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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 
ƘŜǊƛǘŀƎŜ ōǊƛŎƪ ōǳƛƭŘƛƴƎǎΦ LŦ ǘƘŜ ŦŀœŀŘŜ 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 όIŅǳǇƭ  
Ŝǘ ŀƭΦΣ нллрΤ aǄƭƭŜǊ ŀƴŘ IŀƴǎŜƴΣ нлмоύΦ ¢ƘŜ ƭŀǘǘŜǊ Ŏŀƴ ƭŜŀŘ ǘƻ ŘŜǘŜǊƛƻǊŀǘƛƻƴ ƻŦ ǘƘŜ ŦŀœŀŘŜ 
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 20th century (left). However, it cannot 
be used if the facades are valuable (right) and one of the alternatives is the hygrothermally 
Ǌƛǎƪȅ ƛƴǘŜǊƛƻǊ ƛƴǎǳƭŀǘƛƻƴΦ {ƻǳǊŎŜ ƻŦ ǇƘƻǘƻ ƻƴ ǘƘŜ ǊƛƎƘǘΥ ²ƛƪƛƳŜŘƛŀ ŎƻƳƳƻƴǎ ǳǎŜǊ άLƛŦŀǊέΣ  
CC BY-SA 3.0 EE. 

During the last 15 years, the so-ŎŀƭƭŜŘ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎ ƘŀǾŜ ōŜŜƴ 
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 ς 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 ǾŀǇƻǳǊ ƻǇŜƴ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǘŜǊƛƻǊ ƛƴǎǳƭŀǘƛƻƴ 
solutions to Estonian climate and compare them to the vapour tight approach that has 
been used thus far. 
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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 
characterizatƛƻƴ ǿƘŜƴ ƳƻŘŜƭƭƛƴƎ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǘŜǊƛƻǊ ƛƴǎǳƭŀǘƛƻƴ 
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 ς on-site hygrothermal measurements; 

¶ laboratory studies ς freeze-thaw cycling, hygrothermal and tensile 
strength measurements, measurement of basic material properties; 

¶ hygrothermal modelling ς 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-III 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.  

 

   

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 1970ς2019 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 ς 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 ƻŦ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ 
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). 

¶ aƻŘŜƭƭƛƴƎ ǿƛǘƘ άŎƻƴǾŜƴǘƛƻƴŀƭƭȅέ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ Ŏŀƴ ƭŜŀŘ ǘƻ 
overly optimistic assumptions of the hygrothermal performance of the 
άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǘŜǊƛƻǊ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎΦ ¢ƘŜ ǊŜǎǳƭǘs 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 IV): 
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 
άŎƻƴǾŜƴǘƛƻƴŀƭƭȅέ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƳŀǘŜǊƛŀƭǎ (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; 
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o old interior plaster should be removed before applying interior 
insulation; 

o mould indexes behind the insulation were high ς emphasis should be 
put on achieving airtight installation of both vapour tight and vapour 
ƻǇŜƴ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎ 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 -мл ϲ/ύΦ ¢ƘŜȅ Ŏŀƴ 
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 ς 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 ς in total incorporating 3 wall types and 6 different insulation systems. 
They can be used as reference datasets for hygrothermal model 
validation/calibration (publications IςIII, IV). 
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Abbreviations 

AAC Autoclaved aerated concrete 

avg. Average 

CaSi Calcium silicate 

CCR Capillary condensation redistribution (test) 

CMU Concrete masonry unit 

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

EU European Union 

F/T cycle or FTC Freeze-thaw cycle 

HAM Heat, air and moisture (modelling) 

IBK Lƴǎǘƛǘǳǘ ŦǸǊ .ŀǳƪƭƛƳŀǘƛƪ ό¢ŜŎƘƴƛǎŎƘŜ ¦ƴƛǾŜǊǎƛǘŅǘ 5ǊŜǎŘŜƴύ 

IBP (Fraunhofer) Institute for Building Physics 

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

MC Moisture content 

MP (Ytong) Multipor, autoclaved aerated concrete insulation board 

MRC Moisture retention curve 

MRY Moisture reference year 

MW Mineral wool 

PE Polyethylene 

PIR Polyisocyanurate 

PUR Polyurethane 

RH Relative humidity 

th. thermal 

TT (Knauf) TecTem, an insulation system based on an expanded 
perlite board 

WDR Wind-driven rain 

WTA Wissenschaftlich-¢ŜŎƘƴƛǎŎƘŜ !ǊōŜƛǘǎƎŜƳŜƛƴǎŎƘŀŦǘ ŦǸǊ 
Bauwerkserhaltung und Denkmalpflege / International Association 
for Science and Technology of Building Maintenance and 
Monuments Preservation 

WWII The Second World War 
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Symbols 

Aw ²ŀǘŜǊ ŀōǎƻǊǇǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ ƪƎκόƳчϊǎ0.5) 

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

d Dimension, mm 

Da ²ŀǘŜǊ ǾŀǇƻǳǊ ŘƛŦŦǳǎƛǾƛǘȅ ƛƴ ǎǘƛƭƭ ŀƛǊΣ Ƴчκǎ 

fRsi Temperature factor, - 

g aƻƛǎǘǳǊŜ Ƴŀǎǎ ŦƭǳȄΣ ƪƎκόƳчϊǎύ 

hv Specific enthalpy of water vapor, J/kg 

Kg Dŀǎ ǇŜǊƳŜŀōƛƭƛǘȅΣ ǎ όҐ ƪƎκόƳϊǎϊtŀύύ 

Kl [ƛǉǳƛŘ ǿŀǘŜǊ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ǎ όҐ ƪƎκόƳϊǎϊtŀύύ 

Kv ²ŀǘŜǊ ǾŀǇƻǳǊ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ǎ όҐ ƪƎκόƳϊǎϊtŀύύ 

M Mould index (according to Finnish mould model), - 

pC Capillary pressure, Pa 

pg Gas pressure, Pa 

pl Pressure in liquid phase, Pa 

pv Water vapour partial pressure, Pa 

q IŜŀǘ ŦƭǳȄΣ ²κƳч 

R ¢ƘŜǊƳŀƭ ǊŜǎƛǎǘŀƴŎŜΣ ƳчϊYκ² 

Ra Dŀǎ Ŏƻƴǎǘŀƴǘ ƻŦ ŀƛǊΣ WκόƪƎϊYύ 

RH Relative humidity, %RH 

RHcrit Critical relative humidity which should not be exceeded, %RH 

Rif Interface resistance, m/s 

Rv Dŀǎ Ŏƻƴǎǘŀƴǘ ƻŦ ǿŀǘŜǊ ǾŀǇƻǳǊΣ WκόƪƎϊYύ 

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

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

T Temperature, K 

t ¢ŜƳǇŜǊŀǘǳǊŜΣ ϲ/ 

U ¢ƘŜǊƳŀƭ ǘǊŀƴǎƳƛǘǘŀƴŎŜΣ ²κόƳчϊYύ 

ug Specific internal energy of gas phase, J/kg 

ul Specific internal energy of liquid phase, J/kg 

w aƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘΣ ƪƎκƳш 

W Wall factor (used in ISO 15927-3:2009), - 

ҡ Water vapour diffusion resistance factor, - 

ɲ˄ Moisture excess (difference between indoor and outdoor air moisture 
ŎƻƴǘŜƴǘύΣ ƎκƳш 

 ˂ ¢ƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ²κόƳϊYύ 

 ́ 5ŜƴǎƛǘȅΣ ƪƎκƳш 

 ̞ aƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ōȅ ǾƻƭǳƳŜΣ ƳшκƳш 
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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 
άŜȄŎƭǳǎƛǾŜέΦ 5ǳŜ ǘƻ ƘƛƎƘŜǊ ǇǊƛŎŜΣ ƳŀǎƻƴǊȅ ǿŀǎ ǳǎŜŘ ŦƻǊ ƳƻǊŜ prominent buildings and 
today most of them are under heritage protection in one form or another. 

In the early 20th 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, 17ςмуύΦ CǊƻƳ ǘƻŘŀȅΩǎ ǾƛŜǿǇƻƛƴǘΣ 
the exterior cavity is more desirable ς 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 (1918ς1940), 
the multi-layered walls (see Figure 3 walls 9ς11) 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 (1944ς1991) ς 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 όaŅƴŘŜƭΣ нлмфύ 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 
άǎǇŜŎƛŀƭέ ōǳƛƭŘƛƴƎǎΦ 

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 ς thermal transmittance is highest, surface temperatures lowest and 
wind driven rain flux is not interrupted by a cavity. 
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Figure 3 Some masonry structures used in Estonia during pre-WWII era along with calculated  
όɽ ς including surf. resistances; K ς w/o surf. resistances) and measured (Lς w/o surf. 
resistances) thermal transmittances (note: right side is interior surface; units: 1 kŎŀƭκόƳчϊƘϊϲ/ύ 
Ґ мΦмсо ²κόƳчϊYύύΦ wŜǇǊƻŘǳŎŜŘ ŦǊƻƳ WǸǊƎŜƴǎƻƴ (1938). 
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Figure 4 The Soviet occupation (1944...1991) introduced the 1.5-brick cavity wall as one of the main 
masonry wall types. Metal wire (left) or bricks (right) were used to tie the leaves together, the 
cavity could be, but is not always insulated with mineral wool which is covered with bitumen 
sheet for rain protection. Reproduced from ˴͊͊͘;͔͟ ŀƴŘ ˾͎͍͙ͦͦͤ (1953). 

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: 

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

¶ to prevent rainwater penetration: plastering and hydrophobization of the 
exterior surfaces (Veski, 1935)Φ WǸǊƎŜƴǎƻƴ (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; 

¶ to prevent condensation on interior surfaces: proper ventilation of the rooms 
and sufficient insulation of the walls were deemed necessary (Grauen, 1937; 
WǸǊƎŜƴǎƻƴΣ мфпнύ; 

¶ 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 όWǸǊƎŜƴǎƻƴΣ мфпнΤ ±ŜƴŘŀŎƘΣ 
1929). 

On one hand, WǸǊƎŜƴǎƻƴ (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): 

¶ ¢ƘŜ άǘǊŀŘƛǘƛƻƴŀƭέ 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. 

¶ ±ŀǇƻǳǊ ƻǇŜƴ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ŀǇǇǊƻŀŎƘ: 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. 

¶ 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 ς 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.  

 
Figure 5 ¢ƘŜ ŦǳƴŎǘƛƻƴƛƴƎ ǇǊƛƴŎƛǇƭŜ ƻŦ ǾŀǇƻǳǊ ƻǇŜƴ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳ ƛƴ ǿƛƴǘŜǊ 

conditions. Based on Zirkelbach et al. (2011) and Plagge (2011). 
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Figure 6 Comparison of different interior insulation approaches and their impact on a mass masonry 
wall subjected to wind-driven rain. Based on ½ƛǊƪŜƭōŀŎƘ ŀƴŘ YǸƴȊŜƭ (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 όtŀǾƭƝƪ Ŝǘ ŀƭΦΣ нллрΤ ¢ƻƳŀƴ Ŝǘ ŀƭΦΣ нллфύ, 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 όYǸƴȊŜƭ Ŝǘ ŀƭΦΣ 
2012) shares some guidance to achieve properly functioning interior insulation. Mainly, 
the following goals can be summarized: 

¶ avoid accumulation of moisture; 

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

¶ avoid accelerated degradation of the structure; 

¶ avoid mould and rot. 
 

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

¶ 2D and 3D details/joints ς 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. 

¶ Reduction of thermal mass of the interior surfaces ς 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) 

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

¶ 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 
!ŎŎƻǊŘƛƴƎ ǘƻ YǸƴȊŜƭ (2011), frost behind an interior insulation system should be avoided. 
It was suggested that temperature at the insulation-original wall interface should be 
above -р ϲ/ (considering dissolved salts and capillary pressure which reduce the freezing 
point) and relative humidity below 95%RH. 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 όYǸƴȊŜƭ Ŝǘ ŀƭΦΣ нлмнύ 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%RH, froze it at -мрϲ/ ŦƻǊ  
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 ς 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 
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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 ς 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 ς 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) ς 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 1ς2 correspond to 
the upper limits of the safe functioning of the structure (Viitanen et al., 2015). 

 

  

Figure 7 Left: critical relative humidity (RHcrit) 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 ς acceptable; yellow ς warning; red ς unacceptable). Based 
on Viitanen et al. (2015). 

!ŎŎƻǊŘƛƴƎ ǘƻ YǸƴȊŜƭ (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 όYƭƿǑŜƛƪƻ ŀƴŘ YŀƭŀƳŜŜǎΣ нлмсΤ aƻǊŜƭƭƛ ŀƴŘ aqƭƭŜǊΣ нлмфύ. 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 
Wufi, 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 
ƘȅƎǊƻǘƘŜǊƳŀƭ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ōǳƛƭŘƛƴƎ ŜƴŎƭƻǎǳǊŜǎΦ IŅǳǇƭ Ŝǘ ŀƭΦ (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 
ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƘƛƭŜ ǘƘŜ ƛƳǇŀŎǘ ƻŦ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ŎŀƭŎƛǳƳ ǎƛƭƛŎŀǘŜ ǿƻǳƭŘ ōŜ ƳǳŎƘ 
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 15ς50 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 
ŀƴŘ ²ŀƭƭŜƴǘŞƴΣ нлмтύ 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 
ƳƻŘŜƭƭƛƴƎ ŀƭƛƪŜΦ CƻǊ ŜȄŀƳǇƭŜ WŜƴǎŜƴΣ .ƧŀǊƭǄǾΣ Ŝǘ ŀƭΦ (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 ς among correct boundary 
conditions, proper specifications of the structure, etc. ς 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 
ǎǳōƧŜŎǘŜŘ ǘƻ ǿƛƴŘ ŘǊƛǾŜƴ Ǌŀƛƴ ŀƴŘ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎ Ŏŀƴ 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). 

 

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. 

 

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-ƭƛŦŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǘƘŜ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎ 
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 άŎƻƴǾŜƴǘƛƻƴŀƭƭȅέ 
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. 
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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 
άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ 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 ǘƘŜ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎ ŀ 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-WŅǊǾŜύ 

 

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: 

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

¶ aerated 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 some capillary activity; 

¶ 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 73ς75 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. 

 

Figure 11 Plan and section/view of the studied test walls. 
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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 
ōŜǘǿŜŜƴ ƛƴǎǳƭŀǘƛƻƴ ŀƴŘ ǘƘŜ ƻǊƛƎƛƴŀƭ ǿŀƭƭ όqрƳƳΣ wƻǘǊƻƴƛŎ I/н {/лрΣ ŀŎŎǳǊŀŎȅ ҕ лΦо ϲ/Σ 
ҕ м҈RH) and heat flow plates (Hukseflux HFP01Σ ŀŎŎǳǊŀŎȅ ҕ 5%) on the internal surface of 
insulation. Internal and external surface temperatures were also measured. 
LƴŘƻƻǊ ŎƭƛƳŀǘŜ ǿŀǎ ƘŜŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎŜǘ Ǉƻƛƴǘ ƻŦ ǘƘŜǊƳƻǎǘŀǘ Ҍнм ȏ/ ŀƴŘ ƘǳƳƛŘƛŦƛŜŘ ǘƻ 

keep the moisture excess (ɲ˄ difference between indoor and outdoor air moisture 
content) of 2.3ς4.6 ƎκƳшΣ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŀǾŜǊŀƎŜ ŎƻƴŘƛǘƛƻƴǎ ƛƴ ŘǿŜƭƭƛƴƎǎ ǿƛǘƘ ƘƛƎƘ 
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: 

¶ period 1 (P1): internal insulation works and starting to heat the room: 
27.03.2012ς4.07.2012; ɲ˄ ҌлΦм ƎκƳш; 

¶ pŜǊƛƻŘ н όtнύΥ ǎǘŀǊǘƛƴƎ ǘƻ ƘǳƳƛŘƛŦȅ Ғ о ƳƻƴǘƘǎ ŀŦǘŜǊ ƛƴǎǘŀƭƭŀǘƛƻƴ όпΦлтΦнлмнς
6.08.2012) to represent time period between the renovation and moving 
back in, high humidity load; ɲ˄ ҌнΦо ƎκƳш όƘǳƳƛŘƛŦƛŜŘύ 

¶ period 3 (P3): humidifying period to see the influence of different humidity 
loads on the hygrothermal performance of test walls, medium high humidity 
load: 6.08.2012ςуΦмлΦнлмнΤ ɲ ˄ҌнΦф ƎκƳш; 

¶ period 4 (P4): medium humidity load, 8.10.2012ς14.12.2012; ɲ˄ ҌпΦн ƎκƳш 
(humidified); 

¶ period 5 (P5): with low humidification (from 14.12.2012) to see drying out 
potential of different walls; ɲ˄ ҌнΦр ƎκƳш όƘǳƳƛŘƛŦƛŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƛƴŘƻƻǊ wIύΦ 

¶ period 6 (P6): medium humidity load, 22.01.2013ςмсΦлнΦнлмоΤ ɲ ˄ҌпΦс ƎκƳш 
(humidified); 

¶ period 7 (P7): high humidity load, 16.02.2013ςмтΦмлΦнлмоΤ ɲ ˄ҌоΦс ƎκƳш 
(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 ҕ0.5 ϲ/ύΦ Outdoor air temperatures ranged from +17 
to +30 ϲ/ ƛƴ Wǳƭȅ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ ҌмфΦп ϲ/Φ ¢ŜƳǇŜǊŀǘǳǊŜ ǳntil December was rather 
mild, with an average of +5.4 ϲ/ ƛƴ bƻǾŜƳōŜǊ ŀƴŘ ƳƛƴƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜǎ ǊŜŀŎƘƛƴƎ Ҍм ϲ/ 
on several occasions.  

 

Figure 13 Indoor moisture excess dependent on outdoor temperature during the experiment at Spordi 
2, Kohtla-WŅǊǾŜΦ Combined data from publication I and YƭƿǑŜƛƪƻ Ŝǘ ŀƭΦ (2013a). 
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2.2.2 Hygrothermal study of AAC insulation in an office building (Vabaduse 
ǾŅƭƧŀƪ 7, Tallinn) 
±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ т ƛǎ ŀ 7-storey office building built in 1932 (Figure 14 left). As it is heritage 
protection listedΣ ŀƭǘŜǊŀǘƛƻƴǎ ǘƻ ǘƘŜ ŦŀœŀŘŜ ŀǊŜ ŦƻǊōƛŘŘŜƴΦ 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. 

 

  

Figure 14 FŀœŀŘŜ ƻŦ ǘƘŜ ǎǘǳŘƛŜŘ 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 3rd 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 = 12.5 mm 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 2ς8.07.2014 (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-/лр όŀŎŎǳǊŀŎȅ ҕ 0.3 ϲ/Σ ҕ 1%RH); heat flux plates: 
IǳƪǎŜŦƭǳȄ ICtлм όŀŎŎǳǊŀŎȅ ҕ 5%); data logger Grant Squirrel SQ2020 1F8 (accuracy 
ҕ лΦлр҈ ƻŦ ǊŜŀŘƛƴƎǎ ҕ 0.025% of range); data logger Grant Squirrel SQ2010 (accuracy 
ҕ лΦм҈ ƻŦ ǊŜŀŘƛƴƎǎ ҕ 0.1% of range); temperature probes: Onset Hobo TMC6-HD 
όŀŎŎǳǊŀŎȅ ҕ 0.15 ϲ/ύΤ t&RH Řŀǘŀ ƭƻƎƎŜǊǎΥ hƴǎŜǘ Iƻōƻ ¦мн ŀƴŘ ¦·млл όŀŎŎǳǊŀŎȅ ҕ 0.21 ϲ/Σ 
ҕ 2.5ς3.5%RH). Measurement and logging interval of 1h was used. 

 

 
Fig. 1 Façade of the studied building. 

 
Fig. 2 Plan of the test rooms. 
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Figure 15 View at the insulated test wall from the inside ς placement of sensors and insulation scheme 
(top). Middle part of the test wall ς 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 ϲ/ ǿƛǘƘ ŀƴ 
average of +1.5 ϲ/ όмΦммΦнлмпς1.03.2015), which is higher than usual. The winter of 
2016/17 was similarly mild, while 2015/2016 and 2017/18 also showed lower 
temperatures (minimum -мтΦф ϲ/ and -мпΦу ϲ/ ǊŜǎǇŜŎǘƛǾŜƭȅ). Average indoor temperature 
in the measured rooms was 21.5 ϲ/Φ 5ǳŜ ǘƻ an intermittent heating scheme the indoor 
temperature had a daily amplitude of < 4 ϲ/Φ Figure 17 (right) gives the moisture excess 
in the studied rooms and shows that moisture loads during the measurement period 
were relatively low.  
 

  

Figure 17 Indoor and outdoor temperatures (left) and indoor air moisture excess during the 
measurement period. Figures initially published in Publication II 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 
(±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ мл, 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 
ƻŦ ŦǳǘǳǊŜ ōƛƻƭƻƎƛŎŀƭ ŘŜŎŀȅΦ tǊŜƭƛƳƛƴŀǊȅ I!a ƳƻŘŜƭƭƛƴƎ ǎƘƻǿŜŘ ǘƘŀǘ άŎƭƻǎŜŘ ŎŜƭƭέ t¦w 
ŦƻŀƳ ƛƴƧŜŎǘŜŘ ƛƴǘƻ ŀƛǊ ŎŀǾƛǘƛŜǎ ƻŦ ǘƘŜ ƳŀǎƻƴǊȅ ŀƴŘ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ /ŀ{ƛ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ 
of the wall could perform well. 

 

 

Figure 18 FŀœŀŘŜ ƻŦ ǘƘŜ ǎǘǳŘƛŜŘ ōǳƛƭŘƛƴƎ; 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-/лр όŀŎŎǳǊŀŎȅ ҕ 0.3 ϲ/Σ ҕ 1%RHύΤ ƘŜŀǘ ŦƭǳȄ ǇƭŀǘŜǎΥ IǳƪǎŜŦƭǳȄ ICtлм όŀŎŎǳǊŀŎȅ ҕ 5%); 
Řŀǘŀ ƭƻƎƎŜǊ DǊŀƴǘ {ǉǳƛǊǊŜƭ {vнлнл мCу όŀŎŎǳǊŀŎȅ ҕ лΦлр҈ ƻŦ ǊŜŀŘƛƴƎǎ ҕ лΦлнр҈ ƻŦ ǊŀƴƎŜύΤ 
temp. probes & logger: Onset Hobo UX120-006M & TMC6-I5 όŀŎŎǳǊŀŎȅ ҕ 0.15 ϲ/ύΤ t&RH 
Řŀǘŀ ƭƻƎƎŜǊǎΥ hƴǎŜǘ Iƻōƻ ¦мн ŀƴŘ ¦·млл όŀŎŎǳǊŀŎȅ ҕ 0.21 ϲ/Σ ҕ 2.5ς3.5%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 
Lƴ ǘƘƛǎ ǎǘǳŘȅ о ŘƛŦŦŜǊŜƴǘ ǾŀǇƻǳǊ ƻǇŜƴ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎ ǿŜǊŜ ǘŜǎǘŜŘΥ 
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-ллсa όŀŎŎǳǊŀŎȅ ҕ 0.15 ϲ/ύΤ 

2) t&RH sensors (boundary conditions in chambers and inside the wall): Rotronic 
HygroClip HC2-/лр όŀŎŎǳǊŀŎȅ ҕ 0.3 ϲ/Σ ҕ 1%RH) & A/D converter: Siemens SM331 
6ES7331-1kf02-лŀōл όŀŎŎǳǊŀŎȅ ҕ 0.004 V); 
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3) ƘŜŀǘ ŦƭǳȄ ǎŜƴǎƻǊǎΥ IǳƪǎŜŦƭǳȄ ICtлм όŀŎŎǳǊŀŎȅ ҕ 5%), logger: Grant Squirrel SQ2020 
мCу όŀŎŎǳǊŀŎȅ ҕ лΦлр҈ ƻŦ ǊŜŀŘƛƴƎǎΣ ҕ лΦлнр҈ ƻŦ ǊŀƴƎŜύΤ 

4) backup t&RH sensors for int. and ext. chamber climate: Onset Hobo UX100-023; 
5) balance: Vibra AJH-2200CE (e = 0.1 g, d = 0.01 g); 
6) oven Venticell 111. 
 

Also, gravimetric measurement of moisture content from different drill core layers 
were used (see Figure 23). Samples were dried at 70 ϲ/ ǳƴǘƛƭ Ŏƻƴǎǘŀƴǘ Ƴŀǎǎ ƘŀŘ ōŜŜƴ 
achieved. 

 

 

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) dry-out without artificial climate control; 
2) 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; 

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

4) second humidification period; 
5) freeze-thaw cycles. A typical freeze-thaw cycle in the exterior chamber consisted 

of a freezing period (t Ғ -29 ϲ/Σ ŘǳǊŀǘƛƻƴ Ŏa. 25 h) and a thawing period (t Ғ нл ϲ/Σ 
duration ca. 11 h), while the interior chamber temperature was kept at a constant 
20 ϲ/Φ During the freezing cycle, temperatures in the insulation glue layer dropped 
to ca -15 ς -7 ϲ/ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƛƴǎǳƭŀǘƛƻƴ system and moisture content. 

 

  

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 strengthΦ ! qфн ƳƳ ŎƻǊŜ-drill was used for the separation of 
ǘƘŜ ǎŀƳǇƭŜǎ όǊŜǎǳƭǘƛƴƎ ƛƴ qурƳƳ ǎǇŜŎƛƳŜƴǎύ ŀƴŘ 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-WŅǊǾŜύ 
Measured temperature and relative humidity between the insulation and original wall 
are given in Figure 25. Although the outdoor air temperature stayed under -10 ϲ/ ŦƻǊ у 
days in December, none of the sensors detected temperatures below 0 ϲ/ ŘƛǊŜŎǘƭȅ ōŜƘƛƴŘ 
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 ŀǎ άRHcrit άул҈έέΦ 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%RH 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 I and YƭƿǑŜƛƪƻ Ŝǘ ŀƭΦ (2013b). 

Thermal transmittances were calculated based on heat flow and surface temperature 
measurements for the period of 1.09.2012ς28.12.2012. 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 
Ғ о҈ ŘǳǊƛƴƎ ǘƘŜ ǇŜǊƛƻŘ ǿƛǘƘƻǳǘ ƘǳƳƛŘƛŦƛŎŀǘƛƻƴΦ 

The average values of surface temperature in November stayed within 19.2ς19.8 ϲ/ 
and the average for the uninsulated reference wall was 17.3 ϲ/ όthe average indoor 
temperature was 20.9 ϲ/ύΦ 5ǳǊƛƴƎ ǘƘŜ ŎƻƭŘ ǇŜǊƛƻŘ ƛƴ 5ŜŎŜƳōŜǊΣ ǘƘŜ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ 
of the reference wall dropped to an average of 13.1 ϲ/Σ ǿƘƛƭŜ ǘƘŜ ǎŜŎǘƛƻƴǎ ǿƛǘƘ ƛƴǎǳƭŀǘƛƻƴ 
stayed 3ς4 ϲ/ ƘƛƎƘŜǊ όthe average indoor temperature was 19.0 ϲ/ύ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ 
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 1.09.2012ς28.12.2012.  

2.3.1.2 !!/ ƛƴǎǳƭŀǘƛƻƴ ƛƴ ŀƴ ƻŦŦƛŎŜ ōǳƛƭŘƛƴƎ ό±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ тΣ ¢ŀƭƭƛƴƴύ 
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 (UHFP1 = 0.50 ²κόƳчϊYύ Ǿǎ Uref = 1.13 ²κόƳчϊYύύΦ 

  

  

Figure 27 Temperature (top) and relative humidity (bottom) behind insulation layer. Combined data 
from Publication II and YƭƿǑŜƛƪƻ ŀƴŘ YŀƭŀƳŜŜǎ (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 ƛƴ ŀƴ ƻŦŦƛŎŜ ό±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ 
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 ϲ/Σ ōǳǘ ƴƻǘ ǊŜŀŎƘƛƴƎ ǘƘŜ ŎǊƛǘƛŎŀƭ -5 ϲ/Φ Lƴ 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  
2.5ς3 months. RH values between exterior brick leaf and PUR (sensor TRH2) were quite 
stable (fluctuating about 5%RH 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 Ғ 4 ƎκƳш ǊƛǎŜ ƛƴ 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. 

 

 

 

Figure 28 ±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ млΥ ƳŜŀǎǳǊŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ όǘƻǇύ ŀƴŘ ǊŜƭŀǘƛǾŜ ƘǳƳƛŘƛǘy levels (bottom) 
throughout the monitoring period. 

Temperature indexes/factors (fRsi) were calculated from surface temperatures to 
assess mould and condensation risk on the wallΩǎ surface. The worst situation was 
detected at the wall-floor intersection (fRsi = 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. 2015ς29. 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 Ґ лΦрн ²κόƳчϊYύ ǿŀǎ ƳŜŀǎǳǊŜŘ ŀƴŘ 
between tie bricks (HFP1) the value was U Ґ лΦом ²κόƳчϊYύΦ н5 ǘƘŜǊƳŀƭ ǘǊŀƴǎŦŜǊ 
modelling of the insulated structure results in an average thermal transmittance of 
U = 0.39 ²κόƳчϊYύΣ ǿƘƛŎƘ ƛǎ Ғ о-fold reduction compared to the uninsulated case 
(U = 1.14 ²κόƳчϊYύύΦ 

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 Ғ -нфϲ/Σ 
duration ~25h) and thawing periods (t Ғ нлϲ/Σ ŘǳǊŀǘƛƻƴ ϤммƘύΣ ǿƘƛƭŜ the interior chamber 
temperature was kept at a constant нлϲ/Φ 5ǳǊƛƴƎ ǘƘŜ ŦǊŜŜȊƛƴƎ ǇŜǊƛƻŘ, the temperature 
inside the glue layer dropped to as low as -15 to -10 ϲ/ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƛƴǎǳƭŀǘƛƻƴ 
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 
ŦǊŜŜȊƛƴƎ ǎǘŀǊǘǎ ŀǘ ƴŜŀǊƭȅ лϲ/ Ŧor MP50 and MP60 (AAC) and at around -мΧ-нϲ/ ŦƻǊ ¢¢ ŀƴŘ 
ET (CaSi) systems. This is higher than the җ -рϲ/ ǘŜƳǇŜǊŀǘǳǊŜ ƭƛƳƛǘ ŦƻǊ ŦǊƻǎǘ ŀǾƻƛŘŀƴŎŜ 
derived from thermodynamics ōȅ YǸƴȊŜƭ (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 
(10Χмм҈sat). In the case of the substrate (cement fiberboard), the trend was reversed ς 
the lowest saturation degree was in the ET (CaSi) and TT sections (27Χнф҈sat) vs MP (AAC; 
36Χ37%sat). The highest saturation degree in the glue was in the TT (41% sat) and lower in 
the MP (AAC) and ET sections (CaSi; нрΧон҈sat). 

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 ς the former had a more notable 
increase (ca 30%) in the mean thermal conductivity than the latter (ca 10%). 
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Figure 29 Measured and modelled temperatures behind the insulation layer during a typical freezing 
cycle. 

  

 

 

Figure 30 Mean thermal conductivities of the insulation layer and moisture content levels (mean and 
cold side of the insulation) measured during the climate chamber experiment. Combined data 
from Publication IV, Varda (2017) and Publication VI. 
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2.3.1.5 Discussion 
A factor influencing the accuracy of direct comparison between the Spordi 2a and 
±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ т 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 ǎȅǎǘŜƳǎ ǳǎƛƴƎ άǿŜǘ ƛƴǎǘŀƭƭŀǘƛƻƴέ had a Ғ 5 mm layer of glue mortar according to 
installation instructions, the amount of water added inside the wall was largely the same. 
On IQ-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 IQ-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, .ƧŀǊƭǄǾΣ et al. (2021) when cork insulation plaster was used ς 
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 όIŅǳǇƭ Ŝǘ ŀƭΦΣ нллпΤ wǳƛǎƛƴƎŜǊΣ 
2013) and if artificial humidification is used, the measured relative humidity is higher  
ό5Ŝ aŜǘǎ Ŝǘ ŀƭΦΣ нлмтΤ WŜƴǎŜƴΣ .ƧŀǊƭǄǾΣ Ŝǘ ŀƭΦ нлнмΤ WŜƴǎŜƴΣ hŘƎaard, et al., 2020) and 
might exceed the basic 95%RH 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 
άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ǎȅǎǘŜƳǎ ŘǊƻǇǇŜŘ ōŜƭƻǿ ǘƘŜ -р ϲ/ ǘƘǊŜǎƘƻƭŘ ǎƘƻǳƭŘ ƴƻǘ ōŜ 
taken for granted and can be attributed to mild winters and favourable wall structures. 

The dryout time of built-in moisture ƛƴƘŜǊŜƴǘ ǘƻ ǘƘŜ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ 
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 όƻŦŦƛŎŜ ǎŜǘǘƛƴƎΤ ±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ т ŀƴŘ млΣ ¢ŀƭƭƛƴƴ; 
ƳƻƛǎǘǳǊŜ ŜȄŎŜǎǎ ɲ ˄Ғ мΦр ŀƴŘ м ƎκƳш ǊŜǎǇŜŎǘƛǾŜƭȅ), the tested solutions performed well 
and were not close to exceeding the 95%RH performance criteria. 

The results from the test with humidity loads similar to high population density 
apartments (Spordi 2a, Kohtla-WŅǊǾŜΤ ƳƻƛǎǘǳǊŜ ŜȄŎŜǎǎ ɲ ˄Ғ н ǘƻ с ƎκƳш) showed that 
95%RH ǇŜǊŦƻǊƳŀƴŎŜ ŎǊƛǘŜǊƛƻƴ ƻŦ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎ Ŏŀƴ ōŜ ŜȄŎŜŜŘŜŘ 
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%RH 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, howeverΣ ǘƘŜ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ǎȅǎǘŜƳǎ ŀǊŜ ƳŀǊƪŜǘŜŘ 
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 ς also in the overhygroscopic range. 

Freeze-thaw cycling of the insulation systems in the climate chamber study at ca 
10%sat and ca -10 ϲ/ 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 όYǸƴzel et al., 2012). In the CaSi system, damage occurred in saturated 
ǎŀƳǇƭŜǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎ Ŏŀƴƴƻǘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ άŦǊƻǎǘ 
ǊŜǎƛǎǘŀƴǘέ ōȅ ŘŜŦŀǳƭǘΦ 
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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: 

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

¶ to validate 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 
5.8.1ς5.9.6 were used for hygrothermal modelling. To take the phase change enthalpies 
ŀƴŘ ŦǊŜŜȊƛƴƎ Ǉƻƛƴǘ ŘŜǇǊŜǎǎƛƻƴ ƛƴǘƻ ŀŎŎƻǳƴǘΣ ǘƘŜ ƛŎŜ ƳƻŘŜƭƭƛƴƎ όƳƻŘŜƭ ōȅ IŅǳǇƭ ŀƴŘ ·ǳ 
(2001), implementation by Nicolai and Sontag (2013)) ǿŀǎ ǘǳǊƴŜŘ άƻƴέ ƛƴ Vabaduse 
ǾŅƭƧŀƪ мл and climate chamber studies. 2D models were used where appropriate 
(±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ т: from the window to the center axis of the column, see Figure 15; 
±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ мл: 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-WŅǊǾŜ study are shown in 
Table 1. The properties of the peat layer in the interior cavity were based on literature 
όWǸǊƎŜƴǎƻƴΣ мфпнΤ Yǳǘǎ ŀƴŘ {ƘŜƛƳŀƴΣ мфсрΤ aƛƪƪΣ мфттΤ ±ƛƴƘŀ Ŝǘ ŀƭΦΣ нллрύ and the 
άblown in celluloseέ material in the database. Table 2 gives the respective materials in 
the Delphin database for ±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ т, Tallinn study. At ±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ 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:  ́Ґ оф ƪƎκƳшΣ  ˃= 39, ˂  = лΦлнн ²κόƳϊYύύΦ The rest 
of the material IDs from the Delphin database used in models were 464, 143, 424, 21, 
230. 
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Table 1 Spordi 2a, Kohtla-WŅǊǾŜΥ material properties used for HAM modelling. 

Property RH 

Original wall materials Insulation materials 

Exterior 
plaster 

Brick Peat 
Interior 
plaster 

PIR iQ-T AAC CaSi 

Material ID  145 531 580 148 193 438 596 424 

Dry density ́ , 
ƪƎκƳш 

 1270 1800 150 1800 35 49 126 297 

Thermal 
conductivity ˂ , 

W/(mÖK) 

0% 0.55 0.70 0.07-0.09 0.82 0.020 0.029 0.045 0.067 

33% 0.56 0.70 0.07-0.09 0.82 0.020 0.029 0.046 0.071 

75% 0.58 0.70 0.07-0.09 0.83 0.021 0.029 0.047 0.075 

² 93% 0.59 0.71 0.07-0.09 0.83 0.022 0.030 0.054 0.077 

Moisture 
content w, 
ƪƎκƳш 

33% 11 4.8 9.1 2.3 0.49 0.27 1.3 16 

75% 57 6.4 18 9.2 0.96 0.35 3.4 21 

² 93% 75 13 42 25 4.4 1.4 16 26 

Vapor 
diffusion 

resistance 
coefficient ˃ , - 

0% 12 25 2 12 400 51 6 11 

33% 12 25 2 12 400 51 6 11 

75% 14 25 2 13 400 51 6 11 

² 93% 14 26 2 13 400 51 6 11 

Water 
absorption 
coefficient 

AwΣ ƪƎκόƳчϊƘ0.5) 

 0.0093 0.055 0.15 0.127 
1.0 10-

7 
0.013 0.0036 0.39 

 
 

Table 2 ±ŀōŀŘǳǎŜ ǾŅƭƧŀƪ т, Tallinn: material properties used for HAM modelling. 

Material Equivalent in Delphin database 

Brick Old Building Clinker Hamburg Holstenkamp (ID528) 

Aerated concrete 
.ŀǎŜŘ ƻƴ ά[ƛƎƘǘǿŜƛƎƘǘ ŎƻƴŎǊŜǘŜέ (ID159) ŀƴŘ ά.ƭŀǎǘ ŦǳǊƴŀŎŜ 
ǎƭŀƎ ŎƻƴŎǊŜǘŜέ (ID29) 

Plaster Lime plaster (ID629) 

AAC insulation board (Ytong Multipor) Mineral Foam Multipor (from 2011), ID595 

Glue mortar/plaster for AAC insulation 
ό¸ǘƻƴƎ [ŜƛŎƘǘƳǀǊǘŜƭύ 

Glue Mortar (For Mineral Insulation Board), ID77 

Glue foam for XPS (Ceresit CT84) Polyurethane-foam, ID195 

XPS insulation board (Tycroc TWP) Polystyrene Board ς Extruded (ID189) 

Wood Spruce SW Radial (ID460) 

Concrete Concrete (ID569) 

Cork Insulation-Clay-Cork-FW (ID801) 

 

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 (́, ̞ , ˂ , ˃ , 
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 ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘŀǘŀΣ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ǾŀǇƻǳǊ ǊŜǎƛǎǘŀƴŎŜ ƻŦ sd = 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 ς measured on site; precipitation, wind speed, wind direction ς
measured ca 10 km away (at WƿƘǾƛ ŀƴŘ Tallinn-Harku weather stations of Estonian 
Weather Service); diffuse and direct radiation ς measured ca 150 km away (ŀǘ ¢ƿǊŀǾŜǊŜ 
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-WŅǊǾŜύ 
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 
ƳŜŀǎǳǊŜƳŜƴǘ ǇŜǊƛƻŘύ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ YƭƿǑŜƛƪƻ (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%RH 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. 
 

  

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 
ǾŅƭƧŀƪ тΣ ¢ŀƭƭƛƴƴύ 
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. 

 

   

  

Figure 34 Measurements compared to modelling results at TRH3 (between interior insulation and 
original AAC masonry). Reformatted figures from Publication II (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 Ŏŀ о ϲ/ 
higher at indoor-outdoor ɲT Ғ 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%RH 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 
ǾŅljak 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. 

 

  

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 
ƳƻŘŜƭύ ǿŀǎ ǿƛǘƘƛƴ ҕ 1 ϲ/ ŦƻǊ Ƴƻǎǘ ƻŦ ǘƘŜ ȅŜŀǊ ǿƛǘƘ an overestimation of temperatures by 
2 to 3 ϲ/ ƛƴ ǎǳƳƳŜǊ όǇƻǎǎƛōƭȅ ŘǳŜ ǘƻ ŘŜŦƛŎƛŜƴŎƛŜǎ ƛƴ ǎƻƭŀǊ ƳƻŘŜƭƭƛƴƎ ƻŦ ǘƘŜ ǎƻǳǘƘ ŦŀŎƛƴƎ 
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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 ς again, as wetting periods are underestimated and drying periods 
overestimated, this could point at hysteretic effects currently not considered by the 
modelling tool. нпƘ ŀǾƎΦ ƘŜŀǘ ŦƭǳȄŜǎ ƛƴ ƳŀǎƻƴǊȅ ǎŜŎǘƛƻƴ ŀŎƘƛŜǾŜŘ ƭŜǎǎ ǘƘŀƴ ҕм ²κƳч  
(ca. 5ς10%) difference for most of the heating period using 2D model; in case of 1D 
models, the errors were 4ς8 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 ς 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, 1.5ς3-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 ς 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 (Kl) function might be the cause of inconsistencies as indicated by Binder et al. 
(2010, 2013, 2014). 

3.4 Chapter conclusions 

The modelling accuracy ƻŦ ǘƘŜ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎ ǿŀǎ deemed 
satisfactory in the lower hygroscopic range, however, above ca 90%RH, the modelling 
results begin to underestimate humidity levels. Similar discrepancies are also apparent 
in a studies by De Mets et al. (2017) and WŜƴǎŜƴΣ .ƧŀǊƭǄǾΣ Ŝǘ ŀƭΦ (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%RH (while 
measurements indicated Ғ млл҈RH). 

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 ς 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 ς while having the most reliable material data, controlled 
boundary conditions and various measurement methods ς 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 ς 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 ς 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 ς 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 
ǊŜŦŜǊŜƴŎŜ ŘŀǘŀǎŜǘΣ ǘƘŜ ά//w-ƻǇǘƛƳƛȊŜŘέ ƳŀǘŜǊƛŀƭ 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(Kvό˕ύ) and liquid water conductivity (log(Klό˕ύ) 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 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 Kv 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 άŎƻƴǾŜƴǘƛƻƴŀƭέ ƳŀǘŜǊƛŀƭ ŦƛƭŜs were used to model two 
different studies (Spordi 2a, Kohtla-WŅǊǾŜΣ ǎŜŜ ǎŜŎǘƛƻƴ 2.2.1 and the climate chamber 
study, see section 2.2.4) and are compared to the respective measurement results. 
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Table 3 Source of material test data for conductivity function optimization. 

Test Usage 
Source 

AAC CaSi 

Desiccator test, 
pressure plate test 

Moisture retention curve of the 
material 

TU Dresden IBK 
lab data for 

material ID595 

TU Dresden IBK lab 
data for material 

ID571 

Drying test 
Reference for liquid and vapour 

conductivity optimization 

Water uptake test*  
Reference for liquid and vapour cond. 

optimization (high moist. cont.) 

Saturated flow test Liquid conductivity near saturation 

Dry cup test Vapour conductivity of dry material In-house 
measurements, 
TU Dresden IBK 

lab data for ID595 

In-house 
measurements, 

TU Dresden IBK lab 
data for ID571 

Wet cup test 
Reference for liquid and vapour 

conductivity optimization 

CCR test 
Reference for liquid and vapour 

conductivity optimization 
Binder et al. 

(2014) 
Hirsch et al (2020) 

* ς 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 0.01ςлΦмр ƳшκƳш ŎƻƳǇŀǊŜŘ ǘƻ 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 2ς4) could not be found ς 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 0ςлΦн ƳшκƳш ŀƴŘ ƴŜŀǊ 
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 
ŀǇǇǊƻȄƛƳŀǘŜ ǾŀƭǳŜǎ ŀǊŜ лΦо ƳшκƳш ŀƴŘ лΦн ƳшκƳш ŦƻǊ !!/ ŀƴŘ /ŀ{ƛ ǊŜǎǇŜŎǘƛǾŜƭȅ (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) ς a more uniform distribution would be expected should the opposite be true. 

Here ς while not being a universally applicable approach ς more preference was 
placed on achieving better correlation with the CCR test than the drying experiment, as 
the former ŘŜǎŎǊƛōŜǎ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ƛƴ ŀŎǘǳŀƭ ǳǎŀƎŜ 
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-ƻǇǘƛƳƛȊŜŘ ŀƴŘ ŎƻƴǾŜƴǘƛƻƴŀƭƭȅ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ όάǿκƻ //wέύ ǳǎŜŘ ƛƴ ǘƘƛǎ 
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 
2.5ς3 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. 

  

 
 

Figure 39 Comparison of measurement results to modelling with CCR-optimized and conventionally 
ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ όάǿκƻ //wέύΦ 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 2ς3-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 I, 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 ς 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 ǳǎƛƴƎ ŘƛŦŦŜǊŜƴǘ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŀǘŀǎŜǘǎ ŦƻǊ ǘǿƻ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎ. 
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 ς 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 ς 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 ς 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 ς 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: 

¶ To quantify the difference in the modelling results caused by conventional and 

CCR-optimized material characterization processes. 

¶ To assess the suitability of vapour open and vapour tight insulation approaches 

ƛƴ ŎƻƭŘ ŎƭƛƳŀǘŜ ŀƴŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ƛŦ ǘƘŜ άŎŀǇƛƭƭŀǊȅ ŀŎǘƛǾŜέ ǾŀǇƻǳǊ ƻǇŜƴ ƳŀǘŜǊƛŀƭǎ 

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 IŅǳǇƭ ŀƴŘ ·ǳ 
(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 ς 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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ǘƘŜ ƻǊƛƎƛƴŀƭ ǿŀƭƭύΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎ όIŜǖŜ Ŝǘ ŀƭΦΣ нлмуύ, 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.  
 

 

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