductivity and reduced redistribution of moisture towards the interior surface.

5.3.4.2 Discussion

The modelled mould indexes behind the insulation were high for all insulation solutions.
However, the VTIT mould model was developed to predict mould growth on exposed
surfaces, while by design, the AAC and CaSi systems should be glued in whole plane, and
the PIR boards sealed around the board perimeter. According to Kiinzel (2011) gluing on
the whole surface of the insulation should prevent mould growth and contaminants
reaching the indoor air. This depends on the quality of the workmanship, as it is possible
to leave air pockets behind the insulation (too dry mortar, uneven subsurface, etc), and
unfortunately has occurred in practice (KI&3eiko and Kalamees, 2016; Morelli and M@ller,
2019). The instructions of one AAC producer (HeRRe et al., 2018) state that “the high
alkalinity of the product effectively inhibits mould growth.”, which (at least to some
degree) is taken into account in the mould index calculation by a lower sensitivity
parameter. The producer also suggests filling the joints between the insulation and
floors/ceilings/interior walls with hemp felt — creating an air cavity and introducing
biodegradable material into the moist zone. The latter, in light of the current modelling
results, is a very questionable recommendation.
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In a recent field study Jensen et al. (2020) detected mould growth on the masonry-
AAC insulation interface and inside the AAC material itself too. The growth inside the AAC
was even higher than on the interface and the authors presume it to be due to the lower
pH than on the glue mortar. In contrast, mould growth in CaSi systems stayed below the
detection levels both on the interface and inside the material, although subjected to
similar conditions and pH values, and the Finnish/VTT mould model predicting growth
for both CaSi and AAC.

In a laboratory study Jensen et al. (2021) further tested the mould growth on the
masonry-insulation interface. It was determined that when the pH of the surface is high,
the existing mould growth is inactivated. However, 12 months from the start of the
experiment, the spores on the interface were still viable and could become active as the
pH declines over time.

A RIBuild project report (Johansson et al., 2019) compared the VTT mould modelling
results to measurements and detected a high number (61%) of false-negatives (i.e. mould
was observed although model predicted no growth) in borderline cases, while in low
humidity and extreme cases the model agreed with the results.

Also, questions can be raised about the PIR insulation. According to the installation
instructions of one product (Kingspan Insulation OU, 2017), PU foam caulk is applied
around the perimeter of the boards, probably leaving an air gap behind the insulation.
The insulation is also penetrated by mechanical fasteners. Metal screws or wall plugs are
usually used to affix the PIR + a gypsum board system to the wall causing surface
temperatures much lower than the 1D models in this article predict. This was also
demonstrated in-situ in a previous study (Publication 1), where condensation and rust
occurred on the fasteners. This means that the mould index when using PIR insulation
could actually be higher in both studied sections — behind the insulation and on the
interior surface.

Overall, while the mould index calculated here does not directly describe the exact
situation behind the insulation in 1D wall (as the air cavities should not be a rule, but an
exception to be avoided), it can reveal what happens in borderline cases (bad
workmanship, air leakages, joints tightened with biodegradable hemp wool etc). Due to
the higher modelled mould indexes it also shows that risks associated with such cases in
the PIR insulation are much higher than those of the AAC insulation.

5.3.5 Heat flux on the interior side

Figure 49 (left) gives the mean heat fluxes for main model types. All insulation solutions
present a = 65% median reduction of mean heat fluxes compared to the uninsulated
cases. In case of the vapour open insulation, the spread of the results is larger due to the
higher variability of the moisture content of the insulation (Figure 49, right).

Leaving aside the differences in thermal conductivities of the original wall, moisture
content and heat flux in the vapour open systems are primarily dependent on the indoor
moisture load and wind driven rain (see Annex 1.3 in Kl6Seiko and Kalamees, 2021).
As the PIR insulation itself is fairly vapour tight, the variations in its heat flux are caused
by changes in the moisture content of the original wall and its thermal resistance. As long
as the thermal resistances are similar, the authors do not see a reason to prefer one
system to another based on their slightly different thermal behaviour alone.
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Figure 49 Mean heat fluxes on the interior surface (left) and mean moisture content of the whole
insulation system (left).

5.4 Chapter conclusions

Based on the modelling done with AAC and CaSi in this study it can be stated that the
material characterization process using a capillary condensation redistribution test causes
more critical results. The CCR-optimized material data resulted in the following changes
compared to the result of the conventional material characterization:
e increased moisture content, maximum ice ratios and freeze-thaw cycles in the
cold side of the insulation;
e higher maximum ice ratios and more freeze-thaw cycles in the interior plaster
and glue mortar;
e theincreases coincide with high indoor (moisture class 3) and outdoor moisture
loads (West-oriented walls, higher rain exposure coefficient), which cause more
critical conditions.

The CCR-optimized materials performed worse especially near their tentative
performance limits, which, for example, in the cold side of the insulation layer resulted
in a 7-fold increase in failure rate due to frost in the case of AAC, and caused previously
unexpected failures when using CaSi. Although not studied here, the damper conditions
behind the insulation would also have an impact on mould and rot risks of wooden beam
ends. While the results only describe the effect of CCR-optimization on specific CaSi and
AAC materials, it is probable that similar results also occur when other insulation
materials with notable liquid conductivity are accounted for and it makes sense to
incorporate the CCR test into the material characterization procedures.

When comparing the “capillary active” vapour open insulation to “vapour tight” PIR
insulation, no significant differences were found in freeze-thaw cycles and in the
maximum ice saturation of the exterior part of the masonry, however, the increase of
mean moisture content of the whole wall was ca. 1.4 times higher using PIR than vapour
open solutions. Nevertheless, AAC and CaSi insulations bring some benefits over PIR:
maximum ice volumes and freeze-thaw cycles and mould indexes behind the insulation
are significantly reduced. The results suggest that PIR insulation would require mechanical
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fastening to the underlying structure as the original interior plaster will be at risk of frost
damage. The mould risk on top of those fasteners will probably be higher than the
current 1D modelling suggests. Still, in extreme cases AAC insulation can also cause the
ice saturations in the original interior plaster to reach = 70% — thereby hinting at frost
damage risk. This would have an impact on the hydraulic contact with the original wall and
possibly hamper the intended functioning of the capillary active insulation (Vereecken and
Roels, 2015a). It is therefore necessary to detect and avoid those extreme cases in the
design process. Calculated mould indexes behind the insulation using the paper-backed
PIR product were very high and in 89% of the cases above the safe threshold. Therefore,
until further research into actual mould growth inside such structures has been
conducted or gapless installation can be absolutely assured, the application of such
products on mass masonry walls open to wind driven rain cannot be recommended.

In general, the vapour open materials with CCR-optimized data still have their specific
advantages over the vapour tight solution, although the gap is smaller than before.
Furthermore, the mass masonry wall is probably the best showcase for the vapour open
approach — for example, should the original wall have air cavities, the wind driven rain
loads would be reduced and the vapour tight approach might become more favourable
(presuming the issues with fasteners and unintentional defects can be mitigated).

The overall impact of interior insulation can be summarized by the following:

e a65% median reduction of mean heat fluxes (30 mm PIR, 60 mm AAC or 90 mm
CaSi on top of a 52 cm-thick mass masonry wall);

e areduction of interior surface mould indexes: 7% of the uninsulated walls failed
to stay below the threshold value, while the failure rate was 1.9% of all CaSi
cases and 0 when using AAC or PIR;

e maximum mould indexes between masonry and insulation ranged from high
using CaSi (median=1.2) and AAC (median=2.1) to very high using PIR
(median = 4.9). This hints that whole-surface gluing is required for AAC & CaSi
and an airtight installation for all insulation solutions;

e the exterior layer of the original wall must tolerate higher ice saturation levels
(median relative increase = 8%) and freeze-thaw cycles (median relative
increase = 50%) regardless of the type of insulation;

e the old interior plaster will become moist and susceptible to frost damage —
unless it is certain that the plaster can endure that, its removal is recommended.

Nonetheless, a criterion with high failure rate could be found for all systems. As the
real distribution of currently varied parameters was not exactly known, even the outlier
cases should be considered carefully. Thus, as Vereecken and Roels (2015b, 2016) have
also stated, the “capillary active” interior insulation is no miracle cure and still needs
case-specific approach.

Frost and mould risk inside and directly behind vapour open and vapour tight
insulation approaches are governed by the indoor air moisture load and can be at least
to some degree mitigated by lowering it. The hygrothermal conditions in the exterior
layer of the original wall can be mainly improved by reducing the wind driven rain loads.
Hydrophobization can help here (Jensen, Bjarlgv, et al., 2020) but accounting for it in
modelling also depends on the availability of material data and literature shows that the
treatment can also worsen the situation (Calle and Van Den Bossche, 2021; Janssen
et al., 2020; Metavitsiadis et al., 2017).

77



6 Conclusions

6.1 The main outcomes

The solutions studied in this thesis offered a 2-3-fold reduction in thermal
transmittances compared to the original walls, while also considerably increasing interior
surface temperatures. This shows the potential for energy savings, improved thermal
comfort and reduced risk of mould growth on interior surfaces.

Field measurements gave the first indications of the suitability of interior insulation
solutions (RQ4). They showed that in low indoor humidity loads, the selected solutions
worked well and no performance criteria were exceeded. However, the test wall with
humidity loads similar to high inhabitant density apartments hinted that the basic 95%=rn
performance criterion of “capillary active” insulation materials can be exceeded even if
climate, original wall and insulation thicknesses were all favourable. This means that
more sophisticated criteria — perhaps based on saturation degree and temperature —are
required. The measurements also demonstrated that the dryout time of built-in moisture
inherent to the “capillary active” insulation systems is considerable and should be
accounted for when planning the retrofit.

Insight was gained into the frost resistance of the interior insulation systems (RQ3):
AAC, which was presumed to be frost resistant, showed a reduction of its tensile strength
after freeze-thaw cycling at ca 10%sat and ca -10 °C. Expanded perlite showed similar
performance as AAC. It is important to note that damage occurred below the = 30%sat
limit that is sometimes also used to assess frost risk. While no statistically significant loss
of strength was detected in the unsaturated CaSi test wall, water-saturated CaSi still
suffered damage. These results can be used as a performance criterion.

Comparisons between modelling and measurements (RQ1) showed good agreement
in thermal performance, while modelling underestimated relative humidity levels during
wetting and overestimated them during drying periods hinting at hysteretic effects that
are not considered by the model. Worryingly, the “conventionally characterized”
material properties (as currently mostly found in modelling software databases) severely
underestimated overhygroscopic moisture content levels in “capillary active” insulation
materials when subjected to non-isothermal wetting through vapour diffusion.
Unfortunately, it is one of the standard use cases for such materials.

The inclusion of the capillary condensation redistribution (CCR) test (RQ2) into the
dataset that liquid and vapour conductivity curves were derived from improved the
correlation in the overhygroscopic moisture range during non-isothermal wetting, while
conservatively reducing agreement with the drying experiment (i.e. overestimated the
moisture content). Still, when avoiding frost and moisture damage is the aim with the
currently widely used HAM-modelling software, modelling with “conventionally
characterized” material data can lead to overly optimistic assumptions of the hygrothermal
performance of the “capillary active” interior insulation systems. Thus, it makes sense to
include the CCR test in material characterization procedures to overcome that.

Parametric modelling using a 52 cm-thick brick wall and a long-term climate dataset
gave further insights to the suitability of interior insulation to Estonian conditions
(RQ4). It showed that the exterior layer of masonry must tolerate higher ice saturation
levels and freeze-thaw cycles regardless of the insulation type (vapour open or tight).
The “capillary active” insulation systems had advantages compared to the vapour tight
PIR: moisture content, mould indexes and frost risk behind the insulation were lower.
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However, these benefits were not as pronounced if the CCR-optimized material data
were used (opposed to “conventional” material data that has been used so far and is
mostly found in HAM software databases). Furthermore, frost in “capillary active”
insulation layer can be an issue for both AAC and CaSi insulation systems in certain cases.
To avoid frost damage in old interior plaster and preserve capillary contact (which is
essential for “capillary active” insulation), the layer should be removed before applying
interior insulation. Mould indexes behind the insulation were high — emphasis should be
put on achieving airtight installation of both vapour tight and vapour open “capillary
active” insulation systems. While the chances of success are high when using interior
insulation, a case-by-case approach is necessary to avoid the critical combinations.

6.2 Further studies

While it can be currently stated that the exterior brick layer will be at a worse state after
the insulation, the question whether the risks of accelerated frost damage would be
realized needs to be answered based on further material studies, for example, by
determining the critical saturation degrees and their temperature dependencies of these
materials. Further determination of the exact frost damage limits of the CaSi and AAC
systems themselves will probably show the results of current thesis in better light as the
current limiting criteria were selected rather conservatively.

The failure to acquire good reproduction of both CCR and drying experiments at the
same time using modelling methods employed in this thesis deserves further attention.
Possible avenues worth exploring are: including hysteretic and dynamic effects in the
models, widening the experimental dataset and improving the optimization methods.

This thesis mainly dealt with 1D modelling, however, 2D and 3D modelling are also
required, as corners, exterior wall - interior wall details, wooden beam ends, etc. — also
in future climate — can result in more critical situations.

The parametric modelling in chapter 5 assessed a 52 cm-thick mass masonry wall,
which is on the critical end of the spectrum of existing structures. For more favourable
cavity walls, the preferrable solutions and allowable insulation thicknesses can be quite
different. Beside the hygrothermal performance, cost and energy performance along
with ecological footprint should also be investigated.
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Abstract

Hygrothermal Performance of Masonry Walls Retrofitted
with Interior Insulation in Cold Climate

Background

Energy efficiency requirements, a better understanding of moisture safety and higher
demands by users have created the need to find solutions to upgrade the envelope of
heritage brick buildings. If the fagades are valuable, the hygrothermally safer exterior
insulation is not an acceptable solution. At the same time, traditional interior insulation
solutions using mineral wool with or without a vapour barrier are risky due to possible
mould hazard and moisture accumulation caused by wind driven rain. The latter can lead
to the deterioration of the facade and structural problems in wooden beam ends which
are supported by the wall.

During the last 15 years, the so-called “capillary active” insulation systems have been
used in Central Europe to mitigate these risks. However, as part of the functioning
principle of these systems is to tolerate higher moisture content than usual, their
performance in colder climate cannot be warranted — frost damage risk and the effects
of moisture loads can be a lot more pronounced there.

Methods

To assess the suitability of vapour open “capillary active” and “traditional” vapour tight
solutions to Estonian climate, experimental and theoretical studies were carried out.
Hygrothermal conditions of 6 different insulation systems in 3 real buildings were
monitored. A study in a climate chamber investigated the effect of freezing and thawing
on 3 “capillary active” interior insulation systems while monitoring the hygrothermal
conditions too. To judge the accuracy of hygrothermal modelling in predicting the
performance of the insulated walls, modelling results were compared to the
measurements. A tool for liquid and vapour conductivity curve optimization was
developed to take the capillary condensation redistribution test results into account and
improve the accuracy of the modelling during non-isothermal wetting. Finally, a parametric
modelling study using a 49-year real climate dataset aims to identify the effect of
different insulation solutions and other parameters (bricks, indoor and outdoor humidity
loads, etc.) and recommends the approaches that are on the safer side.

|Il

Results and conclusions

The solutions studied in this thesis offered a 2—3-fold reduction in thermal transmittances
compared to the original walls, while also considerably increasing the interior surface
temperatures. This shows the potential for energy savings, improved thermal comfort
and reduced risk of mould growth on interior surfaces.

Field measurements showed that while in low indoor humidity loads, the selected
solutions worked well and no performance criteria were exceeded. However, the test
wall with humidity loads similar to high inhabitant density apartments hinted that the
basic 95%rn performance criterion of “capillary active” insulation materials can be
exceeded even if climate, original wall and insulation thicknesses were all favourable.
This means that more sophisticated criteria — perhaps based on saturation degree and
temperature — are required. The measurements also demonstrated that the dryout time
of built-in moisture inherent to the “capillary active” insulation systems is considerable
and should be accounted for when planning the retrofit.
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Insight was gained into the frost resistance of the interior insulation systems: AAC,
which was presumed to be frost resistant, showed a reduction of its tensile strength after
freeze-thaw cycling (at ca 10%sat and ca -10°C). Expanded perlite showed similar
performance as AAC, while no statistically significant loss of strength was detected in the
unsaturated CaSi test wall. Frost caused damage in water-saturated CaSi. These results
can be used as performance criterion.

Comparisons between modelling and measurements showed good agreement in
thermal performance, while modelling underestimated relative humidity levels during
wetting and overestimated them during drying periods hinting at hysteretic effects that
are not considered by the model. Worryingly, the “conventionally characterized”
material properties (as currently mostly found in modelling software databases) severely
underestimated overhygroscopic moisture content levels in “capillary active” insulation
materials when subjected to non-isothermal wetting through vapour diffusion.
Unfortunately, it is one of the standard use cases for such materials.

The inclusion of the capillary condensation redistribution (CCR) test into the dataset
that liquid and vapour conductivity curves were derived from improved the correlation
in the overhygroscopic moisture range during non-isothermal wetting, while
conservatively reducing agreement with the drying experiment (i.e. overestimated the
moisture content). Still, when avoiding frost and moisture damage is the aim with the
currently widely used HAM-modelling software, using “conventionally characterized”
material data can lead to overly optimistic assumptions of the hygrothermal
performance of the “capillary active” interior insulation systems. Thus, it makes sense to
include the CCR test in material characterization procedures to overcome that.

Parametric modelling using a 52 cm-thick brick wall and long-term dataset showed
that the exterior layer of masonry must tolerate higher ice saturation levels and freeze-
thaw cycles regardless of the insulation type (vapour open or tight). Also, frost in the
insulation layer can be an issue for both AAC and CaSi insulation systems in certain cases.
To avoid frost damage in old interior plaster and preserve capillary contact (which is
essential for “capillary active” insulation), the layer should be removed before applying
interior insulation. Mould indexes behind the insulation were high — emphasis should be
put on achieving airtight installation of both vapour tight and vapour open “capillary
active” insulation systems. While the chances of success are high when using interior
insulation, case-by-case approach is necessary to avoid the critical combinations.

Keywords: interior insulation, hygrothermal modelling, historic masonry, measurements
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Lithikokkuvote

Kivikonstruktsioonide seespoolse lisasoojustuse soojus- ja
niiskustehniline toimivus kiilmas kliimas

Taust

Energiatdhususe nouded, parem arusaam niiskusturvalisusest ning varasemast
kdorgemad ootused soojuslikule mugavusele on loonud vajaduse kultuurivdartuslikele
hoonetele sobivate soojustuslahenduste jargi. Kuigi vdljast soojustamine on
niiskustehniliselt turvaline, pole see vaartuslike fassaadide puhul aktsepteeritav
lahendus. Seespoolselt mineraalvillaga soojustades kaasnevad samas hallituserisk ning
aurutdket kasutades kaldvihmast tingitud niiskuse akumulatsioon. Viimane kiirendab
omakorda fassaadide lagunemist ning mdidritisele toetuvate vahelaetalaotste
madanemist.

Viimase 15 aasta jooksul on Kesk-Euroopas hakanud levima “kapillaaraktiivsete”
soojustusmaterjalide kasutamine, mis peaksid mainitud riske maandama. Paraku, kuna
osaks nende materjalide toimimispdhimsttest on taluda tavalisest kdrgemaid
niiskussisaldusi, ei saa eeldada, et nende toimivus on lisaks Kesk-Euroopale ka kiilmemas
kliimas tagatud — niiskuskoormuste mdju ja kiilmakahjustused vdivad siin olla palju
réhutatumad.

Meetodid

Hindamaks “kapillaaraktiivsete” ja “traditsiooniliste” seespoolse lisasoojustuslahenduste
sobivust Eesti kliimasse kasutati katselisi ja arvutuslikke meetodeid. 6 erineva
soojustussiisteemi soojuslikku ja niiskuslikku toimivust jalgiti kolmes hoones. Uuringuga
kliimakambris hinnati 3 “kapillaaraktiivse” soojustussiisteemi kiilmakindlust ning samal
ajal jalgiti ka soojuslikke ja niiskuslikke tingimusi.

Et pelgalt mdotmiste pdhjal hinnangute andmine oleks liialt t66- ja ajamahukas, on
suureks abiks soojuse, 8hu ja niiskuse (SON) modelleerimine. Esmalt v&rreldi katseliselt
kogutud modtmistulemusi samade olukordade modelleerimistulemustega. Seejarel
arendati vidlja tooriist soojustusmaterjalide vedeliku- ja aurujuhtivuskdverate
optimeerimiseks ning seeldbi modelleerimistdpsuse tdstmiseks. Laiema (levaate
saamiseks ning soovituste andmiseks modelleeriti Idpuks 49 aasta Toravere valiskliima
abil parameetriliselt nii aurutihedat kui “kapillaaraktiivseid” lahendusi varieerides nt
tellise- ja morditllipe, sise- ja valiskliimakoormusi, seina asendit jpm.

Tulemused ja jareldused

To6s uuritud lahenduste abil saavutati 2—3 korda madalam soojuslabivus kui esialgsetel
soojustamata seintel ning tousid ka sisepinnatemperatuurid. See tdhendab
energiasdastupotentsiaali, kdrgemat soojuslikku mugavust ning valispiirete sisepindade
madalamat hallitusriski.

Valimootmiste tulemused naitasid, et madalates siseShu niiskuskoormustes toimisid
uuritud lahendused hasti ning toimivuskriteeriume ei (letatud. Kui siseGhu
niiskuskoormus oli vorreldav kdrge elaniketihedusega korteritega, (iletati perioodiliselt
kapillaaraktiivsete soojustusmaterjalide lihtsustatud 95%-rn toimivuskriteeriumi — seda
isegi juhul, kui esialgne sein, kliima ning soojustuse paksused olid toimivuse jaoks
soodsad. Et selliseid tingimusi lubada, on vaja p&hjalikumatele uuringutele tuginevaid
toimivuskriteeriume (nt materjali killastustasemest ning temperatuurist soltuv
kilmakindluse piir). MG6tmised naitasid veel, et margpaigaldusega “kapillaaraktiivsete”
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siisteemide ehitusniiskuse vadljakuivamise kestus on markimisvadrne ning sellega tuleks
ehitustoid planeerides arvestada.

“Kapillaaraktiivste” soojustussiisteemide kilmakindluse uuring naitas, et eelduslikult
kilmakindla poorbetooni tdmbetugevus siiski parast kiilmumis-sulamistsikleid (= 10%sat
killastustaseme ja = -10 °C temperatuuri juures) langes ning ka paisutatud perliit kditus
analoogselt poorbetoonsiisteemile. Kaltsiumsilikaatsoojustusega testseinas
tdmbetugevuse langust 10-20%sat kiillastustaseme ja = -8 °C juures ei tuvastatud, kill aga
ilmnesid kahjustused veega kiillastatud katsekehades. Need andmed on koos
kirjandusest leitud andmetega kasutatavad kiilmakindluse toimivuskriteeriumina.

Modtmis- ja arvutustulemuste vdrdlus nditas, et soojuslikult on korrelatsioon hea,
samas kui modelleeritud suhteline niiskus oli margumisel alahinnatud ning kuivamisel
Glehinnatud, mis vihjab mudeli poolt arvestamata hiistereesi mojule. Paraku alahindas
“traditsiooniliselt” ma&aratud auru- ja veejuhtivusfunktsioonidega modelleerimine
Glehlgroskoopses piirkonnas margumisprotsesside niiskussisaldusi. Viimane on aga
tlupiline “kapillaaraktiivse” seespoolse lisasoojustuse kasutamisjuhtum.

Kui materjalide auru- ja vedelikujuhtivuse kdverad maarata lisaks varasemale ka
kapillaarkondensaadi imberjaotuskatse (capillary condensation redistribution ehk CCR
ehk kapi-test) pohjal, paranes oluliselt mitteisotermilise margumisprotsessi
korrelatsioon mootmistega Ulehiigroskoopses piirkonnas, aga suurenes kuivamiskatses
tehtav viga (niiskussisaldus ja kuivamise kestus on dlehinnatud). Kuna kuivamiskatsel
tehtav viga on tagavara kasuks, aga margumisel saavad tuvastatud varem ehk
markamata jddanud kilma- ja niiskuskahjustused, siis tulevikus on mdistlik
kapillaarkondensaadi katse analoogsete materjalide omaduste madramisel siiski kohe
sooritada.

Parameetrilised arvutused 52 cm-paksuse tellisseinaga 49 aasta Toravere valiskliima
tingimustes naitasid, et nii aurutiheda kui “kapillaaraktiivse” auru juhtiva
soojustuslahenduse puhul peab miiiritise valiskiht taluma varasemast kdrgemaid
jaakillastuse tasemeid ning rohkem kiilmumistsiikleid. Soojustuskihis vdib kiilmumine
teatud kombinatsioonide puhul probleeme valmistada nii poorbetoon- kui
kaltsiumsilikaatsoojustussiisteeme kasutades. Et vdltida kilmakahjustusi vanas
sisekrohvis (ning “kapillaaraktiivsete” stisteemide puhul ka kapillaarsidemete katkemist)
tuleks see enne seespoolse lisasoojustuse paigaldust eemaldada. Soojustusetagused
hallitusindeksid olid kdrged kdigi lahenduste puhul — paigaldustoddel tuleb jalgida, et
soojustusekiht jadks Shutihe valtimaks hallituseoste kandumist soojustuse taha ning
voimaliku hallitusekasvu puhul ka miikotoksiinide jdudmist siseGhku. Kuigi seespoolse
lisasoojustuse kasutamisel on suur téendosus saavutada toimiv lahendus, on kriitiliste
kombinatsioonide valtimiseks vajalik juhtumipdhine ldhemine.

Mdrks6nad: seespoolne lisasoojustus, soojus- ja niiskustehniline modelleerimine,
ajalooline miiiiritis, mé6tmised
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Abstract

Interior thermal insulation is frequently one of the only possible solutions for thermal
upgrade of the building envelope where the external appearance cannot be changed. In
this study, four insulation materials were used in a case study in a historical school build-
ing in in situ test walls. The indoor climate in the test room was controlled to simulate
the typical dwelling with high moisture load. The temperatures, relative humidity, and
heat flows were monitored over 9 months to analyze the hygrothermal performance of
four different insulation materials. The hygrothermal performance of insulation materials
during drying and wetting periods are presented. Moisture test reference year was used
in working out possible energy-renovation solutions. The results show that timing of
the renovation works is a matter of consideration to avoid the hygrothermal risks inside
the renovated wall assemblies. The results show that in all the cases, thermal comfort
can be improved by increasing the inner surface temperature and decreasing thermal
conductivity. However, in some cases, the risks of mold growth and interstitial conden-
sation were present inside the retrofitted wall assemblies. Computer simulations of the
wall assemblies with moisture reference years under different humidity loads concluded
that all solutions are suitable for future analysis.
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Introduction

During the last years, campaigns have promoted and explained the need to save
energy in buildings. The improvement of existing buildings has raised people’s
awareness of energy consumption.

Historic buildings are forming well-preserved areas in all the larger cities in
Estonia. These areas are nominated as milieu valuable areas and are protected by
planning laws. The main focus is on the built-up environment, and therefore, pre-
serving the exterior of the buildings is essential.

The simplest way to save energy in apartment buildings is to improve the build-
ing envelope by lowering the heat losses through the existing walls, ceilings, and
windows. By improving the building envelope with additional thermal insulation, it
is possible to save energy and increase thermal comfort. Adding insulation to the
external walls is a common solution. That can be easily used to lower the heat losses
through the existing exterior walls if the buildings have no restrictions because of
their architectural and historical values and if the exteriors can be changed.

However, there exists a strong pressure to use internal insulation as an energy-
conservation measure in historic buildings, because their architectural and historic
values set limitations on the use of external thermal insulation.

Maurenbrecher et al. (1998) monitored hygrothermal performance of an intern-
ally insulated 765-mm thick masonry wall. As a result of the renovation, the ther-
mal resistance of the wall increased by 47% to 63%. The temperature between the
insulation layer and masonry drops below freezing temperature for several months
in the winter. Nevertheless, the moisture levels did not seem to be a problem in the
monitored wall sections.

Hens (1998) studied the hygrothermal performance of masonry walls insulated on
the inside face and indicated that it increased the thermal bridging effect of the parti-
tion walls, which resulted in much lower thermal resistance than that calculated.

Today’s living habits cause higher indoor air humidity and therefore building
structures face larger humidity loads. Using correctly dimensioned vapor barriers
can prevent the water vapor penetration to the construction. However, the quality
of the installation is not always guaranteed, and therefore the risk potential remains.

In addition to limiting the water vapor diffusion into structures, there is also the
possibility of using capillary-active insulation materials. With these materials, it is
possible to decrease the initiation of moisture problems and upgrade the thermal
resistance of the existing walls (Scheffler and Grunewald, 2003). Stopp et al. (2001)
found that with new materials and new technologies inside, insulation can be a
viable method. The authors preferred calcium silicate because this material can dis-
tribute the liquid moisture content in the structures, and, therefore, accelerate the
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drying-out process. Héupl et al. (2003, 2004) demonstrated the function of the
insulation systems by presenting the measurement results of several internal insula-
tion systems at a number of different outside wall constructions. The application
of capillary-active inside insulation materials proved advantageous for the drying
process of potential built-in moisture as well as for the limitation of the condensa-
tion amount during winter. The thermal transmittance of the building walls could
approximately be halved in the presented cases without the necessity of vapor bar-
riers. Toman et al. (2009) presented long-term on-site assessment of hydrophilic
mineral wool insulation system without water vapor barrier. The reconstructed
building envelope exhibited very good hygrothermal performance. Nevertheless,
Morelli et al. (2010) performed a computational analysis of the internal insulation
solution of masonry walls with wooden floor beams in northern humid climate
and showed that the solution would almost halve the heat loss through the wall
section compared to the original one but the internal insulation reduces the drying
potential of the wall, which can lead to moisture problems.

Scheffler (2011) introduced an innovative and sustainable internal insulation
system based on a lightweight autoclaved aerated concrete. The results showed that
though the moisture content inside the masonry structure increased, the overall
moisture level was kept below critical value.

Vereecken and Roels (2011) made a hygrothermal comparison between
capillary-active and traditional vapor-tight interior insulation system. The perfor-
mance of the capillary-active system is shown to be more sensitive to the different
parameters (wind-driven rain load, orientation, catch ratio, finishing coat, thick-
ness of the wall, etc). Additionally, there exists a large number of uncertainties con-
cerning internal insulation (Nielsen et al., 2012; Zhao et al., 2011).

Most of these computational and experimental studies have focused on wall
structures in Central European climatic conditions. In cold climate, external ther-
mal insulation is hygrothermally a much safer solution than internal thermal insu-
lation. Frequently, in hygrothermal performance, risks arise. To avoid the possible
mold growth and condensation problems, special attention should be paid during
the design and installation phase of the renovation solution.

A better understanding of the hygrothermal performance of the interior insula-
tion retrofit approach in cold climate is needed. In this study, four solutions of inter-
nal thermal insulation for the brick wall are tested. An analysis was carried out to
assess the impact of an interior insulation retrofit on the hygrothermal performance
of a brick wall. The article describes the test wall setup, presents measurement results
over one year period, calibration of numerical simulation models and computational
analysis with various humidity loads.

Methods

Field measurements on a school building (Figure 1) and computer simulations were
used in this study.
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Figure |. View of the studied school building.

Field measurements

To compare the hygrothermal performance of different internal insulation materi-
als and to work out energy-renovation solutions for a historic school building, the
exterior wall was insulated with four materials (Figure 2). Materials were selected
so that diffusion open, capillary-active, and vapor-tight materials were used:

e calcium silicate (CaSi): capillary-active material with very high open porosity
and low vapor diffusion resistance;

e acrated concrete (AAC) with high open porosity, lower capillary activity and
thermal conductivity;

® polyurethane board with capillary-active channels (IQ-T)—combines low
thermal conductivity and a certain capillary activity;

® polyisocyanurate (PIR) board with closed pores: low thermal conductivity
and relatively high vapor diffusion resistance forming a vapor barrier in itself.

The original brick wall was 73-75 cm thick, composed of three layers of brick
with two air and insulation (peat) layers between them. The thickness of the insula-
tion layer was selected to represent typical products and to avoid large thermal
transmittance differences between the walls.

Each test wall was equipped with two temperature and relative humidity (RH)
sensors between insulation and the original wall (@ 5 mm, Rotronic HC 2 SCO05)
and heat flow plates (Hukseflux HFPO1) on the internal surface of insulation.
Internal and external surface temperatures were also measured.
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Indoor climate was heated with the set point of thermostat +21°C and humidi-
fied to keep the moisture excess of +2.3 to +4.4 g/m’, to represent the average
conditions in dwellings with high humidity loads (Kalamees, 2006).

The climatization of the test room was started by an attempt to imitate a typical
renovation process:

e Period 1 (P1): internal insulation works and starting to heat the room: 27
March 2012; Av + 0.1 g/m®

e Period 2 (P2): starting to humidify ~3 months after installation (4 July 2012)
to represent time period between the renovation and moving back in, high
humidity load; Av + 2.3 g/m? (humidified)

e Period 3 (P3): humidifying period to see the influence of different humidity
loads on hygrothermal performance of test walls, medium high humidity
load: 4 July 2012 to 8 October 2012; Av + 2.9 g/m*

e Period (P4): medium humidity load, 8 October 2012 to 14 December 2012;
Av + 4.2 g/m? (humidified)

e Period 5 (P5): with low humidification (from 14 December 2012) to see
drying-out potential of different walls; Av + 2.5 g/m’ (humidified according
to indoor RH)

To assess the conditions favorable for mold growth, the Finnish mold growth
model (Viitanen et al., 2010; Viitanen and Ojanen, 2007) was used. Critical RH lev-
els, namely, RH.;; > 80% and RH.; > 95% depending on substrate category
were used. RH.;; > 80% in case of PIR was used, because the side which is in con-
tact with the original wall is covered with paper. RH;; > 95% for stone materials
(CaSi and AAC) and IQ-T were used.

Computer simulations

The results of temperature and humidity measurements from test walls were com-
pared in a one-dimensional (1D) model with a commercial hygrothermal simulation
program DELPHIN 5.8.1 (Grunewald, 1997; Nicolai et al., 2008). There were three
main reasons for this comparison:

® to acquire a better understanding of the hygrothermal performance of the
internally insulated brick walls;

e to validate the simulation model for future simulations with different initial
and climatic conditions as well as with different dimensions of the building
envelope;

® to test the suitability of internal insulation solutions for that specific historic
school building.

The material producer’s data and simulation program’s (DELPHIN) material
libraries were used to provide material properties. In addition, several properties of
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the original brick (open porosity, absorption coefficient of water, density) were
measured in laboratory. Although an exact equivalent was not found from the
database, several bricks with similar properties were tested and the best match was
chosen for further fine-tuning. Vapor diffusion and liquid water conduction curves
were scaled to match the measured material properties and in situ test results.

The hygrothermal properties for the peat layer were based on literature
(Jirgenson, 1942; Kuts and Sheiman, 1965; Mikk, 1977; Vinha et al., 2005).

The dependency of hygrothermal properties on the environmental conditions
was taken into account: water vapor permeability, liquid water conductivity, and
thermal conductivity dependent on water content of a material. The main proper-
ties of materials used in the study are shown in Table 1.

To test the hygrothermal performance of energy-renovation solutions, Estonian
moisture test reference year (Kalamees and Vinha, 2004) was used for outdoor cli-
mate. For indoor climate, three different humidity load levels were used: Av +
2 g/m? (school, office), +4 g/m’ (low humidity load in dwellings), and +6 g/m?
(high humidity loads in dwellings).

Results

Climate conditions

Indoor and outdoor temperatures as well as temperatures between the insulation
and the original wall are shown in Figure 3. Outdoor air temperatures fluctuated
from +17°C to +30°C in July, with an average of + 19.4°C. Temperature until
December was rather mild, with an average temperature of +5.4°C in November
and minimum temperatures reaching + 1°C on a number of occasions.

According to Kiinzel (2011), freezing should be avoided to prevent damage to
the materials. Although the outdoor air temperature stayed under —10°C for 8 days
in December, none of the sensors detected temperatures below 0°C between the
insulation systems and original wall.

Conditioned indoor temperature stayed the same throughout the heating period
(+ 21 £ 0.5°C). A drop (minimum of +17.5°C) of the indoor temperature during
the cold period in December was caused by the low power setting of additional
heating in the room.

Figure 4 shows the values of moisture excess plotted against exterior tempera-
ture. On the graph, different periods of humidification can be identified. Average
values of moisture excess were 0.1, 2.3, 2.9, 4.2, and 2.5 g/m3 for periods P1 to PS5,
respectively. Figures 8 to 11 show the duration of the periods.

Comparison of reactions to changes in climate conditions

Comparisons of relative humidities during the period without humidification (P1)
of the test walls are given in Figure 5. Drying-out period finished fastest in the case
of CaSi (24 days), AAC section dried to the same level in 38 days, whereas 1Q-T
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Figure 3. Temperatures between insulation systems and original wall and indoor/outdoor air

temperatures.

AAC: aerated concrete; CaSi: calcium silicate; IQ-T: capillary-active channels; PIR: polyisocyanurate board.
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Figure 4. Indoor moisture excess dependent on exterior temperature.

reached the lowest RH of 86% at the start of humidification (3 months after the

installation).

Figure 6 shows the period of the start of humidification (transition from
P1-P2). Two distinct behaviors are apparent—in the case of low vapor diffusion
resistance (AAC, CaSi), the RH level behind the insulation follows the indoor con-
ditions closely. PIR and iQ-T, on the other hand, reacted more slowly. Second
period of drying (P5) is visible in Figure 7; permeable materials stabilize in about

5 days.
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Figure 5. Drying period without humidification—relative humidities between insulation

systems and original wall.

AAC: aerated concrete; CaSi: calcium silicate; IQ-T: capillary-active channels; PIR: polyisocyanurate board;

RH: relative humidity.
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Figure 6. Start of humidification—relative humidities between insulation systems and original

wall.

AAC: aerated concrete; CaSi: calcium silicate; IQ-T: capillary-active channels; PIR: polyisocyanurate board;

RH: relative humidity.

Moisture performance of the test walls

Relative humidity between the insulation and the original wall. Relative humidity behind
the insulating layer and the surface of the original wall from different walls are
given in Figures 8 to 11. These charts also show the corresponding values of the
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relative humidity as simulated in DELPHIN and the assessment criteria for proper

hygrothermal performance.

Figure 8 exhibits the relative humidity of the PIR test wall. Measured values of
the relative humidity exceeded the critical limit (RH ~80%) for 78 of the 230 days
of the test duration. Both the measured and simulated humidities dropped to safer
levels during P4, while the lack of humidification (second half of December 2012)

lowered it even further.
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Figure 9 shows the relative humidity behind the IQ-T insulation until the error
of the measurement system. The value of RH stayed just below the limit of 95%,
which is also the region where the capillary transport of humidity increases signifi-
cantly. As a reference, the RH of the sensor close to the ceiling (IQ-Th;gp) is given.

Relative humidity behind the layer of AAC (Figure 10), due to its low water
vapor diffusion resistance, reacted more quickly and drastically to the changes of
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indoor humidity. The period with higher moisture excess resulted in 59 h of possi-
ble condensation.

Likewise to the AAC wall segment, the RH graph of CaSi (Figure 11) exhibits
high fluctuations which follow the changes in the indoor relative humidity.
However, the overall level stays lower, with the maximum value of 95% during P3.
This is due to lower insulation thickness and higher thermal conductivity which
leads to higher temperatures behind the insulation, while the absolute humidities
stay practically on the same level.

As the simulated RH levels for both CaSi and AAC were considerably lower
than measured values, a safety margin of 5% r;—10% gy should be used when ana-
lyzing future simulation results.

Thermal conductivity and surface temperature. Thermal transmittance was calculated
based on heat flow and surface temperature measurements for the period from 1
September 2012 to 28 December 2012. This period was chosen because of low tem-
perature fluctuations and solar radiation. The average values for thermal transmit-
tance are given in Figure 12.

Higher water vapor content was found to have an inconsiderable effect on the
thermal transmittance, as the moist values of all materials dropped ~3% during
the period without humidification. This is quite unexpected, as the reduction of the
moisture content of the vapor-permeable materials was more significant than on
the PIR.

The average values of surface temperature in November stayed within 19.2°C—
19.8°C and the average for the uninsulated reference wall was 17.3°C (average
indoor temperature 20.9°C). During the cold period in December, the surface tem-
perature of the reference wall dropped to an average of 13.1°C, while the sections
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Figure 12. Average thermal transmittances calculated from measured heat fluxes of reference
and insulated walls during the period | September 2012 to 28 December 2012.
AAC: aerated concrete; CaSi: calcium silicate; IQ-T: capillary-active channels; PIR: polyisocyanurate board.

with insulation stayed 3°C—4°C higher (average indoor temperature 19.0°C),
depending on the material.

Hygrothermal performance of the internally insulated wall during moisture reference
year. The moisture reference years (MRYs; Kalamees and Vinha, 2004) were used
to test the hygrothermal performance of the internally insulated brick wall. The
internal moisture loads were chosen according to different use of the rooms: Av +
2 g/m’ as a school or office room; Av + 4 g/m’ as a dwelling with the low humid-
ity load; and Av + 6 g/m? as a dwelling with the high humidity load.

Figures 13 and 14 present RH results between original wall and additional inte-
rior thermal insulation calculated with calibrated wall models and MRY's for mold
growth under different moisture loads.

Table 2 gives the overview about RH results between original wall and addi-
tional interior thermal insulation in case of different indoor and outdoor climate
conditions. The percentage of the time when the RH > RH._.;, (RH 80% for PIR
and RH; for other materials 95%) is also presented in Table 2.

Discussion

The hygrothermal performance of four internally insulated test walls was com-
pared in field conditions. Sections of thermal insulation systems that were 1000
mm wide were installed on the same wall in the test room. Because of the possible
moisture and heat flux between the test wall sections the different parts were sepa-
rated by 50-mm wide joints. In the existing wall the ~50-mm deep grooves were
cut and cleaned. Afterward, the joints in the existing wall and between the different
insulation sections were completed with aluminum foil and polyurethane foam.
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AAC: aerated concrete; CaSi: calcium silicate; IQ-T: capillary-active channels; MRYs: moisture reference
years; PIR: polyisocyanurate board; RH: relative humidity.

Although there may have been some minor leaks between the test walls, the poten-
tial for the vapor diffusion and heat conduction was low and possible heat and
moisture movement between the test walls was probably minor. Another factor
influencing the accuracy of direct comparison between the wall sections could be
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Table 2. Results of the simulations: minimum and maximum RH levels under different climate
conditions and percentage of hours of the calculated MRY exceeding the RH,,;; level in the wall

Insulation material MRY Moisture excess RH RH>RH_; %
Av, gim? min max RH > RH_;,
PIR, 30 mm Mold +2 59 79 0
+4 64 82 19
+6 69 84 36
Condensate +2 55 79 0
+4 6l 8l 10
+6 66 83 30
IQ-T, 50 mm Mold +2 6l 73 0
+4 72 79 0
+6 80 86 0
Condensate +2 53 73 0
+4 66 78 0
+6 78 84 0
AAC, 60 mm Mold +2 47 72 0
+4 58 84 0
+6 70 90 (cond.®)
Condensate +2 37 76 0
+4 57 85 0
+6 72 90 (cond.®)
CaSi, 50 mm Mold +2 49 68 0
+4 57 76 0
+6 67 83 0
Condensate +2 37 69 0
+4 51 76 0
+6 64 83 0

AAC: aerated concrete; CaSi: calcium silicate; IQ-T: capillary-active channels; MRYs: moisture reference
years; PIR: polyisocyanurate board; RH: relative humidity.
?Possible underestimation of RH levels in computational models—condensation could take place.

non-uniform distribution of insulation in the existing wall and air flows in cavities.
This may be considered as a general limitation of the field study.

The temperatures measured in all the different insulation material sections and
in reference wall section of the brick facade were uniform. Facade temperature is
mainly influenced by the outdoor temperature. The test wall faces north, and there-
fore the solar heat absorption was minimal. The uniform temperature can be
explained by the relatively thick wall construction (typical thickness of external
brick walls is 43-51 cm) and the different layers inside the wall that equalize the
temperature distribution. The bigger temperature differences were on the surface
of the inner face of the existing masonry wall. The largest temperature drop in the
added insulation material was in the case of IQ-T and lowest in the case of CaSi,
because of the difference in thermal transmittance. This result coincides with

expected results.
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Freeze-thaw damage mechanism can occur at temperatures well below freezing
when the wall construction is essentially saturated. With brick walls, the limit for
freezing can be lower than 0°C because of the dissolved salts in the brick pores.
The temperature limit can be from 0°C to —5°C (Vesikari, 1998). The temperatures
inside the wall assemblies were measured between the added insulation material
and existing wall. In all the cases the temperature did not drop below the freezing
temperature between the insulation and existing wall. During the first year, no
freeze—thaw cycles were observed directly behind the insulation even if the limit
was set to 0°C.

The lowest RH is with the PIR (dry installation) and the highest with the AAC
(wet installation and vapor-permeable material). During the installation of PIR,
no extra moisture was added to the wall, and the RH between the insulation mate-
rial and existing wall reflects the built-in moisture of the existing wall. All the other
materials were installed using glue mortar and additional moisture was added to
the construction, which contributed to a higher RH level.

As all wet materials had ~5-mm layer of glue mortar according to installation
instructions, the amount of water added to the wall was largely the same. With 1Q-
T, the topmost plaster level was thicker than on the others (10-15 mm vs 2 mm
with the CaSi and 5 mm with AAC). The moisture added during the retrofit works
can cause long periods of high RH, if the renovation works are done during the
period when the outdoor and indoor conditions are not suitable for the drying out
or the moisture is not dried out before the rooms are taken into use again. The
results show that timing of the renovation works or the start point of the reuse
needs to be taken into account. The time after the renovation works is most critical
for the I1Q-T; for the CaSi and AAC, it is considerably shorter. It is also significant,
that although more resistant to vapor diffusion, humidification also increases the
RH behind the PIR layer (probably caused by outdoor climate/rain).

To simulate the use of the room as a living space, the humidifier and ventilation
systems were switched on 3 months after the installation of the insulation material
layers. After switching on and off the humidifier, a much quicker response of the
vapor-open materials to the change than that of vapor-tight materials was
observed. Also, there is a difference in drying rate of the materials if two time peri-
ods are compared (P1 and P5). The drying is accelerated because of the lowered
moisture load and mechanical ventilation during P5.

The measurement results show high humidity levels in all the cases. In the case
of AAC, possible condensation occurred. The conditions suitable to initiate the
mould growth are described in Viitanen and Ojanen (2007) and Viitanen et al.
(2010). The measured temperature and RH results show that the conditions suit-
able for the mould growth were fulfilled during most of the time period. The most
critical are the conditions in case of the PIR (RH . > 80%) and AAC (RH;;; >
95%).

The important aspect of any retrofit is the increase in thermal resistance of the
building envelope. This results in reduced energy usage and improved thermal
comfort for inhabitants. The thermal resistance was calculated using measured
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temperature difference across the brick wall, the insulation layers, and the heat
flow through the wall. Regarding the wall construction, the additional insulation
resulted in a decrease of the thermal transmittance of the wall by 40% to 65%.
The highest thermal resistance was achieved with 1Q-T. There was evident tem-
perature difference on the surface of the wall on the room side. During the winter
period, the temperature of the inner surface of the 1Q-T wall was almost 3°C
higher than that of the reference wall. In all the cases, the temperature was higher
than that of the reference wall and the thermal comfort was improved.

The simulation models of four internally insulated brick walls were used to ana-
lyze the hygrothermal performance of the renovated wall with the different indoor
and outdoor humidity loads.

In all cases, the temperature directly behind the added insulation did not drop
below 4°C—Afrost avoidance criteria is thus fulfilled.

Under low moisture load (office, school: Av = + 2 g/m?), all wall assemblies
functioned satisfactorily. Under low moisture loads, the PIR exhibited higher RH
levels during most of the year than other materials, except for the spring period
during the mold MRY (see Figure 13).

Because the PIR insulation board was covered with paper, the critical RH for it
was lower: RH . > 80%. This makes wall assembly with PIR problematic in dwell-
ings (Av > +4 g/m?). The critical period is from late summer to early winter. This
could be due to the outdoor climate since the original wall assembly is moistened
during summer and autumn and the indoor direction drying is limited because of
the higher water vapor diffusion resistance of PIR. In case of the more open materi-
als, the critical period exists during the winter and spring time due to the higher
moisture flux through the insulation. The use of paper in the production of PIR
should be critically analyzed and, if possible, more durable material for the surface
of PIR board should be found.

Taking into account the results derived from model calibration, the RH.; for
the AAC and CaSi was lowered to 85%-90%. Consequently, the risk of conden-
sate was present in the wall assembly insulated with AAC at high moisture excess
(Av > +6 g/m’).

Conclusion

In upgrading of energy performance for historic buildings, the use of internal ther-
mal insulation should be always carefully analyzed. In this study, the use of four
different materials was studied by field measurements and computer simulations.

The results show that the built-in moisture during installation can cause high
RH levels in a wall for a long period that can lead to interstitial condensation. The
temperature and RH condition inside the wall between the added insulation and
brick wall favoring mold growth were fulfilled during most of the time period.

As PIR board exceeded the RH,;+go~ convincingly, it cannot be recommended
to be used in its current form in high humidity loads—for example, using a product
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without the paper layer on the “cold” side to increase the critical RH criterion could
be considered. Furthermore, possible problems caused by moisture diffusion flux
toward the interior will have to be evaluated.

IQ-T behaved similarly to PIR, however, the thicknesses differed. Thus, the
materials could not be compared directly, and the effect of its capillary-active chan-
nels will need further assessment.

AAC and CaSi exhibited almost equal absolute humidity behind the insulation,
with the difference in RH due to lower thermal transmittance of the AAC layer. To
reduce the RH levels, lower thicknesses of insulation (in both AAC and IQ-T cases)
should also be evaluated.

The temperature on the inner surface was increased compared to the existing
wall, and thermal transmittance was halved almost in all the cases.

Based on the measurements and simulation results, all analyzed insulation mate-
rials are suitable for future analysis (two-dimensional (2D) details, different brick
wall constructions, and climate conditions) to work out internal insulation solu-
tions for historic buildings. Nevertheless, hygrothermal performance of exterior
wall solutions does not depend only on insulation materials, as the properties and
dimensions of original wall are important and have to be taken into account.
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Abstract

Interior insulation is one of the options to provide thermal upgrade to buildings with culturally
valuable facades. However, cold climate in Northern Europe is more critical to the
hygrothermal behaviour of the interior insulation and most solutions currently used in Central
Europe are considered risky and remain untested there.

This paper discusses the development of an interior insulation solution for a 7-story
office building in Tallinn, Estonia (brick fagcade, concrete frame). First, variations of the
solution were tested in-situ for a period of 1 year. Measurements and opening of the wall
structure provided the essential background information for numerical simulations in HAM
software Delphin. 1D and 2D HAM models were calibrated and finally, the models were
tested against moisture reference years to assess the functioning of the system in more critical
hygrothermal boundary conditions.

Keywords: hygrothermal behaviour, interior insulation, cold climate, case study

1 Introduction

Energy efficiency requirements, better understanding of moisture safety and higher demands
by the users have created the need to find solutions to upgrade the envelope of heritage brick
buildings. If the facades are valuable, exterior insulation is not an acceptable. At the same time,
traditional interior insulation solutions using mineral wool with or without vapour barrier are
risky due to possible mould hazard and moisture accumulation caused by wind driven rain.

During the last 15 years, so-called capillary active insulation materials have been used
in Central Europe to mitigate these risks. Recently the approach has been also investigated in
Scandinavia: Knarud et al [1] used Wufi to analyze different interior insulation solutions in
different Norwegian regions with varying wind driven rain conditions. Preliminary studies by
Odgaard et al [2], Bjarlov et al [3] showed the potential for energy savings and also
underlined the effect and possible risks of wind driven rain. However, these studies have been
based on calculations and not on field tests. Previous study in Estonia [4] showed that in the
case of capillary active insulation materials, correlating measurement and simulation data can
be difficult and in this case the error was nonconservative. This illustrates the need for in-situ
testing.

Main problems caused by interior insulation are: a) reduction of temperature of the
original wall — which, depending on the used materials, may cause mould growth and
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condensation on the interior surface; and increased risk of frost damage on the exterior surface;
b) increased effect of thermal bridges; ¢) reduction of thermal mass of the interior layer.

When interior insulation is planned (and even more so in the case of historic buildings)
these risks and effects should be considered and a thorough study is required to investigate the
actual hygrothermal behavior of the insulation system. This study describes such design and
monitoring process of an interior insulation solution for a historic office building.

2  Methods

2.1 Description of the studied building

Current study concentrates on a 7-storey office building built in 1932 (Fig. 1). As it is listed
by heritage protection, alterations to the facade are forbidden.

During preliminary studies, the wall structure was opened, its design was specified (Fig.
4) and material samples were collected. Due to the wall structure being complex and previous
experience showing the need for caution, a field study was carried out.

— | —
Insulated walls and
window jambs

nnmnnn i

g U
Do TR N
i ==l T

U RITE R
Studiedsfooms;; o 11

A
View 1

Insulated
test room

’

Fig. 1 Fagade of the studied building Fig. 2 Plan of the test rooms

2.2 Test setup

Field study consists of monitoring an insulated test room (Fig. 1 and Fig. 2) and its
neighbouring uninsulated reference room. Both are situated on the 3 floor and are orientated
to the north.

Based on initial hygrothermal simulations a 50mm layer of autoclaved aerated concrete
(AAC) insulation Ytong Multipor was chosen to cover the the walls and one of the two
radiator niches. Due to space restrictions, window jambs were insulated with t=12.5mm and
20mm XPS insulation boards (Tycroc TWP). Fig. 3 and Fig. 4 show the insulation and
measurement setup. Insulation and monitoring equipment were installed during the period of
2-8.07.2014. The following measurement devices were used in monitoring of the
hygrothermal performance of the building: T&RH probes: Rotronic HygroClip HC2-CO05
(accuracy +0.3°C, +1%RH); heat flux plates: Hukseflux HFPO1 (accuracy £5%); data logger
Grant Squirrel SQ2020 1F8 (accuracy +0.05% of readings + 0.025% of range); data logger
Grant Squirrel SQ2010 (accuracy £0.1% of readings + 0.1% of range); temperature probes:
Onset Hobo TMC6-HD (accuracy +0.15°C); T&RH data loggers: Onset Hobo Ul12 and
UX100 (accuracy +£0.21°C, £2.5-3.5%RH). Measurement interval of 1h was used.
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2.3 Performance criteria

High moisture levels can cause mould growth. VIT mould growth model [5, 6] gives the
temperature dependent critical relative humidity above which mould growth is possible. As
the model was developed for mould sensitive pine sapwood, it can be considered conservative
for many other materials. On the other hand, it is more flexible and gives a more realistic
assessment than a fixed 80%gy criterion. If the critical RH was exceeded, the severity of the
situation was assessed using mould index [7, 8]. The results of the model range from “0 — No
growth” to “6 — Heavy and tight growth”.

In the case of mineral capillary active insulation systems where insulation is glued to
the wall in full plane mould risk can be considered low. Kiinzel [9] suggests to avoid
condensation in the glue layer and RH,;;; =95%gy 1s proposed. In addition, frost aveidance in
the pores is advised. Taking into account the capillary pressure and salts in the pore water, the
frost should be avoided if the temperature is above -5°C. WTA Merkblatt 6-5 [10] proposes
assessment according to saturation degree — maximum of 30%s, is allowed to avoid frost
damage. Scheffler [11] concluded that in most cases in German climate Ytong Multipor can
be considered frost resistant and frost avoidance dropped. However, this conclusion has not
been further analysed in Nordic climate.

2.4 Hygrothermal modelling

To test the suitability of the insulation solution in more critical conditions than occurred
during the measurement period, hygrothermal modelling in commercial 2D HAM software
DELPHIN 5.8.1 [12, 13] was used. First, the models were calibrated against measured
temperature, relative humidity and heat flux data; then, moisture reference years were used to
assess the performance of the solutions.

In this paper, study of the middle part of the wall (Fig. 4) is presented. Although more
were used in development, 2 hygrothermal models are described here: 2D model spanning
from the window to the center axis of the column and 1D model representing cross section of
the wall along sensors HFP1-TRH3-TRH7.
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2.4.1 Material properties

Where possible simulation program’s (DELPHIN) material libraries and material producers’
data were used to provide material properties. Basic properties (density, porosity, thermal
conductivity, water uptake, water vapour diffusion resistance) of the aerated concrete were
measured and similar materials in Delphin’s database were sought for. “Lightweight
concrete” and ,,Blast furnace slag concrete were chosen as a basis and during calibration
process its properties were altered to find best correlation with measurement results. Tab. 1
lists the interrelationship between the materials in the measured wall and in Delphin database.

Tab. 1 Materials in the measured wall and respective materials in Delphin database that were used
in the hygrothermal simulations.

Material Equivalent in Delphin database

Brick Old Building Clinker Hamburg Holstenkamp

Aerated concrete Based on Lightweight concrete” and “Blast furnace slag
concrete

Plaster Lime plaster

AAC insulation board (Ytong Multipor) | Mineral Foam Multipor (from 2011)
Glue mortar/plaster for AAC insulation

Glue Mortar (For Mineral Insulation Board)

(Ytong Leichtmortel)

Glue foam for XPS (Ceresit CT84) Polyurethane-foam

XPS insulation board (Tycroc TWP) Polystyrene Board — Extruded
Wood Spruce SW Radial

Concrete Concrete

Cork Insulation-Clay-Cork-FW

2.4.2 Climatic conditions

During the calibration process following climatic boundary conditions were used: indoor and
outdoor temperature and relative humidity — as measured on site; precipitation, wind speed,
wind direction — as measured at Tallinn-Harku weather station of Estonian Weather Service;
diffuse and direct radiation — as measured at Tdravere weather station of Estonian Weather
Service. Time step for the data was 1 hour.

Later, Estonian moisture reference years (MRY) [14] were used as outdoor climate.
Condensate and Mould MRY's are used for hygrothermal design and represent the critical years
for the risk of water vapour condensation and risk of mould growth respectively [14]. Indoor
moisture load was characterized by moisture excess of Av=+4g/m’ in low and Av=+1g/m’ in
warm outdoor temperatures, indoor temperature was based on ICC II according to EN15251
(both chosen according to measured indoor climate of the building). Indoor and outdoor
climate based on MRY's were repeated for 5 years to take longer processes into account.

3  Results and discussion

3.1 Measurement results and model calibration

3.1.1 Climatic conditions during the measurement period

Fig. 5 gives the indoor and outdoor temperatures as measured on site. Minimum outdoor
temperature during the winter of 2014/2015 was -11.1°C with an average of +1.5°C
(1.11.2014...1.03.2015), which is significantly higher than usual. Average indoor temperature
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in the test rooms was 21.5°C. Due to intermittent heating scheme the indoor temperature had
a daily amplitude of <4°C.

Moisture loads can be described using moisture excess (4v; difference between indoor
and outdoor air moisture contents). Fig. 6 gives the moisture excess in the studied rooms and
shows that moisture load during the measurement period was relatively low.
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Fig. 5 Indoor and outdoor temperatures at the Fig. 6 Moisture excess in test room
tested building during the measurement period during the measurement period

3.1.2 Monitoring of the middle section of the wall and calibration results

Data from all sensors show that hygrothermal conditions during the measurement period
stayed well below the safe performance limits of the system. On one hand this can be attributed
to relatively low thermal conductivity of the historic aerated concrete (when compared to other
masonry structures) and air cavity between outer brick leaf and interior layers, which reduces
the ingress of driving rain. However, it has to be noted that winter was very mild and moisture
load in the test room was low. Comparison of heat flux data from HFP1 and similarly placed
sensor on reference wall revealed over twofold reduction of thermal transmittance
(Unpp1=0.50 W/(m?-K) vs Ue=1.13 W/(m?-K)) showing potential for energy savings.

Because monitoring sensors cover the axis HFP1-TRH3-THR?7 best, this paper gives
measurement and simulation results (Fig. 7 to Fig. 10) from the position of TRH3. Different
types (temp., rel. hum., heat flux) of data allow for finer assessment of the simulation accuracy.

Calibration process mainly consisted of iteratively fine-tuning the historic aerated
concrete’s properties while comparing simulation results with measurements from all relevant
sensors. While good agreement was mostly found, larger discrepancies exist in measured and
modelled heat flux data. Although opening of the structure and data from TRH4 gives ground to
belief that some ventilation took place in the air cavities, they were modelled as unventilated.
This and uncertainties of the original wall material properties could cause the differences.
Comparison of 2D and 1D models, showed that in this position (TRH3) results from the models
differed only slightly. Temperature error of both models at TRH3 was non-conservative
(~3°C at At=30°C boundary conditions) and should be taken into account when doing frost
avoidance assessment. Water vapour pressure and relative humidity errors were conservative.

At a hygrothermally more critical position TRHI, humidity and temperature coincided
better with measurement results and both errors were found to be conservative. Between cork
insulation and t/c column (TRH2) underestimation of temperature and overestimation of
water vapour pressures occurred. This resulted in RH modelling error of +10%gy during the
winter period and making calculation in this position conservative. Possible cause for errors at
TRH2 could be unreliable material data for existing cork insulation.
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3.2 Calculations with Estonian moisture reference years (MRYs)

As expected, simulations with calibrated 2D model using Estonian MRY’s as boundary
conditions gave hygrothermally more severe results. As position TRHI gives lowest
temperatures in glue layer, the situation there is most critical in terms of capillary active
insulation performance limits. Fig. 11 to Fig. 13 give the modelling results and their
respective performance criteria for TRH1. While being closer to the limits, they are not
exceeded and in case of RH and saturation degree, there is still headroom.
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In terms of mould prevention, most critical position is between existing cork insulation and r/c
column (TRH2). Both mould and condensate MRYs exceeded critical limit above which
mould growth is possible (Fig. 14). Analysis of mould index (Cma=0.25; material sensitivity
class: “sensitive”) revealed that yearly fluctuations were between 0.7...1.2 (mould MRY) and
0...0.5 (condensate MRY). Given that hygrothermal model overestimated RH levels in this
position, maximum mould index stayed close to 1 (“Initial stages of growth”), and cork layer
being separated from indoor air, the risks for mould damage can be considered relatively low.

4 Conclusion

From an energy efficiency point of view of the insulated wall functioned well — measured
thermal transmittance in aerated concrete section of the wall was reduced over 2 times.
Measurement results from the period of summer 2014.. spring 2015 were hygrothermally
favorable in all measured positions and critical limits were not exceeded. While on one hand
the structure was suitable for insulation, the climatically very mild winter and low indoor
moisture load might have left possible problems uncovered by the measurements.

To overcome this, hygrothermal modelling was used to assess the performance of the
insulation solution during more critical boundary conditions (Estonian moisture reference
years). HAM models were calibrated against measurement data; mostly good correlation was
found with discrepancies possibly caused by uncertainties in material data and ventilation
occurring in air cavities in the wall. Calculations with MRY's gives ground to belief that the
insulated wall will perform within acceptable limits.

Next, suitable solutions for different details (interior wall-exterior wall and exterior
wall-floor slab intersections etc) will be developed with the aid of HAM models. Also, as
measurements are still ongoing, analysis of long term data will be carried out. Further research
into the frost avoidance criteria might allow the use of more efficient insulation layers.

Overall, the study gave encouraging results, especially when considering interior
insulation of office buildings with similar wall structure. However, research to determine the
existing structure and its properties, moisture loads and thorough hygrothermal calculations
are necessary in design stage. In-situ measurements are strongly advised in cases where
higher moisture loads, unknown materials/wall structures and special details (e.g. wooden
beam-ends) are concerned.
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ABSTRACT

Excessive mould damage was detected in an office building in Northern Europe and thus a
renovation need was established. This paper studies a renovation solution using measurements
and heat, air & moisture (HAM) modelling. Polyurethane (PUR) foam was used to fill the air
gap in masonry while capillary active calcium silicate (CaSi) insulation was used on the interior
surface at thermal bridges. During renovation works temperature and relative humidity (t&RH)
and heat flux sensors were installed throughout the wall.

Nearly 3 years of measurements are presented. Average thermal transmittance (U) of the wall
was reduced around 3 times. While the climate was probably not critical during the monitoring,
the measured values stayed within hygrothermally safe limits.

The paper also compares the measurement data to 2D HAM modelling and discusses the
discrepancies. Calibrated models were used to model the wall using real 42-year weather data
and give a more thorough assessment of the hygrothermal performance. Although the original
wall stayed fairly moist, no performance limits were exceeded and the interior surface became
safer in terms of mould risk.

KEYWORDS
interior insulation, HAM modelling, capillary active, cold climate, case study

INTRODUCTION

Interior insulation has usually been disapproved in Northern Europe as a hygrothermally risky
solution. However, “capillary active” insulation has gained ground in Central Europe and
become a compelling choice by taking a different approach to mitigating the risks caused by
insulation on the interior side (compared to traditional mineral wool + vapour barrier solution).
This study took place on the last floor of an 8-storey office building (built in 1936; cultural
heritage). Existing interior insulation (gypsum board, PE foil, min. wool) exhibited excessive
mould damage and a renovation solution had to be found. Main challenges were: low surface
temperatures, high thermal transmittance and avoidance of future biological decay. Preliminary
HAM modelling showed that “closed cell” PUR foam injected into air cavities of the masonry
and “capillary active” CaSi on the surface of the wall could perform well. This paper discusses
the monitoring and modelling of the chosen solution.

METHODS

Measurement setup

Vertical and horizontal sections of the studied wall are given in Figure 1. The wall structure,
renovation solution and sensor placement are also shown. Sensors and their positions were
selected both to assess the hygrothermal situation after the insulation and to have enough
reference points to calibrate the HAM models.
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The following measurement devices were used: T&RH probes: Rotronic HygroClip HC2-C05
(accuracy +0.3°C, +£1%RH); heat flux plates: Hukseflux HFPO1 (accuracy +5%); data logger
Grant Squirrel SQ2020 1F8 (accuracy £0.05% of readings = 0.025% of range); temp. probes &
logger: Onset Hobo UX120-006M & TMC6-HD (accuracy +0.15°C); T&RH data loggers:
Onset Hobo U12 and UX100 (accuracy +0.21°C, £2.5-3.5%RH). Measurement interval: 1h.
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1D model
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w T&RH 1 T&RH 3| Renovation solution:
55 Calcium silicate = s 5
® i insulation, t~30mm 130 -850 PUR foam in air cavity,
g t~100mm, with "closed
P_UR fqam in former [-] cells”
2 air cavity, - Original wall Calcium silicate
1D/2D model = t~100mm, = . insulation, t~30mm
r—" rerrz b "closed cells" - Limestone - 100mm _
M e e — ST
? \J&m—n Brick - 270mm @ Temp.&rel.hum. sensor
TERHI Cavity - 100mm ® Temperature sensor
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Figure 1. Vertical and horizontal sections of the wall showing sensor placement and wall layers.

Performance criteria

WTA Merkblatt 6-5 (Kiinzel et al. 2012) proposes to avoid frost and condensation in insulation
and glue. Assessment according to saturation degree should be carried out — maximum of 30%sat
is allowed to avoid frost damage. However, our previous research (K1dseiko et al. 2017) showed
that freeze-thaw cycling affected tensile strength of capillary active insulation material even
though saturation degree stayed below the 30%sat limit. Therefore, slightly stricter limits of
RHerit= 95 %ru and ferie = -5 °C (Kiinzel 2011) are used in this study. Minimizing freeze-thaw
cycles of the limestone cladding was not a criterion as conversion to ventilated fagade is planned
for the building.

Hygrothermal modelling

IBK Delphin 5.9.0 (Grunewald 1997; Nicolai et al. 2009) was used to model the hygrothermal
performance of the exterior wall. Modelling consisted of 2 steps: 1) model calibration and 2)
modelling with 42-year weather data. 1D and 2D models of the masonry section were created
(while brickwork was treated as a homogenous material for both). Concrete bond beam was
modelled as a 1D case. Model geometry is given in Figure 1.

During calibration, measured (¢, RH (+ calculated vapour pressure), heat flux) and modelled
data were compared. Then the HAM models were iteratively changed within plausible extents
to achieve a better match between the two. Different bricks and concrete types from Delphin
material database were tested (finally settling with ID 543 and 569 for brick and concrete
respectively), PUR foam properties were fine-tuned according to limits given in its datasheet
(based on ID 195; following changes were made: p = 39 kg/m?, u = 39, 1 =0.022 W/(m-K)).
Rest of the material IDs from Delphin database used in models were 464, 143, 424, 21, 230.
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Boundary conditions for model calibration were: t&RH (measured on site); wind, rain
(measured 10km away) and solar radiation (measured 165km away). 42-year weather data (¢,
RH, wind, rain, solar radiation; all measured 165km away) was used to assess the performance
in more critical conditions. As the indoor humidity load in the test room was very low, more
critical indoor ¢ & moisture excess profiles were used for 42-year modelling (roughly moisture
class 2 given in EN ISO 13788 Table/Figure A.2). They were based on an earlier study in a
similar building (K16seiko & Kalamees 2016).

RESULTS & DISCUSSION

Measurement results

Temperatures behind CaSi (Figure 2 top, sensors TRHI, 3, 4) were closest to limits during the
winter of the first year. At sensor TRH4 (concrete section) they fell to as low as -2.5°C, but not
reaching the critical -5°C. In masonry section the temperatures were higher due to PUR
insulation adding further thermal resistance. Consequently, sensors on the exterior side of PUR
(TRH2 shown here) measured far lower temperatures than between CaSi and concrete bond
beam. Figure 2 (bottom) gives the measured relative humidities. Dryout of the built-in moisture
to stable levels took about 2.5...3 months. RH values between exterior brick leaf and PUR
(sensor TRH2) were quite stable (fluctuating about 5%grn throughout the year) after the dryout
of CaSi built-in moisture.
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Figure 2. Measured temperatures (top) and relative humidities (bottom) throughout the
monitoring period.

Moisture excess during the measurement period in the test room was very low (close to moisture
class 1 according to EN-ISO 13788 A.2), as a well-functioning HVAC system was installed.
Analysis of measured data hints that moisture contents of air in the pores of exterior masonry
leaf are governed by outdoor climate while lagging about half a week. A ~ 4 g/m? rise in
moisture contents compared to indoor and outdoor air in autumn (mid-Aug...Oct.) is
pronounced, possibly due to rain. However, moisture does not seem to be accumulating in the
wall over time, which could be the case with vapour tight interior insulation and heavy wind
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driven rain loads. Sensors behind CaSi insulation measured moisture contents quite close to that
of the indoor air throughout the year. A lag of a couple of days was detected.

Temperature indexes (fzs;) were calculated from surface temperatures to assess mould and
condensate risk on the wall surface. The worst situation was detected at wall-floor intersection
(frsi=0.79) and at concrete bond beam (fzsi= 0.83). None of those results should indicate a risk,
however, as indoor moisture load was low. fzs: values at the rest of the intersections were also
considerably higher (i.e. safer).

Average heat flux and temperature data from 1. Nov. 2015... 29. Feb. 2016 was used to
calculate the thermal transmittances (U) of the insulated wall (see Figure 1 for placement of the
sensors). At tie bricks (HFP2) U= 0.52 W/(m?-K) was measured and between tie bricks (HFP1)
the value was U = 0.31 W/(m?-K). 2D thermal transfer modelling of the insulated structure
results in average thermal transmittance of U = 0.39 W/(m?-K), which is ~ 3-fold reduction
compared to the uninsulated case (U = 1.14 W/(m?-K)).

Calibration of HAM models

Results from the models which achieved the best fit and positions that are most relevant to the
assessment criteria are presented here. Figure 3 shows data from TRH2 (between CaSi and tie
brick) and TRH4 (between CaSi concrete bond beam). Relative humidity is given as it integrates
the errors in thermal and moisture calculations.

Agreement of calculated and measured temperatures (TRH3 2D model; TRH4 1D model) was
within £1°C for most of the year with overestimation of temperatures by 2...3°C taking place
in summer (possibly due to deficiencies in solar modelling of the south facing wall). TRH3 1D
model exhibits too low temperatures which results in higher than measured RH. Modelled RH
values exhibit less fluctuation in all cases, however, that seems to be the characteristic of the
Delphin program (Kl1dseiko et al. 2015; KlIdseiko & Kalamees 2016; Kloseiko et al. 2017). 24h
avg. heat fluxes in masonry section achieved less than +1 W/m? (~5...10%) difference for most
of the heating period using 2D model; in case of 1D models, the errors were 4...8 times higher.
Possible sources of errors could be: material data (limestone as location specific and
inhomogeneous material; only basic parameters were measured for brick), unknows concerning
the actual wall structure, wind driven rain modelling, solar radiation modelling.
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Figure 3. Comparison of measured and modelled relative humidities at TRH3 (between CaSi
and tie brick; left) and TRH4 (CaSi insulation on top of concrete; right).

1422



7th International Building Physics Conference, IBPC2018

The correlation between measurements and modelling was deemed satisfactory. For
performance assessment of CaSi insulation the 1D model of the masonry section might be good
enough as the errors on that part were conservative. However, as wind driven rain could cause
accumulation of moisture in the exterior masonry leaf, 2D model is also necessary.

Modelling with 42-year weather data

Due to limited space only the most critical point in the wall (TRH4 behind CaSi on concrete
bond beam) is discussed here. Modelled t&RH values are given in Figure 4. Yearly minimum
temperatures and maximum relative humidities are shown so the most critical year can be
highlighted. In the case of TRH4, the 1986/1987 season was the harshest and is shown in Figure
4 (right). Yearly maximum relative humidities are much more stable than temperatures.
“Flattening” the peaks of the RH graphs is possibly due to relatively high moisture capacity and
redistribution of moisture in both concrete and CaSi.

Figure 4 also illustrates that 42-year modelled t&RH are far more critical than measured values.
While lower ¢ is largely the result of colder outdoor climate, the significantly higher modelled
RH are caused by using higher indoor moisture load.

During 10 out of 42 years (~24%) ¢ behind the insulation fell below critical -5°C. Still, RH was
far below the 95%kru limit. Thus, according to the modelling data, frost damage in insulation
system will not be a problem and the solution could be approved for use in the rest of the
building. However, as previous research (Binder et al. 2013; Kldseiko et al. 2017) has shown,
the modelling results of “capillary active” materials can also be non-conservatively skewed,
especially when higher moisture contents are concerned and values are closer to the
performance limits. To overcome that, development of improved liquid and vapour conductivity
curves for CaSi as well measurements of limestone and brick properties are in progress.
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values.
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CONCLUSIONS

Measurements show that interior insulation can perform well at least if HVAC systems function
nominally. Wind driven rain did not cause a notable accumulation of moisture on the exterior
side of “vapour tight” PUR foam. Comparison of modelled and measured data shows that 2D
modelling should be used for this type of structure. If interior insulation layers are thin, the
HAM models can still fairly adequately portray the processes behind the insulation even if
detailed material data for existing wall is unavailable.

Modelling results suggest that even in the case of increased moisture load, the CaSi boards are
quite a robust solution and provide an extra layer of safety thanks to quite high moisture capacity
and lack of biological decay. Modelling with long-term weather data gives an increased
confidence in the results. For example, if test reference years are used, the principle of their
selection might not always match that of the current modelling aim. Also, the measured data
was far on non-conservative side compared to 42-year modelling results, partly due to current
winters being quite mild. To test an experimental structure in more critical boundary conditions,
modelling with historic data and calibrated model can be a viable option.
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Abstract

A climate chamber test was carried out to study the effects of freezing and thawing on strength and hygrothermal performance of
three interior insulation systems: autoclaved aerated concrete, calcium silicate and expanded perlite insulation. Wall assemblies
were monitored for temperature, relative humidity, moisture content and heat flux during dryout, preconditioning and freeze-thaw
cycling. Pull-off strength was tested to detect changes in the material structure caused by freeze-thaw cycles.

Significant drop in strengths was detected for most of the setups. Comparison of measurement and hygrothermal modelling (IBK
Delphin) results illustrates that even if state-of-the-art material data is available for HAM modelling, the reality may turn out to be
vastly different, especially in the range of high moisture contents.

© 2017 The Authors. Published by Elsevier Ltd.
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Keywords: interior insulation, frost resistance, hygrothermal modelling, HAM, climate chamber, capillary active

1. Introduction

High thermal conductivity and low surface temperatures are the sources of concern in historic masonry buildings
resulting in high heating costs and mould risk. Interior insulation can be one solution should the exterior insulation be
ruled out due to facades that are worth preserving. While the application of “capillary active” insulation can lessen
some of the problems inherent to interior insulation, there too are its own risks. As the interface of original wall and
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insulation can be wet and cold, frost might be an issue. According to Kiinzel [1] freezing temperatures behind interior
insulation system should be avoided. Thus, temperature at insulation-original wall interface should be above -5°C and
relative humidity should be stay below 95%gru. This very much restricts the thickness of interior insulation that can
be applied, especially so in colder climates on walls with high thermal transmittance.

WTA Merkblatt 6-5 [2] recommends taking saturation degree of the material pores into account, it should stay
below 30%s,. That allows more freedom comparing to the previous criterion. However, authors’ previous field
measurements of capillary active interior insulation [3] showed considerably higher relative humidity levels when
compared to Delphin model with same climate conditions. Thus the authors feel that a certain level of caution is
required when interpreting the modelling results.

Research conducted by Scheffler [4] shows, that Ytong Multipor as a material is not sensitive to freeze-thaw cycles,
however, the testing was limited to hygroscopic range and did not take into account other elements of the insulation
system (e.g. glue mortar).

The aim of the study is to clarify the topic using hard data and research the possibility of mitigating the freezing
criterion and therefore being able to install thicker insulation while having higher confidence in the interior insulation
systems.

2. Methods
2.1. Test setup

In this study 3 different “capillary active” insulation systems are tested: Ytong Multipor autoclaved aerated concrete
in 50mm and 60mm thicknesses (designated as MP50 and MP60 respectively), S0mm Knauf Tectem expanded perlite
(TT) and 50mm Epasit Epatherm calcium silicate (ET). All of the insulation boards were attached to the base structure
using system-specific glue mortar and covered with plaster and paint. The goal of the was not to imitate the exterior
wall exactly as it would appear in real life but to achieve similar moisture contents in the insulation systems and test
them for frost resistance. Thus, to shorten the duration of the cycle, a base structure with low thermal mass was
selected. This consisted of timber framing, wood particleboard, PE foil and Knauf Aquapanel cement fiberboard. The
view and section of the wall are given in Fig. 1. The materials in the test wall were selected so that majority of them
would be represented in Delphin database to reduce uncertainties.

Boundary conditions for the study were selected based hygrothermal modelling. They were meant to achieve
similar moisture contents as a 380mm brick wall with 100mm autoclaved aerated concrete or calcium silicate interior
insulation modelled with 43-year real climatic data from Tartu, Estonia.

Temperature, relative humidity, moisture content and heat flux sensors were installed in the wall (Fig. 1 top left
and top right). The following sensors and devices were used: 1) temp. sensors (inside the wall and on surfaces): Onset
Hobo TMC15-HD & logger UX120-006M (accuracy +0.15°C); 2) t&RH sensors (boundary conditions in chambers
and inside the wall): Rotronic Hygroclip HC2-C05 (accuracy +0.3°C, £1%RH) & A/D converter: Siemens SM331
6ES7331-1kf02-0ab0 (accuracy +0.004V); 3) heat flux sensors: Hukseflux HFPO1 (accuracy £5%), logger: Grant
Squirrel SQ2020 1F8 (accuracy £0.05% of readings, + 0.025% of range); 4) backup t&RH sensors for int. and ext.
chamber climate: Onset Hobo UX100-023; 5) balance: Vibra AJH-2200CE (e=0.1g, d=0.01g); 6) oven Venticell 111.
Also, gravimetric measurement of moisture contents from different drill core layers were used (see Fig. 1 bottom
right). Samples were dried at 70°C until constant mass had been achieved.

2.2. Freeze-thaw resistance assessment

At0, 11,26 and 53 freeze-thaw cycles 10 test samples of each insulation system were tested. A ¥92 mm core-drill
was used for the separation of the samples (resulting in @85mm specimens) and adhesion/tensile strength was tested
with Proceq DYNA Z Pull-Off tester. Although other methods have also been used for frost resistance assessment
(e.g. compressive strength [4], dilatometry [5], dynamic elasticity modulus [6], mass loss, visual inspection etc),
tensile strength was deemed suitable as the whole system was under study.
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Fig. 1 View to the test wall from the interior chamber (top left), horizontal section (bottom left), detail of the layers (top right) and a typical
drill core from which moisture contents were gravimetrically measured (bottom right).

2.3. Hygrothermal modelling

For modelling purposes IBK Delphin 5.8.3 [7,8] was used with ice model [9] turned “on”. 1D model was used for
comparison to the measurements, as prior 2D modelling deemed the thermal and hygric effect of framing >10...15cm
from the edges insignificant. Boundary conditions for the modelling were for a) heat conduction: measured interior &
exterior surface temperatures; and b) vapour diffusion: measured t&RH in air of interior and exterior chambers. Initial
temperature and RH for the wall layers were 23°C and 60%gnu respectively, while the glue and plaster layers were
presumed to be saturated.

Material properties were taken from Delphin database. Exact matches existed for all materials except for the Epasit
Epatherm glue and plaster layers, which were selected based on basic parameters (p, y, A, 11, Aw). Also, exact properties
of 0.Imm PE foil and 22mm particleboard are not yet known. The effect of particleboard on the insulation systems is
largely thermal and its properties in the models were adjusted using the heat fluxes and temperatures. The thicknesses
of the layers were based on measurements of the drill cores. Based on manufacturer’s data, an additional vapour
resistance of sq=0.18m was added to the interior surface to take the silicate paint into account.

3. Results and discussion

Temperature and relative humidity in interior and exterior chamber throughout the test are given in Fig. 2. A typical
freeze-thaw cycle in exterior chamber consisted of freezing period (t ~ -29°C, duration ~25h) and thawing period (t ~
-20°C, duration ~11h), while interior chamber temperature was kept constantly at 20°C. During the freezing period
the temperature inside the glue layer dropped to as low as -15...-10°C depending on the insulation system (see Fig. 2
(right)). Due to relatively high moisture content, the effect of freezing and thawing is evident on temperature chart. It
can be said that freezing starts at nearly 0°C for MP50 and MP60 and at around -1...-2°C for TT and ET systems.
This is higher than -5°C temperature limit for frost avoidance derived from thermodynamics in [1] and suggests that
larger pores are filled with water. Using porosities and densities from Delphin database, the saturation degrees were
calculated from the measured moisture contents at the end of the test (Fig. 4). The saturation degree in insulation
reached the highest in ET (24%s,) and stayed the lowest in MP and TT insulations (9...11%s.). In the case of the
substrate (cement fiberboard), the trend was reversed — the lowest saturation degree was in ET and TT sections
(25...29% sar) vs MP (34...35%;.:). Highest saturation degree in the glue was in TT (41% s) and lower in MP and ET
sections (25...32% sar).
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Tensile strengths of the insulation systems before and after freeze-thaw cycling are given in Fig. 3. Testing showed
quite high spread. In TT & ET systems the rupture appeared in insulation layer near the glue in all cases. With MP50
and MP60 the break occurred in the middle of insulation layer during the base (0 cycles) and 11 cycle cases. However,
in cases of 26 and 53 cycles (especially with MP50), the drill cores mostly separated from the base structure (cement

fiberboard) from the glue layer.
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Comparing the base cases to the tensile strengths at 53 cycles, independent samples 1-tailed t-tests showed
statistically significant drop in tensile strengths for all insulation systems (p<0.05) except for ET. In case of MP50
and MP60, the deterioration was significant already at 26 cycles too. However, as statistical equivalence of the results
from different cycles was not tested for, it cannot be said that ET is frost resistant.

Comparison of measurements to modelling. Gravimetric measurements give a more accurate indication of
moisture content of the material compared to RH measurements. Almost all hygrothermal models underestimated the
moisture contents during humidification periods. Typically, 1.5...3-fold differences occurred in glue and exterior part
of insulation layers. The exception was cement fiberboard (Fig. 4 top left), where TT and ET models achieved best
correlations. Theory of underestimated moisture contents is asserted by freeze thaw-cycling where delay in
temperature drops and rises is not apparent in modelled data (see Fig. 2 right). It has to be born in mind that for ET
insulation system the detailed glue and plaster material data was not available and influences the modelling results.

As the relative humidity inside glue layer was over range for RH sensors for most of the study, the comparison can
be given for the initial phases (Fig. 4 bottom right). The trend coincides with authors’ previous studies [3] where
measured rel. humidities exceeded the modelled values in higher rel. humidities and when sharp rises were concerned.
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Sources of deviations. It is certain that errors were made sampling the data during this study (sensor errors, flaws
in cutting, weighing, drying, etc). However, as large deviations, repeated sampling, duplicated sensors and previous
studies show, the trend is probably still the same. Beside measurement errors, the other possibility is that the model
might have its weaknesses. Deviations in material production might induce errors. Janssen et al [10] have raised
questions about the low-capillarity approach in Delphin's handling of over-capillary moisture range. Also, the methods
for deriving the moisture dependent liquid conductivity (K;) function from measured material data might be the cause
of inconsistencies. Dynamic effects too have been identified influencing on hygrothermal processes [11], but are not
yet reliably described by the models.

4. Conclusion

Pull-off testing of drill cores from the insulation systems during different stages of the study showed that
statistically significant changes in tensile strength occurred in MP50, MP60 and TT insulation systems. As the frost
resistance cannot be ruled out as an assessment criteria based on current study, the correct modelling of moisture
contents inside the wall is necessary to calculate the saturation degree and possible freeze-thaw cycles.

The hygrothermal models used to compare to the measurements were composed under best assumptions. They
represent what engineers and consultants may use without conducting any further time- and resource-intensive studies.
Comparison of measurement results to hygrothermal modelling revealed that even if thoroughly studied state-of-the-
art material data is available for HAM modelling, the reality may turn out to be vastly different. This seems to hold
true especially in high moisture content range.

These results suggest that further studies are necessary before safe functioning of “capillary active” interior
insulation with higher thicknesses in cold climate can be warranted.
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hygrothermal material characterization

Paul Kl1d3eiko'“and Peggy Freudenberg?

! Tallinn Univ. of Technology, Dept. of Civil Engin. and Arch., Ehitajate tee 5, Tallinn, Estonia
2 TU Dresden, Institute for Building Climatology, Zellescher Weg 17, 01069 Dresden, Germany

Abstract. Reliable hygrothermal modelling depends on the quality of
material characterization, especially so when higher moisture contents are
concerned. Previous research has shown that adding additional material
tests (e.g. capillary condensation redistribution (CCR) test) to the
experimental dataset brings improvements to the modelling accuracy, but
also adds to the workload of characterization process. This paper discusses
a generative optimization workflow to increase the speed of the
characterization and quality of the result. The proposed workflow
incorporates optimization tool GenOpt and hygrothermal modelling
software IBK Delphin to search for best fit of the water vapour and liquid
conductivity curves of interior insulation materials based on modelling the
CCR, drying and wet cup tests. Finally, models using material data from
the proposed workflow and from the software database are compared to
measurement results from two studies on interior thermal insulation. The
results suggest that the generative optimization shows promise on the
grounds of reducing tedious work analysing material tests. Also, a wider
experimental dataset is shown to be useful when characterizing the vapour
and liquid conductivity functions in over-hygroscopic region.

1 Introduction

Interest in interior insulation has grown year-by-year in the Nordic countries as the need to
combat high heating costs and mould risk in historic buildings increases. “Capillary active”
insulation could be one solution, but the possibility of frost damage in cold climate
necessitates deeper studies into the topic — also through hygrothermal modelling.

According to Kiinzel [1], temperature behind the insulation should be above -5°C and
relative humidity should be stay < 95%gy to avoid frost damage. Hygrothermal modelling
tools and material data have shown good correlation in this range and in experienced hands,
the results can be considered reliable. However, these limit values restrict the thickness of
interior insulation that can be applied, especially so in colder climates on walls with high
thermal transmittance and where the need for thicker insulation is more pressing.

As stated in WTA Merkblatt 6-5 [2], a lot milder performance criterion can be used: the
saturation degree inside the material pores should be below 30%,. Previous research [3, 4]
has indicated that in high moisture content range, the modelling results can indicate much
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lower humidity than there actually is — thus making the error non-conservative. Usually,
water uptake and drying test are used to determine the water vapour and liquid conductivity
curves in higher moisture content range [5, 6]. Assessing the share between the flows in
these cases is based on assumptions as both have the same direction and are subjected to
rather extreme conditions (water contact and full saturation). To gain more information on
this, Binder et al [3, 7, 8] proposed a capillary condensation redistribution (CCR) test.
There, a condensation plane inside a material sample is caused by temperature difference
while mass change and moisture profile are monitored.

Taking the CCR test results into account has been so far been a step-by-step iterative
process [8], which adds to the already existing high work load when doing the material
characterization. This paper investigates the application of a generative optimization tool
GenOpt to counter that and increase the quality of the results.

2 Methods

The proposed workflow incorporates optimization tool GenOpt [9] and hygrothermal
modelling software IBK Delphin [10, 11] to search for best fit of the water vapour and
liquid conductivity curves of interior insulation materials based on experimental data from
material tests. This work is a further development of the tool [12] used to calibrate
hygrothermal simulations according to measurements.

The operating principle of the optimization tool is given in Fig. 1. Moisture dependent
water vapour (log(K,(w)) and liquid water conductivity (log(K,(w)) curves are defined by
having a certain number of points at fixed moisture content values while GenOpt varies
their conductivities. As GenOpt handles all optimizable variables independently, the Python
script checks if the liquid conductivity curve is monotonically increasing. In the case of
vapour conductivity, the curve should increase until point i and is expected to fall since
point j (both can be defined). Penalties are applied if previous conditions are not met.

Inputs Optimization Outputs
Command file N
(definition of variables to be —>
optimized; optimization
algorithm settings) #
L Program
Case description Case description call )
template (k; & K, cunes) i Output & log files
(K & K, curve values
P Y I HON and average absolute
Kv _&. Kl curve difference for every
validity check iteration)
Model file templates , Model files for Penalties if Log file Graphs
(of material tests) current case curves invalid (modelled and
‘ measured material
tests for every
iteration
Measurement results J
% T
Modelling N Average absolute
results difference

A

Fig. 1. Operating principle of the optimization tool based on GenOpt, Python and Delphin 5.9.

This paper presents optimization cases with autoclaved aerated concrete (AAC; mostly
large macropores and fine capillaries) and calcium silicate (CaSi; mostly fine capillaries)
insulation materials as an example. The tests currently incorporated in the optimization tool
are: capillary condensation redistribution (CCR; moisture content profile at final time step;
avg. moisture content over time), drying (avg. moisture content over time) and wet cup tests
(moisture flux at wet cup boundary conditions). The CCR test data for CaSi is taken from
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[7] and for AAC from [8], the rest of the material tests are based on TU Dresden IBK lab
data. First point of the K, curve was fixed to conductivity determined from dry cup
measurements. Optimization limits were selected wide enough to keep the process
unbiased. Average absolute difference between measured and modelled data is used as a
cost function that GenOpt tries to minimize using Particle Swarm Optimization combined
with Generalized Pattern Search method implementation of Hooke-Jeeves algorithm
(GPSPSOOCCHIJ)[13]. A weighting factor of 0.4 was applied to CCR m/c profile
assessment (reducing its importance in overall average absolute difference) to take its larger
scale into account and keep the optimization balanced. Finally, both the optimized material
properties and unchanged material files from Delphin database are used to model 2
different case studies [4, 14] and are compared to the measurement results.

3 Results and discussion

3.1 Optimization results

In the case of CaSi, 2 different curve resolutions were tested (high resolution (hires): 10p
on K, and 15p on K| curve; low resolution (lowres): 5p on both K, and K; curves). For all
materials, 3 initial curves were set: 1) existing Delphin curve; 2) min. limit curve; 3) max.
limit curve. The 0...0.15 m?*/m? part of the curves are shown in Fig. 2. Compared to
Delphin versions, the optimized curves tend to have lower liquid conductivity and higher
vapour conductivity. Table 1 gives an overview of final assessment value and time
consumption of the optimization cases. Fig. 3 shows the results of material tests that the
optimization was based upon. The drying test is modelled well with all material properties.
The biggest differences are in CCR test results — optimized materials manage to reproduce
the high moisture content at cold side of the sample. Optimized CaSi has problems reaching

the “dynamic equilibrium” when comparing the average m/c of CCR test.
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Fig. 2. Comparison of optimized and Delphin versions of liquid (top row) and vapour conductivity
curves (bottom row). Dashed lines represent cases where initial values of the variables were different.
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Table 1. Optimization cases and their properties. Cases chosen for further use have been underlined.

Case Initial curves Avg. abs. diff. Iterations  Run time, h
CaSi highres based on Delphin mat. file 2.72 7000 18
CaSi highres.min min. limit 2.72% 6541 16
CaSi highres.max max. limit 2.80* 6315 16
CaSi lowres based on Delphin mat. file 2.74 2260 6
CaSi lowres.min min. limit 2.81 2988 5
CaSi lowres.max max. limit 2.74 2991 6
AAC based on Delphin mat. file 1.72 2685 6
AAC.min min. limit 2.21 1948 6
AAC.max max. limit 2.21 1951 6
* — curve not conforming to the set rules in 1 point
E 120 E 140
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Fig. 3. Comparison of measured and modelled material test results for AAC (left) and CaSi (right).
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3.2 Comparison to case studies

Two case studies were used to compare how the optimized material properties behaved
against their unchanged versions and the measurement results. The first one [4] took place
in a climate chamber and is characterized by high moisture contents. Also, during the
second half of the study, ~50 freeze-thaw cycles take place. Fig. 4 gives the modelled and
measured moisture content of ~7mm layer on the cold side of insulation. Moisture contents
of AAC and CaSi are both underestimated by the Delphin database versions of the material
data, while the optimized version of AAC is remarkably closer to measured results.

t 140 y 220
£ AAC Measured S 200 1 CaSi
=2 =]
< 120 e < 180
2 100 2 460 -
g 80 8 140 A
c P c |
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@ 60 o 100 1 .
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Delph.ID595 —@— Meas Opt.hires —#&— Meas

Fig. 4. Case study 1 (high moisture content; climate chamber): comparison of measurement results to
modelling with optimized and unchanged material properties for AAC (left) and CaSi (right).

The second case study [14] was based on an exterior brick wall of a historic school
building with added interior insulation and a humidification system. The moisture load
mimicked an unventilated apartment. Moisture was measured using relative humidity
sensors. Fig. 5 shows that the the optimized and database versions of material properties
result in similar RH values for both AAC and CaSi.
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Fig. 5. Case study 2 (medium moisture content; real building): comparison of measurement results to
modelling with optimized and unchanged material properties for AAC (left) and CaSi (right).

4 Conclusions

As a study on developing a material characterization tool, the results can be considered
good. Although the variation limit boundaries were kept large and different initial values
and curve resolutions were used for optimization, the resulting optimized curves were in a
relatively similar range and in most part matched the curves in Delphin database. However,
optimized liquid conductivity tended to be lower and vapour conductivity higher in the
range of 0.05...0.1 m*m* moisture content. This could be explained by the liquid island
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effect. Still, as the CCR test data was taken from literature and the exact tested products and
boundary conditions were not disclosed, it is quite possible that the CCR and rest of
material data were measured from different products. This brings along mismatches in
moisture retention curves and the optimization algorithm trying to compensate for it
through conductivity curves.

Comparison to case study results show that for both AAC and CaSi, the optimized
materials show better correlation to measured data in high moisture content range
(especially so for AAC), hinting at the value of CCR test. In hygroscopic range, the
optimized properties perform similarly to their default counterparts — as Delphin has shown
to be quite reliable in that range, it could be considered a good result for the algorithm.
These results underline that there are still many unknowns when dealing with
overhygroscopic moisture contents — caution is advised when drawing far-reaching
conclusions from modelling results in that region.

Future work could include developing a wider experimental base for optimization and
defining stricter rules/boundaries for the conductivity curves. Currently, the results show
quite high spread at moisture contents above CCR test — the share of liquid and vapour
transfer is hard to determine. Also, the CCR test could be enhanced with relative humidity
sensors in the samples to gain more reference data from the hygroscopic region.

The research is supported by personal research funding grant PRG483, Moisture safety of interior
insulation, constructional moisture and thermally efficient building envelope and by the European
Union through European Regional Development Fund.
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Abstract

Interior insulation of historic buildings is well-studied in Central Europe; however, their
conclusions might not be directly applicable to colder climates. Heat, air, and moisture
(HAM) modelling can be a valuable tool for studying those solutions in different
conditions. Recently, incorporating the capillary condensation redistribution (CCR) test
into the material characterization process has shown to cause dramatic improvement in
correlating hygrothermal modelling results to measurements in certain situations. It is also
noteworthy, that the HAM modelling errors made using material data from conventional
characterization process can be severely non-conservative.

In this article a parametric study of a 51 cm thick mass masonry wall is undertaken to
determine the effect of the improved material properties on the reliability of a vapour
open “capillary active” autoclaved aerated concrete (AAC) and calcium silicate (CaSi)
interior insulation solutions and to compare them to a vapour tight insulation system. A
49-year real weather dataset from Estonia is used.

The results show that compared to conventionally characterized material properties the
CCR-optimized material data causes more critical conditions directly behind the interior
insulation, while having a similar performance in the exterior part of the masonry. The
differences occur close to the performance limits and highlight the importance of using
the CCR test in material characterization process.

The vapour tight and vapour open systems showed a very similar impact on the freeze-
thaw cycles and on the maximum ice saturation of the exterior part of the masonry. The
vapour open solutions perform better than the vapour tight PIR in terms of frost damage
and possible mould growth behind the insulation — even though the advantage has been
reduced when using the CCR-optimized material data. Regardless of the insulation
solution, a case-specific approach is still required to avoid damaging the original wall
and/or the added insulation system.

Keywords

hygrothermal modelling, masonry wall, interior insulation, cold climate, frost, moisture,
durability, parametric, capillary condensation redistribution test

1 Introduction

To erect energy efficient, moisture safe and thermally comfortable buildings the modern
masonry structures offer a wide variety of solutions — a review of which is presented by
Ismaiel et al. (2021). However, the need for a thermal upgrade also affects existing
buildings where the inherently safer exterior insulation may not be desirable or possible.
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There, interior insulation — although a hygrothermally riskier concept — is often seen as a
solution. This has been further encouraged by the introduction of vapour open “capillary
active” insulation systems that are promoted to solve some of issues that make the more
“traditional” vapour tight approach risky — mould growth risk at the old wall-insulation
interface, moisture accumulation in the original wall etc.

I/l

In recent decades the accessibility and use of hygrothermal modelling tools (e.g. IBP Wufi,
IBK Delphin) has grown noticeably. Compared to calculations made using the Glaser
method (Glaser, 1959) / EN ISO 13788, complex problems involving dynamic boundary
conditions and combined vapour and liquid water transfer can be solved. Design decisions
can be made without expensive and time-consuming in-situ or laboratory tests.

Numerous studies by different research groups as well as engineers and architects have
employed such tools to analyse the impact of interior insulation on the hygrothermal
performance of building enclosures. Haupl et al. (2005) modelled the performance of a
600 mm masonry wall in Amsterdam and concluded that the use of vapour tight cellular
glass insulation would lead to moisture buildup and the destruction of the structure while
the impact of “capillary active” calcium silicate would be much more tolerable. Modelling
results of several interior insulation solutions in Norwegian climate by Knarud et al. (2014)
show that CaSi has lower relative humidity behind insulation than vapour tight systems.
Vereecken et al. (2015) conducted a probablilistic modelling study of a 15-50 cm-thick
brick wall using outdoor climate data from Germany. They concluded that of the studied
solutions the vapour open calcium silicate is preferable for buildings which are sensitive
to frost damage and with wooden beam ends, whilst vapour tight solutions are more
appropriate in those buildings where these aspects are not important. A modelling study
using Swedish climate data (Abdul Hamid and Wallentén, 2017) exhibits the risk of
microbiological growth and an increased corrosion rate of reinforcement if vapour tight
solutions are used. At the same time, calcium silicate shows a lower mould risk and can
even reduce the corrosion rate and its combination with hydrophobation is reported to
perform best. In recent years, the RIBuild project has made valuable contributions to the
field through experiments and modelling alike. For example Jensen, Bjarlgv, et al. (2020)
determined that of the studied solutions, only CaSi and CaSi+PUR systems with
hygrophobic treatments would be robust enough to withstand the future climate.

However, the accuracy of hygrothermal modelling is — among correct boundary
conditions, properly specifying the structure, etc. — largely dependent on the reliability of
the material properties. Conventionally, water uptake and drying tests are used to
determine the water vapour and liquid conductivity curves in the higher moisture content
range (Krus, 1996; Scheffler and Plagge, 2010). Assessing the share between the flows in
these experiments is based on assumptions as both have the same direction and are
subjected to rather extreme conditions (water contact and full saturation). To gain more
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information on this, Binder et al (2010, 2013, 2014) proposed a capillary condensation
redistribution (CCR) test, where vapour and liquid flows are in opposite directions. In this
test, a temperature difference causes a condensation plane inside a material sample while
mass change and moisture profile are monitored.

KIGSeiko & Freudenberg (2019) suggest a method for generically optimizing the vapour
and liquid conductivity curves by remodelling the material tests also involving the CCR
test. Autoclaved aerated concrete (AAC) and calcium silicate (CaSi) were used as an
example for this process. The CCR-optimization notably improved the correlation of AAC
when the modelling results were compared to measurements from Kléseiko et al. (2017).

Hirsch et al. (2020) described a slightly modified CCR test setup, presented measurement
results and inverse modelling results to identify the vapour and liquid conductivity
functions. Using the dataset from Kldseiko et al. (2017), they demonstrated that
modelling with newly CCR-optimized CaSi material data now had good agreement
between modelling and measurements.

In their preliminary example comparisons Binder et al (2014), KIGSeiko & Freudenberg
(2019) and Hirsch et al. (2020) indicated that the errors made by using conventional
material characterization were non-conservative, especially near the performance limits
which might not be reached in laboratory or in-situ tests that have been used to calibrate
the HAM models. This raises the question whether the conclusions drawn from previous
modelling in high moisture range while using conventional material characterization are
still valid.

By using a parametric study of different interior insulation solutions and a long-term real
weather dataset (a preferable choice over Reference Years or mean years, that are usually
used in previous studies), this article has two main aims:

e To quantify the difference in modelling results caused by conventional and CCR-
optimized material characterization processes.

e To assess the suitability of vapour open and vapour tight insulation approaches
in cold climate and to determine if the “capillary active” vapour open materials
with corrected liquid conductivity curves still have the advantages as described
in the literature.
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2 Methods
2.1 Modelling

2.1.1 Calculation models

IBK Delphin 5.9.6 (Grunewald, 1997; Nicolai et al., 2009) was used for HAM modelling.
Delphin uses the implementation of the ice model by Sontag (2013) to take the phase
change enthalpies and freezing point depression (model by (Haupl and Xu, 2001)) into
account.

A 51 cm thick masonry wall was selected to represent a typical Estonian mass masonry
structure. Thinner walls would have a lower thermal resistance and moisture capacity
(hence making them more critical), however, they are not common. Thicker walls, in
contrast, are less critical and usually have an air cavity, which further reduces the effect
of wind driven rain.

Figure 1 describes the structure of models used in the current study as modelled in
Delphin. Two 1-dimensional base models were created: a section through brick layer,
intersected with a vertical mortar joint (base model B), and a section through a horizontal
mortar joint itself (base model M). Two 1-dimensional models were chosen instead of a
single 2D model due to modelling speed, which also allowed more variations in
parameters to be included. Preliminary modelling showed that the difference in results
between the 1D and 2D models was small, which corroborates the findings of Vereecken
and Roels (2013).

Two different insulation approaches were considered — vapour open capillary active
autoclaved aerated concrete (AAC) & calcium silicate (CaSi) and a more vapour tight
polyisocyanurate (PIR) insulation with a 9 mm gypsum board on top of it as a finishing
layer. The vapour open systems were presumed to have hydraulic contact with the original
wall as glue mortar is used for installation, while a 3 mm air cavity was assigned between
the original wall and the PIR insulation system (to account for unevenness of the original
wall). According to the manufacturer’s guidelines (HelRe et al., 2018), the old interior
plaster was retained under the insulation layer.

The thicknesses of the insulation layers (30 mm PIR, 60 mm AAC and 90 mm CaSi) were
selected to represent real products available on the market while achieving similar
thermal resistance. The largest differences were between CaSi and PIR: the thermal
resistance of the PIR system was ca 1/10 higher than that of the CaSi one, while thermal
transmittances of the whole walls differed by ca. 5%. To minimize the frost risks in cold
climates, the layers were intentionally thin.
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Figure 1 Schematic of the 1D wall models and their boundary conditions used in Delphin.
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2.1.2 Material properties

2.1.2.1  CCR-optimized conductivity functions

The liquid and vapour conductivity curves were created using the tool described in
Kldseiko & Freudenberg (2019). However, for this publication, new material
characterizations were done compared to the ones in the aforementioned paper. The
main changes are monotonically decreasing vapour conductivity functions and the
inclusion of CCR test data for CaSi boards from Hirsch et al (2020) — now the whole CaSi
dataset is measured using the same material. Furthermore, to eliminate the effect of
different material characterization methodologies and source data, the “conventional”
material characterization was done using the same tool while leaving the CCR test out.
These material files resulted in similar hygrothermal performance as the respective files
in the Delphin database.

The optimized material data (Figure 2 row 1) shows notably reduced liquid conductivity in
the moisture content range of 0.01-0.15 m3/m?® compared to the conventionally acquired
material data. Similarly to Binder et al. (2014) and Hirsch et al. (2020) an ideal combination
of material functions that would fit the reference tests (Figure 2 rows 2—4) could not be
found — the main contradiction being between the CCR and drying tests and, in the case
of slightly hydrophobic dry AAC, water uptake too. Here, more emphasis was put on
achieving a better correlation with the CCR test and as it describes the behaviour in actual
usage scenarios and at performance limits better.
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Figure 2 CCR optimized and conventionally characterized material properties (“w/o CCR”) used in
this study (top row) and some of the material tests used as a reference for optimization
(bottom 3 rows). (Based on Kldseiko and Freudenberg, 2019)
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Kloseiko and Freudenberg (2019) also discussed the difference in modelling results caused
by the changes to material properties on the basis of two studies — they are presented
here again using the updated material data. In a laboratory study with a high moisture
load (Kloseiko et al., 2017), the moisture content in the cold (exterior) part of the AAC and
CaSi insulation boards increased about 2.5-3 times and therefore dramatically improved
the correlation with measurement data (see Figure 3). In case of more realistic moisture
loads in a real building (Case study 2 (Kl&seiko et al., 2015), see Figure 4), the difference
of RH on the cold side of the insulation was small (conventional vs CCR-optimized
properties) and did not improve nor worsen the correlation between measured and
modelled data noticeably. The discrepancies in Case study 2 can be attributed to a lack of
detailed material data, but also the dynamic effects (Janssen et al., 2016) in ad- and
desorption processes.

o 140 E 180 yy
£ Lab study: £ 60 | Lab study:
< 120 1 ¢cold 5mm ofiAAC x cold 5mm of CaSi  measured
s 2 140 - &
= 100 - i = 4
g REcer S 120
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Figure 3 Comparison of measurement results to modelling with optimized (“CCR optimized”) and
conventionally characterized material properties (“w/o CCR”). Case study 1 (high moisture
content; climate chamber), moisture content of cold side of insulation (top row) and the
whole insulation layer (bottom row). The CCR-optimized material shows about 2...3-fold
increase in maximum moisture content and coincides better with measurement data.
Measurement data from KlGseiko et al. (2017).
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Figure 4 Case study 2 (medium moisture content; real building), relative humidity in cold side of
insulation: comparison of measurement results to modelling with optimized and
conventionally characterized material properties. No notable differences between
modelling results. Measurement data from Kléseiko et al. (2015).

2.1.2.2  Summary of material properties used in the study

Table 1 gives the overview of basic material properties used for modelling in different
combinations. Three different bricks were selected from the Delphin database to
represent historic Estonian bricks based on in-house measurements of basic parameters
(type, porosity, vapour conductivity and water uptake coefficient). The selection of 3 lime-
cement mortars covered different historic mortars in the Delphin database.

Three interior insulation solutions with different approaches were selected:

e 2 vapour open solutions advertised as “capillary active”:
o Autoclaved aerated concrete (based on data for material ID 643).
o Calcium silicate (based on data for material ID 571).
Both had 2 versions: one with conventional material characterization and one which
included capillary condensation redistribution test in the calibration of liquid and
vapour conductivity functions.

e  “Vapour tight” material without liquid conductivity: polyisocyanurate (PIR) board
(without diffusion tight coatings) with a gypsum board applied on top (id 599). The
insulation material was based on material id 194 with a modified vapour diffusion
resistance coefficient u = 60 and thermal conductivity of Agy = 0.023 W/(m-K).

10
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Table 1 Basic material properties of materials used in modelling.

Water vap.
Thermal Porosity diffusion Water
IDin Density p,  conductivity Wpor, resistance uptake Aw,
Name Delphin kg/m? Adry, W/(m-K) m3/m? factor , - kg/(m?2-s%%)

Brick Bernhard 97 2060 1.00 0.25 19 0.100
Historical Brick 33 1710 0.80 0.33 8.3 0.278
(Cluster 4)
Lime Sand Brick 153 1810 1.00 034 40 0.052
(traditional)
Lime cement mortar 143 1570 0.70 0.41 11 0.176
Lime cement mortar 717 1878 0.80 0.29 37 0.036
Lime cement mortar 718 1739 1.05 0.34 28 0.494
(low cement ratio)
Lime Plaster 148 1800 0.82 0.30 12 0.127
(historical)
Glue Mortar 407 1472 0.92 0.44 38 0.008
Inside Plaster 656 1279 0.31 0.52 10 0.082
CaSi insulation 270 0.069 0.91 2.5 1.13
Glue Mortar 77 830 0.16 0.69 13 0.003
AAC insulation 99 0.044 0.96 3 0.006
PIR insulation 32 0.023 0.95 60 -
Gypsum Board 599 745 0.18 0.72 11 0.179
Air gap (3mm) 13 1.3 0.03 1 1 -

Unless explicitly defined by a function in the material file, Delphin assumes the moisture
dependent thermal conductivity according to (1) and discards the temperature
dependency of thermal conductivity. (Vogelsang et al., 2013)

@) =2 0.56 w (1)
(1/J)— dry+1/)' . ﬁ

2.1.3 Interface contact resistances

Derluyn et al. (2011) obtained the interface resistances Ri of 1.25 - 10*® m/s (dry cured
mortar) and 2.5 - 10 m/s (wet cured mortar), while Vereecken & Roels (2013) used 2.5 -
10 m/s and 5 - 10 m/s respectively in their simulations. Later, Vereecken and Roels
(2015a) studied the hydraulic contact resistances in case of capillary active insulation glue
and concluded that constant resistances do not represent measurements very well and
recommended values depending on moisture content. Calle et al. (2019) determined that
hydraulic lime-brick interface resistances are an order of magnitude lower than the
cement mortar-brick ones available in literature. Zhou et al. (2020) conducted an
experiment on the water uptake of a masonry section and determined that the interface

11
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resistances between brick and mortar were in the range of 3.5 - 10°-8 - 10'° m/s — this
shows that the interface resistances can vary by several orders of magnitude even on
different interfaces of the same masonry.

In this study, in order to simplify the modelling, interface resistance of R = 2.5 - 10° m/s
is compared to perfect hydraulic contact (R = 0 m/s). Resistances are applied to brick-
mortar and brick-plaster interfaces. The choices made here are meant to reflect the
impact of different parts of the interface resistance spectrum and should not be
considered as the only possibilities.

2.1.4 Boundary conditions

A 49-year period of historical weather data from Toravere, Estonia was used as outdoor
climate. According to the Koppen-Geiger classification, Estonia belongs to humid
continental climatic zone (Dfb). Outdoor temperature, relative humidity, wind speed,
wind direction, short-wave radiation and wind driven rain were assigned as climate
conditions. The overview of them is given in Figure 5 and Figure 6.

Hourly values of wind driven rain (WDR) imposed on the wall were calculated according
to ISO 15927-3 (2009). The parameters for WDR calculations were mostly fixed — height:
7 m, terrain category: Ill (suburban and industrial areas), topography coefficient CT: 1
(building not on an uphill slope), obstruction factor O: 0.8 (obstacles of similar size 80—
100 m from the building, no wind funnelling). Wall factor W was varied as 0.5 (top part of
a multi-storey building without eaves) and 0.75 (local maxima). Yearly mean wind driven
rain rose (W =0.5) is given in Figure 6 (center). If the air temperature was below -2°C, the
precipitation was deemed as snow and discarded.

The climate data used for the modelling starts on the 1st of January 1970. The initial
temperature of the wall was 12°C and 80%gy was assigned on all layers.

Indoor climate model was based on the analysis of 190 apartments with central heating
(llomets et al., 2018). The indoor temperature model was based on indoor climate of
Estonian brick apartments and it corresponds to the lower limit of Fig. 7 in llomets et al.
(2018). The indoor temperature and moisture excess dependence on outdoor
temperature is given in Figure 1 (bottom right). 3 different moisture excess (moisture
load) levels based on Figure NA.3 from (EVS EN ISO 13788 2012) were varied and are
shown in Figure 1 (bottom right). Figure 1 (bottom right) also gives the corresponding
average occupancy rates based on Fig. 9 in llomets et al. (2018).

12
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Figure 5 Outdoor boundary conditions: hourly and monthly mean temperature (top), relative
humidity (middle) and total shortwave (direct + diffuse) radiation on a horizontal surface
(bottom).
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Figure 6 Mean shortwave radiation (direct + diffuse; left) and yearly mean wind driven rain
(calculated according to ISO 15927-3:2009, wall factor W = 0.5; right) roses.

2.1.5 Summary of variations

The summary of all varied parameters is given in Table 2. Combinations of them resulted
in 3455 different models. No weighting of the variations was done as the distribution of
the parameters in real life is not known.
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Table 2 Variations of parameters used in this study.

Parameter Variations

Brick e  Historical brick (id 97)
e Brick Bernhard (id 33)
e Lime sand brick (id 153)

Lime-cement mortar e Lime cement mortar (id 143)
e High cement ratio (id 717)
e Low cement ratio (id 718)

Interface resistances e  Perfect hydraulic contact
(brick-mortar and mortar-insulation) e 25-10°m/s
Wall factor W in ISO 15927-3 e 05
(rain exposure) e 0.75
Wall orientations e North
e FEast
e South
o West
Indoor air moisture excess e  Moisture class 1 (= 50 m?/person)

e  Moisture class 2 (= 20 m?/person)
e  Moisture class 3 (= 15 m?/person)

Interior insulation solution e Uninsulated
e AAC (CCR-optimized)
e AAC (without CCR)
e (aSi (CCR-optimized)
e  (CaSi (without CCR)
e  PIR on paper backing + gypsum board

2.2 Performance assessment

Figure 7 shows the sections and parameters assessed in these locations. The greatest
number of freeze-thaw cycles and the highest ice contents occurs near the exterior
surface. The exact location of the critical section depends on the combination of material
properties, insulation solution and saturation degree used to count the freeze-thaw
cycles, etc., all of which varied from case to case. Based on preliminary modelling, the
layers between 5-135 mm from the exterior surface were used to judge the magnitude
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of changes caused by different parameters and the result from most critical layer of each
case is presented as “exterior masonry”.
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Figure 7 Sections and parameters used for performance assessment.

Freeze-thaw cycles were counted if the ice saturation (ratio between ice and pore
volumes) rose above a certain level and was then reduced to zero. Unfortunately, the
exact damage criteria for used materials were unknown. To overcome this, the freeze-
thaw cycles are presented in 2 ways:

e Curves of freeze thaw cycles as a function of different ice saturation threshold levels
are given to get an overview of the cycle counts independent of a specific criterion.

e Boxplots of freeze-thaw cycles counted based on the threshold of 1% ice saturation
(default setting in Delphin 5). While the limit is very low, it allows for the assessment
of changes in that end of the spectrum.

WTA Merkblatt 6-5 (Kiinzel et al., 2012) suggested a maximum moisture saturation degree
of 30%s.t to prevent frost damage. Study on Canadian bricks by van Straaten (2014)
corroborated that most of the bricks had their critical saturation degree above 30%sat.
Experiences from a previous study (KI&seiko et al., 2017) suggested that the AAC insulation
system can also fail below that level.

Based on a study by Feng et al. (2019), the critical saturation degree is a function of
temperature — the lower the frost temperature, the lower the maximum allowable
saturation degree. Experiments conducted by Feng et al. (2019) and Al-Omari et al. (2015)
suggest that the main damage to the material takes place during the first freeze-thaw
cycles with additional cycles being less significant.
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Therefore, maximum ice saturation is also assessed based on:

e curves of maximum ice saturation as a function of temperature;
e  boxplots of maximum ice saturation.

Mould growth was analysed using the Finnish mould model (Hukka and Viitanen, 1999;
Ojanen et al.,, 2010; Viitanen et al., 2011). The interior surface and surfaces behind the
insulation layer were concentrated on (due to the possibility of air gaps). The parameters
for mould index calculation are given in Table 3, the choice of which was based on the
documentation of the Finnish mould model calculation file (VTT and TTY, 2018). According
to that, the AAC has separate sensitivities for mould growth and Mpax.

The recommendations by the developers of the mould model suggest that if the analysed
surface is in contact with indoor air, the mould index values 1-2 correspond to the upper
limits of safe functioning of the structure (Viitanen et al., 2015). Previous experience in
real buildings has shown that despite the aim for gapless installation, air cavities will still
be present behind the insulation boards (KI&seiko and Kalamees, 2016; Morelli and
M@ller, 2019). In this study mould index 1 (corresponding to the start of mould growth)
was considered as the performance criterion for interior surfaces and for walls where air
cavities behind the insulation and possibility for convection exist. Higher mould indexes
behind the insulation are an indication that cavities and convection must be avoided.

Table 3 Surface properties used for mould index calculation according to the Finnish mould model.

Surface properties

Surface Parameter Ici Pl
Uninsul. AAC C.a‘cmm R
silicate (paper coated)
. . plaster + gypsum board +
material wallpaper laster + paint . .
2l o o paint paint
Interior - . ) ) medium -
R sensitivity sensitive medium resistant S —— sensitive
Crmat 0.25 0.25 0.25 0.25
material AAC CaSi paper coated PUR
. sensitive .
Behind L medium i,
) ) sensitivity (mould growth), . sensitive
insulation ) resistant
med. resistant (Mmax)
Crmat 0.25 0.25 0.25

Changes in heat fluxes were assessed based on modelling results on the interior surface.
As the thermal boundary conditions were the same for different insulation solutions, the
heat flux also reflected the thermal transmittance.
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2.3 Data analysis and presentation of results

The analysis of modelling results was done using Python 3.7.2 and pandas 1.0.1 library
(Mckinney, 2010; Reback et al., 2020). Seaborn 0.10.1 library (Waskom et al., 2020) was
used for creating the figures. A variation of Tukey’s boxplots (see Figure 8 for explanation)
are used to help sum up the results from all the models. Annexes 1.1-1.3 given in
supplementary material (KIGSeiko and Kalamees, 2021) to this article present the boxplots
of the outputs grouped by variables to help identify the significant parameters.

120 3 < Possible outliers
o 100 Upper whisker fence
E (Q3+ 1.51QR ormax. value)
0
o L Data points
© (1 point =result from
> 60 75th percentile one simulation)
E (@3, 3rd quartile) = . )
S __ Interquartile range
= The notch (IQR; 50% of data)
g (95% confidence
interval of the median; =
= 20 median +£1.57°1QR/n?9) Median
0 25th percentile Lower whisker fence

(Q1, 1st quartile) - (Q1-1.5-1QRormin. value)
Data series

Figure 8 Explanation of elements of the boxplot figures. Adopted from Doyle (2016).

Annex 2.1 in the supplementary material (KI&seiko and Kalamees, 2021) presents the
combination-wise comparison between different insulation solutions and the respective
uninsulated cases —absolute values, absolute difference and relative difference are given.
Annexes 2.2 and 2.3 do the same for CCR-optimized material data vs conventional
characterization and vapour open vs PIR insulation respectively.

As exemplified by Calle and Van Den Bossche (2021), decision trees can also be used to
assess the parameters and the combinations of them that potentially contribute to
failures or, on the contrary, help avoid them. They are class discriminators that reclusively
partition the dataset until each partition consists entirely or dominantly of examples from
one class (Shafer et al., 1996) — in the current case, “pass” or “fail”. At each junction the
pass/fail ratios are shown. The trees are given in Annexes 3.1-3.5 (KI&seiko and Kalamees,
2021) and were generated from modelled data using the KNIME platform (Berthold et al,,
2007).
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3 Results and discussion

3.1 Frost and moisture in exterior layers of masonry
3.1.1 Results

The depth of the harshest location in the exterior masonry varies between models and
observed quantities. For each case, the layers between 5-135 mm from exterior surface
are analysed and the most critical result is presented.

The maximum ice saturations (Figure 9 left) of insulated cases are nearly all higher than
uninsulated ones (median relative increase ranged between 7—-8%, maximum up to 93%
— see Annex 2.1 (KIGseiko and Kalamees, 2021)). However, the difference between the
studied insulation solutions (vapour tight and vapour open both in CCR-optimized and
conventional form) is small. The median relative increase of mean ice ratios (Figure 10
left) of the insulated walls was = 150%, but could also reach a 35-fold increase, hinting at
a longer time the walls stay frozen compared to the uninsulated cases.

Figure 9 (right) helps to analyse the modelling results based on the concept that the
combination of high ice saturation levels and low temperatures contribute to the
destruction of the material (Feng et al., 2019). The figure adds the temperature dimension
to the boxplot in Figure 9 (left) while the area between 25™ and 75 percentiles is given
between dashed lines. In general, the insulated models were colder and more saturated
with ice, but the difference between insulation types, and optimized and conventional
material characterization is negligible. The mean moisture contents of the whole masonry
layers (Figure 10 right) increased due to the insulation 15—-600%; the vapour tight PIR
caused ca 1.4x higher median increase than those of vapour open insulation types (see
Annex 2.1 (KIGSeiko and Kalamees, 2021)).
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Figure 10 The highest mean ice ratios from exterior layers of masonry (left) and mean moisture
content of the original wall (right).

Regardless of the insulation solution, the number of freeze-thaw cycles (Figure 11 left)
increased significantly, with a median relative increase of = 55% compared to uninsulated
walls. Figure 11 (right) shows the number of freeze thaw cycles dependent on the ice
saturation limit that is used to count them. The relative increase in FTC caused by interior
insulation was greater at higher limiting saturation degrees, while CaSi performed slightly
better than AAC and PIR in the top quartile if medium ice saturations are used as the FTC
threshold.
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Figure 11 The most critical results from exterior layers of masonry: freeze thaw cycles (1% ice
saturation used as limit, left) and freeze thaw cycles dependent on the ice saturation
degree limit (right).

3.1.2 Discussion

The main factors contributing to both maximum ice saturation and freeze thaw cycles (see
Annexes 1.1-1.3, 2.1 and 3.1 in KlI&seiko and Kalamees, 2021) in the exterior layer were
the brick type and wind driven rain load (dependent on orientation and rain exposure
coefficient). Compared to them, the effects of indoor moisture load, hydraulic contact
resistances and even the type of insulation (whether it is “capillary active” or “vapour
tight”, and the specifics of material characterization) are minute. This means that the
impact of interior insulation probably stems mainly from its additional thermal resistance.

An aspect not dealt with in detail in this study is imperfections of masonry — while the
influence of contact resistances is explored, the additional water infiltration due to
cracking is not. Based on experiments, Calle et al. (Calle et al., 2020; Calle and Van Den
Bossche, 2021) suggested leakage rates to be applied as sources inside the wall. Gutland
et al. (2021) proposed a methodology to model the cracks as separate material thus
accounting for both accelerated wetting and drying through the imperfections. In Calle et
al. (2020; 2021) the wall with imperfections resulted in being wetter, while in Gutland et
al. (2021) drier in long-term than regular baseline model. However, the latter method
would benefit from experimental validation and requires simplification to make it
applicable to large modelling campaigns.

Unfortunately, the performance limits of the modelled bricks are not known. The
conservative 30% ice saturation limit was exceeded in about half of the uninsulated cases
and in 2/3 of the insulated cases (regardless of the insulation solution; see Annex 3.1 in
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(KIdseiko and Kalamees, 2021)). Should the 30% limit prove to be true, the bricks of a
historic building would probably be damaged even before any thermal upgrade and the
insulation works would only worsen the situation.

The critical saturation degrees (tested at -15 °C) of various bricks from North America were
presented in Figure 5 in a paper by van Straaten (2014). Most of the bricks tested there
were able to endure higher saturation degrees than those reached in this study. However,
as Figure 9 (right) shows, the temperature in this study can be far lower and thus more
critical.

On one hand, increase in ice saturation due to insulation is not very dramatic and if the
results about the North American bricks are representative of Estonian ones too, it could
be deduced that if the fagcade has survived until now without frost damage, the interior
insulation should not be a major problem. On the other hand, if the main cause of the
damage is the high number of freeze-thaw cycles at higher ice saturation degrees, the
distinction is clear — insulation causes higher cycle counts and hence accelerated
degradation.

3.2 Frost between interior insulation and original wall

3.2.1 Results

Maximum ice saturation levels in plaster on the interior surface of the original wall behind
the insulation are given in Figure 12. The lower 3 quartiles perform similarly in vapour
open solutions. As Annex 2.3 (KI&Seiko and Kalamees, 2021) shows, the PIR insulation is
mostly more critical and can cause up to 75%s.t higher ice saturation than a similar case
using the vapour open approach. The tentative 30% ice ratio threshold was exceeded in
31% of PIR cases, while when using CaSi and AAC insulation the rate was much lower at
2% and 8% respectively (also see Annex 3.2 in (Kloseiko and Kalamees, 2021)). The CCR
optimization caused more severe conditions in the majority of the cases compared to
material characterization without the CCR data. Furthermore, the number of cases
exceeding the tentative 30% ice ratio increased by =2 times when using optimized
material properties.

The outcome was mainly determined by the wind-driven rain load (wall orientation and
exposure coefficient) and the material of the original wall — see Annex 1.1-1.3 and 3.2 in
(KIGSeiko and Kalamees, 2021). Of the walls with optimized material characterization
exceeding the 30% ice saturation ca 1/10 were oriented to the west. Walls made of sand-
lime bricks fared best: they did not exceed the limit in vapour open cases and had a 2%
failure rate when PIR insulation was used. The other two brick types were more
susceptible to higher ice saturations.
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The trend and the contributing factors were similar when freeze-thaw cycles (ice
saturation > 1%) were considered (Figure 13, left). In the top quartile, the number of
freeze-thaw cycles was roughly 1.5-2 times higher using PIR insulation compared to
vapour open insulation. Figure 13, right exposes the vastly higher number of freeze-thaw
cycles in PIR’s top quartile if higher ice limits are used.
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Figure 12 Boxplots of maximum ice saturation (left) and isopleths of temperature and maximum ice
saturation degrees (right) in the old interior plaster layer behind the insulation.
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Figure 13 Freeze thaw cycles (1% ice saturation used as limit, left) and freeze thaw cycles dependent
on the ice saturation degree limit (right) in the old interior plaster layer behind the
insulation.
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3.2.2 Discussion

Vereecken and Roels (2016) suggested that in severe climate conditions, the insulation
material and glue mortar should be able to handle the freezing and thawing; according to
the current study, this applies to the old interior plaster too.

High ice ratio and the number of freeze-thaw cycles imply that if PIR insulation is applied
on top of existing interior plaster, gluing the insulation to the plaster may not be enough
and a mechanical fastening to the masonry layer should also be used. This will possibly
cause issues with high surface humidity at the fasteners and is further discussed in section
34.

While the number of freeze-thaw cycles using vapour open materials was lower compared
to PIR, the extreme cases of AAC still caused ice saturation well above the 30%sa: limit —
some even on par with PIR (albeit subjected to fewer cycles). Should the damage occur, it
would have an impact on the hydraulic contact with the original wall and possibly hamper
the intended functioning of the capillary active insulation (Vereecken and Roels, 2015a).

It must be noted that only one plaster type was modelled in this study, however, it is
doubtful that the interior plasters would have been designed to endure repeated high ice
saturation levels that the extreme cases of the AAC and PIR insulation solutions cause.
Therefore, the safe option would be the removal of the existing interior plaster.

3.3 Frostin the cold side of the insulation
3.3.1 Results

Due to a more realistic moisture distribution (higher moisture content on the cold side of
insulation), the CCR-optimized materials showed an increase in both the maximum ice
saturation (Figure 14) and in freeze-thaw cycles (Figure 15). While the median increase
was rather low at 0.2%.,: and 1 cycle for both AAC and CaSi, the change was greater in the
top quartile as the increase could reach 5% .t and 7%s,t and 45 and 28 cycles respectively
in some cases (see Annex 2.2 in (KI&seiko and Kalamees, 2021)). Similarly to the interior
plaster layer, the high values were caused by a high indoor moisture load and a wind-
driven rain load (orientation and rain exposure) — see Annexes 1.1 and 3.4 (KI&seiko and
Kalamees, 2021). The type of brick also had an impact here. While maximum moisture
saturation degrees in the exterior layer of PIR insulation reached over 80%;.: in extreme
cases, no ice was detected there due to high moisture content coinciding with warm
temperatures.
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Figure 15 Cold/exterior side of the interior insulation: freeze thaw cycles (1% ice saturation used as
limit; left) and freeze thaw cycles dependent on various ice saturation degree limits (right).

3.3.2 Discussion

Although the maximum ice saturation in the insulation layer was well below the tentative
30%sat limit, a previous study (KIGseiko et al., 2017) suggested that the AAC insulation
system can still fail below that level. Significant reduction of tensile strength of the AAC
insulation system was detected at glue saturation of 15-20%s.: and insulation saturation
of = 10%s,t. The rupture occurred in either the cold side of the insulation, at the glue-
insulation interface or the glue-substrate interface. The loss of strength progressed over
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the duration of the experiment (concluding at 53 freeze-thaw cycles). In the current study,
similar ice saturation levels were modelled in extreme cases in the glue layer using CCR-
optimized AAC material, suggesting that damage could occur. In the same study (KI&seiko
et al.,, 2017) CaSi fared better, as damage occurred in saturated samples, while no
statistically significant changes in tensile strength were detected during the test at 10-
18%sat.

Scheffler (2013) also tested AAC for frost damage and found that no loss of strength
occurred in samples conditioned at 97.4%gy and frozen at -15°C for 20 cycles. This
humidity corresponds to = 4% and the minimum temperatures in the insulation in
current study were = -15°C too. Stemming from the moisture content where damage did
not occur, the ice saturation limits of 4% st (AAC) and 10%s, (CaSi) can be conservatively
used to compare the results of optimized and conventionally characterized materials (see
Annex 3.4 (KIGseiko and Kalamees, 2021)). The failure rate of the optimized AAC models
was about 7 times higher than the conventional ones (9.5% vs 1.5% of all models using
the respective material data), while 16% of the optimized CaSi cases failed in contrast to
0% without CCR. According to these results, keeping the indoor humidity within Moisture
class 1, and reducing the wind driven rain wall factor to 0.5 will mitigate frost damage risks
in the insulation layer.

3.4 Mould indexes behind the insulation and on the interior surface
3.4.1 Results

The risk of mould growth is assessed using mould indexes with values above 1 being
undesirable and indicating mould growth. The surface parameters used for mould index
calculation and the choice of the performance criterion are discussed in sections 2.2 and
3.4.2.

Figure 16 (left) gives the maximum mould indexes over the whole modelling period for
the surface between the insulation and the original wall. The median maximum mould
indexes were well above the safe threshold of 1 for all insulation solutions except the CaSi
without CCR optimization (also see Annex 3.3 in (KIGSeiko and Kalamees, 2021)). Median
maximum mould indexes for both AAC materials were ca 2, which corresponds to “several
local mould growth colonies” that are detectable using a microscope. The median levels
were lower in CaSi walls, however, similarly to AAC, the top quartile was at the maximum
possible value according to their sensitivity class (mould index = 3). Paper-coated PIR
performed far worse as the majority of models indicated moderate to plenty of visually
detectable growth, the median increase compared to vapour open insulation solutions
was ca. 2 units on the mould index scale (see Annex 2.3 in (KI&Seiko and Kalamees, 2021)).
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Based on Annexes 1.2 and 3.3 (KlI&Seiko and Kalamees, 2021), the mould index behind
insulation is mainly determined by the indoor humidity load. About 15% of the optimized
CaSi cases in the mildest indoor moisture class 1 (Av,<sec = 2 g/m3, 53 m?/ person) had a
maximum mould index above the acceptable threshold of 1, while in the case of AAC, it
was roughly twice of that. The failure rate of the PIR models at a low humidity load was a
further = 2 times higher than those of the AAC ones (ca 70% of the cases). Virtually all
cases with indoor humidity loads in moisture classes 2 (Av <sec = 4 g/m3, 20 m? / person)
and 3 (Avg,<sc=6 g/m3, 15 m? / person) failed regardless of the insulation solution, with
the exception being CaSi, where at MC2, the failure rate was 43%. Wind driven rain load
was also important with northerly and easterly walls faring better than others.

The higher mould index of PIR insulation can be explained by its higher sensitivity to mould
growth and by higher humidity occurring also in warm periods, which is more favourable
for mould growth. The opposite is true for the AAC and CaSi —their sensitivity class is lower
and their higher vapour conductivity allows for drying out during the summer, while the
indoor moisture load causes wetting during cold periods.

The maximum mould indexes on the interior surface are given in Figure 16 (right) and the
failure decision tree in Annex 3.5 in (KI&Seiko and Kalamees, 2021). Uninsulated walls are
most at risk with 9% of the cases failing to stay below the critical threshold of mould index
1 and at some combinations showing serious mould growth. All the failed walls were
oriented to the west with a high rain exposure coefficient, a high indoor moisture load
and good hydraulic contact in masonry further contributing to the failure. The majority
(= 95%) of the failures occurred in walls made of burnt bricks (id 33 and 97) while sand-
lime brick (id 153) walls fared better — the latter had a lower water uptake coefficient Ay,
which caused less wind driven rain to be absorbed into the masonry.

The PIR insulation did not cause problems with mould index on the interior surface, while
in CaSi and unoptimized AAC walls some combinations existed above the mould index 1.
None of the AAC walls with CCR-optimized material data failed and the failure rate was
reduced 2-fold in CCR-optimized CaSi — this can be attributed to their lower liquid
conductivity and reduced redistribution of moisture towards the interior surface.
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Figure 16 Maximum mould indexes behind the insulation (left) and on the interior surface (right).

3.4.2 Discussion

The modelled mould indexes behind the insulation were high for all insulation solutions.
However, the VTT mould model was developed to predict mould growth on exposed
surfaces, while by design, the AAC and CaSi systems should be glued in whole plane, and
the PIR boards sealed around the board perimeter. According to Kiinzel (2011) gluing on
the whole surface of the insulation should prevent mould growth and contaminants
reaching the indoor air. This depends on the quality of the workmanship, as it is possible
to leave air pockets behind the insulation (too dry mortar, uneven subsurface, etc), and
unfortunately has occurred in practice (KI&3eiko and Kalamees, 2016; Morelli and M@ller,
2019). The instructions of one AAC producer (HeRe et al., 2018) state that “the high
alkalinity of the product effectively inhibits mould growth.”, which (at least to some
degree) is taken into account in the mould index calculation by a lower sensitivity
parameter. The producer also suggests filling the joints between the insulation and
floors/ceilings/interior walls with hemp felt — creating an air cavity and introducing
biodegradable material into the moist zone. The latter, in light of the current modelling
results, is a very questionable recommendation.

In a recent field study Jensen et al. (2020) detected mould growth on the masonry-AAC
insulation interface and inside the AAC material itself too. The growth inside the AAC was
even higher than on the interface and the authors presume it to be due to the lower pH
than on the glue mortar. In contrast, mould growth in CaSi systems stayed below the
detection levels both on the interface and inside the material, although subjected to
similar conditions and pH values, and the Finnish/VTT mould model predicting growth for
both CaSi and AAC.
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In alaboratory study Jensen et al. (2021) further tested the mould growth on the masonry-
insulation interface. It was determined that when the pH of the surface is high, the existing
mould growth is inactivated. However, 12 months from the start of the experiment, the
spores on the interface were still viable and could become active as the pH declines over
time.

A RIBuild project report (Johansson et al., 2019) compared the VIT mould modelling
results to measurements and detected a high number (61%) of false-negatives in
borderline cases, while in low humidity and extreme cases the model agreed with the
results.

Also, questions can be raised about the PIR insulation. According to the installation
instructions of one product (Kingspan Insulation OU, 2017), PU foam caulk is applied
around the perimeter of the boards, probably leaving an air gap behind the insulation. The
insulation is also penetrated by mechanical fasteners. Metal screws or wall plugs are
usually used to affix the PIR + a gypsum board system to the wall causing surface
temperatures much lower than the 1D models in this article predict. This was also
demonstrated in-situ in a previous study (KI&seiko et al., 2013), where condensation and
rust occurred on the fasteners. This means that the mould index when using PIR insulation
could actually be higher in both studied sections — behind the insulation and on the
interior surface.

Overall, while the mould index calculated here does not directly describe the exact
situation behind the insulation in 1D wall (as the air cavities should not be a rule, but an
exception to be avoided), it can reveal what happens in borderline cases (bad
workmanship, air leakages, joints tightened with biodegradable hemp wool etc). Due to
the higher modelled mould indexes it also shows that risks associated with such cases in
the PIR insulation are much higher than those of the AAC insulation.

3.5 Heat flux on the interior side

Figure 17 (left) gives the mean heat fluxes for main model types. All insulation solutions
present a = 65% median reduction of mean heat fluxes compared to the uninsulated cases.
In case of the vapour open insulation, the spread of the results is larger due to the higher
variability of the moisture content of the insulation (Figure 17 (right)).

Leaving aside the differences in thermal conductivities of the original wall, moisture
content and heat flux in the vapour open systems are primarily dependent on the indoor
moisture load and wind driven rain (see Annex 1.3 in KIdSeiko and Kalamees, 2021). As the
PIR insulation itself is fairly vapour tight, the variations in its heat flux are caused by
changes in the moisture content of the original wall and its thermal resistance. As long as
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the thermal resistances are similar, the authors do not see a reason to prefer one system
to another based on their slightly different thermal behaviour alone.
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Figure 17 Mean heat fluxes on the interior surface (left) and mean moisture contents of the whole
insulation system (right).

4 Conclusion

Based on the modelling done with AAC and CaSi in this study it can be stated that the
material characterization process using a capillary condensation redistribution test causes
more critical results. The CCR-optimized material data resulted in the following changes
compared to the result of the conventional material characterization:

e Increased moisture content, maximum ice ratios and freeze-thaw cycles in the
cold side of the insulation;

e  higher maximum ice ratios and more freeze-thaw cycles in the interior plaster
and glue mortar;

e theincreases coincide with high indoor (moisture class 3) and outdoor moisture
loads (West-oriented walls, higher rain exposure coefficient), which cause more
critical conditions;

The CCR-optimized materials performed worse especially near their tentative
performance limits, which, for example, in the cold side of the insulation layer resulted in
a 7-fold increase in failure rate due to frost in the case of AAC, and caused previously
unexpected failures when using CaSi. Although not studied here, the damper conditions
behind the insulation would also have an impact on mould and rot risks of wooden beam
ends. While the results only describe the effect of CCR-optimization on specific CaSi and
AAC materials, it is probable that similar results also occur when other insulation materials
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with notable liquid conductivity are accounted for and it makes sense to incorporate the
CCR test into the material characterization procedures.

When comparing the “capillary active” vapour open insulation to “vapour tight” PIR
insulation, no significant differences were found in freeze-thaw cycles and in the
maximum ice saturation of the exterior part of the masonry, however, the increase of
mean moisture content of the whole wall was ca. 1.4 times higher using PIR than vapour
open solutions. Nevertheless, AAC and CaSi insulations bring some benefits over PIR:
maximum ice volumes and freeze-thaw cycles and mould indexes behind the insulation
are significantly reduced. The results suggest that PIR insulation would require mechanical
fastening to the underlying structure as the original interior plaster will be at risk of frost
damage. The mould risk on top of those fasteners will probably be higher than the current
1D modelling suggests. Still, in extreme cases AAC insulation can also cause the ice
saturations in the original interior plaster to reach = 70% — thereby hinting at frost damage
risk. This would have an impact on the hydraulic contact with the original wall and possibly
hamper the intended functioning of the capillary active insulation (Vereecken and Roels,
2015a). It is therefore necessary to detect and avoid those extreme cases in the design
process. Calculated mould indexes behind the insulation using the paper-backed PIR
product were very high and in 89% of the cases above the safe threshold. Therefore, until
further research into actual mould growth inside such structures has been conducted or
gapless installation can be absolutely assured, the application of such products on mass
masonry walls open to wind driven rain cannot be recommended.

In general, the vapour open materials with CCR-optimized data still have their specific
advantages over the vapour tight solution, although the gap is smaller than before.
Furthermore, the mass masonry wall is probably the best showcase for the vapour open
approach — for example, should the original wall have air cavities, the wind driven rain
loads would be reduced and the vapour tight approach might then turn out to be more
favourable (presuming the issues with fasteners and unintentional defects can be
mitigated).

The overall impact of interior insulation can be summarized by the following:

e a2 65% median reduction of mean heat fluxes (30 mm PIR, 60 mm AAC or 90 mm
CaSi on top of a 52 cm-thick mass masonry wall);

e areduction of interior surface mould indexes: 7% of the uninsulated walls failed
to stay below the threshold value, while the failure rate was 1.9% of all CaSi cases
and 0 when using AAC or PIR;

31



Kldseiko, P. and Kalamees, T. (2021) ‘Hygrothermal performance of a brick wall with interior insulation in cold climate: Vapour open
versus vapour tight approach’, Journal of Building Physics. © The Author(s) 2021. https://doi.org/10.1177/17442591211056067

Accepted manuscript

e maximum mould indexes between masonry and insulation ranged from high
using CaSi (median=1.2) and AAC (median=2.1) to very high using PIR
(median = 4.9). This hints that whole-surface gluing is required for AAC & CaSi
and an airtight installation for all insulation solutions;

e the exterior layer of the original wall must tolerate higher ice saturation levels
(median relative increase = 8%) and freeze-thaw cycles (median relative
increase = 50%) regardless of the type of insulation;

e the old interior plaster will become moist and susceptible to frost damage —
unless it is certain that the plaster can endure that, its removal is recommended.

Nonetheless, a criterion with high failure rate could be found for all systems. As the real
distribution of currently varied parameters was not exactly known, even the outlier cases
should be considered carefully. Thus, as Vereecken and Roels (2015b, 2016) have also
stated, the “capillary active” interior insulation is no miracle cure and still needs case-
specific approach.

Frost and mould risk inside and directly behind both insulation approaches are governed
by the indoor air moisture load and can be at least to some degree mitigated by lowering
it. The hygrothermal conditions in the exterior layer of the original wall can be mainly
improved by reducing the wind driven rain loads. Hydrophobization can help here (Jensen,
Bjarlgv, et al., 2020) but accounting for it in modelling also depends on the availability of
material data and literature shows that the treatment can also worsen the situation (Calle
and Van Den Bossche, 2021; Janssen et al.,, 2020; Metavitsiadis et al., 2017). Further
determination of the exact frost damage limits of CaSi and AAC systems themselves will
probably show these results in better light as the current limiting criteria were selected
rather conservatively.

While it can be currently stated that the exterior brick layer will be at a worse state after
the insulation, the question whether the risks of accelerated frost damage would be
realized needs to be answered based on further material studies, for example, by
determining the critical saturation degrees and their temperature dependencies of these
materials.

This study only dealt with 1D modelling: 2D and 3D modelling are also required, as corners,
exterior wall - interior wall details, wooden beam ends, etc. —also in future climate — can
result in more critical situations.
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Annex 1: Boxplots of the outputs grouped by variables

Annex 1.1  CCR-optimized vs conventional material characterization
Annex 1.2 Vapour open vs PIR interior insulation

Annex 1.3 Uninsulated walls vs insulation solutions

Annex 2: Boxplots of combination-wise comparison

Annex 2.1  Uninsulated wall as reference

Annex 2.2  CCR-optimized vs conventional material characterization
Annex 2.3 Vapour tight insulation as reference

Annex 3: Decision trees of failure in different layers

Annex 3.1 Outer 135mm of the brick wall: failure due to maximum ice saturation
(failure: sice = 30%sat).

Annex 3.2 Old interior plaster behind the insulation: failure due to maximum ice
saturation (failure: sice = 30%sat).

Annex 3.3 Between insulation and original wall: failure due to mould index
(failure: Mipg = 1).

Annex 3.4  Exterior/cold part of the insulation: failure due to maximum ice saturation
(failure: sice = 4%sat).

Annex 3.5 Interior surface: failure due to mould index (failure: Ming > 1).
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