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Abstract 

The built environment is estimated to be responsible for nearly 40% of the world’s total energy usage, 
and 30-40% of the emissions. Approximately 40% of the European building stock was constructed 
before 1960, and these buildings often have large heat losses through the building envelope and 
perhaps also thermal comfort issues. A large share of the aforementioned buildings have an exterior 
appearance worthy of preservation due to their historic or aesthetic values which prevents the use of 
renovation measures that could compromise these values. In terms of retrofitting the façade walls, 
external insulation is often prohibited leaving internal insulation as the only remaining option. 
However, internal thermal retrofitting solid masonry walls is generally regarded as risky since the 
added insulation causes the existing wall structure to become colder and wetter, which increases the 
risk of interstitial condensation. In addition, the added insulation reduces vapour diffusion drying to 
the room side. These factors contribute to elevated moisture levels in the wall structure and an 
increased risk of moisture induced damage. Consequently, there exists a need for defining robust 
methodologies for the installation of internal insulation of historic solid masonry walls, which do not 
cause hazardous fungal growth or other undesirable issues e.g. decay of embedded wooden elements.  

The purpose of this study was, in a large field experiment, to investigate several either diffusion-open 
or diffusion-tight insulation systems to determine if it is possible to internally retrofit solid masonry 
walls without causing hazardous fungal growth. The investigated diffusion-open insulation systems 
were: polyurethane with calcium silicate channels, monolithic calcium silicate, lightweight autoclaved 
aerated concrete, and lime-cork based insulating plaster. The diffusion-tight systems were: phenolic 
resin foam, and traditional mineral wool with a vapour barrier. These systems were examined in 
combination with exterior hydrophobisation. The field study findings were complemented by 
calibrated numeric simulations performed to investigate additional parameters and the robustness 
against changing climate conditions in the future. The field experiment and the laboratory tests also 
investigated if controlling the immediate surroundings would prevent the occurrence of fungal growth 
and the risk of fungal growth affecting the indoor climate. Lastly, several mathematical models for 
prediction of mould growth and wood decay were assessed and compared to on-site microbiological 
tests.  

The field study showed high relative humidity levels in the internally insulated solid masonry walls 
without exterior hydrophobisation in the case of high indoor moisture load during winter. In addition, 
the diffusion tightness of the insulation was found to be of considerable importance in terms of the 
hygrothermal performance. Without exterior hydrophobisation the diffusion-open insulation systems 
were found to perform slightly better than the diffusion-tight systems. However, in the case of test 
walls with exterior hydrophobisation the diffusion-tight systems performed considerably better. The 
material and microbiological tests in the field experiment and the laboratory study showed no fungal 
growth in the interface between the masonry wall and insulation in the case of high alkalinity (pH>12) 
in the surrounding materials i.e. the internal render and adhesive glue mortar. This suggests that if 
high alkalinity could be maintained then fungal growth could probably be prevented despite the 
presence of unacceptably high moisture levels. In systems where the alkalinity declined rapidly it was 
found to be of considerable importance to ensure that no organic additives or elements were present 
in the critical locations. Furthermore, diffusion tests with VOCs mimicking Microbial Volatile Organic 
Compounds produced by fungal growth showed that in the case of growth behind the insulation the 
VOCs were able to penetrate most of the examined systems and potentially affecting the indoor air 
quality negatively. The rate of diffusion through the systems was found to be relatively large for the 
highly water vapour diffusion-open insulation systems, especially in the case of highly volatile VOCs 
such as acetone or ethanol. The mould growth and wood decay prediction models were found to 
overestimate the risk, and for the mould growth predictions this was probably due to the high 
alkalinity and insufficient access to nutrition in the critical locations.  
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Dansk resume 

Byggesektoren er en stor "forbruger", der skønnes at være ansvarlig for næsten 40% af verdens 
samlede energiforbrug og 30-40% af drivhusgas emissionerne. I Europa er ca. 40% af bygningsmassen 
opført før 1960, og disse bygninger har ofte store varmetab gennem klimaskærmen og sandsynligvis 
også problemer med den termisk komfort. En stor andel af de førnævnte bygninger anses for at være 
bevaringsværdige på grund af deres historiske eller æstetiske værdier, dette forhindrer brugen af 
renoveringstiltag, der kan kompromittere disse værdier. Med hensyn til efterisolering af facaderne vil 
indvendig isolering normalt være den eneste mulighed. Indvendigt efterisolering af massivt murværk 
betragtes generelt som risikabelt, da den nye isolering vil gøre, at det eksisterende murværk bliver 
koldere og vådere, hvilket øger risikoen for kondens inde i konstruktionen. Den nye isolering vil også 
mindske muligheden for udtørringen til rumssiden. Disse faktorer bidrager alle til forøgede 
fugtighedsniveauer i konstruktionen og en øget risiko for fugtrelaterede skader.  Der er behov for at 
definere robuste metoder for indvendig efterisolering af historisk massivt murværk, som ikke 
forårsager skimmelvækst eller andre uønskede problemer, herunder råd i de indlejrede træelementer. 

Formålet med dette forskningsprojekt var, i et storskala felteksperiment, at undersøge en række 
diffusionsåbne og diffusiontætte isoleringssystemer, for at bestemme om det er muligt at efterisolere 
massivt murværk indvendig uden at dette fører til skimmelvækst. De undersøgte diffusionsåbne 
systemer var: polyuretanskum med kalciumsilikat kanaler, kalciumsilikat, autoklaveret 
letvægtsluftbeton, og kalk-kork baseret isoleringspuds. De diffusiontætte systemer var: fenolskum, og 
traditionel mineraluld med en dampspærre. Dette inkluderede undersøgelser af ovennævnte 
systemer i kombination med udvendig hydrofobering. Felteksperimentet blev komplementeret med 
kalibrerede numeriske simuleringer for at undersøge yderligere parametre samt systemernes 
robusthed mod fremtidige klimaforhold. Felteksperimentet samt laboratorietests undersøgte også 
årsager og forhold der kunne føre til skimmelvækst, for at bestemme, om kontrol af de umiddelbare 
omgivelser ville kunne forhindre skimmels vækst i konstruktionen, samt risikoen for at skimmelvækst 
vil kunne påvirke indeklimaet. Studiet inkluderede også undersøgelse af en række matematiske 
modeller til forudsigelse af skimmelvækst og råd i vægkonstruktionerne, som blev sammenlignet med 
mikrobiologiske tests fra felteksperimentet.  

Feltundersøgelserne viste høje relative fugtighedsniveauer i de efterisolerede testvægge uden 
udvendig hydrofobering, når den indendørs fugtbelastning om vinteren var høj. Resultaterne viste at 
isoleringens diffusionstæthed var af stor betydning med hensyn til den hygrotermiske ydeevne. Uden 
udvendig hydrofobering blev det observeret, at de diffusionsåbne systemer havde lidt lavere 
fugtighedsniveauer end de diffusionstætte systemer. Hvorimod med udvendig hydrofobering 
fungerede de diffusionstætte systemer betydeligt bedre end de diffusionsåbne. Test af materialer og 
de mikrobiologiske forhold i felteksperimentet og laboratorieeksperimenterne viste ingen 
skimmelvækst i skillelaget mellem væg og isolering i tilfælde af høj alkalinitet (pH>12) i de omgivende 
materialer, dvs. det indvendige pudslag og limmørtelen. Det kunne antyde, at skimmelvækst 
sandsynligvis vil kunne forhindres på trods af uacceptabelt høje fugtigheder, hvis man opretholder 
meget alkaliske forhold. For systemer, hvor alkaliniteten falder hurtigt, er det yderst vigtigt, at sikre at 
der ikke forefindes organiske additiver eller elementer, da dette kan give grobund for skimmelvækst. 
Undersøgelserne for diffusion af opløsningsmidler, der skulle efterligne mikrobielle flygtige organiske 
forbindelser fra svampevækst viste, at i tilfælde af skimmelvækst bag isoleringen, var 
opløsningsmidlerne i stand til at trænge igennem de fleste af de undersøgte isoleringssystemer og 
potentielt påvirke den indendørs luftkvalitet negativt. Diffusionshastigheden viste sig at være relativt 
stor i de diffusionsåbne isoleringssystemer, især i tilfælde af meget flygtige opløsningsmidler såsom 
acetone eller ethanol. Resultaterne viste at de matematiske skimmel- og rådmodeller generelt 
overvurderede risikoen. For skimmelvækst kan uoverensstemmelserne mellem modellerne og 
forsøgene skyldes den høje alkalinitet samt den begrænsede adgang til næringsstoffer.   
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Abbreviations  

+H:   Abbreviation given to test walls with exterior hydrophobisation 

AAC:   Autoclaved Aerated Concrete 

CaSi:   Calcium Silicate 

Cork plaster:  Cork-lime based insulating plaster 

CYA:   Czapek Yeast Autolysate Agar 

DG18:   Dichloran-Glycerol Agar 

G:   Abbreviation given to test walls situated in test container G 

MEA:   Malt Extract Agar 

MI:   Mould Index value 

ML:   Mass Loss 

MRD:  Refers to the Mould resistant design (MRD) mould growth prediction model by Lund 
University Sweden and RISE Research Institutes of Sweden 

MV:  Mycometer® Value 

MVOC:   Microbial Volatile Organic Compounds, VOCs produced by microorganisms 

MW:   Mineral Wool 

NE:   North-east 

PE:   Polyethylene 

Phenolic:  Phenolic resin foam  

PIR:   Polyisocyanurate 

PUR:   Polyurethane  

PUR-CM:  Composite material of polyurethane foam with calcium silicate channels 

RH:   Relative Humidity 

SW:   South-west 

TI plaster:  Refers to the insulating plaster developed by the Danish Technological Institute 

V8:   Vegetable juice agar with blend of 8 vegetable juices 

VOC:   Volatile Organic Compounds 

VTT:  Refers to the mould growth or wood decay prediction models by the Technical 
Research Center of Finland VTT 

WDR:   Wind Driven Rain 

WUFI-Bio:  Refers to the mould growth prediction software by Fraunhofer Institute in Germany 

XPS:   Extruded polystyrene 

X:   Abbreviation given to test walls situated in test container X 

YES:   Yeast Extract with Supplements Agar 
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List of symbols  

Roman letters A  Area        [m2] Aw  Water absorption coefficient     [kg/(m2·s½)] aw  Water activity       [-] ACH  Air Change per Hour      [h-1] �  Water penetration coefficient     [m/s½] Cmat  Material coefficient for mould regression   [-] 
�,  Specific heat capacity of air     [J/(kg·K)] D / d  Depth         [m or mm] D12  Twelve-hour dose (MRD mould model)    [Days] D(t)  Total dose, accumulated over the given period of time  [Days] D[ϕ(t),θ(t)] Time dependent dose      [Days] �  Diffusivity of water vapour in stagnant air   [m2/s] Dcrit  Critical dose       [Days] De   Diffusion coefficient, based on vapour content    [m2/s] Dp    Diffusion coefficient, based on vapour pressure    [kg/(m·s·Pa)] Dvoc,air   Diffusion coefficient of VOC in air     [m2/s] �!  Liquid transport coefficient     [m2/s] Dθ  Temperature component of half-day dose   [Days] Dϕ  Relative humidity component of half-day dose   [Days] "#  Hydraulic diameter      [m] $  Friction factor       [-] G  Mass flow rate       [kg/s] &  Mass flow rate of water vapour     [kg/s] &,'()  Volumetric flow rate of air     [m3/s] &)   Mass flow rate of liquid moisture    [kg/s] &'  Mass flow rate of water vapour     [kg/s] *  Gravitational acceleration     [m/s2] g  Density of vapour flow rate     [g/(m2·h)] *  Density of water vapour transport in air    [kg/(m2·s)] *)  Liquid moisture flux density     [kg/(m2·s)] *'  Water vapour flux density     [kg/(m2·s)] g(ϕ,θ)  Limit state function      [-] H  Height        [m or mm] ℎ-  Convective heat transfer coefficient    [W/(m2·K)] 
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.  Air permeance of material     [kg/(m2·s·Pa)] .  Hydraulic conductivity      [kg/(Pa·m·s)] k1  Growth intensity factor (VTT mould model)   [-] k2  Moderation of growth intensity factor (VTT mould model) [-] 0  Air permeability of material     [kg/(m·s·Pa)] km  Rate constant for mass loss     [1/s] L  Length        [m or mm] M  Molar mass       [g/mol] M  Mould index (VTT and WUFI-Bio models)   [-] ML  Mass loss       [%] MRDmould index Mould index (MRD model)     [-] m    Mass        [kg] 8!   Moisture mass density      [kg/m2] n12   Number of twelve-hour doses     [-] P   Flow section perimeter      [m] :  Partial pressure       [Pa] :  Air pressure       [Pa] :-   Capillary pressure      [Pa] :;  Total gas pressure      [Pa] :)  Liquid pressure       [Pa] po  Open porosity       [m3/m3] :'   Partial water vapour pressure      [Pa] q   Ventilation flow rate      [m3/h] R  Thermal resistance      [K·m²/W] R  DC electrical resistance      [log10MΩ] Radjusted  DC electrical resistance, adjusted to 20 °C   [log10MΩ] ?'  Specific gas constant for water vapour    [J/(kg·K)] ?;@  Specific gas constant       [J/(kg·K)] r  Pore radius       [m] Re  Reynolds number      [-] RH  Relative humidity      [%] T  Temperature       [K] t  Time        [h or s] U  Thermal transmittance      [W/(m2·K)] u  Wood moisture content, weight-%    [%] V  Volume        [m3] 
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v  Vapour content by volume     [kg/m3] or [g/m3] W  Width        [m or mm] E  Airflow resistance of material     [m2·s·Pa/kg] F  Moisture content      [kg/m3] x  Spatial coordinate in the x-direction    [m] x  Vapour ratio       [kg/kg] Z  Vapour diffusion resistances     [m2·s·GPa/kg]  

or [m2·s·Pa/kg] Ø  Diameter       [mm] 

 

Greek letters I  Activation energy for wood decay mass loss   [-] J  Surface transfer coefficient     [kg/(m2·s·Pa)] K'   Vapour permeability, based on vapour concentration gradient [m2/s] K�  Vapour permeability, based on vapour pressure gradient [kg/(Pa·m·s] L  Temperature       [°C] L  Contact angle       [°]  MNOPP,'(-  Diffusion similarity factor      [-] λ  Transport coefficient for thermal conductivity   [W/(m·K)] μ  Vapour diffusion resistance factor    [-] S  Dynamic viscosity of air      [kg/(m·s)] S)  Dynamic viscosity of liquid     [Pa/s] T  Local loss factor       [-] U  Density        [kg/m3] U  Density of air       [kg/m3] U)  Density of liquid      [kg/m3] U'  Concentration of water vapour     [kg/m³] V  Surface tension of the water     [N/m] W / X  Relative humidity      [%] 

 

Subscripts i  Interior e  Exterior YZ$, [  Conditions of a specific reference climate crit / c  Critical level 12  12 hour average 
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1 Introduction 

The introduction presents the motivation behind the research project, which makes up the present 
Ph.D. dissertation, and its relationship to four research hypotheses. These regard the hygrothermal 
performance and robustness of internal insulation for solid masonry walls with embedded wooden 
elements; the importance of controlling the immediate surroundings near critical locations to prevent 
hazardous fungal growth; and the reliability of mathematical mould growth models when dealing with 
solid masonry walls retrofitted with internal insulation. 

1.1 Background 

In recent years, we have seen an increasing desire from a large number of politicians, companies and 
individuals worldwide towards the reduction of the global energy demand and the carbon foot-print. 
This includes an increased focus on the energy use and greenhouse gas emissions from the building 
sector. The building sector is estimated to account for nearly 40% of the world’s total energy use, and 
30-40% of the greenhouse gas emissions [17], [18], and a 2017 study found that residential buildings
accounted for 21% of the total energy use [19]. Similar figures are seen for the European building stock
[20], and the building sector’s large share of the energy use and greenhouse gas emissions is partly
due to the older part of the existing building stock. In Europe more than 40% of the residential
buildings were constructed before 1960, before the introduction of building-energy regulations in
most of the EU member countries [21] which included heat losses through the building envelope in
cold and temperate climates.

Over the past two decades several studies have investigated the energy conservation potential from 
retrofitting the older parts of the Danish building stock, and found that especially solid masonry 
external walls in buildings constructed prior to 1930 yielded a considerable potential [22]–[27]. The 
study by Odgaard et al. [27] for buildings constructed prior to January 2017 showed that 41% of the 
Danish multi-story residential building stock (3+ floors) and 25% of all apartments were constructed 
during the period 1850-1930 with solid masonry external walls. Many of the aforementioned buildings 
were found to be situated in the larger Danish cities: Copenhagen, Frederiksberg, Aarhus, Aalborg, 
Odense, and Gentofte. In addition, studies of Danish national data from the European Energy 
Performance Certificates (EPC) database by Kragh and Wittchen [25] found that the average-weighted 
U-value for external walls in multi-story residential buildings constructed prior to 1850 and during the
period 1850-1930 was several times higher than the minimum requirement according to the current
Danish building code [28] – at around 2.80 and 0.62 W/m2·K respectively for the two periods. Aside
from the energy perspective, the historic buildings are retrofitted also to solve potential issues with
thermal comfort and cold draughts near the external walls. Thermal imaging by Odgaard et al. [29]
and numerical simulations by Finken et al. [30] investigated such thermal comfort issues in a Danish
context. Odgaard et al. found that the interior surface temperatures during winter were only a few
degrees higher than the measured outdoor temperatures for two 290 mm spandrel walls below the
windows in a historic building in Copenhagen. Correspondingly, the simulations by Finken et al.
showed that the interior surface temperatures of a 228 mm solid masonry wall with internal render
dropping down to 9.2 °C during the coldest simulated period with the Test Reference Year (TRY)
climate data for Lund in southern Sweden.

The first collective building code was introduced in Copenhagen in 1856. The building code contained 
among others clear descriptions for construction techniques and details, choice of materials, minimum 
room height, and regulations regarding plot use in relation to neighbouring plots and public areas [31], 
[32]. According to the building code, the façade walls were typically constructed from solid masonry 
brick with a thickness of 1½ brick on the top floor, and then increasing in thickness by one ½ brick per 
one floor or two brick per two floors going downwards. Danish bricks are dimensioned: 228 × 108 × 
54 mm, and 12 mm mortar joints are typically used between the bricks. Door and window penetrations 
were allowed to cover a maximum of 2/3 of the horizontal façade width. The exterior surfaces were 
either left as exposed brick or with rendered exterior surface. Intermediate floor partitions were 
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typically constructed with wooden beams embedded into the façade walls, resting on top of an 
embedded wooden wall plate. The building code contained minimum requirements for dimensions of 
the square cross section of the wooden beams and requirements for the span width and spacing 
between beams. Wooden planks were used as flooring material while the ceiling structure was made 
from render on wooden furring boards. Wooden planks were also installed in between the wooden 
beams, with clay pugging layer installed on top which served as sound and fire separator between 
stories. The 1856 building code experienced only minor changes until the 1930s, where new 
techniques and materials were introduced which included the use of concrete and steel.  Due to the 
rather strict principles of the 1856 building code, most buildings from the period 1850 to 1930 are 
generally quite similar in terms of their load-bearing structures and construction details. Until 1960 
the building code was valid only in the market towns (“købstæderne” in Danish), while in the 
countryside the only valid building law was the “Fire Policy Act” which came into force in 1861 [32]. 

A large share of the aforementioned buildings, which have survived until this day are now considered 
as being of historic or aesthetic value and their façade expressions may be worthy of preservation. In 
terms of the desire towards reduction of the global energy demand this causes a dilemma as the 
historic preservation restricts or prohibits certain major external alterations, which include exterior 
energy retrofitting the façade walls as this would change the aesthetic impression of the buildings 
considerably. For this reason, energy retrofitting the façade walls of historic buildings are typically 
carried out using internal insulation. Examples of historic building facades worthy of preservation are 
shown in Figure 1.  

Figure 1 Historic masonry facades worthy of preservation from Copenhagen, Denmark. 

In Denmark and many other countries, internal thermal retrofitting solid masonry walls has 
traditionally been carried out with mineral wool insulation installed between wooden or steel 
studwork, with a vapour barrier installed on the warm side of the insulation layer [33]–[36]. The 
system is often constructed with a 30-50 mm mineral wool thermal break between the studwork and 
the existing wall structure. In addition, the connections to the adjacent construction elements are 
made airtight to avoid unintentional airflows entering the insulation system. Finally, plasterboards are 
often used as the internal finishing layer.  

In a large number of cases the traditional method has resulted in increased moisture levels in the 
interface between the existing wall structure and the added internal insulation leading to a risk of 
moisture induced damage such as fungal growth, wood decay and frost damage on the exterior 
surfaces [33]–[40]. The many problem cases have resulted in large scepticism towards internal 
insulation and the method is generally considered risky. However, due to the said desire towards the 
reduction of the global energy demand and CO2 emissions, research into building materials and 
techniques suitable for internal retrofitting historic buildings with solid masonry façade walls have 
increased in recent years, and this has led to the introduction of new insulation systems. In contrast 
to the traditional system comprising mineral wool and a vapour barrier, these systems are diffusion-
open and capillary active, which allow redistribution of moisture inside the insulation systems to lower 
the risk of fungal growth.  
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1.2 The Landowners’ Investment Foundation, Realdania and Horizon 2020 

The research that makes up the present Ph.D. dissertation was financially supported by The 
Landowners’ Investment Foundation (Grundejernes Investeringsfond, gi.dk), Realdania (realdania.dk) 
and by the EU Horizon 2020 research and innovation programme as part of the RIBuild project – 
Robust Internal Thermal Insulation of Historic Buildings, under grant agreement no. 637268.  

One of the aims of the RIBuild project was to develop effective, comprehensive decision guidelines to 
optimize the design and implementation of internal thermal insulation in historic buildings across the 
European Union. The purpose was to reduce the energy use in historic buildings to meet the EU 2020 
climate and energy targets [41] while maintaining the aesthetical and cultural values of the façade 
expressions. The main focus in the RIBuild project was on external walls made of stone and masonry, 
as most of the historic buildings within the European Union were constructed using these materials 
[42]. The RIBuild project was an international collaboration between scientists, and industry 
practitioners and suppliers from the seven participating countries throughout Europe. The project 
comprised 10 partners institutions and companies: Danish Building Research Institute at Aalborg 
University Copenhagen, Denmark (AAU); Riga Technical University, Latvia (RTU); Katholieke 
Universiteit Leuven, Belgium (KUL); Dresden University of Technology, Germany (TUD); Marche 
Polytechnic University, Italy (UNIVPM); Technical University of Denmark, Denmark (DTU); Research 
Institute of Sweden, Sweden (RISE); University of Applied Sciences Western Switzerland, Switzerland 
(HES-SO); INTRO FLEX ApS, Denmark (INTROFLEX); and Erik Architects, Denmark (ERIK).  

In addition to the research and dissemination activities carried out for the appended journal and 
conference papers, compulsory work was performed for several of the work packages within the 
RIBuild project, and for the Landowners’ Investment Foundation and Realdania projects.  

1.3 Objective and scope 

The main objective of the present Ph.D. dissertation is to investigate which design characteristics were 
important to obtain robust solutions for internal retrofitting solid masonry walls in buildings 
constructed before to 1945 with the lowest risk of moisture-induced damage. It should be noted that 
the term “historic buildings” may be used in the present thesis, however, this does not automatically 
mean listed buildings such as castles and manor houses or historically important factories, schools, 
hospitals or similar types of buildings. It also includes other types of listed or non-listed buildings with 
façade expressions deemed worthy of preservation by officials or the building owner. The focus on 
the research activities is on internal retrofitting solid masonry walls and the findings may therefore 
not be directly applicable for buildings with solid exterior walls of stones, concrete, aerated autoclaved 
concrete or half-timbered buildings. This objective is approached through a combination of laboratory 
tests, on-site field measurements, and calibrated numerical simulations. This project will create new 
knowledge of available insulation systems on the market, how they work, their properties, and help 
to determine threshold values for failure. 

The scope of the Ph.D. project is to investigate which design characteristics are important in terms of 
robust hygrothermal performance in internally insulated historic solid masonry walls with embedded 
wooden elements. The scope is investigated through the hypotheses listed below. It should be noted 
that most of the insulation systems investigated in this thesis were chosen based on prevalence on 
the market for internal insulation system solutions, while a few of the tested systems were novel 
materials developed by the participating partners. The author is aware that other internal insulation 
system solutions are available, which may differ considerably from the chosen systems in terms of 
material properties or functionality and some of them are presented briefly in the State-of-the-art 
section.  
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1.4 Hypotheses 

Hypothesis #1: Moisture levels can be better reduced in the interface between masonry and insulation 
and in the embedded wooden elements in internally insulated solid masonry walls through application 
of diffusion-open and capillary active insulation systems in comparison with diffusion-tight solutions 
for internal insulation. 

Hypothesis #2: Even if the moisture levels are high, fungal growth may not occur if the pH value is 
high or there is a lack of nutrients. 

Hypothesis #3: Fungal growth behind the insulation affects the indoor environment. 

Hypothesis #4: Mathematical mould-growth models include too few factors to assess the implications 
of hygrothermal conditions behind internal insulation. 

The hypotheses are investigated through the research activities and publications listed below. 

Hypothesis #1: Hypothesis #1 claims that it is possible to better reduce the moisture levels in the 
interface between masonry and insulation and in the embedded wooden elements in internally 
insulated solid masonry walls through application of diffusion-open and capillary active insulation 
systems in comparison with diffusion-tight solutions for internal insulation. The hypothesis is 
supported by the findings of this thesis if one or more of the diffusion-open and capillary active 
insulation systems prove successful through results from the experimental setups and the 
hygrothermal simulations (e.g. Delphin) in reducing the moisture levels in the critical locations more 
than diffusion-tight solutions for internal insulation. To investigate the hypothesis the following 
Research Questions (RQ) were considered:  

• RQ1: Can moisture levels be reduced in the interface between masonry and insulation and in
the embedded wooden elements through internal retrofitting with diffusion-open capillary
active insulation systems?

• RQ2:  Can moisture levels be reduced in the interface between masonry and insulation and in
the embedded wooden elements through internal retrofitting with a diffusion-tight phenolic
foam insulation system with a closed cell structure?

• RQ3: Can the hygrothermal performance of the above-mentioned diffusion-open or diffusion-
tight internal insulation systems be improved through application of exterior
hydrophobisation and lowered indoor moisture load?

• RQ4: How robust are simulations of hygrothermal performance of the internal insulation
systems in terms of incorrect assumptions for the properties of the existing masonry walls?

• RQ5: How robust is the hygrothermal performance of the insulation systems in terms of
changing climate conditions in the future?

These research questions were investigated through the following research activities: 

1. Large-scale experimental setup, investigating four different diffusion-open and capillary active
insulation systems and a diffusion-tight phenolic foam system for internal insulation of solid
masonry walls. Exploring how the external boundary conditions (high /low wind driven rain
and solar exposure) will affect the hygrothermal conditions in the interface between masonry
and insulation and in the embedded wooden elements.

2. Hygrothermal simulations of internally insulated solid masonry walls calibrated with
measured data. Simulations are used to assess alternative design scenarios for the four
different diffusion-open and capillary active insulation systems and a diffusion-tight phenolic
foam system, to determine the robustness in terms of incorrect assumptions on the existing
masonry wall, and robustness against changing climate conditions in the future.

Through the aforementioned research activities it should be possible to determine whether or not the 
examined diffusion-open and capillary active insulation systems or the diffusion-tight phenolic foam 
insulation system in combination with additional measures can serve as robust solutions for internal 
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retrofitting historic solid masonry walls with embedded wooden elements. The research activities 
could also shed light on certain limitations for the examined insulation systems. The work concerning 
the first hypothesis is presented and discussed in Papers I, II, V, and VI.   

Hypothesis #2: Hypothesis #2 claims that even if the moisture levels are high, fungal growth may not 
occur in the interface between masonry and insulation and in the embedded wooden elements if 
environmental factors of the immediate surroundings are made less favourable for fungal growth i.e. 
through high pH value and lack of nutrients. The hypothesis is supported by the findings of this thesis 
if, no hazardous fungal growth is found (Mycometer® test) inside the test walls, despite an extended 
period with hygrothermal conditions favourable for fungal growth. The test walls were constructed 
without built-in organic materials, with no supply of nutrients from the environment (e.g. dust or dirt 
from the occupied zones), and the alkalinity has been kept high (pH>9) after an extended period with 
hygrothermal conditions favourable for fungal growth. To investigate the hypothesis the following 
Research Question (RQ) was considered:  

• RQ1: Can fungal growth be prevented in the interface between masonry and insulation and in
the embedded wooden elements by controlling the environmental factors of the immediate
surroundings (i.e. high pH and lack of nutrients) despite moisture levels that would otherwise
be considered unacceptably high?

This research question was investigated through the following research activities: 

1. Large-scale experimental setup, investigating four different diffusion-open and capillary active
insulation systems and a diffusion-tight phenolic foam system for internal insulation of solid
masonry walls. The systems were adhered using highly alkaline, inorganic glue mortars, and
the insulation systems themselves were also inorganic.

2. Small-scale laboratory experiment, investigating the potential for fungal growth in artificially
contaminated masonry wall samples with four different diffusion-open and capillary active
insulation systems and a diffusion-tight phenolic foam insulation system. The risk of fungal
growth was tested in the interface between masonry and internal insulation over a one-year
period. The systems were adhered using highly alkaline, inorganic glue mortars, and the
insulation systems themselves were also inorganic. The hygrothermal conditions in the
interface were made highly favourable for fungal growth.

Through the aforementioned research activities, it should be possible to determine whether or not 
controlling the environmental factors of the immediate surroundings (i.e. alkalinity and availability of 
nutrients) adjacent to critical locations such as the interface between masonry and internal insulation, 
will prevent hazardous fungal growth despite the hygrothermal conditions being highly favourable for 
fungal growth. The work concerning the second hypothesis is presented and discussed in Papers I, III, 

and VI.   

Hypothesis #3: Hypothesis #3 claims that fungal growth developing behind the internal insulation and 
the VOCs produced by the growth affects the indoor environment. The hypothesis is supported by the 
findings of this thesis if the selected VOCs are found able to penetrate the diffusion-open and capillary 
active insulation systems and a diffusion-tight phenolic foam insulation system, and that the VOCs 
exceed recommended exposure limits. To investigate the hypothesis the following Research 
Questions (RQ) were considered: 

• RQ1: In the case of fungal growth behind the internal insulation systems, to what extent can
the VOCs produced by the fungi penetrate to the indoor environment?

• RQ2: In the case of fungal growth on the existing masonry wall prior to application, can fungal
biomass (mycelia and spores) be removed with paint scraper or must professional methods
such as the Micro-clean® method or mechanical removal of the internal render be used?

These research questions were investigated through the following research activities: 

1. Laboratory tests investigating VOCs diffusion through the materials which make up the
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examined diffusion-open and capillary active insulation systems and the diffusion-tight 
phenolic foam insulation system. The chosen VOCs are known to be released from fungal 
growth, the experiment is therefore mimicking the MVOCs production from fungal growth 
behind internal insulation. 

2. Theoretical calculations of the indoor VOC content in the indoor air of a hypothetical room,
based on the VOC diffusion rates through the internal insulation systems.

Through the aforementioned research activities, it should be possible to determine whether or not 
VOCs are able to penetrate through the insulation systems and potentially affect the indoor 
environment in the case of fungal growth behind the internal insulation. The work concerning the 
third hypothesis is presented and discussed in Paper III.   

Hypothesis #4: Hypothesis #4 claims that mathematical mould-growth models such as the VTT model 
by Hukka & Viitanen [43], the MRD model by Thelandersson, & Isaksson [44], and the WUFI Bio model 
by Sedlbauer [45] include too few environmental factors such as pH value and supply of nutrients to 
assess the implications of hygrothermal conditions behind internal insulation, resulting in too 
conservative mould growth risk predictions in the interface between masonry and insulation and in 
the embedded wooden elements. The hypothesis is supported by the findings of this thesis if models 
predict too high mould growth risk for the interface between masonry and insulation and in the 
embedded wooden elements in solid masonry walls retrofitted with internal insulation in comparison 
with on-site fungal growth tests. To investigate the hypothesis the following Research Questions (RQ) 
were considered: 

• RQ1: Are the mathematical mould-growth models able to provide good predictions of the risk
of fungal growth on surfaces in direct contact with air (i.e. in cold ventilated attic spaces)?

• RQ2: Are the mathematical mould-growth models able to provide good predictions of the risk
of fungal growth in the interface between masonry and insulation and in embedded wooden
elements in internally insulated solid masonry walls?

• RQ3: If not, what could be the reason for the incorrect mould-growth predictions?
• RQ4: If the models do not provide good mould-growth predictions then what could be the

value of using them?

These research questions were investigated through the following research activities: 

1. Large-scale experimental attic setup, investigating 18 different design scenarios for north
oriented cold attic spaces under the eaves, with variations in ventilation scenario, infiltration
scenario, and vapour tightness of the roofing underlay. The mould growth risk predictions are
made with the VTT model for sensitive construction materials (wooden elements) in direct
contact with the moisture and organic material (dirt and dust) in the attic air.

2. Large-scale experimental setup, investigating four different diffusion-open and capillary active
insulation systems and a diffusion-tight phenolic foam insulation system for internal
retrofitting solid masonry walls. The mould growth risk predictions were made with the three
models for the interface between masonry and insulation and in the embedded wooden
elements. These locations were not in direct contact with the moisture and organic material
(dirt and dust) of the surrounding air.

3. Small-scale laboratory experiment, investigating the potential for fungal growth in artificially
contaminated masonry wall samples with four different diffusion-open and capillary active
insulation systems and a diffusion-tight phenolic foam insulation system. The mould growth
risk predictions were made with the three models for the interface between the solid masonry
walls and insulation. This location was not in direct contact with the moisture and organic
material (dirt and dust) of the surrounding air.

Through the aforementioned research activities it should be possible to determine whether or not the 
examined mathematical mould-growth models include too few environmental factors to assess the 
hygrothermal conditions behind internal insulation, resulting in too conservative mould growth risk 
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predictions in the interface between masonry and insulation and in the embedded wooden elements. 
The research activities would shed light on certain limitations in the examined mould-growth models 
when dealing with solid masonry walls retrofitted with internal insulation. The work concerning the 
fourth hypothesis is presented and discussed in Papers I, IV, VI, and VII.   

1.5 Structure of the thesis 

Figure 2 presents an overview of how the research activities in the four hypotheses are linked together 
i.e. how the assessment of the hygrothermal performance of the internal insulation systems 
(hypothesis 1) and the study with control of certain environmental factors in the immediate 
surroundings (hypothesis 2) are linked to the theoretical mould growth predictions by the 
mathematical models (hypothesis 4). In addition, the link to the laboratory tests and calculation work 
with VOC diffusion through the insulation systems and the potential negative effect on the indoor 
environment (hypothesis 3).   

It should be noted that throughout the thesis the terms “fungi” and “fungal” are used in connection 
with on-site detection of growth of non-destructive fungal growth (opposed to wood decay fungi), 
while the term “mould” is used for the mathematical models as this was the term used by the authors 
of the models. To describe degradation of embedded wooden elements by wood decaying fungi the 
term “wood decay” is used.  

 

Figure 2 Overview showing the link between the underlying problem and the four hypotheses addressed within 
the present dissertation. GREEN illustrates the primary activities within the present thesis dealing with the 
hygrothermal performance of internally insulated solid masonry walls and the risk of fungal growth; YELLOW 
the risk of decay of the embedded wooden elements which was investigated to a smaller extent than the risk of 
fungal growth; WHITE the failure modes which were not investigated in the thesis, and RED provide additional 
information on the choice of the fungal growth failure mode and why frost damage was left completely out. 

The present dissertation comprises six main chapters as shown in Figure 3: Chapter 1 presents the 
background and motivation for the present research project and the objectives and hypotheses. 
Chapter 2 presents a state-or-the-art review for the four hypotheses. Chapter 3 describes the methods 
and materials used within the different research activities. Chapter 4 presents the research results 
and intermediate discussions. Chapter 5 is the general discussion which aims to tie the main findings 
together. Lastly, Chapter 6 concludes the dissertation and evaluates the hypotheses against the 
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research activities. Note that the results chapter has been split into four main sections each addressing 
one of the four hypotheses separately before they are tied together in the general discussion in 
Chapter 5. 

The research activities carried out in connection with the four hypotheses were disseminated in the 
appended papers listed on pages XVIII-XIX, and each hypothesis was addressed in a minimum of three 
of the appended dissemination pieces with the exception of Hypothesis 3, which was addressed only 
in Paper III. 

 

Chapter Contents 

 
1 Introduction Background, Objectives and hypotheses, Structure 

2 State of the art 

3 Materials and methods 

 Results and intermediate discussions 
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Hypothesis #1: 

4.1 

Moisture levels can be 
better reduced in the 
interface between the 

masonry wall and insulation 
and in the embedded 
wooden elements in 

internally insulated solid 
masonry walls through 
application of diffusion-
open and capillary active 

insulation systems in 
comparison with diffusion-
tight solutions for internal 

insulation. 
 

Test methods: 

In-situ measurement, 
numerical simulations 

Hypothesis #2: 

4.2 

Even if the 
moisture levels 
are high, fungal 
growth may not 
occur if the pH 
value is high or 

there is a lack of 
nutrients. 

 
 
 

Test methods: 

In-situ 
measurement, 

laboratory tests, 
on-site failure 

testing, material 
tests 

Hypothesis #3: 

4.3 

Fungal growth 
behind the 

insulation affects 
the indoor 

environment  
 
 

 
 
 
 

Test methods: 

Laboratory tests, 
VOC mass 
balance 

calculations 

Hypothesis #4: 

4.4 

Mathematical 
mould-growth 
models include 

too few factors to 
assess the 

implications of 
hygrothermal 

conditions behind 
internal 

insulation.  
 

Test methods: 

In-situ 
measurement, 

laboratory tests, 
damage models, 

on-site failure 
testing 

       PI 

       PII 

       PIII 

       PIV 

       PV 

       PVI 

     * PVII 

5 General discussion  

6 Conclusions and hypotheses evaluation (support/oppose)  

Figure 3 Schematic presentation of the thesis structure. Schematic denotations, P represents appended Papers 
I-VII. *Paper VII dealt primarily with wood decay and the reliability of two mathematical mass loss models. 
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2 State of the art 

The following literature review addresses the different issues associated with internal insulation of 
solid masonry walls and the different factors that influence the hygrothermal conditions in the wall. 
Next, the different types of internal insulation systems are discussed, along with several additional 
measures that could be combined with internal insulation to increase the chances of success. Finally, 
the risks of fungal growth and wood decay are discussed, and the potential issues in relation to 
changing climate conditions in the future.  

2.1 Issues related to internal retrofitting solid masonry walls 

The heat losses through uninsulated solid masonry exterior walls are large due to their low thermal 
resistance, and occupants in these buildings may suffer from thermal comfort issues as stated in the 
background and motivation for the research project in Section 1.1. Retrofitting the exterior walls with 
thermal insulation could solve both issues 

Insulation installed on the cold side of the existing solid masonry walls is generally thought as the more 
effective and safe method in terms of moisture induced damage. External insulation ensures that the 
existing solid masonry wall is kept warm and is protected against the outdoor climatic conditions [30], 
[33]–[36], [38], [46]. In addition, external insulation will resolve the majority of thermal bridges from 
adjacent building elements such as internal partition walls or intermediate floor partitions, and would 
therefore yield a better energy performance in comparison to internal insulation [33]–[35], [38], [46]. 
With internal insulation, the thermal bridges could lead to local temperature drops, which may cause 
black staining of surfaces or maybe even surface fungal growth if the indoor moisture level is 
sufficiently high. The Danish building experience organisation BYG-ERFA has stated that the energy 
efficiency may be up to 30% higher for external insulation in comparison to internal insulation when 
the same insulation thickness is used for the two methods [35]. Despite being less effective in 
comparison to external application, internal insulation has shown a sizeable reduction in the energy 
usage in a number of theoretical studies [27], [30], [47], [48] and field studies [40], [46], [49]–[55]. 

Installing insulation on the warm side of the existing solid masonry walls would certainly affect the 
hygrothermal conditions of the wall negatively and the method is generally regarded as risky. Internal 
insulation is often only recommended as a last resort when all other retrofitting options are not 
possible such as for historic buildings. The internal thermal insulation reduces the heat flow to the 
existing solid masonry wall, which in turn alters the temperature gradient resulting in the existing wall 
becoming colder, and so increases the risk of interstitial condensation in the interface between the 
masonry wall and the added internal insulation [34], [36]–[40], [56]. It is of particular importance to 
prevent warm moist indoor air from reaching the cold interface as this would most certainly leads to 
interstitial condensation [33], [34], [37], [57], [58]. This could be achieved through the use of a vapour 
barrier as done in the traditional systems, or with a tight insulation material. In addition, the drying 
potential will decrease due to the reduced heat flow to the existing wall [34] and due to a considerable 
reduction of the diffusion drying to the room side as a result of the increased diffusion resistance from 
the added insulation layer and vapour barrier [37], [52], [55]. Finally, unlike external insulation, the 
internal insulation does not protect the existing solid masonry walls against the outdoor climate such 
as the large amounts of liquid moisture striking the exterior surfaces due to wind driven rain (WDR). 
These factors all contribute to increased risk of high and potentially critical moisture levels, which in 
turn increases the risk of moisture induced damage such as frost damage to the exterior surfaces [37], 
[38], [57]–[59], fungal growth [30], [33]–[35], [37], [60], and decay of wooden elements [37], [59], 
[60].  

Figure 4 shows examples of the temperature profiles occurring in a 1½ stone uninsulated solid 
masonry wall, an externally insulated wall, and an internally insulated wall in the case an outdoor 
temperature of -5 °C and an indoor temperature of 20 °C. The figure shows that the temperature in 
the interface between the masonry wall and insulation is just below 15 °C when using external 
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insulation while the interface temperature is below 0 °C when using internal insulation. For the 
internal application the temperature profile of the existing wall is more in line with the outdoor 
temperature.  

 

 

Figure 4 Temperature profiles across the wall structure: (a) the original uninsulated solid masonry wall; (b) 
fitted with external insulation; and (c) fitted with internal insulation. 

 

An overview of the interior and exterior factors influencing the moisture balance within an internally 
insulated solid masonry wall with embedded wooden elements is presented in Figure 5. This includes 
water vapour transport by diffusion and convection, and liquid water transport by capillary suction 
i.e. rising damp and redistribution of rain striking the exterior surface. The transport mechanisms are 
discussed briefly below, assuming isothermal conditions. 

 

Figure 5 Interior and exterior factors influencing the moisture balance within an internally insulated solid 
masonry wall with embedded wooden elements. 
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2.1.1 Water vapour transport - diffusion 

Water vapour diffusion is driven by a difference in the water vapour pressure e.g. on the two sides of 
a single material layer or a multi-layered construction such as an external wall structure. The following 
is based on [61]–[63].  

For hygrothermal building physics, Fick’s law of diffusion of ions in water has been adopted to describe 
diffusion of water vapour in air and in porous materials. Fick’s law for diffusion in stagnant air is 
generally given for the concentration of the water vapour ρv [kg/m³] as driving force by * = −� ^_`^a           [Eq. 1] 

where * [kg/(m2·s)] is the density of water vapour transport in air and � [m2/s] the diffusivity of 
water vapour in stagnant air, and x [m] the spatial coordinate in the x-direction.  

For water vapour diffusion through a porous material, the vapour diffusion resistance factor S [-] for 
the material is included in Equation 1 and the water vapour flux density *' [kg/(m2·s)] is given by *' = − bcd ^_`^a           [Eq. 2] 

Where the vapour diffusion resistance factor, μ, is defined as S = bce`            [Eq. 3] 

Where K'  [m2/s] is the vapour permeability of the porous material, based on water vapour 
concentration gradient. Diffusion can thus be given as *' = −K' ^_`^a           [Eq. 4] 

Water vapour diffusion through a porous material may also be determined based on water vapour 
pressure :' [Pa] as driving force, which is given by *' = −K� ^�`^a           [Eq. 5] 

Where K� [kg/(Pa·m·s] is the vapour permeability of the porous material, based on water vapour 

pressure gradient.  The water vapour permeability K� is defined as K� = e`f`∙h          [Eq. 6] 

Where ?' [J/(kg·K)] is the specific gas constant for water vapour (461.5 J/(kg·K)) and T [K] the absolute 
temperature. 

The relationship between water vapour concentration U' and water vapour pressure :' is given by U' = �`f`∙h          [Eq. 7] 

For practical applications, the diffusion flow &' [kg/s] through a porous material as illustrated in Figure 

6 is given by &' = iK� �`,jk�`,lN          [Eq. 8] 

Where i [m2] is the surface area, :',m [Pa] and :',n [Pa] are the water vapour pressures on each 

surface of the material layer and d [m] the thickness of the layer.   
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Figure 6 Illustration of vapour diffusion through a material layer. Source: [63] 

 

By introducing the vapour diffusion resistance o [Pa·m2·s/kg] in Equation 8, the diffusion flow is given 
by &' = i �`,jk�`,lp           [Eq. 9] 

The vapour diffusion resistance o [m2·s·Pa/kg] of a material layer, is defined as o = Neq           [Eq. 10] 

In the case of a multi-layered construction as illustrated in Figure 7, the diffusion flow is determined 
by &' = i �`,jk�`,l∑ p = i �`,jk�`,lpsjtpsltputputput...pw      [Eq. 11] 

Where ∑ o is the combined vapour diffusion resistance of the multi-layered construction, o@m  and o@m  

are the surfaces resistances for each side of the construction, and ox to oy are the vapour diffusion 
resistance values of each of the material layers comprising the multi-layered construction. The surface 
resistances o@m  and o@m  are defined as o@m = xzj          [Eq. 12] 

o@m = xzl          [Eq. 13] 

Where J [kg/(m2·s·Pa)] is the surface transfer coefficient. The standard J values for water vapour for 
interior and exterior environments are 2·10-8 [kg/(m2·s·Pa)] and 15·10-8 [kg/(m2·s·Pa)] respectively. J 
may be estimated using equation 14 J = {|f`∙h∙_c∙-q,c          [Eq. 14] 

Where ℎ- [W/(m2·K)] is the convective heat transfer coefficient, U [kg/m3] the density of air (1.204 
kg/m3 at 20 °C), and 
�, [J/(kg·K)] the specific heat capacity of air (1.006 kJ/(kg·K) at 20 °C). The 

standard ℎ- values are 3.5 [W/(m2·K)] for interior vertical surfaces and 20 [W/(m2·K)] for all exterior 
surfaces.  

 

Figure 7 Illustration of vapour diffusion through a construction with n material layers. Source: [63] 
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When dealing with multi-layered construction it may be necessary to determine the vapour pressure 
at a given location within the construction, which is given as :',a = :',m + (:',n − :',m) ∑ p~∑ pw        [Eq. 15] 

Where :',a  [Pa] is the vapour pressure at the chosen location, ∑ ok [m²·s·Pa/kg] the vapour diffusion 
resistance separating the outdoor air from the chosen location, and ∑ oy  [m²·s·Pa/kg] the vapour 
diffusion resistance of the entire construction.  

Analogue to the calculation process in Equation 15, the temperature at any given location can be 
determined if the thermal conductivity of the material layers as well as the external and internal 
temperatures are known [63], [64]. When the temperature at the chosen location has been 
determined, then the saturation vapour pressure :',@� can be determined and it can be evaluated if 
the vapour pressure at the chosen location :',a  exceed the saturation pressure. If yes, then 
condensation will occur inside the construction. The saturation vapour pressure :',@� at the given 
temperature L [°C] can be determined by 

For L ≥ 0 °C 

:',@� = 610.5Zu�.���∙����.���         [Eq. 16] 

For L < 0 °C 

:',@� = 610.5Z�u.���∙����.���         [Eq. 17] 

 

Since an equilibrium in the water vapour pressure is sought, water vapour will diffuse from locations 
with high vapour pressure to locations with low vapour pressure [34]. In winter, the warm air in 
occupied indoor spaces has a considerably higher water vapour pressure in comparison with the cold 
outdoor air, and vapour diffusion will therefore occur in the outwards direction i.e. from inside the 
building towards the outside through the building envelope. As mentioned earlier, in relation to 
internal insulation, the warm moist indoor air will diffuse through the internal insulation system and 
reach the cold existing masonry wall. Here will be a considerable risk of condensation as the vapour 
pressure of the warm moist indoor air exceeds the saturation vapour pressure in the 
masonry/insulation interface due to the considerably lower temperature and the excess moisture will 
therefore condense on the interior surface of the existing masonry wall. Implementation of a vapour 
barrier on the warm side of the insulation will greatly increase the vapour diffusion resistance o 
separating the indoor air from the cold existing masonry wall and will reduce the risk of condensation 
considerably. However, it can be hard to achieve sufficient airtightness against the adjacent 
construction elements (i.e. poor connections in corners, around protruding beam ends etc.) and 
around any penetrations for pipes or wiring. In addition, the installed vapour barrier is also prone to 
mechanical damage both during the construction phase as well as by the occupants during the 
operation phase i.e. such as from nails and screws for hanging items on the interior surfaces. These 
small airtightness issues can have a considerable impact on an otherwise tight vapour barrier, which 
will likely lead to localised penetration of warm moist indoor air into the insulation system. 

 

2.1.2 Water vapour transport - convection 

Moisture convection is transfer of water vapour with a fluid, e.g. with an airflow. In buildings, airflows 
occur due to differences in air pressure caused by wind actions on the building, the ventilation system 
or due to differences in temperature. Convective vapour transport may occur through porous building 
materials, cracks, holes, not perfectly fitted insulation batts/plates, around beam ends, and other 
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unintentional openings in the building envelope or cavities between material layers and may transport 
moisture to sensitive locations in the wall structure. The following is based on [61], [63], [64].  

Moisture transfer by convection is given by &' = & ∙ �' = �c_c ∙ U' = �c_c ∙ �`f`∙h = &,'() ∙ �`f`∙h      [Eq. 18] 

where & [kg/s] is the mass flow rate of air, &,'() [m3/s] the volumetric flow rate of air and �' [kg/kg] 
the water vapour ratio.  

The calculation processes to determine the airflow through porous materials and through openings 
such as vents, orifices, leaks, holes or cracks are presented below, which may then be used in Equation 
18 to determine the moisture transfer by convection. 

 

Airflow through porous materials 

The mass flow rate of air & through porous materials is determined by & = i ∙ 0 ∙ �c,jk�c,lN = i ∙ �c,jk�c,l�        [Eq. 19] 

Where 0  [kg/(m·s·Pa)] is the air permeability of the material layer, :,m [Pa] and :,n [Pa] are the air 

pressures on each side of the material or construction, and E [m2·s·Pa/kg] the airflow resistance of 
the material layer with the thickness " [m]. The airflow resistance of a material layer is given by E = N�c          [Eq. 20] 

Multiple airflow resistance values may be added together for a multi-layer construction, analogue to 
the combined vapour diffusion resistance ∑ o in Equation 11.  

 

Airflow through vents, orifices, leaks, holes or cracks 

To determine the mass flow rate of air through vents, orifices, leaks, holes or cracks, the following 
process may be used.  

In comparison with airflow through porous materials as described above, the airflows through vents, 
orifices, leaks, holes and cracks are different in nature. A larger opening results in smaller flow 
resistance, which in turn causes higher air velocity through the opening as compared with the airflow 
through porous materials. The higher air velocities gives turbulent airflows and results in a non-linear 
relation between airflow and pressure difference, as shown by  

:,m − :,n ~ ��c� ��
         [Eq. 21] 

The total pressure loss affecting the airflow through a duct, orifice or channel is the sum of local 
pressure loses at the entrance and outlet of the duct, orifice or channel and the friction pressure loss 
through the length of the duct, orifice or channel. The total pressure loss is given by :,m − :,n = ∆:,)(-,x + ∆:,P�O- + ∆:,)(-,�      [Eq. 22] 

Where ∆:,)(-,x [Pa] and ∆:,)(-,� [Pa] are the local pressure losses at the entrance and outlet, and ∆:,P�O- [Pa] the friction loss through the duct, orifice or channel, as shown in Figure 8.  
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Figure 8 Illustration of the pressure losses affecting the airflow through a duct, orifice or channel. Source: [63]. 

The local pressure loss ∆:,)(-  is caused by contraction or widening of the duct, or the passing of the 
sharp angles at the entrance to and outlet. The local pressure loss is given by 

∆:,)(- =  ��∙_c ��c� ��
         [Eq. 23] 

Where T [-] is the local loss factor (common T values: 0.50 for entering an opening, 1.00 leaving an 
opening, and 2.85 flow through orifice). 

The friction pressure loss ∆:,P�O-  is caused by friction between the air and the channel sides is given 

by 

∆:,P�O- = $ ��∙N�∙_c ��c� ��
        [Eq. 24] 

Where $ [-] is the friction factor, � [m] the orifice length, and "# [m] the hydraulic diameter. The 
hydraulic diameter "# is given by "# = 4 ��          [Eq. 25] 

Where � [m] is the flow section perimeter.  

The friction factor depends on the nature of the airflow, the geometry of the cross section of the 
opening and the Reynolds number, referred to as ?Z [-]. The Reynolds number is used to determine 
whether the airflow is laminar or turbulent and ?Z is given by ?Z = �c ∙N��∙dc           [Eq. 26] 

Where S [kg/(m·s)] is the dynamic viscosity of air (18·10-6 kg/(m·s) at 20 °C). 

The friction factor $ can be determined from the diagram known as the Moody diagram [65], [66], 
depending on the magnitude of the Reynolds number and roughness of the duct walls. From the 
Moody diagram the following scenarios are given: 

 ?Z >> 3500 → $ = constant  
For a cylindrical tube: ?Z < 2500 → $ = 64/?Z → ∆:,P�O- = ��∙dc∙�N�� ∙_c ��c� �   [Eq. 27] 

For a crack or cavity represented as two parallel surfaces: ?Z < 2500 → $ = 96/?Z → ∆:,P�O- =  ¡∙dc∙�N�� ∙_c ��c� �   [Eq. 28] 

 

From the above calculation process, the total pressure losses can then be determined as follows 
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:,m − :,n = ∆:,)(-,x + ∆:,P�O- + ∆:,)(-,� = ¢ ��c� �� + £ ��c� �x…� + o ��c� ��
 [Eq. 29] 

Where X, Y, and Z are coefficients as given above. In terms of the exponent in the middle term, a value 
of 1 refers to a laminar flow while a value of 2 refers to a fully developed turbulent flow.  

From the above calculation process, the following approximation is given for airflow as a function of 
the pressure difference & = (i.)�¥P¦:,m − :,n§¨

        [Eq. 30] 

Where . [kg/(m2·s·Pa)] is the air permeance, and © [-] a coefficient describing the nature of the 
airflow, where 1 is used for a laminar airflow and 0.5 for a turbulent airflow. 

 

Alternatively, the Danish best practice guidelines provide approximations for the volumetric air flow 
rate through holes or cracks in thick and thin layers [34].  

The volumetric flow rate of air &,'() through holes or cracks in thick layers (crack/hole width < 
material thickness) can be approximated by 

&,'() = 
 ∙ �∙��N ∙ ∆:         [Eq. 31] 

Where 
 [Pa·s]-1 is a correction factor, which is 4600 for holes and 1700 for cracks. i [m2] is the open 
hole/crack area perpendicular to the flow direction, E [m] the width of hole/crack, and " [m] the 
thickness of the material layer or construction. 

For holes or cracks in thin layers (crack/hole width > material thickness), the volumetric flow rate of 
air &,'() can be approximated by &,'() = 
 ∙ i ∙ ∆:ª.«         [Eq. 32] 

Where the corrections factor 
 is approximated to 0.8 [m/(s·Pa0.5)]. 

 

Convection from a surface 

In addition to moisture convection with an airflow, convection also occurs between a surface and a 
fluid, e.g. between the exterior/interior surfaces of a wall construction and the exterior/interior air. 
The convective vapour flow is given by &' = iJ¦:',@¬�P-¥ − :',O�§        [Eq. 33] 

Where J [kg/(m2·s·Pa)] is the surface transfer coefficient for water vapour, and :',@¬�P-¥ [Pa] and :',O�  [Pa] are the vapour pressures for the surface and air respectively.  

 

In contrast to vapour diffusion and convective transfer through a material layer or a multi-layered 
construction that are rather slow mechanisms of vapour transfer, convection through cracks, holes, 
and other unintentional openings has the potential to transport large quantities of moisture [34]. It is 
therefore important to thoroughly ensure the airtightness of the building envelope, such as junctions 
and membranes. For most common building materials, vapour convection through the porous 
material is practically insignificant, with the exception of very porous low-density building materials 
such as mineral wool where convective transfer may be of some importance [34]. 

In relation to internal insulation, this means that sufficient airtightness must be ensured between the 
applied insulation system and the adjacent building elements or between the individual pieces of the 
insulation system, to prevent convection of warm moist indoor air outwards to the cold masonry wall 
or to the embedded wooden elements. In the review study on internal insulation of solid masonry 
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walls in cold climates by Straube & Schumacher [37], the authors point out that reducing air 
convection through the insulation system is of considerable importance since a sufficiently large 
airflow combined with high indoor moisture load during winter is almost certain to result in interstitial 
condensation. This problem is of particular importance when dealing with structures containing 
embedded wooden elements or wood elements as part of the added insulation system, due to the 
sensitive nature of the wooden products in terms of the risk of fungal growth and wood decay. This 
statement is supported by the numerical simulations by Kehl et al. [67] and the laboratory experiments 
by Vereecken & Roels [68], [69] and Kopecký et al. [70], [71]. Kehl et al. investigated the effect of 
convection to embedded wooden beam-ends in internally insulated solid masonry walls using 2D 
numerical simulations with the Delphin software. The findings suggested rather similar hygrothermal 
conditions and risk of moisture induced damage in the beam-ends in the case of a sufficiently tight 
internal insulation as compared to the uninsulated reference wall, whilst leaky internal insulation 
increased moisture levels and risks considerably. The laboratory experiments by Vereecken & Roels 
and Kopecký et al. investigated the effect of ensuring a tight connection between different internal 
insulation system and the beam ends penetrating the insulation layer, e.g. by applying PUR spray foam 
around the beam ends or by sealing the joints between the beam ends and the nearby elements by 
vapour barrier tape (examined with the seal placed in the masonry/insulation interface and on the 
warm side of the insulation layer in connection with the vapour barrier). The studies showed increased 
RH levels in the beam-ends for leaky insulation systems, while the use of airtight tape and PUR spray 
foam were shown to reduce RH levels for most of the examined systems. Only minor differences were 
observed with and without the airtight seal around the beams for the more diffusion-tight systems 
comprising a slightly flexible insulation materials such as mineral wool with a smart vapour retarder 
(discussed in Section 2.2.1.3). 

 

2.1.3 Liquid water transport 

Capillary suction enables porous building materials to absorb and transport liquid moisture through 
their pore structure. The transport mechanism makes phenomena such as rising damp and WDR a 
problem in the built environment. In addition, redistribution of moisture through capillary suction is 
one of the corner stones for the later discussed diffusion-open and capillary active insulation systems. 
Capillary suction is the dominant moisture transport mechanism at higher humidity levels (RH > 95%), 
while at lower humidity levels the capillary suction decreases and vapour diffusion becomes the 
dominant transport mechanism [34]. The following is based on [61]–[63]. 

Capillary suction occurs as a result of the interactions between the cohesion forces between the water 
molecules and the adhesion forces between water molecules and the pore walls inside the material. 
Due to the adhesion forces between water molecules and the pore walls, the water inside a material 
pore will form a meniscus (Figure 9). The angle between the pore wall and the meniscus is called the 
contact angle L [-]. The curved surface of the meniscus creates a pressure, which may be positive or 
negative. This pressure is called the capillary pressure :- [Pa], which is the difference between the 
total gas pressure :; [Pa] and liquid pressure under the meniscus pl [Pa]. For cylindrical pores the 

capillary pressure :- is given by :; − :) = :- = �∙®¯° (±)�         [Eq. 34] 

Where Y [m] is the pore radius and V [N/m] is the surface tension of water, which is a function of 
temperature and given by  V = (122.3 – 0.17·T)·10-3        [Eq. 35] 

Where T [K] the absolute temperature. 
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Figure 9. Illustration of water creeping up the pore walls to form a meniscus in an ideal capillary pore. Source: 
original figure from [63]. 

Pores with L < 90° are called “hydrophilic”, while pores with L > 90° are called “hydrophobic”. In the 
case of a contact angle L < 90°, the surface tension of water V will be smaller than the interfacial 
tension between the liquid and the solid. This will create a negative pressure (an attractive pull in for 
the liquid) causing the liquid to spread out and thereby reducing the contact angle (Figure 10a), which 
will result in uptake of the liquid into the porous material. While in the case of a contact angle L > 90°, 
the surface tension of water V will be larger than the interfacial tension between the liquid and the 
solid. This will create a positive pressure, causing the liquid to keep its droplet shape and thereby 
increasing the contact angle, which will result in a repellent effect against the liquid (Figure 10b). It is 
this effect, which is strived for when hydrophobisation is applied to exterior building surfaces to repel 
rainwater [72].  

 

Figure 10 Contact angle: (a) Wetting of the material surface, contact angle θ < 90°, and (b) Hydrophobic water 
repellent surface, contact angle θ > 90°. Source: Nickolaj Feldt Jensen 

From Equation 34, it can be seen that the pore sizes of a material is of considerable importance in 
terms of how wetting of the material occurs, as the capillary pressure :- increases with decreasing 
pore radius. This means that the smallest pores will become filled with liquid water first (at lower RH 
levels) and the larger pores will become filled with increasing RH [61]. Due to the higher capillary 
pressure, the smaller pores are able to suck away moisture from larger pores. This is beneficial in 
certain situations e.g. for fine-grained plasters installed on top of a more coarse-grained substrate, 
which allows for capillary redistribution to the exterior surface for increased drying [34].  

In addition, the pore sizes also determine the magnitude of the liquid transfer as well as how high the 
moisture may rise in a material. Larger pores are able to absorb moisture more rapidly in comparison 
with smaller pores, which can be seen from Equation 36. This is due to an increase in the flow 

(a) (b) 
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resistance with decreasing pore size. However, as seen from Equation 37, the maximum height of the 
capillary rise in a vertical pore decreases with increasing pore size.   

&) = − _²∙³∙�´¡∙d² ∙ ^�²^a          [Eq. 36] 

Where &)  [kg/s] is the liquid flow, U) [kg/m3] the density of the liquid, S) [Pa/s] the liquid dynamic 

viscosity, and 
^�²^a  [Pa/m] the liquid pressure gradient.  

In the case of a vertical pore, the capillary transport is under the influence of gravity and there will be 
a height to which the liquid can rise inside the materials. This maximum rising height is given by �µa =  �∙®¯° (±)�∙_²∙;          [Eq. 37] 

Where �µa  [m] is the maximum height of capillary rise in the pore and * [m/s2] the gravitational 
acceleration.  

In the case of liquid transfer in a horizontal pore in the absence of gravity, only the capillary pressure 
and the friction forces affect the transfer. Theoretically, there is no limit to the capillary redistribution 
of liquid moisture in horizontal or downwards facing pores – the horizontal capillary water absorption 
continues until the pore ends. The distance travelled by water in a horizontal pore (the water front) 
may be determined by 

� = ¶�∙∙®¯° ±�∙d² √¸ = �√¸        [Eq. 38] 

Where � [m] is the coordinate in the x-direction, S)  [Pa/s] the liquid dynamic viscosity and � [m/s0.5] 
the water penetration coefficient. 

In terms of liquid moisture transfer in porous materials, the concepts for transfer in a pore size level 
can be extended to the material level and the transfer can be expressed by the liquid moisture flux 
density *)  [kg/(m2·s)] with the suction pressure :- as driving force *) = −. ^�|^a           [Eq. 39] 

Where . [kg/(Pa·m·s)] is the hydraulic conductivity. 

The liquid transport may also be determined using the liquid transport coefficient �! [m2/s] with the 
moisture content F [kg/m3] as the driving force *) = −�! ^!^a           [Eq. 40] 

In addition, the amount of moisture absorbed by a porous material after time ¸ is given by 8! = i! ∙ √¸          [Eq. 41] 

Where 8! [kg/m2] is the moisture mass density after time ¸ [s] and i! [kg/(m2·s0.5)] the capillary 
water absorption coefficient. i! is given by the slope of the capillary water absorption curve. 
Description of experimental procedure to determine i! may be found in Section 3.6.1.    

 

2.1.3.1 Rising damp 

Rising damp occurs when moisture is transported vertically up into porous materials via capillary 
suction such as in masonry brick, mortar and concrete that are in contact with the groundwater table 
or moist soil layers [34], [73]. As mentioned above, the capillary rising height is related to the pore 
radius and the maximum height can be determined using Equation 37. Most historic buildings in 
Denmark are constructed with foundation and basement wall structures made from masonry bricks 
or boulders, which may differ considerably in terms of their pore size distribution and in turn the 
capillary transporting properties [73], [74].  Aside from the pore structure of the materials, the rising 
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height in building structures is also related to evaporation from the wall surfaces, and when a balance 
between added moisture and evaporation is reached then the rise will cease. In masonry walls, rising 
damp could potentially reach several meters up into the structure [34], [74]. Problems associated with 
rising damp include frost damage to exterior surface, decay of wooden elements in the lower floors, 
increased thermal conductivity of the masonry wall [73], and salt efflorescence [73], [75]. It should 
however be noted that the issue of rising damp is not within the scope of this dissertation. The results 
and recommendations are based on the prerequisite that potential issues with rising damp are 
resolved prior to commencing work with internal insulation. 

 

2.1.3.2 Wind-driven rain 

The hygrothermal conditions in internally insulated solid masonry walls could also be affected 
considerably from Wind-Driven Rain (WDR) in the case of inadequate rain protection (e.g. no water 
repellent treatment or small/lack of eaves) or defect mortar joints. Several studies including [30], [37], 
[76], [77] have pointed out that WDR is probably the largest source of moisture affecting the 
performance of exterior walls. WDR occurs when raindrops are deflected by wind actions, enabling 
the raindrops to pass through a vertical plane in the atmosphere and strike vertical building surfaces 
[34], [76], [77]. The basic principles of WDR are illustrated in Figure 11. A number of factors determine 
the WDR intensity on a building surface, such as rain and wind characteristics, hereunder wind speed 
and direction, turbulence intensity, rainfall intensity and drop size distribution, rain event duration 
and frequency. The building and environment topology also plays a major role, hereunder building 
geometry, façade orientation, sheltering provided by surroundings and position on the building façade 
[34], [76], [78]. In Denmark, the prevailing wind direction is from south-west and is the most critical in 
terms of WDR [34]. Increased WDR intensity typically occur near edges, corners and rooftops as 
compared to the centre area of larger surfaces, which is caused by differences in wind pressure 
surrounding the building. The variation in WDR intensity across building surfaces has been 
investigated in several experimental and numerical studies including [78]–[80].  

 

Figure 11 Illustration of the basic principles of WDR. From Straube et al. 2010 [77]. 

For practical applications, rain striking the exterior wall surfaces, which becomes absorbed due to 
capillary suction, will be described by transfer in horizontal pore as shown in Equation 38. The 
absorbed rainwater could potentially increase moisture levels in the critical locations. The findings by 
Künzel in [81] indicate that 70% of WDR deposited on the exterior surfaces is absorbed. Furthermore, 
the rainwater that was not initially absorbed will run down the exterior surfaces, and for taller 
buildings this would result in a considerable rain exposure for the lower floors. Several experimental 
and numerical studies for internally insulated solid masonry walls found that WDR was a crucial factor 
in terms of the hygrothermal performance in the critical locations [40], [47], [82]–[85]. The use of 
external water repellent treatment against WDR (see Section 2.3.1) is an additional measure often 
proposed for historic buildings [57], [86], [87] as the treatment does not alter the appearance of the 
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exterior surfaces considerably. In addition, Straube & Schumacher [37] stated that the drying potential 
due to the application of external rain protection outweigh the reduced drying to the indoor 
environment as a results of the internal insulation.  

 

2.1.3.3 Cardinal direction 

Aside from WDR, the cardinal direction is also of interest in relation to the effects from high and low 
solar irradiation on the wall surfaces. In Denmark, high solar irradiation on south oriented walls yield 
a considerable drying potential as temperatures in the masonry walls increases [37]. West oriented 
walls do similarly experience a drying potential from solar irradiation, which increases as the outdoor 
temperature rises during the day. North oriented walls will in contrast not experience this drying 
potential due to rather limited solar irradiation striking the surfaces, however, the north oriented walls 
will at the same time experience a smaller WDR load as the prevailing wind direction in Denmark is 
from south-west. While high solar irradiation may yield a drying potential, it could also be a potential 
problem for internally insulated solid walls in the form of solar-driven vapour flow in the inwards 
direction also known as summer condensation. Summer condensation occurs when exposed solid 
walls are wetted from WDR and then shortly after gets heated up due to high solar exposure resulting 
in the occurrence of high water vapour pressure in the outermost parts of the wall structure. As vapour 
diffusion is driven by a difference in the water vapour pressure (as illustrated by Equation 5), this will 
lead to a solar-driven vapour flow inwards through the existing wall structure into the added internal 
insulation system [34], [37].  

 

2.2 Internal insulation strategies 

Insulation systems for internal retrofitting are generally divided into three main categories based on 
their properties: 1) diffusion-tight, 2) diffusion-open, 3) diffusion-open and capillary active, and 4) 
Active insulation systems. The different types of insulation systems are discussed in the following 
sections. 

2.2.1 Diffusion-tight insulation systems 

2.2.1.12.2.1.12.2.1.12.2.1.1 The tThe tThe tThe traditional internal insulation methodraditional internal insulation methodraditional internal insulation methodraditional internal insulation method    

As presented under the background and motivation in Section 1.1, the traditional internal insulation 
system comprises wooden or steel studwork erected some 30-50 mm from the existing masonry wall, 
with mineral wool installed between the studwork and between the masonry wall and the studwork, 
and with a vapour barrier installed on the warm side of the insulation layer.  

Perhaps one of the largest disadvantages of the traditional method is its sensitivity to moisture from 
the outside due to the insufficient diffusion drying to the room side. WDR and solar-driven vapour 
flow contribute large quantities of moisture which accumulate on the side of the vapour barrier facing 
the insulation material and provide a very favourable environment for moisture induced damage, it is 
therefore a prerequisite for using the traditional method that the exterior surfaces should be tight 
against rain penetration. Aside from the outside moisture loads, the traditional method suffers also 
from issues with vapour diffusion in the outwards direction during the heating season due to a large 
water vapour pressure gradient between the indoor and outdoor environments. The reason is that 
despite of the high diffusion resistance of the vapour barrier, achieving sufficient vapour tightness 
between the added internal insulation system and the adjacent structures may be a complicated 
matter [34], [35]. The existing wall structure may not have adequately plane surfaces to ensure a tight 
connection with the new system, and surfaces of adjacent partition walls and ceiling structures may 
have holes, cracks and crevices, which need fixing prior to  the application. Otherwise these defects 
could lead to issues with convective transfer of moisture from the room side into the construction (as 
illustrated by Equations 21-32). A typical procedure is to lead the vapour barrier behind top, bottom, 
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and side studs meeting the adjacent structures and tighten the connection using flexible sealant such 
as butyl strips. Ensuring tightness to prevent vapour transfer in the outwards direction is however not 
only an issue during the construction phase. During the operational phase the building occupants may 
inflict mechanical damage to the vapour barrier through mounting of items such as shelves, wall 
hanging decorations or television screens, resulting in localised areas with increased vapour diffusion 
and possibly even convection through the holes [35]. This issue could however be resolved by moving 
the vapour retarder some distance into the insulation layer – maximum 1/3 of the insulation thickness, 
which would provide a “safety zone” between the finishing layer and the vapour barrier. A recent case 
study by Hamid and Wallentén [88] found high RH levels and risk of fungal growth in the interface and 
on the cold side of the vapour barrier for exposed solid masonry walls using the traditional method. 
The authors put emphasis on the issues regarding WDR and solar-driven vapour flow in the inwards 
direction in relation to observed poor performance. 

2.2.1.22.2.1.22.2.1.22.2.1.2 FoamFoamFoamFoam----based based based based insulation systemsinsulation systemsinsulation systemsinsulation systems    with a closed with a closed with a closed with a closed cell structurecell structurecell structurecell structure    

In contrast to the diffusion-open and capillary active insulation systems, the diffusion-tight systems 
often comprise foam insulation materials with a closed-cell structure such as extruded polystyrene 
(XPS), polyurethane (PUR) and polyisocyanurate (PIR), and phenolic resin foam. These systems are 
often called “Warm wall systems”. The PUR and PIR foam insulation products are made from the 
chemical reaction between di- or triisocyanate and polyols, into which a gas is added during the 
expansion process [89]. The XPS insulation, on the other hand, is made from melted polystyrene, into 
which a gas is added during the expansion process [89]. The phenolic resin foam insulation consists of 
synthetic polymers created through the process of polycondensation between the aromatic organic 
compound phenol and formaldehyde [90]. In contrast to XPS, PUR, and PIR, the phenolic resin foam 
has an excellent fire-retardant behaviour but suffers from insufficient mechanical properties which 
include fatigue and crumbliness. Common for these systems and systems using a vapour barrier are 
that they allow neither vapour diffusion nor capillary suction to take place through the insulation 
system, and the potential for diffusion drying in the inwards direction is more or less eliminated. 
Airtightness of the foam insulation systems are typically achieved with silicone joints or similar 
sealants between the insulation boards and the adjacent elements, while systems with a vapour 
barrier would be carried out as described for the traditional mineral wool system. In comparison with 
the traditional system and other systems using a vapour barrier, the foam insulation systems are less 
sensitive to mechanical damage by nails and screws as the insulation material itself is often quite 
diffusion tight.  

Several studies including [30], [48], [52], [54], [59], [84], [91]–[93] have investigated the hygrothermal 
performance of diffusion-tight insulation systems such as PIR, PUR, XPS, PUR foam with CaSi channels, 
and phenolic foam. However, the literature review showed that there is not consensus in terms of the 
hygrothermal performance of diffusion-tight insulation systems for internal retrofitting solid masonry 
walls. Numerical simulation studies in WUFI by Finken et al. [30] and by Jensen [48] showed poor 
hygrothermal performance and risk of fungal growth in solid masonry walls internally retrofitted with 
PUR foam with CaSi channels (Ø3-4 mm in a 40 mm x 40 mm grid) in the case of no external rain 
protection, while good performance was seen with rain protection. It should be noted that the PUR 
foam with CaSi channels is marketed as diffusion-open and capillary active, however, experience with 
the product indicates that the systems is only semi diffusion-open and has very limited capillary 
transporting properties, which is why it is here presented as diffusion-tight and will be regarded as 
such throughout the thesis. Similarly, numerical simulation studies in HAMFEM by Vereecken et al. 
[59], [84] for internal XPS insulation showed high moisture levels and risk of moisture induced damage 
for simulation models without external rain protection. In addition, the results presented in [84] 
showed slightly increased moisture levels in the XPS insulation as compared to the diffusion-open and 
capillary active CaSi insulation, if simulated without rain. Meanwhile, in [59] the authors 
recommended XPS or other tight systems over diffusion-open and capillary active systems if combined 
with rain protection, due to the superior thermal resistance. In terms of long-term in-situ studies with 
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modern diffusion-tight systems, Hansen et al. [91] assessed the hygrothermal performance of 
phenolic resin foam insulation and PUR foam with CaSi channels for internal retrofitting in four historic 
buildings in Denmark over several years, and the field measurements were complemented by 
calibrated numerical simulations. The measurements showed unacceptably high RH levels for the PUR 
foam with CaSi channels, while the two case buildings with phenolic resin foam showed progressively 
decreasing RH levels over the course of the experiment. The calibrated numerical simulations with 
climate data for the period 2020-2050 predicted poor hygrothermal performance of both insulation 
systems. Some discrepancies were observed between the measurements and the simulation results 
for the phenolic resin foam where the simulations performed considerably worse than observed in 
the case buildings, which was suggested to be caused by the method of installation in the case studies 
being faulty and not achieving proper diffusion tightness, resulting in the system behaving like a 
diffusion-open insulation system. In a different case study by Hansen & Høegh [92] the authors 
reported non-critical RH levels in the interface between wall and insulation in five apartments 
insulated with phenolic foam, and hence in agreement with the measurements by Hansen et al. In 
another case study by Klõšeiko et al. [52], the authors investigated the hygrothermal performance of 
a historic school building internally retrofitted with several different insulation systems, and found 
unacceptably high RH levels in the interface of masonry walls fitted with PUR foam with CaSi channels. 
The examined test walls fitted with internal PIR insulation did however show less critical RH levels but 
with a progressive increase during the experimental period. In contrast to the case studies by Hansen 
et al. and Klõšeiko et al., a case study by Morelli & Møller [54] with PUR foam with CaSi channels 
showed progressively decreasing RH levels over a two year measurement period, and inspection 
behind the insulation systems showed no signs of fungal growth. Campbell et al. [93] observed non-
critical RH levels in the interface between wall and insulation in a case study where the masonry walls 
were internally retrofitted with a combination of PUR foam and sheep wool insulation.  

2.2.1.32.2.1.32.2.1.32.2.1.3 Systems with smart vapour reSystems with smart vapour reSystems with smart vapour reSystems with smart vapour retarderstarderstarderstarders    

As an alternative to the traditional vapour barrier solution, a diffusion-open non-capillary transporting 
insulation material such as mineral wool could be combined with a type of barrier known as a “smart 
vapour retarder”. The principles behind the smart vapour retarder is that the retarder will act as a 
traditional vapour barrier with large diffusion resistance during the heating season, and so not 
allowing any water vapour to pass through it to prevent interstitial condensation. However, during 
the warm humid summer periods, the smart vapour retarder will become diffusion-open with a 
vapour permeability not much different from that of a traditional gypsum board, and so allowing 
diffusion drying in the inwards direction to occur [94]–[96]. The smart vapour retarder has been 
proposed as a possible solution to the issue with summer condensation occurring on the cold side of 
the vapour barrier [34]. Numerical simulations in the WUFI software for various internal insulation 
systems by Jensen in [48] showed superior hygrothermal performance for the smart vapour retarder 
systems compared to the traditional tight systems and the diffusion-open and capillary active systems, 
if combined with external rain protection. The simulation results by Jensen in [48] are in agreement 
with the aforementioned hot-box cold-box experiment by Vereecken & Roels [56], which showed 
reduced risk of interstitial condensation for the diffusion-tight systems including the ones using the 
smart vapour retarder. Note that the hot-box cold-box setup neither included the influence of WDR 
nor solar radiation on the exterior surface causing the vapour flow in the inward direction. In contrast, 
the simulation study in WUFI and COMSOL by Knarud & Geving [97] investigated an exposed solid 
masonry wall fitted with internal insulation of mineral wool and a smart vapour retarder. The authors 
found sub-optimal performance in the interface between the masonry wall and the added insulation, 
and also in the embedded wooden beam end.  This corresponds with the findings by Jensen [48] for 
exposed walls fitted with internal mineral wool insulation and the smart vapour retarder. 
Correspondingly, it was concluded by Vereecken et al. [59] based on HAMFEM simulations that with 
rain protection the mineral wool with smart vapour retarder performed well.  
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2.2.1.42.2.1.42.2.1.42.2.1.4 Hard insulation boards with a Hard insulation boards with a Hard insulation boards with a Hard insulation boards with a closed closed closed closed cell structurecell structurecell structurecell structure    

Hard insulation board with a closed cell structure include products such as cellular glass, also called 
foam glass, which is impermeable for both vapour and liquid moisture transfer. The insulation material 
is inorganic and will be fully adhered to the inside of the existing wall using an adhesive glue mortar. 
Information provided by the Danish building experience organisation BYG-ERFA [35] suggest that 
these hard insulation board with a closed cell structure could be applied as internal insulation for 
almost all types of solid exterior walls, with the exception of half-timbered exterior walls. However, a 
very limited number of studies were found regarding internal insulation of solid masonry walls with 
cellular glass products. Grunewald et al. [98] studied the hygrothermal performance of cellular glass 
and calcium silicate for internal retrofitting the solid masonry walls of the Rijksmuseum in Amsterdam 
using numerical simulations. The results showed that the application of the cellular glass insulation 
prevented drying towards the inside due to the very large vapour diffusion resistance of the insulation, 
which caused increased moisture content in the existing wall structure, up to 2½-3 times higher than 
the insulated wall and the wall insulated with calcium silicate. The moisture profile for the wall 
insulated with cellular glass showed RH levels near saturation in the masonry/insulation interface and 
very limited variation over the years. The risk of fungal growth was discussed only for the interior 
surface of the wall structures, where the cellular glass system showed the lowest RH levels of the two 
insulation systems.  

2.2.2 Diffusion-open non-capillary active insulation systems 

Some insulation materials for internal retrofitting solid walls may be diffusion-open without being 
capillary active. These insulation materials allow for diffusion of water vapour through the applied 
system but without the capillary properties to redistribute the moisture back towards to indoor 
environment [99], [100]. Using diffusion-open insulation materials there would be a risk of high RH 
levels in the masonry/insulation interface and of moisture accumulation in the case of larger insulation 
thickness. Diffusion-open non-capillary insulation materials would typically be batts of mineral wool, 
flax fibre, hemp fibre, wood fibre, textile fibre and similar types of insulation products. For internal 
retrofitting solid exterior walls, it is typically recommended not to use organic insulation materials due 
to the higher risk of fungal growth. As mentioned in Section 2.2.1.3, some diffusion-open non-capillary 
insulation materials are combined with a vapour barrier or a smart vapour retarder installed on the 
warm side of the insulation. A few studies including [101]–[104] have investigated the hygrothermal 
performance of organic insulation materials such as hemp fibre and wood fibre batts. In [101], [102] 
the authors reported non-critical RH levels in the masonry/insulation interface, while in [103], [104] 
the authors reported high RH in winter (>85-90%) and low RH in summer (50-65%) using soft wood 
fibre batts. In addition, in [103], [104] the authors also reported non-critical RH levels in the wooden 
beam end.  

2.2.3 Diffusion-open and capillary active insulation systems 

Often used diffusion-open and capillary active insulation systems include CaSi, AAC, and wood fibre 
boards. The diffusion-open and capillary active insulation systems are as the name suggests open for 
water vapour diffusion transport due to a very low diffusion resistance Z of the insulation system and 
drying can so occur both to the outside and the inside. However, during the heating season, moisture 
from the indoor environment diffuses outwards and most certainly condenses upon contact with the 
cold existing masonry wall, as the outgoing water vapour pressure exceeds the saturation vapour 
pressure at the given temperature near the existing wall (as described in Section 2.1.1). Moisture may 
be buffered in the insulation systems, and eventually capillary actions will initiate due to pressure 
differences in the pore liquid and the material will start to redistribute moisture (Equation 36) inward 
towards the interior surface from where it may evaporate to the indoor air when conditions allow it 
[34], [46], [55], [84], [105]. This redistribution process is intended to prevent unacceptably high 
moisture levels in critical locations to reduce the risk of moisture induced problems. One advantage 
of the diffusion-open and capillary active systems in contrast to the traditional insulation method is 
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that they do not require the same high level of attention towards application and vapour tightness 
[106]. In fact, due to the diffusion-open and capillary transporting properties it is of considerable 
importance that a vapour barrier is not installed [35] and recommendation often states that a 
diffusion-open interior paint should be used [34], [35]. However, the findings from a few recent 
studies suggest that the diffusion resistance of interior paint treatment might be of minor importance 
unless an excessive number of paint layers are applied [107], [108]. The interior surface finish typically 
comprises a rather diffusion-open finishing plaster layer with the interior paint recommended by the 
manufacturer. During application, the insulation boards are fully adhered to the interior surface of the 
existing masonry wall to establish good contact between the existing wall and the added insulation 
layer, as a failure would inhibit the capillary transport potential of the insulation systems [56], [98], 
[100], [105]. One disadvantage of these systems is that they often have a higher thermal conductivity 
compared to the traditional mineral wool insulation and most foam based products [34], [35], [56], 
[59].  

In the past two decades, several studies including [29], [30], [46], [48], [49], [52], [54]–[56], [58], [59], 
[83], [84], [98], [109]–[117] have investigated the hygrothermal performance of diffusion-open and 
capillary active insulation systems for internal retrofitting solid masonry walls and observed good 
performance. Pavlík et al. [109], [110] and Toman et al. [46] studied the performance of hydrophilic 
mineral wool insulation in combination with a vapour retarder installed on the cold side of the 
insulation layer. Their findings showed non-critical moisture levels in the interface between the 
masonry wall and the added insulation systems. A large number of experimental and simulation 
studies have been performed for internal retrofitting with CaSi [30], [48], [52], [54]–[56], [58], [59], 
[83], [84], [98], [113], [114], [116], [117] and AAC insulation [29], [30], [48], [52], [56], [83], [86], [115], 
[117], [118]. The findings for the CaSi and AAC systems were found not to show consensus in terms of 
the hygrothermal performance, as the aforementioned studies varied considerably on various points, 
among others the boundary conditions such as exposure to WDR and the indoor climate. Vereecken 
& Roels [56] investigated several systems including CaSi, AAC, cellulose, wood fibre, and some 
diffusion-tight systems using a hot box-cold box setup, and their findings showed a higher mass 
increase due to increased moisture content for walls fitted with diffusion-open insulation in 
comparison with the diffusion-tight systems, due to lower diffusion resistance and thereby more 
outwards diffusion. However, the impact of rain was not included in the study. Finally, it was noted 
that from the aforementioned studies only Odgaard et al. [29] carried out microbiological testing 
behind the insulation, where the study with internal AAC insulation showed good hygrothermal 
performance and no fungal growth. 

2.2.4 Internal insulation with ventilated wall and circulation of dry air 

In recent years, Saint-Gobain Isover has developed a new system for internal insulation of exterior 
wall structures called “RetroWall”, which is an active insulation solution with mechanical circulation 
of dry air in a closed loop. 

The RetroWall concept is based on the traditional mineral wool and vapour barrier solution with an 
air gap created in-between the existing wall structure and the new internal insulation system. A small 
ventilation system with dehumidification unit is used to circulate dry air through the air gap to remove 
potential build-up of moisture in the insulated wall structure (Figure 12) [119]. The circulating air is 
dehumidified and heated up by approximately 5-10 °C when passing through the desiccant wheel 
inside the dehumidification unit. The warmer dry air is supplied to the top of the system where the air 
levels out across the upper part of the wall through stratification. The air is cooled upon contact with 
the existing wall structure and starts to drop down over the wall surface as the air density increases. 
At the bottom of the wall, the cool moist air is then extracted and transported to the dehumidification 
unit to complete the loop. This method of supplying the warmer dry air at the top, which levels out 
and then drops down ensures a more even distribution of air over the entire wall surface [120]. The 
RH level in the air gap is controlled using sensors to determine when to turn the system on and off. 
Typically, the system would run for a short period of time (e.g. 5-10 minutes) every 2 hours.  
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Around windows, the RetroWall system is installed with a smaller ventilated air gap, often around 13-
15 mm and no insulation is used in order to avoid obstructing the window opening. To deal with 
potentially risky RH levels in the wooden beam ends, flexible pipes with small holes every 350-400 mm 
are installed under the floorboards in-between the beams near the exterior wall structure to supply 
the dry air near the beam ends.  

 

Figure 12 Configuration of the RetroWall system. 1) Existing wall structure; 2) Supply (top) and extraction 
(bottom) ducts to the dehumidifier; 3) Perforated spacing bar; 4) RetroWall glass wool insulation; 5) Gypsum 
board with enhanced strength, durability and fixability; 6) Vapour barrier; 7) Inside cladding material such as 
regular gypsum board; 8) Dehumidification unit. Figure from [119]. 

The hygrothermal performance of the RetroWall system was investigated with Delphin simulations by 
Fosso [121] for the wall and beam end details and with a mock-up to assess the airflow behind the 
system, and by Ørbæk [120] who investigated the performance of five RetroWall test fields in three 
case buildings. The simulations by Fosso indicate that the RetroWall system performed better than 
the traditional mineral wool system and that the dehumidification reduced the moisture content in 
the innermost 100 mm of the existing masonry wall. The assessment of the beam end showed that in 
the North and West orientations it was necessary to also ventilate around the beam ends to maintain 
a wood moisture content below 20 weight-%. The study by Ørbæk showed that RetroWall test fields 
were generally capable of keeping the RH levels below 80% and installation of flexible supply pipes 
under the floorboard between the beams did similarly show promising results. Fosso and Ørbæk did 
however observe that the airflow below windows was significantly reduced compared to the main 
airflow, which would make it one of the more critical locations in the system and in need of further 
attention.  

Another issue reported in the study by Ørbæk [120], was that the building occupants made complaints 
about the noise from the fan in the ventilation system, where the fan was running for longer periods 
of time or running continuously if the system was struggling to maintain the desired RH set point in 
the air gap. The following research work with the RetroWall system focused primarily on reducing 
noise from the ventilation system. Lucchesi [122] used Computational Fluid Dynamics (CFD) to 
investigate the airflow behind the RetroWall system in the case of a wall section with a window. The 
study showed that installing an extra duct under the window to redirect the airflow coming from the 
top of the wall could improve the hygrothermal conditions under the window and that the airflow 
could be reduced by approximately 30% in order to mitigate the noise issue without significantly 
increasing the risk of moisture induced problems behind the insulation system. The system noise was 
further mitigated in the study by Harjani [123], where the primary focus was to optimize the 
ventilation and dehumidification unit through investigation of various fan types, silencers and airflow 
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optimization. The system noise was reduced by 8 dB. The results of the two MSc. thesis works are also 
reported in [124]. 

From personal contact with Saint-Gobain Isover, the author has been informed that the three projects 
first reported by Ørbæk and a fourth case building have been monitored for a period of 3-4 years. The 
author has inspected Isovers datasets and the measurements showed that the active dehumidification 
was generally able to keep the RH levels below 80% in the masonry/insulation interface and below 
75% near the embedded wooden beam ends. However, the measurements did show short periods 
where the RH levels increased to between 80 and 90% below the windows behind the spandrel walls. 
In addition, Isover informs that the system has been adjusted to improve airflow under the windows 
and to mitigate the sound issues bringing the noise levels below 30 dB with the option to increase 
airflow in certain building types, which of course will increase the noise level. Isover has also informed 
the author that their measurements have shown an energy saving of around 1/6 to 1/5 in comparison 
with the un-insulated reference wall. 

Finally, it should be noted that all of the RetroWall tests were carried out with exposed brick exterior 
surfaces, suggesting that the hygrothermal conditions could be improved by combining the system 
with exterior hydrophobisation for thin wall structures or for walls highly exposed to WDR.  

Early on it was discussed whether or not the RetroWall system should be a part of the RIBuild project. 
However, it was decided not to include the system as the main purpose of the RIBuild project was to 
find energy saving solutions, which could be carried out in a responsible manner with the lowest 
possible risk of moisture-induced damage. With the RetroWall system the building owner accepts that 
there will be an energy usage for ventilation and dehumidification in order to obtain improved indoor 
comfort and in the early period of the RIBuild project it was still unclear whether or not there would 
be much of energy saving with the RetroWall system. 

 

2.3 Additional measures to reduce moisture in the insulated wall structure 

The following sections present several additional measures which could be combined with internal 
insulation to reduce the moisture levels in critical locations such as the interface and in the embedded 
wooden elements, which would in turn reduce the risk of moisture induced damage. The additional 
measures include hydrophobisation of exterior surfaces, installation of a deliberate thermal bridge, 
and reduction of the indoor moisture load.  

2.3.1 Water repellent treatments for the exterior surfaces 

2.3.1.12.3.1.12.3.1.12.3.1.1 Technical aspectsTechnical aspectsTechnical aspectsTechnical aspects    

Water repellent coatings, including hydrophobisation, are used to enhance rain water run-off and 
reduce the absorption of water striking the exterior building surfaces, and the practice of protecting 
building surfaces using different types of coatings such as waxes and oils has been used throughout 
the past several centuries [125]. In modern times, a variety of water repellent agents have been 
developed including silicon based agents, stearates (commonly aluminium or calcium based), and 
organic agents such as acrylics and polyurethanes [87], [125]. Water repellent coatings are categorised 
in two groups: film forming coatings and penetrants. As the name suggests, the former coating type 
creates a film on the exterior surfaces, which prevents water absorption, while the latter coating type 
penetrates into the pores of the surface material. One of the main disadvantages of the film forming 
coatings is that they inhibit water vapour transport from inside the structure to the outside, and could 
potentially lead to moisture accumulation and frost damage in the exterior surfaces [87], [125]. 
Multiple sources, including [87], [125], [126], have stated the importance of maintaining a diffusion-
open exterior surface after application of the water-repellent coating to avoid moisture accumulation 
within the structure. The film forming coatings include products such as acrylics, stearates, mineral 
gum waxes, and polyurethanes. These products often have shorter service life compared with some 
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of the penetrants. The penetrants are typically silicone based and include agents such as siloxanes, 
silanes, and blend products [87]. The products bond chemically to materials containing silica or 
alumina, which means that the treatment cover the pore walls inside the material resulting in reduced 
capillary suction. In modern penetrants, the hydrophobising effect is obtained by increasing the 
contact angle θ in Equation 34 by reducing the interfacial tension between the liquid and the solid, 
resulting in reduced capillary pressure and thereby a reduced water uptake. One of the main 
differences between siloxanes and silanes is the size of the molecular structures, where the silanes 
have a smaller molecular structure, which allows for better penetrating properties compared to the 
larger siloxanes [87], [125]. However, the capillary transport properties of the surface material also 
affects the penetration depth [127]. The penetration depth of water repellent agents are often stated 
to be up to around 10 mm [87], however it was shown by Soulios et al. [128] that the penetration 
depth is highly dependent on the contact time. A recent laboratory study by Hansen et al. [129] 
assessed the moisture transport properties and penetration depths of 16 different water repellent 
agents on brick and mortar. The authors found that most agents penetrated 1-5 mm into the 
materials, although six products were seen to penetrate to depths of 11-18 mm and two products to 
a depth of around 27 mm in brick. In terms of the efficiency of the hydrophobising treatment, several 
laboratory studies, including [129]–[132], have shown excellent water-repellent performance on 
various bricks. However, the study by Hansen et al. [129] did observe a smaller effect for the examined 
mortar samples. Furthermore, Hansen et al. also investigated the diffusion resistance of three water-
repellents on brick and mortar and found no significant increase as a result of the treatments. The 
study by Couto et al. [132] did however observe significantly reduced evaporative drying potential due 
to the examined treatment. Other studies including [126], [133], [134] do similarly state that most 
modern silicone based hydrophobising treatments do not significantly affect the water vapour 
permeability, however, that the drying rate of damp walls are reduced, which may in some cases cause 
problems.  

Several studies including [30], [48], [114]–[116], [118], [129], [135], [136] have investigated the 
combination of internal insulation of solid masonry walls and exterior hydrophobisation, and the 
studies generally agreed that hydrophobisation of the exterior surfaces improved the hygrothermal 
conditions in the critical locations. Other studies [29], [46], [112] found improved hydrothermal 
performance in the critical locations by combining internal insulation of solid masonry walls with 
external render and paint. In contrast to the aforementioned studies, Hansen et al. [91] studied the 
combination of internal insulation with exterior render and paint through calibrated numerical 
simulations and found that the exterior render and paint increased the moisture levels in the critical 
locations as opposed to the masonry wall without the render and paint. Similarly, in [115] the exterior 
hydropbisation had a positive effect on the north facing wall, but no effect on the south facing wall 
despite south-west being the dominant orientation for WDR. WDR measurements showed that the 
WDR load was 3-4 timer higher for the south facing wall than for the north facing wall. In addition, 
Finken et al. [30], Jensen [48] and Soulios et al. [116] found increased internal surface temperatures 
and reduced heat loss in uninsulated solid masonry walls due to the exterior hydrophobisation 
preventing rain intrusion, which resulted in the masonry wall becoming more dry and thereby increase 
its thermal resistance. It was pointed out by Kaczorek [137] that a reduction of rain intrusion through 
reduced capillary absorption of the exterior surfaces (in accordance with Equation 41) would allow for 
more freedom to choose between different interior insulation systems. In addition, it was concluded 
by Vereecken et al. in [56], [59] that if WDR was reduced considerably e.g. by means of exterior 
hydrophobisation then there would be little reason to choose the diffusion-open and capillary active 
insulation systems for internal retrofitting,  due to the superior thermal resistance of more diffusion-
tight systems.  

While a number of studies have shown promising results using exterior hydrophobisation in 
combination with internal insulation for solid masonry walls, it has also been stated that 
hydrophobisation present several limitations that may affect the hygrothermal performance over 
time. These limitations include problems with overall coverage and surface defects such as broken 
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bricks, mortar joints or cracks, which should be repaired or replaced prior to the application of the 
hydrophobising treatment to avoid potential moisture “hot spots” as the treatments only cover minor 
hairline cracks [34], [35], [87], [125]. It is however stated by Wendler & von Plehwe-Leisen [134] that 
the issue with smaller defects such as minor cracks and voids are most prominent near the exterior 
surface and that the use of a hydrophobising treatment with a large penetration depth could reduce 
this risk considerably. The Danish building experience organisation BYG-ERFA states in their report on 
internal insulation [35] that: “hydrophobisation does not provide an overall tightness in the case of 
prolonged WDR striking the façade”. In addition, drying to the outside will occur slowly due to the 
treatment limiting capillary transport of moisture from the central part of the masonry wall to the 
exterior surface and drying will therefore occur through vapour diffusion alone [116]. In the case of 
defects allowing water to penetrate into the masonry behind the hydrophobised zone, the treatment 
may results in spalling of the treated bricks, especially if soluble salts are present as hydrophobising 
treatments prevent salt efflorescence [72], [125], [134]. This issue may also occur in the case of uneven 
decrease in the treatments effectiveness, allowing water to penetrate through untreated parts of the 
masonry potentially causing the treated parts to spall [133]. Finally, in the case of building 
experiencing issues with rising damp (as described in Section 2.1.3.1), hydrophobising treatments 
should be avoided until the rising damp issues have been resolved as this could also lead to moisture 
behind the hydrophobised zone [87], [125], [134]. Due to the reduced drying caused by the 
hydrophobised zone, the capillary rise inside the wall may increase and potentially cause additional 
problems further up in the building [72]. Aside from these issues with defects, there could also be a 
potential issue with regards to façade ornaments or other elements made from different materials 
(e.g. such as extrusions over windows and rendered corner areas), as these elements might not always 
be treated with the hydrophobisation and could potentially be vulnerable to moisture intrusion. Some 
examples of potentially problematic façade elements are shown below in Figure 13. 

Another issue is the adhesion of the hydrophobising treatment, which is dependent on the nature of 
the substrate i.e. the mineral composition of the surface material, some hydrophobising products may 
therefore have a good adhesion on some materials but a poor adhesion on other materials [100], 
[127]. Hydrophobising treatments comprised of siloxanes and silanes will for example experience a 
good adhesion on silicate containing materials such as masonry bricks and cement based mortar but 
will experience a poor adhesion on lime containing materials such as historic lime based mortars and 
sand lime bricks. The user should therefore show great care in selecting the correct type of 
hydrophobising treatment for the bricks and mortar used in the wall in question, and it may in certain 
cases be necessary to perform characterisation of the surface materials. 

     

Figure 13 Potentially problematic facade elements: a) A decorative ornament, and b) A rendered building 
corner. Source: Nickolaj Feldt Jensen 

In terms of application time, Soulios et al. [116] found that when exterior hydrophobisation should be 
combined with internal insulation, it is important to carry out the treatment before or at the same 
time as the internal insulation, otherwise the hygrothermal response could be worsened during the 
first years. A delayed application of the exterior hydrophobisation could result in several years with 
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high moisture content behind the hydrophobised layer until the moisture in the wall has dried out, as 
the wall would have had the same WDR exposure as before the internal insulation was applied but at 
the same time also a reduced potential for drying as mentioned earlier. Despite a delayed application, 
Soulios et al. do point out that the exterior hydrophobisation will still be beneficial in the long-run.  

In regards to the long-term protection of the hydrophobising treatment, the effectiveness of the 
treatment increases with increasing concentration of the active ingredient [125], [128]. The life span 
of silicone based treatment has been stated to be at least 10-15 years, maybe longer in the case of 
careful application and good maintenance [87], [133]. Wendler & von Plehwe-Leisen [134] and Charola 
[133] mention that the decrease in effectiveness of the hydrophobising treatment may occur due to 
deposition of polar, hydrophilic dust particles on the exterior surface. UV radiation have often been 
mentioned as a possible reason for the degradation of hydrophobising treatments. However, Charola  
[133] and Wendler & von Plehwe-Leisen [134] state that the Si-C-bonds in the treatment have a large 
thermodynamic stability and that the deposition of polar, hydrophilic dust particles would be the more 
probable reason. In addition, Charola state that the wear of the treatment occurs unevenly and that 
sheltered positions where dust accumulate experience a more rapid decrease in effectiveness 
compared to building parts such as corners, which are highly exposed to rain. 

2.3.1.22.3.1.22.3.1.22.3.1.2 Building preservation and reversibilityBuilding preservation and reversibilityBuilding preservation and reversibilityBuilding preservation and reversibility    

In addition to the aforementioned technical aspects, some countries may have restrictions against 
application of hydrophobising treatments on historic buildings and monuments. These disputes on 
whether or not to use hydrophobising treatments may partly be due to ethical/aesthetical reasons, as 
even colourless treatments may cause a change in colour or an undesired sheen or gloss for the 
exterior surfaces resulting in a change of the original building characteristics [72], [87], [126]. Van Hees 
[126] stated that such changes of the original building characteristics will inevitably result in a loss of 
information and affect the historical value of the building. Another concern is the fact that water 
repellents are irreversible upon completion of the treatment [126], [134], [138]. Wendler & Plehwe-
Leisen [134] state that silicone based water repellent treatments are generally irreversible and that 
the Si-C-bonds in the treatments are so stable that they cannot be broken by chemical or biochemical 
reactions induced by the outdoor environmental, and as mentioned in Section 2.3.1.1, the bonds are 
stable against natural UV radiation. The authors go on to say that the life span of silicone resins will 
exceed the expected service life of the building and that the decision to apply hydrophobisation should 
be carefully considered. Appelbaum [138] stated that: “impregnation is one example of a sometimes 
necessary but irreversible treatment” and that the treatment must satisfy the requirements of 
aesthetic appropriateness and be physical and chemical compatibility with the material. In addition, 
Appelbaum highlighted several considerations, which should be made prior to application of 
impregnation treatments, including:  

• How much control is there over the appearance?  
• What happens if the treatment does not proceed exactly as expected? 

• What will happen when treatment is again needed, particularly if the problem that 
necessitated the treatment recurs?  

• Can the same treatment be repeated?  

• Can a different treatment be used with the first one still in place?  

• What can be done with written condition and treatment records to make it more likely that a 
future conservator can find out what was done? 

With respect to building preservation and reversibility, the organisation “Historic England” stated that: 
“our ability to judge the long-term impact of changes on the significance of a place is often rather 
limited” and “interventions may not perform as expected”, which are why it is desirable that 
alterations are reversible to ensure the best circumstances for future preservation work [139]. In 
addition, the organisation goes on to recommend only applying interventions where the future 
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consequences are well understood. In terms of application of exterior hydrophobisation on historic 
buildings, it has been pointed out by several sources including Soulios et al. [116] that we do not yet 
fully know the long-term effects of these treatments, i.e. if they might potentially have a negative 
impact on the hygrothermal performance in the future.  

2.3.2 Deliberate thermal bridge 

Installation of a deliberate thermal bridge below the floor structure in front of the embedded wooden 
elements is an additional measure proposed as a means to increase temperatures in the wooden 
elements by allowing flows of warm indoor air to reach the embedded parts. By increasing 
temperatures in the embedded parts of the wooden elements, moisture levels are reduced and so the 
risk of moisture induced damage [34], [37], [140]. A number of case studies [50], [91], [113], [141], 
simulation studies [47], [50], [82], [135], [141] and field studies [118] have observed a positive impact 
on the hygrothermal conditions in the embedded wooden elements due to installation of a deliberate 
thermal bridge. Some of these studies created the deliberate thermal bridge through the use of a 
material with a higher thermal conductivity [118], while other studies simply left a section just above, 
or above and below the intermediate floor structure as uninsulated [47], [50], [82], [91], [135]. Stopp 
et al. [113], [141] approached the issue differently by creating a heating channel just above the floor 
structure using warm water flow and return pipes. The findings showed a 2-3 K increase for the 
temperatures in the embedded wooden beam ends, and reduced moisture levels. It was stated in 
Section 2.1.2 that several studies found improved hygrothermal performance in the embedded 
wooden elements when restricting the convective air flow. This should also be taken into 
consideration when designing the deliberate thermal bridge as pointed out by Straube & Schumacher 
[37]. In addition, a few studies examined the effect of combining internal insulation and a thermal 
bridge with exterior hydrophobisation [118], or with a reduced rain catch ratio [135]. The findings 
from the two studies showed a further reduction of the moisture levels and risk of fungal growth in 
the wooden elements.  

2.3.3 Indoor moisture load 

Another proposed measure to improve the hygrothermal conditions and reduce the risk of moisture 
induced damage in critical locations when dealing with internal retrofitted solid masonry walls is to 
reduce the indoor moisture load [35], [37], [142]. This is especially important during the heating 
season where the water vapour pressure in the indoor environment is considerably higher than in the 
outdoor climate leading to a transport potential in the outward directions. A reduction of the indoor 
moisture load would reduce the water vapour pressure gradient between the indoor and outdoor 
environments. This would in turn result in decreased outward moisture diffusion flow and reduce the 
risk of interstitial condensation, as illustrated by Equation 5 where a reduction of the ¹:'  results in 
reduced water vapour flux density *' through the exterior wall. This measure could be achieved 
through the installation of a mechanical ventilation system with as part of the retrofit measures to 
increase the air flow through the building [37], [54].  

Previous field and simulation studies presented in [12], [52], [58], [70], [83] investigated the 
hygrothermal performance in critical locations for internally insulated solid masonry walls at different 
indoor moisture loads. The findings showed improved performance in the critical locations with 
decreasing indoor moisture load. The results from the calibrated simulations presented in [52] suggest 
better hygrothermal performance in the more diffusion-tight systems in the case of high indoor 
moisture load when compared with the highly diffusion-open systems, while in the case of low indoor 
moisture load better performance was seen in the highly diffusion-open systems. In contrast, the 
calibrated simulations presented in [83] showed better performance of the highly diffusion-open 
systems regardless of the indoor moisture load. However, the difference between the two studies 
could also partly be due to the study by Klõšeiko et al. [52] was for a building with an exterior plaster 
layer and the potential differences in terms of the influence from WDR. Several case studies for solid 
masonry walls with internal diffusion-open and capillary active systems in combination with low 
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indoor moisture load have shown non-critical moisture levels in the interface between the existing 
masonry wall and the added insulation systems [29], [46], [49], [54], [112]. Häupl et al. [49] did 
however observe periods with high moisture levels in the embedded wooden beam ends, which could 
lead to fungal growth. While the aforementioned studies did show improved performance as a result 
of reducing the indoor moisture load, it was concluded in the sensitivity analysis by Nielsen et al. [85] 
that the impact from indoor moisture load on the performance of the internal insulation was minor in 
comparison to the impact of exterior factors such as WDR.  

 

2.4 Other parameters affecting the performance of internal insulation 

The following sections present some other parameters, which may affect the hygrothermal 
performance of historic solid masonry walls fitted with internal insulation. The parameters include 
thickness of the existing masonry wall and the applied insulation layer, and the importance of brick 
and mortar properties for the existing wall structure.  

2.4.1 The effect of wall- and insulation thickness 

In Denmark, the best practice recommendation generally advises against applying internal insulation 
to solid masonry walls with a thickness of less than 228 mm (one brick) as such thin walls are normally 
not considered to be impervious to WDR [33], [35]. However, in the case of spandrel walls internal 
insulation is considered acceptable due to the common position of the radiator below the window, on 
the spandrel wall section. If internal insulation is to be applied for other types of thin exterior walls, 
such as half-brick walls (130 mm), it is recommended to use more moisture tolerant insulation 
materials such as CaSi and board products with closed cell structure [35]. In addition, Munch-Andersen 
[33] stated that a larger wall thickness would be favourable for the hygrothermal conditions in the 
embedded wooden elements as the elements would be better protected against WDR. As illustrated 
in Equation 38, the capillary redistribution in a horizontal pore in the absence of gravity, is not only 
depending on the available pore sizes in the façade materials, but also the elapsed time period. From 
this we get that an increase in the masonry wall thickness will increase the time needed for rainwater 
to reach critical locations inside the insulated walls. This will in turn increase the chance of the 
penetrating rainwater being dried out before reaching critical locations. Similarly, Equation 39 shows 
that an increase of the �, i.e. masonry thickness, results in reduced liquid moisture flow through the 
porous material.  

Several numerical simulation studies presented in [83], [84], [116], [143] for masonry walls with 
internal insulation found reduced moisture levels in critical locations with increasing wall thickness, 
and Vereecken & Roels [84] stated that the effect was most visible during periods with peak WDR. 
Mets et al. [83] and Zhou et al. [143] did however point out that the capillary properties of the masonry 
bricks were more important in comparison to the wall thickness in terms of limiting rain penetration 
to the critical locations. 

In terms of insulation thickness, the general recommendation in Denmark is to use smaller thicknesses 
(generally less than 100 mm) as the risk of unacceptably high moisture levels and moisture induced 
damage increase with increasing thickness [35]. With increasing insulation thickness, the 
temperatures in the existing masonry wall is reduced further, which increases the risk of interstitial 
condensation in the case of warm moist indoor air reaching the masonry wall. In addition, the larger 
insulation thickness also increases the diffusion resistance separating the existing masonry wall from 
the occupied zones, which in turn will reduce potential drying towards the room side as illustrated 
with Equations 10-11. The effect of thickness for internal insulation has been investigated in several 
studies including [30], [59], [83], [85], [91], [116], [137], [144], [145] and the studies seem to agree 
that increasing thickness leads to increased moisture levels. A recent study by Hansen et al. [91] 
showed increased RH and risk of fungal growth with increasing insulation thickness for phenolic resin 
foam and PUR foam with CaSi channels in the case study buildings and in calibrated numerical 
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simulations. Vereecken et al. [59] found that the magnitude of the impact related to insulation 
thickness depended on the nature of the systems with a less pronounced effect for the diffusion-open 
and capillary active systems in comparison to the more diffusion-tight systems. In the sensitivity study 
by Nielsen et al. in [85] it was concluded that insulation thickness and risk of interstitial condensation 
was of less importance compared to WDR due to the large amounts of moisture introduced from the 
outside.  

2.4.2 The effect of brick- and mortar type 

Retrofitting work comes with a great deal of uncertainty in terms of the existing building and its 
materials. Uniformity of historic masonry bricks is a good example as bricks traditionally have been 
fabricated using a ring furnace [31], and depending on the proximity to the centre of the furnace, the 
bricks may become partially, fully or hard burned. This means that historic masonry walls may contain 
bricks with varying properties. In contrast to the partially or fully burned bricks, which are porous and 
therefore open for vapour and liquid transfer, the hard burned clinker bricks will typically have 
considerably different porosity with reduced vapour permeability and liquid water conductivity, 
resulting in reduced vapour and liquid transfer (as given by Equations 5 and 39). In addition, historic 
mortar was made on site based on the experience of the artisans and could differ slightly between the 
batches. This section deals with the sensitivity of the material properties for the existing wall structure, 
and the impact of “guessing wrong”.   

The simulation studies presented in [59], [83], [137], [143], [146] have investigated the importance of 
brick material properties in relation to the performance of internal insulation.  The study by Mets et 
al. [83] found that the brick type was one of the most important parameters, as compared to other 
parameters such as wall and insulation thickness, and indoor moisture load, and that a reduction of 
the liquid water conductivity improved the hygrothermal performance of the internally insulated 
masonry wall. In addition, the authors stated that the liquid water conductivity was found to play a 
major role in terms of estimating the impact on the hygrothermal conditions while the liquid water 
absorption coefficient was found to be inadequate. The study by Kaczorek [137] support the 
statement by Mets et al. The study by Zhou et al. [143] investigated the effect of varying the type of 
the exterior render layer to determine the importance of the moisture properties of the exterior 
surface in relation to internal insulation. Four exterior renders were examined: lime mortar, lime 
plaster, lime cement plaster and mineral plaster, all with different liquid water absorption coefficient. 
The results showed increased RH levels for the two exterior renders from lime mortar and lime plaster, 
which had higher liquid water absorption coefficient. In contrast, the probabilistic simulation results 
presented in [59], [146] did not show a clear correlation between the brick properties and the risk of 
increased moisture levels and moisture induced damage. In addition, it was pointed out by Møller et 
al. in [146] that the important brick properties in terms of hygrothermal performance of internal 
insulation differed between the chosen failure mode, and in relation to other factors such as rain catch 
ratio and weather conditions.  

Using the traditional Danish brick size and bricklaying technique, the exterior wall surfaces will often 
comprise of around 80% bricks and 20% mortar joints, and the material properties of the mortar joints 
would probably be of some importance in terms of the hygrothermal conditions in the wall structure 
and in critical locations further inwards. In addition, the historic solid masonry walls were traditionally 
constructed using air lime mortar without cement, but years later these mortar joints may have been 
restored using modern lime cement mortar which as stated in [74] would probably affect the moisture 
transport through the existing wall structure. However, the literature study performed in connection 
with this dissertation showed a rather limited amount of information concerning the influence of the 
mortar properties in relation to the hygrothermal performance of internally insulated solid masonry 
walls. Johansson et al. [40] compared seven different mortars: 1 historic lime mortar, 2 hydraulic lime 
mortars, 2 lime cement mortars, and 2 cement mortars. The comparison showed decreased liquid 
water transport coefficient in the lime-cement and pure cement mortars in comparison with the pure 
lime historic lime mortar, with the lowest liquid water transport coefficient in the pure cement 
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mortars. In terms of the water vapour diffusion resistance factor, the results were more mixed as the 
hydraulic lime mortars and the pure cement mortars were rather similar, while the lime-cement 
mortars had a considerably higher water vapour diffusion resistance factor. A small 2D simulation 
study was performance for a solid masonry wall (without internal insulation), to assess the drying 
speed of the walls when simulated with the above-mentioned 2 hydraulic lime mortars, 2 lime cement 
mortars, and 2 cement mortars. The results showed a very slow drying of the masonry wall when using 
the pure cement mortars, while considerably faster drying was observed when using the hydraulic 
lime mortars or the lime cement mortars. The hydraulic lime mortars showed the largest reduction in 
RH levels over the given simulation period.  

Numerical simulations by Heim et al. [147] investigated the performance of an uninsulated solid 
masonry wall with traditional lime-cement mortar joints and with externally restored pure cement 
joints to a depth of 2 cm. The findings showed increased moisture content at different depths of the 
bricks and mortar with the externally restored pure cement joints. The authors stated that the 2 cm 
pure cement joints caused a “cork effect” occur, where the masonry walls experienced reduced 
evaporation towards to outside of rainwater which had earlier penetrated the wall. It is suggested 
that the observed results were due to rainwater easily penetrating the masonry bricks by capillary 
suction and then, the moisture mass was transferred into the central part of the wall. However, due 
to the low-permeable nature of the pure cement mortar, the vapour diffusion resistance of the 
outermost 2 cm was increased considerably (reducing the material permeability δ in Equation 10) and 
the capillary transport was likely reduced as well (as the hydraulic conductivity K could likely have 
been lower for the pure cement mortar compared with the lime-cement mortar). This would results 
in a considerable reduction of the moisture transfer (according to Equations 11 and 39) through the 
outermost 2 cm of the mortar joints to the exterior surface and in turn less evaporation towards to 
outside.  

 

2.5 Additional measures, which do not affect the moisture levels in the insulated 

wall structure 

As presented in the earlier sections, in the case of wooden elements in close contact with the exterior 
masonry wall (such as the embedded wooden wall plate and beam ends) these may be at risk of 
biological degradation. In the case that the moisture source cannot be mitigated, it may be necessary 
to apply other measures to prevent degradation.  

2.5.1 Measures for reducing the risk of fungal growth 

2.5.1.12.5.1.12.5.1.12.5.1.1 Avoid Avoid Avoid Avoid organic materialsorganic materialsorganic materialsorganic materials    

One measure to reduce the risk of fungal growth in the internal insulation system is to avoid using 
organic material in the system. The risk of fungal growth may be reduced by using inorganic materials 
such as galvanized steel profiles instead of wooden studwork and by not using insulation materials or 
adhesive mortars with organic additives, as this will remove a large portion of the available nutrients 
the fungi need to grow. In addition, it is recommended to thoroughly clean the interior surfaces for all 
organic material such as paint, wallpaper, glue etc. [35].  

2.5.1.22.5.1.22.5.1.22.5.1.2 DecontaminationDecontaminationDecontaminationDecontamination    of surfacesof surfacesof surfacesof surfaces    

In addition to cleaning the interior surfaces for all organic residues, it might be beneficial to treat the 
interior surfaces with disinfectant sanitary cleaning agents prior to installation of the internal 
insulation. Such treatments would dissolve dirt, grease and other organic residues and many products 
may also remove potential light fungal growth from the surfaces (e.g. in Denmark, chemical 
treatments are recommended only in the case of fungal growth less than 0.25 m2). However, in the 
case of a larger fungal infestation on the surfaces, it is necessary to carry out a more extensive 
decontamination of the interior surfaces. This could for example be done through mechanical 
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methods such as grinding, milling or removal with hammer and chisel, or alternatively dry steam 
cleaning or sandblasting may be used [148].   

2.5.2 Measures for reducing the risk of wood decay 

2.5.2.12.5.2.12.5.2.12.5.2.1 Use of inorganic materialsUse of inorganic materialsUse of inorganic materialsUse of inorganic materials    

One measure to reduce the risk of biological degradation is to replace the wooden elements with 
inorganic materials such as galvanized steel profiles in critical locations such as the embedded wooden 
wall plate and beam ends. Replacement can be carried out in several ways:  

1) Replacement of the end pieces [149]: The wooden wall plate and end pieces of the wooden 
beams are cut away and steel profiles are installed in their place. The new steel beam end 
pieces are bolted onto the existing wooden beams using gusset plates.  

2) Replacement of the entire floor structure [150]: A steel floor structure can be constructed 
similar to traditional wooden floor structures with pugging material in-between the beams. A 
pugging board is installed on the flanges of the beams and the pugging material on top of the 
board. Flange wood is installed on top of the pugging board next to the steel profile or bolted 
on top of the steel profile and will serve as fastening element for the flooring material.  

3) Shortening and underpinning [149]: The embedded end pieces of the wooden beams are cut 
away and the wooden beam is underpinned by steel posts or angle brackets.  

Deposition of steel wall plates or beams on loadbearing exterior or interior masonry walls are carried 
out using a steel bearing plate installed on a mortar pad [150]. In addition, due to the expansion 
coefficient of the steel profile, it is necessary to create an air cavity between the existing masonry wall 
and the steel elements during installation – in front and above.  

These measures were not investigated in the present study, as the primary focus was to improve the 
hygrothermal performance. 

2.5.2.22.5.2.22.5.2.22.5.2.2 Use of fungicidesUse of fungicidesUse of fungicidesUse of fungicides    

Another measure to deal with wooden elements that may be at risk of biological degradation would 
be to use fungicides. There are several methods of application including surface treatment with spray 
or brush, dipping the wooden elements into the fungicide agent, pressure injection, “borehole 
watering”, and deposition of a solid fungicide agent into pre-drilled boreholes [151], [152]. The latter 
two methods are typically not used for loadbearing wooden elements. Application of fungicides with 
spray or brush do not allow for large penetration depth, often only a few millimetres. It is therefore 
important that damaged wood parts are grinded or cut away before carrying out the surface 
treatment. Dipping or pressure injection of the wooden elements have increased penetration depth 
compared to the surface treatment and is often recommended where wooden elements are replaced 
completely. It should be noted that fungicides may prolong the service life of the wooden elements, 
but they cannot improve the strength properties of damaged elements. In the case of severely 
damaged elements these must be replaced, e.g. with new pressure injected wooden pieces. 

One disadvantage of using fungicides for the wooden elements is that it could create problems for the 
indoor air quality of the building. Pesticides including fungicides are inherently toxic and exposure to 
these products may result in short-term skin and eye irritation, dizziness, headaches, and nausea, 
while long-term effects may include increased risk of cancer, asthma [153] and damage to central 
nervous system, liver and kidney [154], [155]. 

In addition, for embedded wood such as the wall plate and beam ends it is recommended to ensure 
that the wooden elements are not in direct contact with the masonry e.g. by installation of a moisture 
barrier to separate the two materials [152].  
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2.6 Risk assessment 

As stated in the background and motivation in Section 1.1, internal thermal retrofitting historic solid 
masonry walls may lead to moisture induced damage such as fungal growth, rot and decay of 
embedded wooden elements, frost damage in the exterior surfaces, salt efflorescence and corrosion 
of embedded metal parts. The risk of fungal growth and decay of embedded wooden elements are 
the two only failure modes covered within the scope of this dissertation. Frost damage was initially 
included in the scope and investigated in Paper V [5], however, work concerning frost damage within 
the RIBuild project found insufficient knowledge in terms of the mechanical damage occurring during 
the freezing and thawing processes, and that the currently available risk assessment models were not 
able to quantify the damage [10]. The following sections presents a brief introduction to the conditions 
that may lead to fungal growth and wood decay. 

2.6.1 Fungal growth and the effect on the indoor climate 

Fungal spores are present everywhere in the indoor and outdoor ambient air and in the case of high 
humidity in the indoor air or a water damage, fungal growth may occur. Most common indoor fungi 
belong to the “Ascomyceta” (“sæksvampe” in Danish) phylum with the exception of Wallemia species, 
which is a basidiomycete. The ascomycetes are filamentous fungi, which in their teleomorph (sexual) 
stage produce spores in small asci sacs inside semi-open fruiting bodies known as “ascocarps” [156], 
[157]. In their anamorph (asexual) stage spores develop on the conidiophores (specialised spore-
producing hyphae) or directly on the mycelium. The ascomyceta phylum also includes food-borne 
fungi and plant pathogenic fungi. Indoor fungi can often be seen as blue-green, pink and brown fluffy 
or velour-like discolourations when they grow on building materials. However, some fungal growth 
may also be invisible to the naked eye, as documented by Johansson [158]. 

The lower humidity threshold for fungal growth in buildings is around 75-80% RH [34], [45], [159]–
[161] and fungal growth is therefore seen to be one of the first signs of bio-deterioration as compared 
to decay, which occurs at considerably wetter conditions [161], [162]. Fungal growth causes no 
significant loss of mass or durability, and is mostly regarded as an undesirable surface problem with 
the potential to become a health hazard [45], [160]–[162]. Fungi in buildings generally grow at RH 
levels of 75-100% and temperatures between 0 and 50 °C [159]–[162], however, the individual fungal 
species colonise at different levels of water activity, aw (aw = RH/100) and on certain building materials. 
Examples of common indoor fungi species and their minimal required aw levels are shown below [159], 
[163]. 

• aw < 0.75: Wallemia spp. 
• 0.84 > aw ≥ 0.75: Aspergillus versicolor, Penicillium chrysogenum 
• 0.94 > aw ≥ 0.85: Chaetomium spp., Fusarium spp., Cladosporium spp., Sarocladium spp.,  
• aw ≥ 0.95: Stachybotrys spp., Trichoderma spp. 

In a study by Andersen et al. [164] more than 5300 surface samples with V8 contact plates were taken 
in buildings from all parts of Denmark and Greenland on a variety of different building materials, and 
it was found that Pen. chrysogenum and Asp. versicolor were the most dominant species with a 
frequency of 39.7% and 15.6% respectively. Associations were made between a number of fungi 
species and building materials, hereunder that Asp. versicolor may occur on most building materials 
in the case of high RH in the air but were seen mostly on concrete and wood, while Pen. chrysogenum 
was found to have strong association with gypsum and wallpaper. In addition, Chaetomium globosum, 
Stachybotrys chartarum and Trichoderma harzianum were found to occur mostly on gypsum, 
wallpaper, plywood and wood, however, only in the case of very wet materials. Asp. versicolor, Cha. 

globosum, Sta. chartarum and Tri. harzianum are all fungi species known to produce mycotoxins [156] 
which may affect the health of building occupants. Stachybotrys spp. are generally regarded as one of 
the most dangerous fungal species as it produces some of the most potent mycotoxins [165], [166].  
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Aside from suitable RH and temperature, fungi also need nutrition, oxygen, and a proper pH 
environment [60], [142], [167], [168]. The most suitable pH environment for growth is between pH 4 
and 9. Restricting one or more of these factors e.g. through high pH or low RH could inhibit or even 
prevent growth [105], [167], [168]. Manufacturers of insulation systems claim to prevent or inhibit 
fungal growth through the use of highly alkaline materials [169]–[171]. CaSi insulation is often 
suggested due to its initial pH of around 10 [172].  

 

 

Figure 14 Fungal growth found behind (a-b) two different internal foam insulation systems, and (c) mineral wool. Air 
samples taken from the three apartments showed a high amount of Cladosporium spp., Penicillium spp., and yeast. The 
applied insulation systems were installed directly on top of the existing wallpaper. 

Adverse health effects, often associated with occupation of buildings with dampness and fungal 
growth problems, include symptoms, such as irritation of the mucous membrane in eyes, nose and 
throat; skin irritation; allergic reactions; asthma; respiratory tract symptoms; and common symptoms 
such as tiredness, headache and difficulties in concentration [159], [160], [173]–[180]. Some of the 
aforementioned symptoms could also be related to other causes aside from dampness and fungal 
growth. The long-term adverse health effects from dampness and fungal growth are still unclear due 
to an insufficient amount of suitable longitudinal studies on the topic [179]. Poor indoor air quality 
and the risk of adverse health effects due to dampness and fungal growth are of particular importance 
when considering the human activity patterns over the past few decades. Several studies from the 
1980s, 1990s, and 2000s [181][182][183][184][185] found that humans spend on average 80-93% of 
the time indoor. Similar findings were presented in the 2010 guidelines for indoor air quality by the 
World Health Organisation (WHO) [186]. Finally, it is worth noting that a 2009 WHO report [179] 
concluded that no health-based guidelines or threshold values exist in terms of fungal growth and 
MVOC exposure or dampness in buildings.  

To evaluate the hygrothermal conditions and determine the potential risk of mould growth several 
risk prediction models have been developed [43], [44], [187]–[189]. The available models differ in their 
governing factors, interrelations, methodology, substrate, rating scale and experimental set-up upon 
which they are based. A number of studies including [43], [190]–[195] have assessed the reliability of 
several available models, and the studies were generally in agreement that precise predictions of the 
magnitude of the mould growth infestation could not be achieved with the examined prediction 
models. The models should instead be thought as predicting the likelihood of mould growth occurring. 
It has been pointed out that model predictions are very sensitive in terms of the selected material 
class, and that an incorrect selection could easily result in over- or underestimation of the growth 
potential [43], [193]. In addition, certain areas are still not well understood such as the mould decline 
process [192] and the effects of aging of materials, use of coatings and dust accumulation [196] among 
others. To overcome the vast number of uncertainty factors, Gradeci et al. [188] proposed instead to 
use a probability based approach. 
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2.6.2 Decay of load-bearing wooden elements 

In contrast to the ascomycetous indoor fungal species, the wood decaying fungi belong to the 
“Basidiomycota” (“hatsvampe” in Danish) phylum, and like the ascomycetes the basidiomycotes are 
filamentous fungi [157]. Where the indoor fungi are mostly regarded as a surface problem, attack from 
wood decaying fungi will over time compromise the structural durability of wooden elements [149], 
[197]–[202]. In relation to internal retrofitting, wood decay may become a problem for the wooden 
elements embedded into the existing solid masonry walls after application of the internal insulation 
as the walls become colder and therefore wetter. The Basidiomycota phylum also include well-known 
fungi such as mushrooms and puff balls, which in contrast to the wood decaying fungi are not found 
within the built environment. In their teleomorph stage, the basidiomycetes produce their spores on 
basidia (club-shaped structures) protruding from the gills on the lower side of the basidiocarp (the 
mushroom cap).  

Different species of decay fungi vary in their preferences in terms of optimum temperature and 
moisture conditions, how fast the decay progresses and how well they handle unfavourable conditions 
[162], [202]–[208]. Decay fungi attack wooden elements with a wood moisture content of around 20-
70 weight-% [198], [203], [204], but some species may survive up to 100-120 weight-% [198]. Most 
decay fungi have their optimum growth at temperatures around 15-30 °C [162], [197], [203], [204]. 
More than 30 species of decay fungi are found to thrive within the built environment [197], of which 
Serpula lacrymans or “dry rot” (“ægte hussvamp” in Danish) is regarded as the most destructive 
species [162], [198]–[200], [202]. However, in Denmark the most common decay fungi species in the 
built environment are the Coniophora puteana (“gul tømmersvamp” in Danish), Antrodia sp. (“hvid 
tømmersvamp” in Danish), Gloeophyllum sp. (“korkhat” in Danish) and Paxillus panuoides 
(“viftesvamp” in Danish) [199]. Dry rot is a fast growing fungi which is able to transport moisture and 
nutrition over long distances, often over several meters. Dry rot develops string mycelia allowing the 
fungi to grow through masonry, concrete and other inorganic building materials to reach uninfected 
wooden elements that are not in direct contact with infected areas [162], [198], [200], [202]. Dry rot 
attacks wooden elements with a moisture content above 20 weight-%, and with the optimum 
conditions around 30-40 weight-% and a temperature of around 18-22 °C. Dry rot handles dry periods 
well but is sensitive to high temperatures and die around 40 °C [162], [200], [202]. Figure 15 shows 
attacks of Serpula lacrymans. 

 

Figure 15 Serpula lacrymans (dry rot): (a) fruiting bodies, and (b) string mycelium. Stockphotos from [209], 
[210]. 

As stated above, wood decay will over time compromise the structural durability and could result in 
collapse. The experimental findings by Winandy and Morrell [211] showed a significant linear 
correlation between the mass loss and strength loss due to decay by two types of brown-rot fungi: P. 

placenta and G. trabeum. Between 1 and 20% mass loss, the strength loss was found to be 3-4 times 
higher than the measured mass loss. Correlation between the mass loss and strength loss was also 
observed by Curling et al. [212], with strength loss being 3-6 times higher than the mass loss. The 
findings by Winandy and Morrell and Curling et al. support the conclusions from an earlier literature 
review by Wilcox [213] who found considerable loss of strength in the wooden elements even at mass 
loss around 5-10%. Wilcox stated that the amount of strength lost in relation to the mass loss depends 

a) b) 
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on several factors including the wood species, the rot fungi species and the strength property of 
interest. To evaluate the hygrothermal conditions and the durability of the wooden structures against 
wood decay mathematical prediction models have been developed. Several of the available wood 
decay models were presented and discussed in [10]. In addition, the reliability of a few decay models 
were investigated by Brischke & Thelandersson [201] and by Brischke & Meyer-Veltrup [214] who 
found some models to be quite conservative in their predictions.   

 

2.7 Climate change predictions and internal insulation 

The fifth assessment report by the Intergovernmental Panel on Climate Change (IPCC) concluded that 
climate change is already happening and further emissions will result in more severe and long-lasting 
impacts to the climate system [215]. The applied climate models suggest that high latitude and 
equatorial Pacific regions may experience increased precipitation, while extreme precipitation events 
are expected to occur more frequently and be more severe. An increase in the amount of precipitation 
will inevitably lead to an increased risk of moisture induced problems in the built environment, and 
attention should be paid towards future proof design solutions. To simulate the future climate 
conditions in this research project climate datasets were obtained from the Climate for Culture project 
[216] (EU Grant Agreement no. 226973). The main objective behind the Climate for Culture project 
was to estimate the impact of the changing climate conditions on historic buildings in Europe and the 
Mediterranean, and the development of strategies to mitigate the effects of climate change. The 
Climate for Culture project used the ECHAM4 [217] Global Climate Model (GCM) with the IPCC 
emission scenarios A1B [218] and RCP4.5 [215]. The ECHAM4 GCM was dynamically downscaled with 
the REMO [219] Regional Climate Model (RCM) using a spatial resolution of up to 10 km x 10 km grid 
size [220]. The Climate for Culture project used three timeframes for the simulation work spanning 
the years: 1960-1990, 2020-2050 and 2070-2100. In the present research project only the dataset for 
Taastrup-Copenhagen with emission scenarios A1B was used for the period 2020-2050.  

The IPCC emission scenario A1B assumes an increase in CO2 concentration in the air at around 550 
ppm by 2050 and 700 ppm by 2100 resulting in global temperature increase of 2-4 °C [218]. The IPPC 
emission scenarios estimate the future CO2 emissions based on a number of socioeconomic 
uncertainty factors such as population growth or decline, future energy demands, economy, resource 
availability and land use, pace and direction of scientific and technical development [218].  

A GCM is a complex large-scale mathematical model for the general circulation of the planetary 
atmosphere or ocean. The model simulates the climatic conditions with the interactions between 
different weather elements and the planet’s atmosphere, land surface, ocean, and cryosphere (snow, 
ice and permafrost), and a number of external forcing factors such as changes in the greenhouse gas 
concentrations or solar intensity [221], [222]. An RCM is used to downscale the GCMs to obtain a 
higher resolution in a certain region, and thereby get a better description of the local environment 
including the topography, land-sea distribution and surface properties. 

 

 

 

 

 

 

 

 
39



 

2.8 Summary for state-of-the-art 

2.8.1 Categorising the studies 

In the following tables, the studies presented in the state-of-the-art section are separated into 
categories under a series of statements to create an overview. The overview will help to clarify where 
there exist disagreements between studies and holes in the literature, and to specify how the present 
thesis will add to the existing knowledge.  

 

Table 1 Comparison between diffusion-open and capillary active insulation and more diffusion-tight insulation 
(traditional or foamed products with a closed cell structure) 

Diffusion-open and 
capillary active insulation 
performed better 

Diffusion-tight 
insulation performed 
better 

Inconclusive results Not investigated 

Case study: 

 

Simulation: 

[57]W, [58], [59], [83]W,NE, 
[84]NE, [88]S, [98]W, 
[113]E, [91]N,S,E,SW, 
[114]SW, [137]N 

Laboratory study or field 
study (controlled 
interior/real exterior): 

Case study: 

 

Simulation: 

[30]SW, [88]S 

Laboratory study or 
field study (controlled 
interior/real exterior): 

[56], [71]SW 

Case study: 

[52]N, [83]W, [117]N,S,W 

Simulation:  

[48]N,S, [52]N,  
[116]N,S,E,W,SW 

Laboratory study or 
field study (controlled 
interior/real exterior): 

 

Case study: 

[29]NW, [39]N,S, [46]S,E,W, [49], [51]NE, 
[54]N,S,W, [88]N,S,W, [111]N,S, [112]W, [113]E, 
[91]N,S,E,SW, [120]S,E, [141], [115]N,S, 
[92]NE,NW,SE,SW 

Simulation: 

[39]N,S, [47]W, [50]S,SW, [53]N,NW, [55]E, [67], 
[85], [86], [97]S, [121]N,S,W,SW, [135]N,W, 
[141], [143]NE,NW,SW, [144]SW, [145]  

Laboratory study or field study (controlled 
interior/real exterior): 

[40], [109], [110], [118]SW 

N: North, S: South, E: East, W: West.  

 

Table 2 In the case of good performance for the diffusion-open and capillary active insulation, was the internal 
retrofitting solution combined with other measures to achieve the favourable hygrothermal conditions? 

Hydrophobisation or similar 
methods of exterior protection 

Reduced/low indoor 
moisture load 

Deliberate thermal 
bridge 

No additional measured 

[29], [46], [48], [49], [52], [55], [67], 
[84], [86], [112], [114]–[116] 

[29], [46], [49], [52], [54], 
[112], [117], [144], [145] 

[141] [39], [58], [98]1, [109]2, [111], 
[113], [137] 

1Exterior clinker layer with low absorption coefficient. 2Laboratory study without rain and solar exposure. 

 

Table 3 In the case of good performance for the more diffusion-tight insulation, was the internal retrofitting 
solution combined with other measures to achieve the favourable hygrothermal conditions? 

Hydrophobisation or similar 
methods of protection 

Reduced/low indoor 
moisture load 

Deliberate thermal 
bridge 

No additional measured 

[30], [40], [48], [52], [53], [71], [88], 
[91], [114], [116], [135], [143] 

[51]1, [52], [54], [120]2, 
[121]2, [117], [92] 

[91] [91]  

1Measurements only for one winter periods, decreasing RH levels to less than 75%. 2Dehumidification was 
performed between existing wall and the insulation system.  

 

Table 4 Hydrophobisation or similar methods of protection in combination with internal insulation for solid 
masonry (actively investigating the effect of the surface protection) 

Improved the hygrothermal 
conditions 

Did not improve the 
hygrothermal conditions 

Performance varied depending on the nature of the 
system (e.g. diffusion-open/ -tight, capillary active or not) 

Case/field study: Case/field study: Case/field study: 
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[118], [116], [115]1 

Simulation: 

[30], [48], [53], [57], [85], [88], 
[113], [135], [143], [116]2, [114]2 

[115]1 

Simulation: 

[116]2, [114]2 

 

Simulation: 

[48], [57], [114], [116], [143] 

1The exterior hydrophobisation had a positive effect on the north facing wall, but no effect on the south facing 
wall during the first 1½ year despite south-west being the dominant orientation for WDR. 2A weak 
hydrophobisation resulted in higher RH levels and risk of fungal growth, while a strong hydrophobisation 
improved the performance.  

 

Table 5 Construction of a deliberate thermal bridge near the embedded wooden elements of the floor structure 
(actively investigating the effect of the deliberate thermal bridge) 

The deliberate thermal bridge 
improved the hygrothermal conditions 
in the wooden elements 

The deliberate thermal bridge did not 
improve the hygrothermal conditions in 
the wooden elements 

Performance varied depending on 
the nature of the system 

Case/field study: 

[91], [113], [118], [141] 

Simulation: 

[47], [50], [135], [141] 

Case/field study: 

([92]1) 

Simulation: 

 

Case/field study: 

 

Simulation: 

 

1Increased temperature was observed in the cases where insulation was left out, but due to large variations in 
the temperature measurements the authors could not make final conclusions on the effect of the thermal 
bridge. It was however noted that the area was greatly affected by the indoor climate and a low indoor moisture 
load was recommended for this solution.  

 

Table 6 Effect of the indoor moisture load on the performance of internal insulation for solid masonry (actively 
investigating the effect of reduced indoor moisture load) 

Reduction of the moisture load had a 
positive effect  

Reduction of the moisture load 
had little or no effect 

The magnitude of the effect depended on the 
type of internal insulation system (e.g. 
diffusion-open/ -tight, capillary active or not) 

Case/field study: 

[52], [54], [71], [117] 

Simulation: 

[52], [55], [83], [144], [145] 

Case/field study: 

 

Simulation: 

[85]1 

Case/field study: 

 

Simulation: 

[83] 

1Moisture content in the innermost part of masonry layer.  

 

Table 7 Moisture properties of the masonry bricks in relation to the hygrothermal performance of the internal 
insulation 

The properties of the masonry 
bricks were important 

The properties of the masonry 
bricks were not important 

The effect depended on the type of internal 
insulation system (e.g. diffusion-open/ -tight, 
capillary active or not) 

[40]1, [83], [137], [143]2  [59], [83], [137], [143]2 

1Not investigated in combination with internal insulation. 2Walls were simulated with external render layer.  

 

Table 8 Moisture properties of the mortar joints in relation to the hygrothermal performance of the internal 
insulation 

The properties of the mortar joints 
were important 

The properties of the m mortar 
joints were not important 

The effect depended on the type of internal 
insulation system (e.g. diffusion-open/ -tight, 
capillary active or not) 

[40]1, [147]1  [143]2 
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1Not investigated in combination with internal insulation. 2Variations were made for external render layer, not 
the mortar joints.  

 

 

 

Table 9 Fungal growth behind internal insulation in the case of application with highly alkaline adhesive mortar 
(only case, laboratory and field studies are mentioned) 

Fungal growth did not occur Fungal growth did occur Not investigated 

pH test:  

[54] 

No pH test:  

[29] 

pH test: 

No pH test: 

[46], [49], [52], [56], [91], [109]–[111], 
[113], [116], [118], [141], [195] 

 

Table 10 Use of mathematical mould-growth models in connection with internal insulation applied with highly 
alkaline adhesive mortars 

Users considered the high alkalinity 
and included a delayed period  

Users did not considered the high 
alkalinity and started immediately 

Was mentioned but not implemented 

[29], [91], [118], [195] [30], [48], [52], [58], [88], [114], [116], 
[144] 

[54] 

 

Table 11 Use of mathematical mould-growth models and validation (only case, laboratory and field studies are 
mentioned) 

The study included on-site tests to 
validate the model results 

The study did not include on-site tests 
to validate the model results 

The study included on-site tests to 
validate the model results and for 
alkalinity 

[29], [191]1, [192]1 [52], [91], [118], [195] [54] 

1Not performed for internally insulated solid wall structures.  

 

Table 12 Use of mathematical wood decay models and validation (only case, laboratory and field studies are 
mentioned) 

The study included on-site tests to validate the model results The study did not include on-site tests to validate the model 
results 

[214]1 [29], [118] 

1Not performed for internally insulated solid wall structures.  

 

2.8.2 Conclusions from the literature study 

The overview of the studies presented in Table 1-12 highlight some disagreements in the literature 
and areas where little or no research have been carried out. A few of the design parameters are not 
shown visually in table format in Section 2.8.1 as there was a good agreement between studies, these 
parameters are: 1) the effect of masonry and insulation thickness, where increasing insulation 
thickness led to increased RH levels, while increasing masonry thickness led to reduced RH levels. 2) 
air convection from the room to the wooden beam ends, which was found to cause increasing RH 
levels and should be prevented e.g. by sealing the joints between the masonry wall and the beam. 

In terms of the hygrothermal performance, Table 1-3 illustrate that there are some disagreements 
regarding what type of internal insulation systems are best suited for certain situations, and whether 
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or not the combination with additional measures is necessary. The different studies vary in terms of a 
number of factors such as wall orientation, properties and dimensions of the existing wall, applied 
insulation systems, applied additional measures, type of study (case, field, laboratory or simulation) 
etc., making a direct comparison very hard. The studies generally showed that without exterior 
protective measures, the diffusion-open systems seem to perform better than the diffusion-tight, and 
that the diffusion-tight systems primarily perform well in combination with exterior protective 
measures. It was noted that the majority (around 60%) of the studies examining the hygrothermal 
performance of internal insulation were based on numerical simulations and only 5 of the 21 case, 
field or laboratory studies were carried out with both diffusion-open and capillary active systems and 
diffusion-tight systems. Furthermore, the type of study was found to be a rather important factor. The 
comparison in Table 1 showed that all the studies, indicating that the diffusion-open and capillary 
active systems would perform better than the more diffusion-tight systems, were all numerical 
simulation studies. Case, field and laboratory studies comparing the two system types either showed 
better performance for the tight systems or inconclusive results. This suggests a need for more 
experimental work evaluating the hygrothemal performance of the different system types, this was 
investigated in Papers I, IV [1], [6]. 

Table 4-6 show a good agreement in terms of the effect of applying exterior hydrophobisation or 
similar protective measures, a deliberate thermal bridge, and reducing the indoor moisture load. 
However, a few studies suggest that the effect could vary between the different types of insulation 
systems. In Table 7-8 it is shown that only a very limited number of studies were found, which worked 
directly with the importance of the masonry brick and mortar properties in relation to the 
performance of internal insulation for solid masonry walls. However, the found studies suggest that a 
reduction of the capillary transport properties for both materials is of importance for the 
hygrothermal performance in the critical location.  

Several of the above-mentioned parameters have not yet been examined in combination with both 
diffusion-open and diffusion-tight systems to determine if the effects may vary between different 
systems, or at least examined only to a smaller degree. Papers I, IV [1], [6] investigated the 
performance of diffusion-open and diffusion–tight systems in combination with exterior 
hydrophobisation experimentally, while in Paper II [2] the masonry and insulation thickness, masonry 
and mortar properties, hydrophobisation and reduced indoor moisture load were investigated with 
numerical simulations.  

In terms of the risk of fungal growth and the use of the mathematical models when using insulation 
systems with alkaline adhesive mortars, there seems to be room for further research. Only two studies 
were found, which had carried out on-site fungal growth test or assessed the pH level (Table 9) and a 
rather limited number of studies had accounted for the high pH level when using the mathematical 
mould-growth models (Table 10). In addition, it was found that very few studies working with internal 
insulation had carried out on-site tests to validate the modelling results from the mould-growth or 
wood decay models (Table 11-12). Papers I, III, IV [1], [3], [6] had focus on on-site fungal tests and 
assessment of pH levels in the applied systems, while Papers I, IV, IIV [1], [6], [7] investigated the 
reliability of the mathematical mould-growth models and Papers IIV the reliability of the wood decay 
models.  
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3 Materials and methods 

This chapter presents the methods applied in the various research activities for the investigation of 
the four hypotheses. The research activities were presented in journal and conference papers, and 
references to the publications are used throughout the materials and methods chapter. The list of 
publications may be found on pages XVIII to XIX.  

3.1 Large field experiment with internally insulated solid masonry walls 

The main focal point of the research activities making up the present Ph.D. dissertation was the large 
field experiment constructed on the test site in Kongens Lyngby, Denmark (55.79°N, 12.53°E) at the 
Department of Civil Engineering of the Technical University of Denmark (DTU). The design of the 
experimental setup was based on phase one of the attic space project reported by Bjarløv et al. in 
[223], which had been carried out a few years prior to the present project. The design made it possible 
to investigate the application of several internal insulation systems applied to solid masonry walls with 
embedded wooden elements. Aside from the insulation systems, the experiments also investigated 
the effect of exterior hydrophobisation and installation of a deliberate thermal bridge. Work related 
to the large field experiment is presented in Papers I, II, V-VII [1], [2], [5]–[7].  

The large field experiment comprised two 40-foot insulated reefer containers, abbreviated as “G” and 
“X”, with the external dimensions (LxWxH): 12.2 m by 2.4 m by 2.9 m (Figure 16a), Twenty-four 1 x 2 
m cut-outs were made in the façades, which would hold the solid masonry test walls dimensioned 
(HxWxD) 1987 mm by 948 mm by 358 mm (Figure 17) [1], [6]. An overview of the two test containers 
is provided in Figure 18-19. The test walls were constructed as a 3-dimensional set-up comprising the 
exterior masonry walls, a wooden floor partition with embedded parts and an interior masonry 
partition wall to mirror a section of a Danish historic multi-story building constructed during the period 
1850-1930, as these buildings make up a large share of the Danish building stock.  

Eighteen of the twenty-four test walls were presented in Papers I and VI, and will be addressed in this 
dissertation. The wall configurations are shown in Table 13. Four diffusion open and capillary active 
systems and two diffusion tight systems were investigated: 1) composite material of polyurethane 
foam with 3-4 mm calcium silicate channels in a grid of 40 mm by 40 mm (PUR-CM)(semi-tight); 2) 
calcium silicate (CaSi)(open and capillary active); 3) lightweight autoclaved aerated concrete 
(AAC)(open); 4) insulating plaster composed of cork granulate, silica filler, natural volcanic materials 
and Natural Hydraulic Lime (NHL) (Cork plaster)(open and capillary active); 5) phenolic foam 
(phenolic)(tight); and 6) the traditional system with mineral wool and vapour barrier (MW)(tight). In 
addition, two non-commercial insulation systems were also investigated to a limited extent: the DTU 
Foam Concrete (DTU-foam)(open and capillary active) and TI insulating plaster (TI-plaster)( open and 
capillary active). The results for these systems were included partly for the sake of completeness 
regarding the applied systems in the large field experiment. The TI-plaster was a lime based insulating 
plaster containing polypropylene fibres and ”hollow glass balls” developed by the Danish 
Technological Institute (teknologisk.dk). The DTU-Foam was made from cement, perlite aggregate, a 
liquid foam-forming agent, and a curing additive [107]. Both systems were diffusion-open and capillary 
active, and their properties are listed in Table 13. As the DTU-foam and TI-plaster were not 
commercially available, the uniformity of the products can therefore not be guaranteed. Note that the 
MW, PUR-CM and phenolic foam were considerably more vapour diffusion tight as compared to the 
other systems, and the AAC system was noted to have limited capillary transport. Most materials 
comprising the applied insulation systems were characterised by Technische Universität Dresden.  

Throughout the experiment, the temperature and RH conditions were measured and logged using 
digital HYT221 sensors [224] in a 10 minute interval [1], [6]. The digital sensors are illustrated by red 
dots in Figure 17. Wooden (blue dots in Figure 17b-c) and gypsum (green dot in Figure 17c) dowels 
were also installed to measure the moisture contents, and manual measurements were carried out 
every 2-3 weeks using a T301.COW instrument by BMT Instruments ApS [225]. The indoor conditions 
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were kept at 20 °C and 60% RH, corresponding to the highest humidity class for dwellings (humidity 
class 3) in Danish context [34]. However, no cooling or dehumidification was installed, and so 
fluctuations were allowed to occur in certain periods. 

 

Figure 16 The experimental container setup: (a) The test containers; (b) installation of the embedded wooden 
wall plate; (c) installation of sensors in the masonry bricks; (d) installation of the embedded wooden beam end; 
(e) the internal insulation with embedded sensors; (f) external treatment with hydrophobising cream. From 
Paper I [1]. Source: Søren Peter Bjarløv. 

 

Figure 17 Wall configuration: (a) Vertical section of a test wall; (b) Horizontal section through the 21st brick 
course; (c) Horizontal section through the 13th brick course. From Paper II [2]. Original: Tommy Riviere 
Odgaard, modified by: Nickolaj Feldt Jensen.   

(a) 

(b) (c) (d) (e) (f) 

(b) 

(c) 

(a) 

(b) 

(c) 
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Figure 18 Overview of test container G; with description of applied internal insulation systems, internal and 
external surface treatments. 

Until November 1st 2017 test walls G5, G6, G11, and G12 were fitted with the DTU-Foam insulation 
(marked with red star). Test walls G8 and G9 were fitted with the TI-plaster (marked with blue star). 
On November 1st 2017 these systems were dismounted and the Phenolic foam system and cork-lime 
based insulating plaster were installed on November 21st 2017 and November 7th 2018, respectively.  

* * 

* * 

* * 
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Figure 19 Overview of test container X; with description of applied internal insulation systems, internal and 
external surface treatments. 

Test walls X6 and X7 were constructed with a deliberate thermal bridge installed in front of the 
embedded wooden wall plate. This was done in an attempt to increase the temperature in the wooden 
elements to reduce RH levels and in turn the risk of fungal growth and wood decay. The thermal bridge 
was constructed using a 350 kg/m3 AAC block, which had a considerably higher thermal conductivity 
as compared to the AAC insulation material used in container X. The reader is referred to Paper V [5] 
for more information on this topic.  
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Table 13 Wall configurations in the container experiment. The insulation systems were applied internally to the 
base walls. The three reference walls G3, G14, and X5 were kept as uninsulated base walls Table data from 
Papers I and VI [1], [6].  

No. of walls:  
Wall ID & orientation 

Material layers  
(exterior side on top and 
interior side in the bottom) 
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Base walls  

Yellow masonry brick* 1643 0.600 16.9 0.278 348 0.58 29.7 

7.7% lime mortar* 1243 0.440 22.43 0.390 10 0.02 1.1 

Total: existing wall           0.60 30.8 

1 wall:  
G1_MW_SW 

Mineral wool  37 0.040 1 0 100 2.50 0.5 

Vapour barrier   700000  0.2  707 

Gypsum board 850 0.200 10 0.277 13 0.07 0.7 

Interior paint       1.7 

Total: MW system           2.57 710 

4 walls: 
G2_PUR-CM+H_ SW       
G7_PUR-CM _SW      
G10_PUR-CM _NE      
G15_PUR-CM+H_NE 

PUR-CM adhesive mortar* 1313 0.497 18.75 0.005 10 0.02 0.9 

PUR-CM insulation* 49 0.037 27.01 0.013 80 2.16 10.9 

PUR-CM render* 725 0.147 11.73 0.107 10 0.07 0.6 

PUR-CM surface filler* 1270 0.479 14 0.222 3 0.01 0.2 

Interior paint       0.1 

Total: PUR-CM system           2.26 12.7 

4 walls: 
G5_Phenolic_ SW       
G6_Phenolic+H_SW      
G11_Phenolic+H_NE      
G12_Phenolic_NE 

Phenolic adhesive mortar  1516 0.7331 41.4 0.006 5 0.01 1.1 
Aluminium foil perforated      0.1   
Phenolic foam insulation* 35 0.020 114 0.009 100 5.00 57.6 
Aluminium foil    10000  0.1  5.1 

Gypsum board 850 0.177 10 0.277 13 0.07 0.7 
Interior paint       1.7 
Total: Phenolic system           5.07 66.1 

2 walls:  
G4_CaSi_SW      
G13_CaSi_NE 

CaSi adhesive mortar* 1655 0.500 6.60 0.600 10 0.02 0.3 

CaSi insulation* 225 0.061 4.23 0.726 100 1.64 2.1 

CaSi adhesive mortar* 1655 0.500 6.60 0.600 8 0.02 0.3 

Interior paint       0.2 

Total: CaSi system           1.68 2.9 

2 walls:  
G8_CorkPlaster_SW      
G9_CorkPlaster+H_NE      

Cork plaster 250 0.037 3 0.129 40 1.08 0.6 
Finish render**1 1600 0.769 14.55  10 0.01 0.7 
Total: Cork plaster system     1.09 1.3 

2 walls:  
X2_AAC_SW      
X3_AAC+H_SW 

AAC adhesive mortar* 830 0.155 13 0.003 8 0.05 0.5 

AAC insulation board* 99 0.044 3 0.006 100 2.27 1.5 

AAC adhesive mortar* 830 0.155 13 0.003 8 0.05 0.5 

Interior paint       0.1 

Total: AAC system           2.38 2.7 

4 walls: 
G5_DTUfoam_ SW       
G6_DTUfoam+H_SW      
G11_DTUfoam+H_NE     
G12_DTUfoam_NE 

AAC adhesive mortar* 830 0.155 13 0.003 8 0.05 0.5 
DTU Foam Concrete* 262 0.068 8.64 0.097 100 1.47 4.4 
AAC adhesive mortar* 830 0.155 13 0.003 8 0.05 0.5 
Interior paint       0.1 
Total: DTU-foam system         1.57 5.5 

2 walls:  
G8_TI-Plaster_SW      
G9_TI-Plaster+H_NE       

Course base plaster*1 1243 0.440 22.43 0.390 5 0.01 0.6 
TI insulating plaster* 161 0.078 18.75 0.880 40 0.51 3.8 
Finish render**1 1600 0.769 14.55  5 0.01 0.4 
Interior paint       0.1 
Total: TI-plaster system        0.53 4.9 

*Materials tested by Technische Universität Dresden within the RIBuild project, unmarked parameters were 
obtained from the Delphin [226] material database or manufacturer information. **Natural hydraulic lime NHL 
3.5 mortar (35/65/500) with 0-2 mm quartz sand. Denotations: G for container G; X for container X; SW for 
south-west orientation; NE for north-east orientation; +H for exterior hydrophobisation. 1Estimated values 
based on similar products from the Delphin database.  
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In addition to the assessment of the hygrothermal conditions in the masonry walls, the risk of fungal 
growth was addressed through on-site fungal growth testing: 1) Air samples inside and outside of the 
test containers; 2) Mycometer® Surface test in the interface between the masonry wall and insulation 
system; 3) Swab tests in the interface; and 4) Mycometer® Bulk-material test in different layers of the 
insulation system. The fungal growth testing methods are described in detail in Section 3.6.2. Material 
in the masonry/insulation interface was also tested for their alkalinity. The risk of mould growth was 
also addressed using three mathematical mould growth models: 1) VTT model [43]; 2) the MRD model 
[44]; and 3) the WUFI-Bio software tool [227]. The theoretical mould-growth prediction models are 
described in detail in Section 3.7 and see also appendix C-E. 

 

3.2 Small-scale laboratory experiment with internally insulated masonry walls 

The second experimental segment within the present dissertation was a laboratory experiment in 
which 17 small-scale test walls were constructed and fitted with the same internal insulation systems 
used in the large field experiment (Section 3.1), with the exception of the DTU-foam, TI-plaster and 
mineral wool. All systems, except the Cork plaster, were applied with adhesive mortar. The purpose 
of the study was to assess the fungal growth conditions in artificially contaminated interfaces between 
solid masonry and the adhesive mortar for the internal insulation, and if high alkalinity would prevent 
growth. The second objective was to investigate the effectiveness of three fungal decontamination 
methods. The third objective was to investigate vapour diffusion of VOCs through the materials which 
made up to the five internal insulation systems to mimic the diffusion of MVOCs produced by fungal 
growth from behind the insulation and the effects on the indoor air quality. The work with the small-
scale test walls is presented in Paper III [3]. 

3.2.1 Experimental setup and test wall configurations  

The small-scale wall experiment comprised 17 masonry test walls dimensioned (LxWxH): 350 mm x 
350 mm x 180 mm. The study was performed in two parts consecutively: 1) test of fungal 
decontamination methods, and 2) test of fungal growth in the interface between masonry walls and 
added internal insulation. The experimental setup for each of the two parts is shown in Figure 20. The 
setup was designed around two sealed plastic boxes: a smaller box holding the test wall and with a 
water reservoir inside and a larger box which served as a sort of a small climate zone [3]. The 
experiments were carried out as isothermal and for the test walls the aim was to maintain RH > 96% 
in the interface between masonry and insulation to ensure favourable conditions for fungal growth. 
The temperature and RH conditions were measured manually every 1-2 weeks using digital HYT221 
sensors [224] in the interface and inside the large box. The wall configurations for the base walls and 
the applied insulation systems are listed in Table 14.  

 

Figure 20 Experimental setup for the two consecutive experiments: (a) Fungal decontamination methods; and 
(b) Development of fungal growth in solid masonry fitted with internal insulation. From Paper III [3]. 
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Table 14 Build-up of the test walls and the five insulation systems, and the material properties. Note that 
insulation systems are installed on the warm side (to the right) of the “Base wall”. From Paper III [3]. 

Material layers from the 
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Yellow masonry brick 1643 0.600 16.9 0.278 180 0.58 15.4 

 

7.7% lime adjusted mortar  
(internal render layer) 

1243 0.440 22.43 0.390 10 0.02 1.1 

Total: for Base wall           0.60 16.5 

PUR-CM adhesive mortar 1313 0.497 18.75 0.005 10 0.02 0.9 

 

PUR-CM insulation  49 0.037 27.01 0.013 80 2.16 10.9 

PUR-CM render 725 0.147 11.73 0.107 10 0.07 0.6 

Total: for PUR-CM system           2.25 12.5 

CaSi adhesive mortar**  1429 0.6191 12.67 0.053 8 0.01 0.5 

 

CaSi insulation* 225 0.061 4.23 0.726 100 1.64 2.1 

CaSi adhesive mortar**  1429 0.6191 12.67 0.053 10 0.02 0.6 

Total: for CaSi system           1.67 3.3 

AAC adhesive mortar 830 0.155 13 0.003 8 0.05 0.5 

 

AAC insulation 99 0.044 3 0.006 100 2.27 1.5 

AAC adhesive mortar 830 0.155 13 0.003 8 0.05 0.5 

Total: for AAC system           2.38 2.6 

Adhesive mortar**  1516 0.7331 41.4 0.006 5 0.01 1.1 

 

Aluminium (AL) foil 
perforated 

    0.1   

Phenolic insulation 35 0.020 114 0.009 100 5.00 57.6 

Aluminium (AL) foil    10000  0.1  5.1 

Gypsum board 850 0.177 10 0.277 13 0.07 0.7 

Total: Phenolic system           5.07 64.3 

Cork plaster* 250 0.037 3 0.129 40 1.08 0.6 

 

NHL Finish render1  1600 0.769 14.55  10 0.01 0.7 

Total: plaster system           1.09 1.3 

Additional materials:         

Wet-room membrane*     14567      

*Marked values were obtained from product datasheets. **Marked values were determined during the 
preliminary material study. Other values were determined by Technische Universität Dresden. 1Estimated values 
based on similar products from the Delphin database [226]. NHL: Natural Hydraulic Lime.  

 

3.2.2 Artificial fungal inoculation  

For the two consecutive experiments, the test walls were artificially inoculated, which was done with 
a mixture of spores from four common indoor climate fungal species: Acremonium murorum (IBT 
42592), Aspergillus versicolor (IBT 33558), Penicillium chrysogenum (IBT 34061) and Wallemia sebi (IBT 
32220) with different aW requirements [3]. 
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3.2.3 Fungal decontamination experiment 

In the first experiment (Figure 20a), three different decontamination methods were tested. Twelve of 
the seventeen test walls were fitted with woodchip wallpaper applied using artificially inoculated 
adhesives, and after a growth period of seven weeks the test walls were decontaminated. The 
remaining five test walls were left out of the decontamination experiment, only to be used in the 
experiment with development of fungal growth behind the internal insulation, where these five walls 
would serve as “un-inoculated” reference walls. The three methods of decontamination were: 1) 
Hand-power, manual removal of wallpaper with a paint scraper (Figure 21a); 2) Mechanical, manual 
removal of wallpaper and internal render with hammer and chisel, including the application of a new 
render layer (Figure 21b); and 3) Micro-clean®, wallpaper was removed manually with a paint scraper 
while fungal growth was decontaminated using the Micro-clean® method [148], [228]  (Figure 21c-d). 
The experiment is described in Paper III [3]. The effectiveness of the decontamination methods was 
determined using the Mycometer® Surface test, with two samples for each test wall. 

 

 

Figure 21 Decontamination: (a) Hand-power method using paint scraper; (b) Test walls after removal of render 
with hammer and chisel; (c) Micro-clean® dry-steam cleaning with plate mouth piece and (d) Micro-clean® dry-
steam cleaning with fibred cotton cloth mouth piece. From Paper III [3]. 

 

3.2.4 Development of fungal growth experiment 

The second experiment (Figure 20b) investigated the fungal growth in artificially inoculated 
masonry/insulation interfaces in solid masonry walls fitted with internal insulation. The 17 test walls 
were divided into four categories based on the decontamination methods (and the un-inoculated 
reference walls), and all test walls were given the spore solution in the centre of the testing surface. 
The application were performed so that each of the four insulation systems (Phenolic, PUR-CM, CaSi 
or AAC) would be applied for each of the three decontamination methods and on the un-inoculated 
reference walls (see Figure 22). The 17th wall was fitted with the Cork plaster. The experiment is 
described in Paper III [3]. Note that 2 months after experimental start, a 25 W aquarium heater was 
installed in the water reservoir for each of the four test walls fitted with Phenolic foam, raising the 
temperature by around 4 K to increase the water vapour pressure gradient across the test walls (the 
driving potential) and thereby increase the vapour flow through the test walls, as shown by Equation 
5). After 6 and 12 months (on 2019.05.15 and 2019.11.26, respectively), core samples were drilled 
and taken out for fungal growth and material testing using an Ø80 mm hole-saw. The performed on-
site tests were: 1) Air samples; 2) Mycometer® Surface test in the interface; 3) Agar imprint for the 
interface; 4) Samples for the interface materials and the outer 10 mm of insulation, to determine 
moisture content and pH; and 5) Mycometer® Bulk-material test of the insulation. The fungal growth 
testing methods are described in detail in Section 3.6.2. In addition, the risk of mould growth was also 
assessed with mathematical mould-growth prediction using: 1) the VTT model [43]; 2) the MRD model 
[44]; and 3) the WUFI-Bio software tool [227]. The applied material classes and decline factors were 
the same as described in papers I and VI [1], [6]. The theoretical mould-growth prediction models are 
described in detail in Section 3.7. 

a) b) c) d) 
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Figure 22 Parameter variations in the experiment for development of fungal growth in internally insulated solid 
masonry walls. The figure shows how the different insulation systems were distributed onto the small-scale test 
walls cleaned with the three decontamination methods and for the uncontaminated walls. From Paper III [3]. 

 

3.3 VOC and indoor climate 

3.3.1 VOC diffusion experiment 

The purpose of this experiment was to investigate the diffusion of VOC through the materials, which 
made up the insulation systems listed in Table 14, to mimic diffusion of MVOCs produced by fungal 
growth. Table 32 in appendix H presents an overview of MVOCs known to be produced on various 
media by fungi, and according to the review study by Korpi et al [229], the most-often reported MVOCs 
in living environments are: 2-Methyl-1-propanol, 3-Methyl-1-butanol, 3-Methyl-2-butanol, 2-
Pentanol, 3-Octanol, 1-Octen-3-ol, 2-Octen-1-ol, 3-Methylfuran, 2-Hexanone, 2-Heptanone, 3-
Octanone, 2-Methylisoborneol, 2-Isopropyl-3-methoxy-pyrazine, Geosmin, Dimethyl and disulphide. 

The experiment was based on the principles of the wet cup test in DS/EN ISO 12572 [230], however, 
with solvent (acetone, ethanol, and 2-heptanone) inside the test cups instead of saturated salt 
solution. The experiment is described in Paper III [3]. Several common indoor fungal species are 
known to produce acetone and ethanol such as C. cladosporioides [229], while Aspergillus versicolor 
has been found to produce 2-heptanone [231]. Acetone and ethanol were chosen as these have a 
lower boiling point temperature (56 and 78 °C respectively) in comparison with water and are more 
volatile, while 2-heptanone has a higher boiling point (151 °C) and is less volatile, as shown in Table 
32. The test was carried out for all materials separating the interface and the indoor climate: adhesive 
glue mortars, insulation, renders, gypsum board and membranes. The test was carried out under a 
fume hood (Figure 23d), and the ambient temperature and RH conditions were measured every 15 
minutes. The test cups were weighted periodically, and corrected for variations in the barometric 
pressure.  
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Figure 23 VOC diffusion experiment: (a) sealing the samples with epoxy, (b-c) preparing test cups, and (d) the 
experimental setup inside the chemical fume hood. 

 

3.3.2 VOC diffusion similarity factor 

The results obtained from the VOC diffusion experiment were used to determine the diffusion 
similarity factor, MNOPP,'(-  [-] by adopting the similarity approach for modelling the transport of 

moisture VOCs in materials presented by Rode et al. [232]. The experiment is described in Paper III 
[3]. The diffusion similarity factor tells how similar the diffusion transport of a given VOC is in 
comparison with water vapour, where a MNOPP,'(- expresses the relationship between the vapour 

diffusion resistance factor for VOC and water vapour. If MNOPP,'(- is 1, it means that the diffusion of 

VOC molecules and water vapour molecules are similarly constricted when passing through a given 
material sample. If MNOPP,'(- < 1 it means that the diffusion of VOC molecules is less constricted in 

comparison with water vapour molecules, while if  MNOPP,'(- > 1 the VOC diffusion is more constricted. 

Determining the diffusion similarity factor between VOCs and water vapour would allow for the 
possibility to estimate the vapour diffusion resistance through various materials by determining the 
water vapour diffusion resistance of the materials.  

 

3.3.3 Theoretical VOC diffusion and indoor air quality – room scenario 

The obtained vapour diffusion resistance values for the insulation systems were used to established a 
VOC mass balance for a hypothetical 27 m3 room scenario with an air change rate of 0.5 h-1 (in 
accordance with the local regulations) to calculate the potential VOC content in the indoor air in the 
case of 1 m2 of fungal growth behind the examined insulation systems [3]. Saturation vapour pressure 
was assumed for the VOCs behind the insulation systems, and the Air Change per Hour (ACH) was set 
according to the Danish building code for residential buildings. 

 

3.3.4 Diffusive and convective VOC transfer 

In addition to the room scenario presented above, theoretical calculations following calculations 
demonstrated the importance of ensuring good airtightness of the insulation system as mentioned in 

b) a) c) 

d) 
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Section 2.1.2. This was done by a short comparison between diffusion transfer through the five 
insulation systems and convective transfer from a surface to the room air in the case of a crack in the 
insulation system.  

The saturation pressure differences mentioned in Paper III [3] for acetone, ethanol and 2-heptanone 
(of 26000, 6300 and 155 Pa respectively) were assumed for this comparison. For comparison, water 
vapour was included, assuming a pressure difference of 500 Pa between the masonry/insulation 
interface and the room.  

The convective vapour flow was calculated according to Equation 33 in Section 2.1.2 (shown below):  &' = iJ¦:',@¬�P-¥ − :',O�§   

where the surface transfer coefficient J was determined according to Equation 14 in Section 2.1.1 
(shown below):  

 J = {|f`∙h∙_c∙-q,c   

using the specific gas constant Rv for acetone, ethanol, 2-heptanone and water vapour (143.2, 180.5, 
72.8 and 461.5 J/(kg·K) respectively). The calculation of the surface transfer coefficient J was done 
assuming that Equation 14 applies also to acetone, ethanol and 2-heptanone. For the surface area A, 
a crack of 1 m by 0.01 m was assumed, which in practical applications could occur between individual 
pieces of rigid insulation panels or between insulation and adjacent construction elements.  

The diffusive vapour flow was calculated according to Equation 11 in Section 2.1.1 (shown below), 
using the vapour diffusion resistance values for the five systems presented in Table 22 and in Table 
13.  

 &' = i �`,jk�`,l∑ p = i �`,jk�`,lpsjtpsltputputput...pw  

3.4 Numerical hygrothermal simulations 

Numerical hygrothermal simulations were performed using the combined Heat, Air and Moisture 
Transfer (HAMT) software Delphin 6.0 [226]. The purpose of the hygrothermal simulations was to 
investigate alternative design scenarios, which were not practically possible within the large field 
experiment such as variations in masonry and insulation thickness, and the use of alternative brick 
and mortar materials. The hygrothermal simulations for the test walls of the large field experiment 
were presented in Paper II [2].  

The 1D and 2D numerical simulations were created using the geometry and materials of seven test 
walls from the large field experiment: G2_PUR-CM+H, G7_PUR-CM, G4_CaSi, G5_Phenolic, 
G6_Phenolic+H, X2_AAC, and X3_AAC+H [2]. Two simulation models were created for each of the 
seven test walls: 1) a wall detail, with focus on the transport through the masonry wall and the 
insulation (Figure 24b); and 2) a beam end detail, with focus on the transport through the wooden 
floor construction (Figure 24c). The 1D simulations were initially used for the calibration work (Figure 
24a), however, later on also for some of the parameter variations. The wall configurations and 
material properties are listed in Table 13. Most materials were characterised by Technische Universität 
Dresden (TUD) in the RIBuild project, while the remaining material properties were obtained from the 
Delphin materials database. The boundary conditions were obtained from the large field experiment 
and from the DTU climate station [233]. Hydrophobisation was simulated by lowering the water 
uptake coefficient, Aw, by a factor 1000 for the outermost 10 mm, as determined experimentally by 
Soulios et al. in [234]. As illustrated by Equation 41, a reduction of the water uptake coefficient, Aw 
will lower the amount of moisture being absorbed by the porous materials constituting the exterior 
surface. Furthermore, as discussed in Section 2.3.1, in terms of practical application this effect is 
obtained by reducing the interfacial tension between the liquid and the porous material causing the 
contact angle to increase, which in turn reduces the capillary pressure :-, as shown in Equation 34. 
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Figure 24 Delphin screenshots of the simulations models: (a) 1D wall detail of test wall G2_PUR-CM+H_SW; (b) 
2D wall detail of G2_PUR-CM+H_SW; and (c) 2D beam end detail of G5_Phenolic_SW. P1-7 represents the 
zones where the initial temperature and RH conditions for sensor points 1-7 were applied in the models. From 
Paper II [2]. 

 

To obtain the most reliable numerical simulations, the Delphin models were calibrated using 
measurements from the large field experiment presented in [1] and [6]. An automated calibration 
script made in the Python programming language (available in [235]) was used to vary and “crisscross” 
various parameters for the 1D Delphin models, with focus on sensor locations 1-4 (Figure 17a and 
Figure 24a) [2]. The script would evaluate the simulations and determine the parameter settings 
leading to the smallest difference to the measurements, i.e. area between the simulation curve and 
the measurement curve, which would then be applied to the 2D models. After obtaining the calibrated 
simulation models, it was possible to perform several parameter variations for each of the seven base 
models to investigate the alternative design scenarios. The investigated parameter variations are 
listed in Table 15. The hygrothermal performance of the parameter variations was evaluated with 
mathematical mould growth predictions carried out with the VTT mould-growth model [43]. The focus 
was on the masonry/insulation interface and in the embedded wooden wall plate and beam end.  

 

Table 15 Parameter variations. From Paper II [2]. 

ID Description 

A1 Replace air lime mortar with a mortar with high cement ratio  
A2 Replace air lime mortar with a mortar with low cement ratio  
A6 Replace air lime mortar with a mortar with high cement ratio, outermost 1 cm 
A7 Replace air lime mortar with a mortar with low cement ratio, outermost 1 cm 
A3 Replace yellow masonry brick with a low density brick  
A4 Replace yellow masonry brick with a high density brick  
B1 Reduce thickness of masonry wall to 228 mm (not done for beam end model) 
B2 Increase thickness of masonry wall to 468 mm  
B5 Increase thickness of masonry wall to 708 mm  
B3 Reduce insulation thickness to R-value of 1.25 (K⋅m2/W) 
B4 Increase insulation thickness to R-value of 7.50 (K⋅m2/W) 
C1 CaSi system with hydrophobised exterior surface 
D1A Indoor moisture load according to EN/ISO 13788:2013 Class A [236] 
D1B Indoor moisture load according to EN/ISO 13788:2013 Class B [236] 
D2 CaSi system with hydrophobised exterior surface + EN/ISO 13788:2013 (C1+D1) 
E1 Climate data 2020-2050 Emission scenario A1B (Climate for culture) [216]* 

c) 

b) 

P1 P2 P3 P4 

P1 P2 P3 P4 

P3 
P4 

P5 

P6 P7 

a) 
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*Note that 30-year simulation were carried out only for wall models with exterior hydrophobisation (G2_PUR-
CM+H, G6_Phenolic+H, X3_AAC+H and G4_Casi+H). The applied indoor humidity class B in EN/ISO 13788:2013 
[236] is in a Danish context rather similar to indoor humidity class 3 in [236], which was applied in the large field 
experiments. 

 

3.5 Large field experiment with ventilated cold attic spaces 

The third experimental segment within the present dissertation was a large field experiment, which 
dealt with ventilated cold attic spaces under the eaves. The purpose of the study was to investigate if 
the current Danish best practice recommendations for design of cold attic spaces under the eaves in 
terms of airtightness of the building envelope would prevent critical RH levels and fungal growth inside 
the attic spaces. In the present dissertation, the attic spaces project served to test the reliability of the 
mathematical mould growth predictions for surfaces that were in direct contact with the air inside the 
attic spaces, which were considerably different in comparison with the situation with the internal 
insulation where the critical locations were inside the structure closed off from direct contact to the 
moisture and nutrient in the indoor air. In addition, the critical locations in the internal insulation also 
experienced high pH levels and were generally made from inorganic materials, which were 
considerably different from the wooden surfaces inside the attics. 

The large field experiment with the ventilated cold attic spaces under the eaves comprised two 40-
foot insulated reefer containers fitted with a 45° north oriented single sided pitched roof, which was 
divided into nine equally sized cold attic spaces under the eaves with the interior dimensions (LxWxH) 
1.25 m x 1.00 m x 1.00 m. The experiment is described in Paper IV [4]. Figure 25 shows a section of 
the container and attic structure. The orientation of the roof structures towards north was chosen as 
this orientation was regarded the most critical direction for ventilated cold attic spaces under the 
eaves in Denmark in terms of the hygrothermal performance due to the limited solar radiation 
compared with other orientations. The experiment comprised 18 cold attic spaces under the eaves 
each representing different roof scenarios. The different attic variations are shown in Table 16. Four 
series of parameters were varied between the attic spaces: 1) the vapour diffusion resistance of the 
roofing underlay; 2) the infiltration rate between the occupied zones and the attic spaces (the 
dimensions of the infiltration tubes were determined in accordance with the calculation process 
shown by Equations 21-29 in relation to a desired airflow at a pressure difference of 50 Pa, for more 
information please see [237]); 3) the ventilation strategy; and 4) one attic space was constructed with 
external roof insulation.    

Throughout the experiment, the temperature and RH conditions were measured in several locations 
inside and outside of the attic spaces and the occupied zones, and the measurements were logged 
every 10 minutes over a period of nearly three years. The occupied zones were conditioned to 20 °C 
and 60% RH, similar to the indoor boundary conditions in the large field experiment with the internally 
insulated test walls.   

Aside from the evaluation of the hygrothermal performance of the attic spaces through the measured 
temperature and RH conditions, and the derived absolute moisture concentration [g/m3] in the air, 
the risk of mould growth was addressed using the VTT mould-growth model [43], which was  
complemented by visual observations evaluating the extent of the fungal growth infestation.  
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Figure 25 Attic project: Vertical section of the attic setup, where red dots indicate sensor locations. From 
Paper IV [4]. Source: Søren Peter Bjarløv. 

 

Table 16 Overview of the attic variations. 100% infiltration corresponding to 3.4 l/s at 50 Pa. From Paper IV [4]. 

Attic 
Underlay diffusion resistance 
[GPa·s·m2/kg] 

Infiltration 
[%] 

Ventilation strategy 
[-] 

A1 855 0 Single-sided ventilation 

A2 855 100 Unventilated 

A3 855 100 Single-sided ventilation 

A4 855 10 Unventilated 

A5 855 10 Single-sided ventilation 

A6 855 20 Unventilated 

A7 855 20 Single-sided ventilation 

A8 855 20 Mechanical ventilation 

A9 855 100 Mechanical ventilation 

B1 0.1 0 Unventilated 

B2 0.1 0 Pressure equalization 

B3 0.1 0 Single-sided ventilation 

B4 0.1 100 Unventilated 

B5 0.1 100 Pressure equalization 

B6 0.1 100 Single-sided ventilation 

B7* 0.1 100 Unventilated 

B8 1.0 100 Single-sided ventilation 

B9 855 0 Unventilated 

*Fitted with 50 mm exterior polystyrene insulation to reduced heat losses due to longwave radiation during cold 
clear nights. 
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3.6 Other small-scale experiments and activities 

This section presents the various small-scale experiments and activities carried out in connection with 
the larger experiments such as material testing, on-site fungal growth testing, and on-site wood decay 
testing.  

3.6.1 Material testing 

A series of material tests were performed to determine the properties of some of the materials used 
in the large field experiment with the insulated test walls and in the laboratory experiment with the 
small-scale test walls. These materials were not tested by Technische Universität Dresden.  

Water vapour diffusion resistance: 

The water vapour diffusion resistance factor, μ was determined through the cup experiment (wet cup 
test condition C, with a vapour pressure gradient of approximately 1500 Pa across the materials 
sample) for the adhesive mortars, the Cork plaster, and gypsum board with and without wet room 
membrane, according to DS/EN ISO 12572 [230]. Three Ø80 mm samples of each product were tested, 
and the sample thickness was 10 mm for the adhesive glue mortar and 30 mm for the Cork plaster [3]. 
The gypsum sample thickness was 12.5 mm, and the wet room membrane was applied according to 
manufacturer specifications. The gypsum samples were weighted immediately after application of 
each layer of wet room membrane and again after the recommended drying period. The wet room 
membrane was used to seal the sides of the small-scale test walls in the laboratory experiment, shown 
with red lines in Figure 20. 

 

Figure 26 Water vapour diffusion: (a-b) Sample preparation; and (c) testing in climate chamber. 

 

Water absorption by capillary action: 

The water absorption by capillary actions was determined for the adhesive mortars and Cork plaster 
by partial immersion in water according to DS/EN ISO 15148:2003 [238]. Three samples of each 
product were tested, with a total contact surface of 300 cm2. The sample thickness was 10 mm for the 
adhesive glue mortar and 30 mm for the Cork plaster [3]. After pre-conditioning for a few weeks in a 
climate chamber at 23 °C and 70% RH, the samples were moved to the laboratory four days prior to 
the experiment. During the experiment, the samples were weighted every 3 minutes during the first 
hour, and then after 2, 4, 6, 8, 10, 12, 24, 26 and 28 hours. The samples were blotted with a damp 
cloth before weighting to remove hanging droplets.   

 

Figure 27 Water absorption by capillary action test: the experimental setup. 

a) b) c) 
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Density and porosity: 

Density and porosity were determined for the adhesive glue mortars and the Cork plaster according 
to the LBM test method 2 [239]. Oven dried samples were evacuated continuously inside the 
desiccator after which demineralized water (boiled and cooled) was added. After approximately 24 
hours inside the water at atmospheric pressure, the samples were weighted below and above water, 
and the density and porosity were determined [3]. The full description is available in Appendix A: LBM 
test method 2.  

 

 

Figure 28 Density and porosity test: (a) Evacuation of the desiccator; (b) leading water into the evacuated 
desiccator; (c) weighting samples in water; and (d) weighting samples above water. 

 

Thermogravimetric analysis (TGA): 

The TGA tests were performed according to EN ISO 11358-1:2014 [240] to determine the presence of 
organic additives in the AAC adhesive glue mortar and AAC insulation. These tests were carried out to 
support the on-site fungal growth findings in the large field experiment. A material sample with a 
weight between 10 and 100 mg was heated from 30 °C to 900 °C at a rate of 10 K/min and the change 
in mass was measured as a function of time. The TGA tests were carried out in two consecutive test 
rounds for each material: one with supply of Nitrogen (N2) and one with supply of Oxygen (O2). This 
procedure would allow for the detection of mass loss caused by incineration of organic additives. 

 

pH-value:  

The pH-value of the adhesive glue mortars, the 7.7% lime adjusted mortar, and the Cork plaster was 
determined according to [241]. The pH measurements were performed using a HACH Sension+ 
MM374 2 channel Laboratory Meter for pH (accuracy: ≤0.002 pH) [242]. The different processes are 
shown in Figure 29.  

 

Figure 29 Test for pH-value: (a) Sample preparation with material powder and demineralized water; (b) 
Shaking of samples; and (c) Measuring pH. 

 

a) b) c) d) 

a) b) c) 
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3.6.2 On-site fungal growth testing 

This section presents the different fungal growth sampling methods, which were applied within the 
experimental studies presented in Papers I, III, IV, VI, and VII.  

An Ø80 mm or Ø100 mm hole-saw without pilot bit was used to take out samples from large and small 
test walls. The sampling procedure was as follows: 1) Take air samples; 2) Take out core sample with 
the hole-saw; 3) Take the interface fungal growth tests on the drilled out core sample or inside the 
drilling hole; 4) The samples for material testing (e.g. weighting-drying test and pH test) were taken 
from the core sample; 5) The core sample was then placed in a sealed zip-lock bag. The equipment 
was disinfected using ethanol and the procedure was repeated for the next test wall.   

 

Air samples: 

Prior to any type of destructive work, air samples were taken to assess the fungal species found within 
the test facilities, e.g. the indoor environment of the two test containers. In the laboratory experiment 
with the small-scale test walls, the air samples were used to determine if the fungal species in the 
testing facilities and large plastic boxes were the same as the ones in the spore suspension given prior 
to the installation of the insulation systems. The air samples were taken with a Merck MAS-100 Eco 
(shown in Figure 30a). The device sucked 100 l air over the Petri dishes (V8 and DG18) over a duration 
of one minute. The Petri dishes were incubated for 7 days at 25 °C in darkness, and fungal colonies 
were identified under stereo- and light microscope [156]. 

 

Figure 30 Fungal sampling: (a) Taking air samples using the Mass-100 Eco; (b) Taking out drilling core using the 
hole-saw; (c) Taking the Mycometer® Surface samples in the interior surface after the decontamination work; 
(d) Making the agar imprint of the interface; (e) Preparation of core samples for the Mycometer® Bulk Material 
test, cutting away the excess insulation material; and (f) Performing the Mycometer® analysis in the 
laboratory. From Paper III [3]. 

 

Mycometer®: 

The Mycometer® tests were performed to determine the extent of fungal growth within the test walls, 
and the method provided a quantitative assessment of the growth as opposed to the other test 
methods. The methods are described in Papers I, III, and VI [1], [3], [6]. To summarise, the principle 
of the methods is to measure the fluorescent product released from the enzyme-substrate complex 

b) c) d) e) a) 

f) 
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relating to the N-acetylhexosaminidase activity found in fungal biomass, expressed by a Mycometer® 
value [243], [244]. The Mycometer® method is able to determine the extent of fungal growth on 
surfaces or within porous material samples, and several studies including [245], [246] have found the 
Mycometer® test method to be reliable and easily reproducible. In this work, two test types that uses 
the Mycometer® principle were used; the Mycometer® Surface tests were performed according to 
[247], [248] and the Mycometer® Bulk-material tests according to [249], [250]. The Surface tests were 
taken at the interface between masonry and insulation, where two swab samples were taken for each 
drilled out core samples. For the Bulk-material tests, the central section of the core samples (20 mm 
x 20 mm x thickness of the given insulation layer) was divided into three sections. One for the 
outermost 10 mm, i.e. nearest to the masonry/insulation interface, and two sections for middle and 
innermost parts of the insulation layer, each with a thickness between 15 and 45 mm depending on 
the insulation system (denoted “mid” and “innermost” sections). For the Bulk-material test, the mid 
and innermost sections were tested only if growth was detected in the outermost section or the 
interface, as previous experience with the method has shown that if no growth is detected in these 
locations, then it is improbably that growth would be found in the mid and innermost sections. For 
more information about the Mycometer® method please see appendix B.  

 

Agar imprint: 

The agar imprint test was performed to determine the fungal species found within the insulated wall 
structures in the laboratory experiment were the same as the ones in the spore suspension given prior 
to the installation of the insulation systems. The drilling core was pressed down onto the Petri dishes 
(V8 and DG18) as shown in Figure 30d, and after incubation, the fungal colonies were identified under 
stereo and light microscope.  The method is described in Paper III [3] 

  

Swab test:  

The swab test was used as an alternative to the agar imprint test, and the method was used for the 
samples taken in the test containers with internally insulated masonry walls. The method is described 
in Paper I [1]. To summarise, the cotton swabs were swabbed on interface material inside the drilling 
hole and in the laboratory the swab tests were streaked out on Petri dishes (V8 and DG18), and after 
incubation, the fungal colonies were identified under stereo and light microscope.   

 

Visual observation: 

In the attic project presented in Paper IV, visual observations were used to evaluate the extent of 
fungal growth infestation in the attic spaces under the eaves. The fungal growth was ranked between 
1 and 5, based on the visual inspection, where 1 corresponds to no visual growth, and 5 to heavy 
growth. 

 

3.6.3 Testing for wood decay 

The test was carried out to determine the extent of mass loss due to decay in the wooden wall plates 
embedded into the solid masonry walls in the large field experiment. The findings were presented in 
Paper VII [7].  

Core samples were taken out using an Ø80 mm hole-saw (Figure 31a), and a series of tests were 
performed [7]. To summarise, prior to taking out the samples from the wooden wall plates the 
insulation materials were removed and the moisture content of the wood was determined from the 
warm side of the wall plate using a wood moisture meter with penetrating pins. The core samples 
were then drilled out and the moisture content of the wood was determined from the cold side 
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immediately after. Subsequently, two Mycometer® Surface test were performed for both the interior 
and cold sides of the core samples. Next, the core samples were weighted and then subjected to a 
manual awl compression test. The awl penetration depth was used as an indicative test, where a 
penetration depth of 1-3 mm suggests that the wood is healthy, 3-6 mm suggests that the wood is 
moist and could possibly be attacked by wood rot, while a penetration depth of more than 6 mm could 
indicate that there is a more in-depth wood rot attack in the wooden element [251]. Next, the core 
samples were placed in sealed zip-lock bags. In the laboratory, the moisture content of the entire core 
samples was determined through weighing-drying-weighing test according to EN ISO 12570 [252] 
(Figure 31b). The study compared on-site moisture content measurements (weighing-drying-weighing 
and penetration pins) to the moisture content derived from the temperature and RH measurements 
from the digital HYT221 sensors. The predicted mass loss from two mathematical wood decay models 
were calculated based on the on-site moisture content measurements and digital HYT221 sensors, 
and the results were compared. In addition, the predicted mass loss results were compared with the 
awl test results.  

 

 

Figure 31 Test for wood decay: (a) taking out core sample using hole-saw; and (b) the six core samples drying 
in the oven during the weighing-drying-weighing test. Source: Figure 31a, Tessa Kvist Hansen 

 

In addition to the work documented in Paper VII, a comparison was also made between the 
hygrothermal measurements from the IST HYT221 digital sensors, the wood moisture weight-% 
measured in the embedded wooden dowels, and the moisture contents obtained from the weighing-
drying-weighing test of the core samples.  

The wood moisture weight-% in the embedded wooden dowels were derived from the manual DC 
electrical resistance measurements carried out every 2-3 weeks using a T301.COW from BMT 
Instruments [225]. From initiating the contact between the T301.COW instrument and the embedded 
wooden dowels, measurements were taken after a period of 20 seconds. This period was kept exactly 
the same throughout the entire measurement campaign since the dowels become polarised during 
the measuring process, as described by Munch-Petersen in [253]. The method of using embedded 
wooden dowels or pads to measure moisture content in building structures has been used in Denmark 
for more than four decades [254] and is well described in Danish literature including [34], [253]–[260]. 
The method is generally considered to be reliable for long-term moisture measurements [256], [258], 
[259]. Good results have also been found for the use of embedded wooden dowels in several 
international studies including [261], [262]. The DC electrical resistance measurements were used to 
evaluate the reliability of the digital measurements, and potentially provide additional information 
regarding the comparison between on-site wood decay tests and the mathematical decay models.  

a) b) 
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The conversion from measured DC electrical resistance into wood moisture weight-% was carried out 
according to the procedure described by Hansen [263]. Firstly, the DC electrical resistance was 
temperature adjusted to 20 °C using Equation 42. ?N»¬@�¥N = ? − (0.029 + 0.005 ∙ ?) ∙ (20 − L)      [Eq. 42] 

Where R represents the measured DC electrical resistance [log10MΩ], Radjusted represents the DC 
electrical resistance temperature adjusted to 20 °C, and L the measured temperatures from the IST 
HYT221 digital sensors in the wooden wall plates [°C].  

Next, the temperature adjusted DC electrical resistance was converted into wood moisture weight-%, ¼ [kg/kg] using Equation 43.  

¼ = 10½u�.��~¾c¿ÀÁsÂÃ¿�.u�� Ä
          [Eq. 43] 

 

After obtaining the wood moisture weight-% in the embedded wooden wall plates, the wood moisture 
weight-% was converted into RH for comparison with the digital RH measurements. The conversion 
from wood moisture weight-% into RH was carried out based on of curve fitting work done by Odgaard 
[264] for the adsorption and desorption isotherms measurements for beech wood presented by 
Ahlgren in [265] and later illustrated by Hansen in [266]. The curve fitting data were chosen to draw 
parallels to Odgaards works in terms of the wood moisture in the embedded wooden wall plates in 
solid masonry walls fitted with internal AAC insulation. The approach used RH values determined using 
the average curve between adsorption and desorption, since the current state of hysteresis for the 
wooden dowels were unknown. The calculation approach is shown in Equation 44. 

?Å(¼) = 0.5 ∙
⎝
⎜⎛ÉÊc¿sËÌqÂÍËw∙¥a�ÎxkÏ ÁÐc¿sËÌqÂÍËwÑÒÓc¿sËÌqÂÍËwÔt

ÉÊ¿ÃsËÌqÂÍËw∙¥a�ÎxkÏ ÁÐ¿ÃsËÌqÂÍËwÑÒÓ¿ÃsËÌqÂÍËwÔ ⎠
⎟⎞     [Eq. 44] 

Where factors A, B, and C were as follows: 

• AAdsorption = 7.608; BAdsorption = -1.353; CAdsorption = 42.960 
• AAdsorption = 12.690; BAdsorption = -0.8945; CAdsorption = 57.440 

 

As an alternative to the comparison between the digital RH measurements and the DC electrical 
measurements based on RH values, the digital RH measurements were also converted into wood 
moisture weight-% using the approximations in [266] for the adsorption and desorption isotherms of 
pine wood, shown in Equations 45-46.  

Desorption isotherm: ¼ = 31 ∙ exp ((−1/1.45) ∙ ln (1 − ln (W)/0.225)     [Eq. 45] 

Adsorption isotherm: ¼ = 32.9 ∙ exp ((−1/2.09) ∙ ln (1 − ln (W)/0.0567)     [Eq. 46] 

 

3.7 Mathematical damage models 

Several mathematical damage models were used to create theoretical predictions for the risk of mould 
growth and mass loss due to wood decay in the experimental studies and for the simulation study, as 
presented in papers I, II, IV-VII [1], [2], [4]–[7]. The model predictions were compared to the on-site 
test results to assess the reliability of the models. This section presents briefly the applied models. 
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For insulation systems with highly alkaline adhesive glue mortar, the mould growth predictions for the 
masonry/insulation interface were initiated after one year due to high pH-value during the initial 
drying out process hampering fungal growth, as suggested in [267]. The one year start delay was based 
primarily on the carbonating time for concrete as illustrated in Figure 32 below. Assuming a linear 
extrapolation of the carbonation depth until 4 MPa (largest compressive strength of the applied 
adhesive mortars) based on the interval 16-12 MPa, the carbonation depth for 4 MPa concrete after 
1 year at 50% RH would be around 17-18 mm from each exposed side. Assuming an average 90-95% 
RH, the carbonation depth would be multiplied with a factor of 0.33 to 0.5 resulting in a depth of 
around 6-9 mm. It should however be noted that the reduction of the carbonation depth caused by 
the application of the insulation systems on one side, and the existing masonry wall on the other side 
was unknown and that the real carbonation depth would probably be lower than the aforementioned 
6-9 mm from each side.  

 

Figure 32 Carbonation depth for concrete at various compressive strengths and relative humidity levels. Figure 
from [268]. 

It should also be noted that the three applied mathematical mould-growth models were developed 
under neutral pH conditions and may therefore not be suitable for evaluating the hygrothermal 
conditions in critical locations such as the masonry/insulation interface if the insulation system was 
applied with a highly alkaline adhesive glue mortar. However, despite this fact, the models have been 
used frequently for evaluating the hygrothermal conditions in internal insulation systems with highly 
alkaline adhesive glue mortars such as in [30], [52], [54], [88], [144], [269], [270]. The application on 
the mould-growth models was carried out to evaluate the reliability of the models when used in the 
more extreme conditions occurring in the presence of highly alkaline adhesive glue mortars as done 
in the previously mentioned studies. However, the reliability of the model was also assessed for 
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construction elements without high pH conditions such as on wooden elements in the ventilated attic 
spaces.  

 

3.7.1 The VTT mould-growth model 

The VTT mould-growth model [43], [271] was applied in Papers I,II, IV-VII [1], [2], [4]–[7]. The post-
processing of the hygrothermal measurements and simulation results was carried out for the 
masonry/insulation interface and in the embedded wooden elements, as stated in the papers. The 
sensitivity class “medium resistant” and a suitable decline value were applied for the 
masonry/insulation interface, while the sensitivity class “sensitive” and the decline value for wood 
recession were applied for the embedded wooden elements and the interface in the traditional 
mineral wool system, due to the installed wood battens. A full description of the VTT mould-growth 
model is available in Appendix C: The VTT mould-growth model. 

3.7.2 The MRD mould-growth model 

The mould resistance design (MRD) model [44], [192] was applied for post-processing of the 
hygrothermal measurements in Paper I [1] and for the measurements in Paper III [3], although the 
modelling results were not presented in Paper III. The MRD model is a dose-response model based on 
12-hour average values for temperature and RH, and the post-processing was carried out for the 
masonry/insulation interface and in the embedded wooden elements. The critical dose Dcrit for onset 
of mould growth (material sensitivity to mould growth) in the masonry/insulation interface was 
assumed to be 102 days for the PUR-CM, CaSi, AAC, and Cork-plaster systems, 238 days for the 
Phenolic foam system, and 12 days for the embedded wooden elements and the traditional mineral 
wool system. The critical dose for the various materials used in the experimental studies were 
obtained from [10], [272], [273]. A full description of the MRD mould-growth model is available in 
Appendix D: The MRD mould-growth model.  

 

3.7.3 The WUFI-Bio mould-growth model 

The WUFI-Bio [227] software tool based on the bio-hygrothermal model was applied for post-
processing of the hygrothermal measurements in Paper I [1] and for the measurements in Paper III 

[3], although the modelling results were not presented in Paper III. The post-processing was carried 
out for the masonry/insulation interface and in the embedded wooden elements, where substrate 
category II “Building materials with porous structure such as renderings, mineral building materials, 
certain wood species as well as insulation material not covered by I” was used for the 
masonry/insulation interface. For the embedded wooden elements and the traditional mineral wool 
system, substrate category I “Biologically recyclable building materials such as wall paper, paper 
facings on gypsum board, building materials made of biologically degradable raw materials, material 
for permanent caulking” was used. A full description of the WUFI-Bio mould-growth model is available 
in Appendix E: The WUFI-Bio mould-growth model. 

 

3.7.4 The VTT wood decay model 

The VTT wood decay model was applied in Papers V and VII [5], [7]. The decay model was used for 
post-processing the hygrothermal measurements for the wooden wall plates and beam ends 
embedded into the exterior solid masonry walls in the large field experiment, as described in the 
papers. To summarise, the model comprises two main parts: 1) The activation process, and 2) The 
mass loss process. The state of the activation process is denoted as I, and ranges from 0 to 1, and the 
activation energy increases during periods when the relative humidity, RH exceeds the RHcrit of 95% 
and the temperature is above 0 °C. Mass loss is initiated only if I = 1, and the occurring mass loss is 
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considered irreversible. A full description of the VTT wood decay model is available in Appendix F: The 
VTT wood decay model. 

 

3.7.5 The Saito wood decay model 

The Saito wood decay model was applied in Paper VII [7]. The decay model was used for post-
processing the hygrothermal measurements for the wooden wall plates embedded into the exterior 
solid masonry walls in the large field experiment, as described in the paper. To summarise, mass loss 
is assumed to occur if RH exceeds the critical RH, X-, of 98%. In contrast to the VTT wood decay model, 
the present model has chosen to neglect the initial response time for decay to begin after 
exceeding X-. A full description of the Saito wood decay model is available in Appendix G: The Saito 
wood decay model. 

 

3.7.6 Wood decay models and on-site testing 

The risk of wood decay in the embedded wooden wall plates in Paper VII [7] were evaluated using the 
VTT and Saito models prior to carrying out the on-site investigations. The risk predictions were carried 
out for the digital RH measurements and the RH levels derived from the DC electrical resistance 
measurements for the wooden dowels embedded in the wall plates. Based on the wood decay 
predictions with the two models, six test walls showing a high degree of mass loss were selected for 
the on-site investigations.  
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4 Results and discussion 

This chapter presents the results from the aforementioned research activities in connection with the 
four hypotheses, and the results are discussed under each hypothesis. It should be noted that when 
the term “unacceptably high” is used to describe the RH results, this means RH > 90% in wooden 
elements and RH > 95% for the masonry/insulation interface, with the exception of the interface in 
the traditional mineral wool and vapour barrier system due to the installed wood battens. Here 
“unacceptably high” is used for RH > 90%. 

 

4.1 Hypothesis 1: Hygrothermal conditions in internally insulated solid masonry 

walls 

Hypothesis 1 claims that the moisture levels can be better reduced in the critical locations in the solid 
masonry walls through application of diffusion-open and capillary active insulation systems in 
comparison with diffusion-tight solutions for internal insulation. 

The hygrothermal performance of internally insulated solid masonry walls was monitored in-situ 
through the research activities in the large field experiment, and the calibrated numerical simulations 
to investigate the alternative design scenarios. These activities were presented in Papers I, II, V, and 

VI [1], [2], [5], [6] and in the report for “Applicability and robustness of interior insulation” [12]. 

The results for the hygrothermal performance of the internal insulation systems are divided into two 
categories based on the nature of the systems: 1) diffusion-open and capillary active systems, which 
allow transport of water vapour and liquid moisture through the system (in accordance with the 
theory presented in Sections 2.1.1 and 2.1.3), and 2) diffusion-tight systems, which do not allow 
transport of moisture to occur. The PUR-CM system is here presented together with the diffusion-
tight systems despite being marketed as diffusion-open and capillary active, as the system is 
considerably more diffusion-tight in comparison with the other systems marketed as being diffusion-
open. In addition, the PUR-CM and AAC systems will both be regarded as not capillary active as their 
liquid water absorption coefficient is close to that of the diffusion-tight non-capillary Phenolic foam 
system (see Table 13).  

 

4.1.1 Hygrothermal performance of the diffusion-open and capillary active insulation 

systems and the combination with hydrophobisation 

Figure 33 and 34 present the measurements for the diffusion-open and capillary active insulation 
systems investigated in the large field experiment. The measurements for the CaSi, AAC, Cork plaster, 
DTU-foam and TI-plaster systems showed higher RH levels in the interface between masonry and 
insulation as a result of the added internal insulation (Figure 33). Unacceptably high RH levels (>95%) 
were observed in the interface of all test walls with unhydrophobised exterior surfaces for the majority 
of the experimental period, but with occasional drops during the summer periods, which were then 
followed by a rapid increase in the RH levels the following winter period. In addition, the diffusion-
open systems were seen to respond fast to changes in the boundary conditions, resulting in large 
seasonal variations in terms of RH levels in the critical locations. The application of exterior 
hydrophobisation for the AAC and DTU-foam systems was seen to lower the RH levels and cause larger 
drops during the summer periods. However, the systems still experienced unacceptably high RH levels 
in winter. The test walls fitted with diffusion-open insulation systems facing north-east (not shown in 
the figures) showed similar RH levels in the masonry/insulation interface as their south-west facing 
counterparts, see Papers I and VI [1], [6].  

The measurements for the wooden wall plate showed unacceptably high RH levels for the majority of 
the diffusion-open systems (Figure 34). For the unhydrophobised brick walls facing north-east, the 
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results showed lower RH levels in comparison with the test walls facing south-west due to the limited 
rain load from this orientation. Exterior hydrophobisation was seen to improve the hygrothermal 
performance for the AAC and DTU-foam systems facing south-west, while the positive effect of 
hydrophobisation was more limited in the walls facing north-east. The worst hygrothermal 
performance was seen in the unhydrophobised CaSi wall facing south-west, which maintained RH 
levels near 100% throughout most of the 4½-year experimental period.  

The embedded wooden beam ends (not shown in the figures) generally showed tendencies similar to 
those observed for the embedded wooden wall plates, although with less critical RH levels due to the 
more favourable location within the internally insulated masonry wall. Most systems showed slightly 
lower RH levels for the test walls facing north-east. For more results and plots see Papers I and VI [1], 
[6]. 

 

 

Figure 33 Relative humidity in the interface between the masonry wall and the added insulation (Point 3) for the 
diffusion-open capillary active systems, in the test walls facing south-west. *Disassembly of TI-plaster and DTU-
foam on 01-11-2017. **Installation of Cork plaster on 07-11-2018. 

 

Figure 34 Relative humidity in the embedded wooden wall plates (Point 5) for the diffusion-open systems, in the 
test walls facing south-west. *Disassembly of TI-plaster and DTU-foam on 01-11-2017. **Installation of Cork 
plaster on 07-11-2018. 

 

The calibrated numerical simulations:  

Figure 35 shows the comparison between the calibrated simulation models and the field 
measurements for the highly diffusion-open CaSi and AAC systems. As presented in Section 3.4, the 
model calibration was carried out using a Python script for automating the process followed by manual 
adjustments, see Paper II [2] for more details. The calibrations were found to be acceptable for most 
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of the simulation models, however, a few model calibrations were found to deviate around 5-10%-
point RH from the measurements especially during periods with near 100% RH as shown in Figure 35, 
which could be partly related to the measurement uncertainty of the sensors in the field experiment.  

The results for variation of the type of mortar joints in the outermost 1 cm of the masonry wall 
(emulating retrofitted joints) showed little or no effect on the hygrothermal conditions in the 
masonry/insulation interface, and in the embedded wooden elements, see Paper II [2]. In terms of 
the effect of exterior hydrophobisation for the wall fitted with CaSi, the results showed improved 
hygrothermal performance in the critical location since rain intrusion was lowered considerably. 
However, the effect of the exterior hydrophobisation was observed to be small in comparison with 
the positive effects seen in the large field experiment for the AAC, PUR-CM and Phenolic systems (see 
Papers I and VII [1], [6]). The results for the simulations with indoor humidity class A and B [236] 
showed lower RH levels in the interface and in the embedded wooden elements as a result of lower 
indoor moisture load. The results for variation of the insulation thickness showed higher RH levels in 
critical locations (masonry/insulation interface and embedded wooden elements) with increasing 
insulation thickness. In addition, it was also observed that the RH levels in the embedded wooden 
elements were less affected by the change in the insulation thickness in comparison with the interface. 
For more results and plots see [2], [235]. 

 

 

Figure 35 Comparison between the measured relative humidity from the large field experiment and the 
calibrated Delphin models in the interface between the masonry wall and the insulation systems: (a) G4_CaSi; 
and (b) X3_AAC+H. The figure shows: (a) a case of poor agreement; and (b) a case of good agreement between 
calibration and measurements for the highly diffusion-open insulation systems. From Paper II [2].  

 

4.1.2 Hygrothermal performance of the diffusion-tight insulation systems and the 

combination with hydrophobisation 

Figure 36, 37 and 38 show the measurements for the diffusion-tight insulation systems investigated 
in the large field experiment. The measurements for the mineral wool, PUR-CM, and Phenolic systems 
showed higher RH levels in the interface between the masonry wall and the insulation due to the 
added internal insulation (Figure 36). For the unhydrophobised brick walls, unacceptably high RH 
levels were observed in all three systems during most of the experimental period, and the diffusion-
tight systems showed limited seasonal fluctuations with little or no decrease in RH levels during 

a) 

b) 
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summer periods. Lower RH-values were observed for the test walls facing north-east due to the 
limited rain load. A lowering of the rain intrusion through exterior hydrophobisation was seen to 
improve the hygrothermal performance in the interface considerably for the test walls fitted with 
diffusion-tight insulation facing south-west while little or no effect was seen from hydrophobisation 
for the test walls facing north-east.  

The measurements for the embedded wooden wall plates (Figure 37) showed higher RH levels in the 
unhydrophobised brick walls as a result of the added internal insulation. In addition, the exterior 
hydrophobisation was seen to lower the RH levels considerably for the test walls facing south-west in 
comparison with the unhydrophobised walls, and in contrast to the diffusion-open AAC system in 
combination with hydrophobisation, the PUR-CM and Phenolic systems became progressively drier 
throughout the experimental period. For the test walls facing north-east, the exterior 
hydrophobisation was seen to improve the hygrothermal performance in the wall plate of the PUR-
CM system while the Phenolic system seemed to experience no positive effect (Figure 38).  

The embedded wooden beam ends (not shown in the figures) generally showed tendencies similar to 
those observed for the embedded wooden wall plates, though with less critical RH levels. Most 
systems showed slightly lower or similar RH levels for the test walls facing north-east. In addition, it 
was observed that the exterior hydrophobisation had a limited effect on the test walls facing north-
east. For more results and plots see Papers I and VI [1], [6]. 

 

 

Figure 36 Relative humidity in the interface between the masonry wall and the added insulation (Point 3) for the 
diffusion-tight systems, in the test walls facing south-west. *Disassembly of TI-plaster and DTU-foam on 01-11-
2017, and installation of Phenolic foam on 22-22-2017. 

 

Figure 37 Relative humidity in the embedded wooden wall plates (Point 5) for the diffusion-tight systems, in test 
walls facing south-west. *Disassembly of TI-plaster and DTU-foam on 01-11-2017, and installation of Phenolic 
foam on 22-22-2017. 
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Figure 38 Relative humidity in the embedded wooden wall plates (Point 5) for the diffusion-tight systems, in test 
walls facing north-east. *Disassembly of TI-plaster and DTU-foam on 01-11-2017, and installation of Phenolic 
foam on 22-22-2017. 

 

Numerical simulations:  

Figure 39 shows the comparison between the calibrated simulation models and the measurements 
for a few of the walls fitted with diffusion-tight insulation. As presented in Paper II [2] and briefly 
discussed above, some of the model calibrations experienced issues during periods with measured RH 
levels near 100%, with the simulated RH levels not reaching the high levels observed in the field 
experiment. Another issue concerns the modelling of the Phenolic wall with exterior hydrophobisation 
facing south-west, which, as shown in Figure 39a, did not reach a good model calibration despite of a 
large number of model variations in the automated calibration. The PUR-CM system in combination 
with exterior hydrophobisation did however show a good correlation to the field measurements 
(Figure 39b). 

As it was found for the diffusion-open systems, changing the mortar type in the outermost 1 cm had 
little or no effect on the hygrothermal conditions in the critical locations for the walls fitted with 
diffusion-tight insulation. In addition, similar to the diffusion-open systems the diffusion-tight systems 
showed lower RH levels in critical locations as a result of lowered indoor moisture load. However, the 
effect of changes in the indoor moisture load was seen to decrease with the increasing diffusion 
resistance of the insulation system. In terms of the effect of varying insulation thickness, the diffusion-
tight systems did, as the diffusion-open systems, show higher RH levels with increasing insulation 
thickness. However, the diffusion-tight systems showed smaller differences between the examined 
thicknesses and less seasonal variation for the RH levels in comparison to the diffusion-open systems. 
For additional results and plots, see [2], [235]. 
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Figure 39 Comparison between the measured relative humidity from the large field experiment and the 
calibrated Delphin models in the interface between the masonry wall and the insulation systems: (a) 
G6_Phenolic+H; and (b) G2_PUR-CM+H. The figure shows: (a) a case of poor agreement; and (b) a case of good 
agreement between calibration and measurements for the more diffusion-tight insulation systems. From Paper 

II [2]. 

 

4.1.3 Robustness of the examined internal insulation systems 

The robustness of the internal insulation systems was examined through the calibrated numerical 
simulations: i.e. the effects of alternative material properties for the brick and mortar, the effects of 
masonry and insulation thickness, with different indoor moisture loads, and different initial moisture 
contents. The variations were carried out to determine the robustness of the insulation systems in the 
case of incorrect assumptions in terms of the material properties or the initial moisture contents. In 
addition, simulations were carried out with future climate data to determine the robustness against 
the more severe climate conditions predicted to occur in the near future.  

Figure 40 shows the results for the simulations with variation in masonry thickness. The masonry 
thickness was seen to be one of the more influential parameter variations causing large differences in 
the RH levels in the interface between the masonry wall and the added insulation systems, and in the 
embedded wooden elements. The calibrated simulations with high initial moisture content (according 
to the field measurements) showed higher RH levels in the critical locations with increasing wall 
thickness (Figure 40a), which was however seen to become reversed after the hot and dry summer of 
2018 as the wall became more dry, as presented in Paper II [2]. In contrast, the simulations with low 
initial moisture content showed lower RH levels in the critical locations with increasing wall thickness 
(Figure 40b). In addition, the results showed larger variation in the RH levels in the critical locations 
throughout the seasons as a result of lower masonry thickness, and less seasonal variation with 
increased thickness.  

The results for variation of the type of mortar joints showed higher RH levels for the mortar with a 
high cement content compared to the mortars with no or low cement content (see Paper II [2]). In 
contrast to the mortar joints, variation of the brick type showed small differences between the three 
selected bricks and no clear recurring tendencies for any of the insulation systems (see Paper II [2]).  

 

a) 

b) 
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Figure 40 Effect of masonry thickness, relative humidity in Point 3 (interface) in: (a) G4_CaSi with measured 
initial moisture content in masonry; and (b) G4_CaSi with initial RH of 80% in masonry. From Paper II [2]. 

In Figure 41, the results for the 30-year simulations show that models stabilised within the first five 
years, with only minor deviations occurring during certain individual years. The results for the interface 
between the masonry walls and the insulation (Figure 41a) showed less critical RH levels for the PUR-
CM and CaSi systems in combination with exterior hydrophobisation in comparison with the AAC and 
phenolic systems with exterior hydrophobisation. The predicted RH levels for the interface in the PUR-
CM systems was seen to be rather similar to the levels observed in the large field experiment [1]. The 
results for the embedded wooden elements showed less critical RH levels in comparison to the 
interface, and the four simulation models showed progressively decreasing RH over the simulation 
period. In addition, it was observed that the RH levels in the embedded wooden elements were lower 
with increasing vapour diffusion resistance of the insulation system as shown in Figure 41b. The 
tendencies for simulations in the interface for the Phenolic system were seen to contradict the 
hygrothermal measurements from the large field experiment, as stated in Paper II [2].   

 

Figure 41 Relative humidity in: (a) Point 3 (masonry/insulation interface); and (b) Point 5 (wall plate). For the 
PUR-CM, CaSi, Phenolic, and AAC systems simulated with the Climate for Culture climate data for 2020-2050. 
From Paper II [2]. 

a) 

b) 

a) 

b) 
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4.1.4 Intermediate discussion – Hypothesis 1 

4.1.4.14.1.4.14.1.4.14.1.4.1 Field studyField studyField studyField study    

Interface between the masonry wall and insulation system: As presented in Papers I and VI [1], [6], 
higher RH levels were observed in the masonry/insulation interface in comparison with the 
uninsulated reference walls as the temperatures in the masonry wall were lowered due to the internal 
insulation, in agreement with previous studies including [29], [30], [37], [48], [57], [59], [83], [84], [98], 
[118], [135]. In addition, it was found that the highly diffusion-open insulation systems (CaSi and AAC) 
responded faster to changes in the boundary conditions and showed larger seasonal fluctuations in 
terms of the RH level. The more diffusion-tight insulation systems (MW, PUR-CM, and Phenolic foam) 
showed less fluctuation probably due to the higher diffusion resistance lowering the vapour diffusion 
flow, as illustrated by Equation 9. This supports the findings presented in [52], [71], [274]. The sub-
optimal performance observed for the exposed walls fitted with MW, PUR-CM, and Phenolic was 
probably the result of vapour diffusion in the inwards direction condensing on the cold side of the 
insulation layer or on the vapour barrier (summer condensation) because of the high diffusion 
resistance of these systems limiting water vapour transport to the room side considerably. The results 
are in agreement with previous studies and guidelines [34], [35], [96], [275], which point out that 
summer condensation could be a potential problem for diffusion-tight internal insulation systems. The 
problem with summer condensation was also seen clearly in the sensor located on the cold side of the 
vapour barrier in the traditional MW system (Figure 5 in Paper I [1]). The MW system experienced the 
lowest RH levels of all insulation systems in this sensor location during winter, which show that the 
vapour barrier was correctly installed. However, during summer the RH levels increased rapidly to 
near 100% as a result of summer condensation. The unacceptably high RH levels observed for the CaSi 
and AAC systems were probably the result of a sub-optimal combination of high indoor moisture load 
and highly diffusion-open insulation systems leading to interstitial condensation (as can be 
determined analytically with Equation 15), but probably also due to a lack of exterior rain protection. 
The results support the findings in [12], [86], [118]. The results also support the findings presented in 
[59], [83], which suggest that the diffusion-open insulation systems would perform better than the 
diffusion-tight systems in the case of unprotected masonry walls. However, Vereecken et al. [56], [59] 
found superior hygrothermal performance for the diffusion-tight systems in the case of masonry walls 
protected against WDR. 

Embedded wooden wall plate: For the wall plate it was found that the RH levels were higher as a 
result of the application of the internal insulation, as temperatures in the wall plate and diffusion 
drying potential to the inside were lower. This is supported by Scheffler [86], who observed higher RH 
levels in the embedded wooden wall plate with potentially critical RH levels on the warm side. Non-
critical RH levels were however observed on the cold side of the wall plate. The RH levels in the CaSi 
system was seen to increase rapidly, while for the other systems the RH levels increased slower during 
the measurement period. Despite similar material properties (with the exception of the thermal 
conductivity and water absorption coefficient) and measured WDR loads on the test walls (see [276]), 
large discrepancies were found between the AAC and CaSi systems. This was probably the result of 
high indoor moisture load and no rain protection in combination with highly diffusion-open and 
capillary transporting properties, and the high moisture storage capacity of the CaSi insulation, which 
made the CaSi system maintain higher RH levels. As a result of the comparison between the two 
orientations, it was found that in the case of high WDR load, the highly diffusion-open systems and 
the more diffusion-tight systems all experience unacceptably high RH levels in the embedded wooden 
wall plate. However, in the case of low WDR load and only little solar radiation (as it is often the case 
for the north-east direction in Denmark) the CaSi system was seen to perform better than the more 
diffusion-tight PUR-CM and Phenolic systems. 

Embedded wooden beam end: For the beam end it was found that the internal insulation lead to 
higher RH levels in all the test walls facing south-west with the exception of the AAC system in 
comparison with the uninsulated reference walls. For the test walls facing north-east, all systems with 
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the exception of the PUR-CM experienced higher RH levels compared with the reference wall. This is 
in agreement with previous studies [86], [91], [141] where the authors observed higher and potentially 
critical RH levels in the beam ends after installation of internal insulation. The CaSi and Phenolic foam 
systems showed small differences between the two orientations, while larger differences were found 
for the PUR-CM system. For the CaSi system, the small differences between orientations were 
probably caused by the highly diffusion-open nature of the insulation allowing for fast vapour diffusion 
to the inside, which made WDR less important. The similar RH levels seen between orientations for 
the Phenolic system were probably due to these test walls being without the internal insulation for an 
extended period, which allowed for longer time to dry out the built-in moisture. However, at the end 
of the measurement period, larger differences were emerging as the south-western test wall showed 
higher RH levels, likely as a result of the lowered inwards drying. In the case of the PUR-CM system, 
the higher RH levels in the test wall facing south-west were probably the result of high WDR load and 
limited diffusion drying potential to the inside. For the test wall facing north-east, the WDR load was 
smaller and so the diffusion drying to the inside was less important. The results do not agree with the 
findings in [69], [71], in which the diffusion-tight systems showed less critical RH levels in comparison 
with the diffusion-open systems. However, the discrepancies are probably caused by the studies not 
accounting for WDR. In addition, Hansen et al. [91] observed less critical RH levels in the beam ends 
in two case buildings fitted with phenolic foam insulation in comparison with two case buildings fitted 
the less diffusion-tight PUR-CM insulation. The buildings were not protected against WDR. 

Less critical RH levels were observed in the beam ends in comparison to the wall plates, which was 
probably caused by the differences in the heat flow from the indoor environment reaching the beam 
end and the wall plate. The wall plate was fully covered by the added insulation layer, while the beam 
end was positioned right in the centre of the thermal bridge from the intermediate floor construction, 
which meant that the beam end received more heat and so had higher temperatures and lower RH 
levels. The beam end would also have had better potential for moisture redistribution to the room 
side in comparison to the wall plate due to the anisotropic properties of the wood, as moisture is 
mostly transported in the longitudinal direction but less so in the tangential direction. The present 
findings contradicted the numerical results presented by Harrestrup et al. in [135], where the authors 
observed slightly higher risk of fungal growth in the beam ends in comparison with the wall plate. It 
should be noted, though, that the authors did not describe whether they accounted for the orientation 
of the wooden elements and selected the suitable moisture transporting properties of the wood. This 
could have had an influence on the hygrothermal conditions in the embedded wooden elements.  

Effect of hydrophobisation: As presented in Papers I and VI, the exterior hydrophobisation was 
generally found to improve the hygrothermal conditions in the critical locations for the examined 
insulation systems as rain intrusion was lowered considerably. This is in agreement with previous 
findings in [30], [48], [53], [57], [85], [88], [114]–[116], [118], [129], [135], [136], where improved 
hygrothermal conditions were seen by combining internal insulation with exterior hydrophobisation. 
As mentioned in the state-of-the-art section, the hydrophobic effect was obtained by lowering the 
interfacial surface tension between the liquid and the pore walls, leading to a larger contact angle θ, 
which in turn leads to reduced liquid transfer as given by Equation 34. The effect of hydrophobisation 
was observed to vary between the two orientations as the more diffusion-tight systems (PUR-CM and 
Phenolic foam) experienced lower RH levels in all sensor locations in the test walls facing south-west, 
while for the north-east facing test walls the effect was more limited in some locations. For the north-
east facing test walls fitted with the PUR-CM system, lower RH levels were found only in the wall plate, 
while for the test walls fitted with the Phenolic systems the lower RH levels occurred only in the beam 
end. This was probably caused by differences in the WDR load and the solar radiation between the 
two orientations, and differences in heat flow from the indoor environment received by the different 
locations. The limited effect of hydrophobisation on the hygrothermal performance in the interface in 
test walls facing is north-east supported by [136], where the authors observed no real difference 
between the hydrophobised and the unhydrophobised walls where the walls were sheltered against 
WDR using a large overhang to emulate a very low WDR load. However, the results contradict the 
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simulation study by Soulios et al. [116], which showed a positive effect of exterior hydrophobisation 
in all simulated orientations (north, south, east, west and south-west), lowering the risk of fungal 
growth in the masonry/insulation interface. While the effect was smaller for a wall facing north 
compared with walls facing west and south-west, hydrophobisation was still recommended to limit 
the risk of frost damage. In addition, the results presented by Vanek in [115] showed a positive effect 
only for the north facing wall, while for the south facing wall no effect was seen despite south-west 
being the dominant orientation for WDR. In the study by Vanek the measurements showed that the 
WDR load was 3-4 timer higher for the wall facing south than for the wall facing north, which would 
have suggested a larger effect for the wall facing south.  

The effect of hydrophobisation was found also to vary between insulation systems, with the more 
diffusion-tight systems (PUR-CM and Phenolic foam) showing considerably lower RH levels, while for 
tendencies were different for the highly diffusion-open AAC system. The exterior hydrophobisation 
was found to have a positive effect on the hygrothermal performance of the highly diffusion-open 
AAC system. However, for the masonry/insulation interface it was observed that the hydrophobisation 
lowered the RH levels considerably during summer as rain intrusion was lowered, which was then 
followed by a rapid increase in the RH levels during winter. The differences between the insulation 
systems were probably due to the diffusion-open nature of the AAC system, which allowed more 
moisture diffusion in the outwards direction during winter resulting in the unacceptably high RH levels 
(as shown by lowering the o-value in Equation 9, which leads to a higher vapour diffusion flow). The 
results are in agreement with the findings in [118]. In [56], [59] the authors concluded that there would 
be no point in using the diffusion-open and capillary active systems in the case of effective WDR 
protection, as the diffusion-open and capillary active insulation systems typically have a considerably 
higher thermal conductivity, thereby requiring a larger insulation thickness to obtain similar energy 
savings. In addition, the experimental study by Vereccken & Roels [56] showed lower risk of 
condensation in the masonry/insulation interface for diffusion-tight systems in comparison with 
diffusion-open and capillary active systems, when WDR was prevented e.g. by exterior 
hydrophobisation. However, the results of the present study were found to contradict the simulations 
by Soulios et al. [116], which showed better performance for the diffusion-open systems (CaSi and 
AAC) in combination with hydrophobisation compared with the diffusion-tight systems (MW+VB, XPS, 
PUR-CM and Phenolic foam).  

In terms of the long-term performance of the exterior hydrophobisation, as stated in Section 2.3.1 the 
life span of silicone based treatment can be 10-15 years or even longer in the case of careful 
application and good maintenance [87], [133]. Therefore, an experimental period of five years is rather 
short, consequently, it may be hard to provide anything conclusive about the long-term performance 
of the internally insulated masonry test walls with exterior hydrophobisation based on the results 
from the large field experiment. Furthermore, as shown in Section 4.1, no significant changes were 
observed in terms of RH levels in the critical locations in the masonry test walls with exterior 
hydrophobisation during the experimental period, which could suggest decreased effectiveness of the 
treatment in certain locations. The effectiveness of treatment depends on the concentration of the 
active ingredient and on how exposed the hydrophobised surface is to WDR, as stated in the state-of-
the-art in Section 2.3.1. The effectiveness and long-term performance of the treatment increases with 
increasing concentration of the active ingredient and the effectiveness may therefore vary 
considerably between hydrophobising products available on the market [125], [128]. The 
hydrophobisation agent used in the container experiment had 40% active ingredient and based on 
two recent screening studies [128], [129] performed for hydrophobising agents, it would seem that 
the applied agent might be in the higher end in terms of amount of active ingredient. In addition, 
Hansen et al. [129] and Soulios et al. [128] observed that the cream based hydrophobisation agents 
(such as the agent used in the large field experiment) experienced a good penetration depth in both 
brick and mortar. These factors could explain the good performance observed for the hydrophobised 
test walls in the large field experiment and stress the importance of thoroughly investigating 
properties of the exterior surface materials and selecting the most suitable hydrophobising treatment. 
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In addition, Soulios et al. [116] found lower RH levels in the masonry/insulation interface in the case 
of a large penetration depth when using a hydrophobisation treatment with a high percentage of 
active ingredient compared with a large penetration depth when using a treatment with a low 
percentage of active ingredient. Furthermore, the test walls in the large field experiment were fully 
exposed to WDR, without any obstructions in at least 6-8 m from the container facades and the 
experimental setup was without overhangs or similar protecting the test walls. According to Charola 
[133], the high exposure to WDR that the test walls experienced could have been beneficial in terms 
of the long-term performance of the treatment compared with less exposed parts of the building 
where larger amounts of polar, hydrophilic dust particles may be deposited, which could decrease the 
effectiveness over time. With that said, there is still a need for further studies dealing with the long-
term effects of exterior hydrophobisation on the building performance, hereunder durability tests as 
pointed out by Soulios et al. [128].  

4.1.4.24.1.4.24.1.4.24.1.4.2 Hygrothermal simulationsHygrothermal simulationsHygrothermal simulationsHygrothermal simulations    

Brick and mortar types: As presented in Paper II [2], it was found that the use of mortars with high 
cement content resulted in higher RH levels in the critical locations while lower RH levels were seen 
for mortars with low cement content. In addition, the masonry walls with low cement content mortar 
was found to perform better than walls with the 7.7% air-lime mortar without cement and the walls 
with the high cement content mortar, and the results showed that this was the case for walls with and 
without exterior hydrophobisation and with low and high initial moisture content. It was a bit 
surprising that the low cement content mortar would perform better than the two extremes (high 
cement content and no cement content). This was probably due to lower water absorption coefficient, 
liquid water conductivity and water vapour permeability in the high cement mortar, which limited 
transport to the exterior surface of the masonry wall in comparison with the low or no cement 
mortars. The mortar with low cement content had a larger liquid conductivity and capillary water 
absorption coefficient than the 7.7% air-lime mortar. A larger liquid conductivity would allow for 
higher liquid moisture flow (in accordance with Equation 39) and the results suggest that the higher 
liquid moisture transfer helped the masonry wall dry out. 

As presented in the state-of-the-art section, only a limited number of studies were found dealing with 
the mortar joints and no studies were found, which directly investigated the effect of the mortar joints 
on the hygrothermal performance of internally insulated solid masonry walls. The results for the 
variation of mortar type were found to be in agreement with the numerical findings by Heim et al. 
[147] and Johansson et al. [40]. These studies were carried out for uninsulated solid masonry.  

In addition, the findings indicate that in terms of the mortar joints, it was more important to be able 
to transport moisture outwards than to restrict moisture absorption at the exterior surface and the 
liquid transport in the inward direction. The findings was found to contradict the conclusions by 
Kaczorek [137] and Zhou et al. [143], who found that a less absorbing exterior surface was better for 
the hygrothermal performance and gave more freedom to choose between internal insulation 
systems. However, it should be noted that these studies were carried out as 1D simulations with focus 
on the properties for the exterior bricks [137] or the exterior render [143], while the present study 
was carried out with 2D simulations where the material properties were altered only for around 20% 
of the exterior surface area. In addition, various small differences between the simulation models 
between the studies could also be of importance. 

In contrast to the variation of mortar type, it was found that variation of the examined brick types had 
a more limited effect on the hygrothermal conditions in the critical locations, and no clear tendencies 
were observed for the three bricks. These results indicate that the brick type may not be of 
considerable importance in terms of the hygrothermal performance in the critical locations. However, 
in the case that only the high and low density bricks were compared, it was found that the high density 
brick resulted in slightly higher RH levels in the critical location, probably due to a lower water 
absorption coefficient and liquid water conductivity, resulting in a smaller liquid moisture flow (in 
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accordance with Equation 39). The thermal conductivity of the bricks may also have affected the RH 
levels, however, no clear connection was observed between thermal conductivity/observed 
temperatures and the RH levels. The results were in agreement with the findings in [59], [146] but 
contradicted the findings by Mets et al. [83] and Kaczorek [137] in terms of the effect of altering the 
brick type and with the findings by Zhou et al. [143]. Mets et al. found higher RH levels using bricks 
with a larger liquid water conductivity. Mets et al. also concluded that the liquid water conductivity 
was more important than the water absorption coefficient in terms of understanding the effect on the 
hygrothermal performance.  

Masonry thickness: The simulation results showed that increased masonry thickness worsened the 
hygrothermal conditions in critical locations. However, this was found to be due to the high initial 
moisture content in the masonry, as the models were based on the test walls in the field study, which 
were newly constructed and allowed to dry out for one year prior to installation of the internal 
insulation systems. In the case of high initial moisture content, drying of built-in moisture was found 
to take longer time with increasing masonry thickness. However, in the case of low initial moisture 
content in the masonry wall it was found that increased masonry thickness improved the 
hygrothermal conditions in critical locations due to more protection against the outdoor climate. 
Meanwhile, a thinner masonry wall experienced higher RH levels and more seasonal variation in terms 
of the RH levels in the critical locations (as illustrated in Equation 39, where an increase of the material 
thickness � i.e. masonry thickness results in a lower liquid moisture flow). The results are in agreement 
with the findings presented in [33], [83], [84], [116], [143], who found that increased masonry 
thickness lead to improved hygrothermal conditions in the critical locations. However, it should be 
noted that [83], [143] it is pointed out that the capillary properties of the masonry bricks are more 
important in comparison to the wall thickness in terms of limiting rain penetration to the critical 
locations. 

In addition, the present findings highlight the importance of measurement campaigns over longer 
periods as built-in moisture may take several years to dry out, and misinterpretations can be made in 
the case of shorter measurement campaigns. 

Insulation thickness: It was found that the hygrothermal conditions in the critical locations were made 
worse as a result of the increased thickness of examined insulation systems. The increased thickness 
led to a further lowering of the temperatures in the masonry walls and the embedded wooden 
elements and therefore higher RH levels. Furthermore, increased thickness also led to lower diffusion 
drying in the inwards direction as a result of higher diffusion resistance between the critical locations 
and the indoor environment (as given by Equations 10-11). The results are supported by the findings 
in [30], [35], [59], [83], [85], [91], [116], [137], [144], [145], who all observed higher RH levels with 
increasing insulation thickness. The results indicate that the hygrothermal conditions in the 
masonry/insulation interface were more affected by the changes in the insulation thickness in 
comparison with the conditions in the embedded wooden element. This was perhaps due to the 
higher heat flow passing through the thermal bridge created by the intermediate floor construction 
leading to higher temperatures in the wooden elements. However, the 2D simulations tend to 
overestimate the effect of the thermal bridge and thereby also the positive influence it may have on 
the wooden elements, as stated in Paper II [2]. For a more realistic picture of the hygrothermal 
conditions in the wooden elements, it is recommended to use 3D simulation. It was also found that 
the more diffusion-tight insulation systems (PUR-CM and Phenolic foam) were less sensitive to 
increased insulation thickness compared to the highly diffusion-open systems. This was in agreement 
with the findings in [83], [91]. 

Indoor moisture load: The simulations with indoor humidity class A and B according to [236] show 

that a lowering of the indoor moisture load improved the hygrothermal performance in the interface 

and embedded wooden elements. A lower indoor moisture load lead to a lowered water vapour 

pressure in the indoor air resulting in a smaller driving potential for diffusion in the outwards direction, 
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as illustrated by Equation 5 where a lowering of the ¹:' results in a lowered water vapour flux density *' through the exterior wall. The results are support by the findings in [52], [54], [70], [83], [144], 

[145], [277], who all observed improved hygrothermal performance in the critical location as a result 

of lower indoor moisture load. The simulation results also showed that the indoor moisture load had 

a larger influence on the performance of the highly diffusion-open insulation systems (CaSi and AAC) 

in comparison to the semi diffusion-open (PUR-CM) and diffusion tight systems (Phenolic). This was 

probably due to less moisture passing through the more diffusion-tight systems (as given by Equation 

11), making these systems less sensitive to changes in the indoor moisture load in terms of the 

hygrothermal performance in the critical locations. Furthermore, from the summary for the state-of-

the-art it is shown that the differences between diffusion-open and diffusion-tight insulation systems, 

in terms of the effect of lower indoor moisture load, have not previously been widely investigated and 

the available studies are primarily based on numerical simulations. 

A few studies including [83], [85] have pointed out that the impact from indoor moisture load on the 
performance of the internal insulation was minor in comparison to the impact of exterior factors such 
as WDR. The presented results from the large field experiment [1], [6] and the numerical simulations 
[2] support this statement as the lowering of the indoor moisture load had a modest impact on the 
hygrothermal performance of the internally insulated solid masonry walls in comparison with the 
impact of applying exterior hydrophobisation. In addition, the results presented in Paper II [2] showed 
that a lowering of the indoor moisture load could not by itself ensure non-critical RH levels in the 
masonry/insulation interface and in the embedded wooden elements, and that the combination with 
exterior hydrophobisation is preferable.  

Climate change predictions: The hygrothermal simulations with climate conditions for the period 
2020-2050 using emission scenario A1B showed unacceptably high RH levels (>95%) over longer 
periods in the masonry/insulation interface of the AAC and Phenolic systems in combination with 
exterior hydrophobisation (AAC+H and Phenolic+H in Figure 41a). This indicate that these systems are 
less robust against the changing climate conditions during the coming decades. Less critical RH levels 
were observed in the interface of the PUR-CM and CaSi systems in combination with exterior 
hydrophobisation (PUR-CM+H and CaSi+H), which indicate that these systems could be robust against 
the changing climate conditions. The RH levels in the embedded wooden elements were predicted to 
be less critical in all four insulation systems, with only a minor risk of fungal growth in the AAC system 
as the RH levels sometimes exceed 85% during the winter periods. The predictions for the Phenolic 
system were found to contradict the field measurements presented in [6] in which the RH levels 
decreased over the two year measurement period, while the 30-year simulations showed 
progressively increasing RH levels in the interface. On one side, this could be due to incorrect 
application of the Phenolic insulation in the field study, where the system did not achieve the desired 
airtightness and instead made the system behave more similar to the diffusion-open insulation 
systems. On the other side, it could also be that the hygrothermal simulation models for the phenolic 
foam system had used incorrect settings or material data, e.g. that the phenolic foam insulation was 
in fact diffusion-open in the field study but simulated as diffusion-tight. However, while diffusion-open 
insulation products comprised of polymers do exist on the market as illustrated in [106], the materials 
comprising the examined insulation systems were characterised by Technische Universität Dresden 
and it must be assumed that these data are accurate. The material data file for the phenolic foam 
show the μ-value to range from 114 at RH below 97% up to around 220 near 100% RH. In addition, 
the aluminium membrane on the warm side of the insulation in both the field experiment and 
hygrothermal simulation indicate that both systems are diffusion-tight when applied correctly. In 
addition to the data from Dresden, the results of the VOC diffusion experiment described in Section 
3.3.1 also show that the phenolic foam insulation is considerably more diffusion-tight in terms of 
diffusion of VOCs (see Figure 48) compared with the other examined materials.     
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In terms of application in the field experiment, there could have been mistakes in several places: 1) in 
the installation of sealant between the insulation system and the frame built around the test walls, 2) 
to the interior partition wall or floor construction or 3) between the two pieces of insulation board 
installed in each test field (only done for the test fields located above and below the floor 
construction). In contrast to the field experiment, the Delphin model assumes a perfect application 
process. It should be noted that similar discrepancies were observed for phenolic foam insulation 
between measurements from two case buildings and numerical simulations in [91], which were 
similarly assumed to be the results of incorrect installation in relation to insufficient airtightness. 

In regards to the Delphin models, these were created using the geometry, initial moisture and 
temperature conditions, and internal and external boundary conditions from the field experiment, as 
stated in Section 3.4.  

 

4.2 Hypothesis 2: Controlling the environmental factors in the immediate 

surroundings and the risk of fungal growth  

Hypothesis 2 deals with fungal growth and that growth may not occur even if there is high moisture 
levels, if the pH value is high or there is a lack of nutrients. 

The hygrothermal performance of the internal insulation systems was evaluated based on the 
measurements from the large field experiment and the calibrated numerical simulations, and as a 
result of these research activities it was found that unacceptably high RH levels favourable for fungal 
growth occurred over long periods of time in the critical locations for many of the examined test walls. 
This section presents the results of the on-site tests, which investigated the extent of fungal growth 
in the experimental projects: i.e. the on-site Mycometer® tests, the swab and agar imprint tests, and 
the material test to determine alkalinity. The mathematical predictions for mould growth and wood 
decay in the test walls will be covered under Hypothesis 4, presented in Section 4.4. 

 

4.2.1 The effect of high alkalinity 

This sub-section presents the findings of the materials tests and on-site fungal growth tests carried 
out in the large field experiment and in the laboratory experiment with the small-scale test walls, with 
focus on the effects of high alkalinity in the immediate surroundings on fungal growth in the critical 
locations inside the internally insulated solid masonry walls. 

 

Internally insulated solid masonry walls in the large field experiment: 

Table 17 shows the results of the material tests to determine alkalinity of the adhesive glue mortars 
and internal lime render used in the large field experiment (the materials in the interface between 
masonry and insulation in Figure 17), which were disseminated in Papers I and VI [1], [6]. The results 
showed that the adhesive glue mortars and the internal lime render had high initial pH (>12), while 
the tests taken over the course of the experimental period showed that pH had decreased over time. 
The pH was seen to decrease faster in the highly diffusion-open insulation systems (CaSi and AAC) in 
comparison with the more diffusion-tight insulation systems (PUR-CM and Phenolic). The pH-value of 
the internal lime render in the traditional mineral wool system was seen to decrease with a similar 
pace as the diffusion-open systems despite of the installed vapour barrier. Some deviations were 
however observed in the results for the PUR-CM system (G2, G7, G10 and G15) where a slight increase 
in pH-value was seen for the adhesive glue mortar at the material test performed in November 2018. 
The subsequent tests for these walls in September 2019 showed a slight decrease in pH-values since 
November 2018, but still slightly higher than measured for the fresh adhesive glue mortar samples. 
The internal lime render used for Cork plaster walls (G8 and G9) and the Phenolic walls (G5, G6, G11, 
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and G12) were installed simultaneously. However,  application of the Cork plaster system occurred 
one year after the Phenolic foam system was installed; leaving the internal lime render surface of the 
Cork plaster system exposed to air for one year. This most certainly resulted in the lower pH observed 
for the Cork plaster walls due to increased carbonation in comparison with the walls fitted with 
Phenolic foam. 

 

Table 17 pH results for the adhesive glue mortars and the internal lime render in the large field experiment. 
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G1_MW_SW 12.7 9.2 9.2 10.0     

G3_Reference_SW 12.7 9.2 9.3 9.3     

G14_Reference_NE 12.7  9.2 9.2     

X5_Ref_SW 12.7  9.1      

G2_PUR-CM+H_SW 12.7 12.6 12.0  12.0 12.6 12.5  

G7_PUR-CM_SW 12.7 12.7 12.1  12.0 12.5 12.2  

G10_PUR-CM_NE 12.7 9.7 12.4  12.0 12.6 12.2  

G15_PUR-CM+H_NE 12.7 12.8 12.5  12.0 12.6 12.3  

G4_CaSi_SW 12.7 9.5 9.4  12.7 10.2 9.0  

G13_CaSi_NE 12.7 9.5 9.3  12.7 10.8 9.2  

G5_Phenolic_SW 12.7   12.6 12.4   12.5 
G6_Phenolic+H_SW 12.7   12.7 12.4   12.6 
G11_Phenolic+H_NE 12.7   12.7 12.4   12.6 
G12_Phenolic_NE 12.7   11.9 12.4   12.5 
G8_Cork Plaster_SW 12.7   11.7 12.7*   12.0* 
G9_Cork Plaster+H_NE 12.7   10.9 12.7*   12.1* 
X1_AAC+R_SW 12.7 9.5 9.5  12.0 9.4 9.2  

X2_AAC_SW 12.7 9.4 9.4  12.0 9.7 9.2  

X3_AAC+H_SW 12.7 9.4 9.1  12.0 9.5 9.5  

X6_AAC+H+TB_SW 12.7   9.3   12.0   9.0   

*pH-value for insulating plaster as no adhesive was used for this system. Note that for the fresh lime render and 
adhesive mortars, the test samples were made with powder mixture straight out of the product bags with 
demineralized water and tested in accordance with the description in Section 3.6.1. From Papers I and VI [1], 
[6]. 

 

Table 18 shows the Mycometer® Surface results for the interface and Bulk-material results for the 
insulation layer, for the insulation systems which had high pH in the adhesive glue mortar and the 
internal line render (PUR-CM, Phenolic, and Cork plaster). It was found that the Mycometer® values 
(i.e. fungal biomass) were mostly below the normal background level after 4½ years of application for 
the PUR-CM, 2 years for the Phenolic and 1 year for the Cork plaster. The four Mycometer® tests which 
exceeded the normal background level were found to be in the very low end of the middle category 
(above normal background level). In addition, the extent of fungal growth was also investigated for 
the test walls fitted with the DTU-foam and TI-plaster using the Mycometer® Surface test, and the 
results were found to be within the normal background level for all six test walls. The results were 
disseminated in [278]. 
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Table 18 Mycometer® results for test walls in the container project showing high pH value, colour coding 
according to Mycometer levels described in Appendix B: The Mycometer® test. BDR means Below Detection 
Range. 

Test round Wall ID 
Surface Material 

A B 
Outer 

A 
Outer 

B 

1  
(Nov. 2018) 

G2_PUR-CM+H_SW BDR BDR 77 32 
G7_PUR-CM_SW BDR BDR 12 27 

G10_PUR-CM_NE BDR BDR 4 89 
G15_PUR-CM+H_NE BDR BDR BDR 1 
G5_Phenolic_SW BDR BDR BDR BDR 
G6_Phenolic+H_SW BDR BDR BDR BDR 

G11_Phenolic+H_NE BDR BDR BDR BDR 
G12_Phenolic_NE BDR BDR BDR BDR 

4  
(Sep. 2019) 

G2_PUR-CM+H_SW 3 3 6 5 
G7_PUR-CM_SW 23 23 9 63 
G10_PUR-CM_NE 12 9 13 1 
G15_PUR-CM+H_NE 8 5 10 18 

5  
(Dec. 2019) 

G5_Phenolic_SW 17 4 1 11 
G6_Phenolic+H_SW 12 12 1 BDR 
G11_Phenolic+H_NE 12 18 BDR 1 
G12_Phenolic_NE 37 6 5 BDR 
G8_Cork Plaster_SW 12 31 35 34 
G9_Cork Plaster+H_SW 30 26 28 26 

Mycometer® surface tests were taken in the interface, P3 and Mycometer® Bulk-material tests between the 
interface and the interior surface, P4. Outer: material test for the outermost 10 mm of insulation layer (nearest 
to the masonry wall); Mid: material test for the insulation layer 11-55 mm (Phenolic foam) or 11-45 mm (PUR-
CM) from the masonry/insulation interface; Inner: material test for the innermost 45 mm (Phenolic foam) or 35 
mm (PUR-CM) of insulation layer. “A” and “B” refer to the two samples taken for each interface and layer of the 
insulation. The Cork plaster was divided into three sections (outer, mid, and inner) for the Bulk-material test, 
each 10-15 mm in thickness. No Bulk-material tests were performed for the middle or inner sections if no fungal 
growth was detected in the outer section. From Papers I and VI [1], [6] 

As a result of the swab tests taken for the PUR-CM and Phenolic insulation (during test round 1) no 
colony forming spores were found in the interface between the masonry walls and insulation systems. 
Hence, the results were seen to be in agreement with the Mycometer® Surface and Bulk-materials 
tests presented in Table 18. Photo documentation of the fungal species identification is available in 
[276]. Note that no fungal species identification was performed for the walls fitted with the Cork 
plaster as swab tests were taken only during test rounds 1-3.  

 

Small-scale test walls in the laboratory experiment:  

Figure 42, Figure 43 and Table 19 show the hygrothermal measurements for the 17 small-scale test 
walls carried out over the course of the experiment, and the moisture contents determined by 
weighting-drying-weighting experiment after one year of application. It is seen in Figure 42 that the 
interface temperature measurements in the test walls were rather similar throughout the 
experimental period, with the exception of the four walls fitted with Phenolic insulation due to the 
aquarium heaters installed in the smaller plastic boxes to increase the water vapour gradient across 
the test walls. The aquarium heaters were seen to increase the temperatures in the interface by 
around 2-3 °C. 

The RH levels in the interface in all the test walls were seen to increase to near 100% within the first 
two to three months, with the exception of the four walls fitted with Phenolic insulation and one wall 
fitted with CaSi insulation, which experienced a more slowly increase in the RH levels. Upon 
termination of the experiment only two of the four Phenolic walls and the CaSi wall had exceeded the 

 
84



 

original goal of RH > 96%. As a results of the weighting-drying-weighting experiment it was observed 
that the moisture contents in the adhesive glue mortar and in the outermost 10 mm of the insulation 
layer were generally higher for the test walls fitted with Phenolic insulation in comparison to the other 
insulation systems. In contrast, the CaSi system was found to have the lowest average moisture 
content in the adhesive glue mortar and the PUR-CM systems the lowest average moisture content in 
the insulation layer.  

The results from the material tests showed very high pH for the materials which made up the interface 
between the masonry walls and the insulation systems (Figure 20 and Table 14): after 12 months of 
application the pH for the adhesive mortars ranged from 12.5 to 12.7, while for the internal render it 
ranged from 12.2 to 12.6. The Cork plaster system did not use adhesive glue mortar, but the Cork-
plaster itself was found to have a pH of 12.5. 

 

Figure 42 Temperature in the interface between the masonry wall and internal insulation system of the small-
scale test walls. *Aquarium heaters were installed in the boxes for the four walls fitted with Phenolic insulation 
on 08-02-2019, with a setpoint temperature of 24 °C. **First test round on 15-05-2019. ***Second test round 
on 26-11-2019. From Paper III [3]. 

 

Figure 43 Relative humidity in the interface between the masonry wall and internal insulation system of the 
small-scale test walls. *Aquarium heaters were installed in the boxes for the four walls fitted with Phenolic 
insulation on 08-02-2019, with a setpoint temperature of 24 °C. **First test round on 15-05-2019. ***Second 
test round on 26-11-2019. From Paper III [3]. 

 
85



 

Table 19 Moisture and temperature results for the small-scale test walls 

Insulation 
system 

Decontamination 
method 

Average 
Temperature [°C] 

Relative humidity [%] 
Moisture content  

[weight-%] 
Average Final Adhesive Insulation** 

PUR-CM Hand-power 18.4 99.6 99.9 13.2 12.6 
PUR-CM Mechanical 19.0 99.9 99.9 9.2 18.0 
PUR-CM Micro-clean® 19.0 99.6 99.9 9.7 6.3 
PUR-CM Uncontaminated 18.9 99.7 99.9 6.3 3.6 
Phenolic Hand-power 20.6 86.3 97.2 14.4 35.6 
Phenolic Mechanical 20.8 96.4 99.9 15.2 82.8 
Phenolic Micro-clean® 22.7 86.3 93.5 13.6 32.1 
Phenolic Uncontaminated 20.8 88.2 93.4 11.0 27.6 
AAC Hand-power 18.8 99.8 99.9 12.8 31.6 
AAC Mechanical 19.1 99.8 99.9 10.3 39.6 
AAC Micro-clean® 19.0 99.8 99.9 9.9 27.8 
AAC Uncontaminated 19.3 99.6 99.9 7.0 11.7 

CaSi Hand-power 18.6 95.9 99.5 5.9 11.3 
CaSi Mechanical 19.3 98.5 99.9 1.8 16.6 
CaSi Micro-clean® 19.2 99.2 99.9 4.0 12.5 
CaSi Uncontaminated 19.5 99.7 99.9 6.0 10.9 
Cork plaster Uncontaminated 19.0 99.8 99.9 6.2* 48.3 

*Internal lime render as no adhesive was used for the Cork plaster systems. ** Outermost 10 mm, i.e. nearest 
the masonry wall. From Paper III [3]. 

 

The on-site Mycometer® Surface tests carried out for the interface between the masonry wall and 
insulation, and the Bulk-material tests for different sections of the insulation layer and for the adhesive 
mortars showed Mycometer® values (fungal biomass) below the normal background level in all 17 test 
walls1. Such Mycometer® results were obtained at the 6 months test (on 15-05-2019) and at the 12 
months test (on 26-11-2019), and the Mycometer® analysis results are available in [279]. In contrast 
to the Mycometer® Surface and Bulk-material tests, the agar imprint tests for the interface found a 
large number of viable spores present in nearly all test walls. Identification and counting of colonies 
showed that Aspergillus versicolor and Penicillium chrysogenum were the most prevailing fungal 
species found after transfer to the Petri dishes, with Aspergillus versicolor being the most dominant 
of the two. In addition, the results for the agar imprint tests in the interface also showed that the 
presence of viable spores were significantly larger in the test walls fitted with the Phenolic insulation 
system in comparison to the other insulation systems. Figure 44 shows an example of the agar imprint 
of the interface on V8 and DG18 Petri dishes. It was observed that a number of Petri dishes had an 
area nearly free of fungal colonies where the Mycometer® Surface tests were taken on the interface 
surface prior to the agar imprint tests, as shown in Figure 44a and Figure 44b with red dashed lines. 
The circular test template used for the Mycometer® Surface tests in the interface is shown in Figure 
44c.  

The air samples taken within the large experimental boxes prior to the 6 and 12 months tests found a 
large amount of fungal spores in the air of all the boxes, and the fungal species were found to match 
the four species in the spore solution added prior to application of the insulation systems.  

 

                                                             
1 The Mycometer® results and colony forming units (CFU) from the agar imprint tests are presented in Table 4 
in Paper III [3]. 
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Figure 44 Agar imprint results after Mycometer® test, showing Aspergillus versicolor colonies on (a) V8 agar and 
(b) DG18 agar; (c) Example of Mycometer® Surface sampling with the circular plastic test template. Areas with 
only little fungal growth (in red dashed lines) are probably due to the Mycometer® swab tests taken prior to the 
imprints. From Paper III [3]. Source: Figure 44a-b, Birgitte Andersen 

 

4.2.2 Test walls with low pH  

Solid masonry walls in the large field experiment: 

As stated in the state-of-the-art chapter in Section 2.6.1, fungal growth thrives best around pH 5-9 
while very high or low pH may have an inhibitory effect on the growth. The results presented in Section 
4.2.1 saw no fungal growth in the examined test walls, which had high pH in the adhesive glue mortars 
and internal lime render, which make up the adjacent material layers for the interface. This section 
presents the Mycometer® results for the test walls, which had lower pH (<10) in the interface, see 
Table 20. 

The test results showed high Mycometer® values (i.e. high fungal biomass) in all four test walls fitted 
with the AAC system and in the test wall fitted with the traditional mineral wool and vapour barrier 
system. It was observed that the Mycometer® values in the AAC walls were generally higher in the 
outermost section of the insulation layer (1-10 mm from the interface) in comparison to the 
Mycometer® Surface tests taken in the interface between the internal lime render and the adhesive 
glue mortar. Furthermore, in two of the AAC walls (X1 and X2) high Mycometer® values were even 
observed in the central section of the insulation layer (11-55 mm from the interface) in test round 2. 
In terms of the mineral wool system, the results showed high Mycometer® values in both the Surface 
tests performed on the wooden studs and in the Bulk-material tests for the mineral wool samples. In 
contrast to the test walls fitted with AAC and mineral wool insulation, the Mycometer® results were 
found to be below normal background level in the test walls fitted with the CaSi insulation despite 
very high RH levels in the interface (near 100%) and low pH results. 

Incubation of the swab samples on V8 and DG18 Petri dishes showed no colony forming spores in the 
interface between the masonry wall and the examined insulation systems with the exception of test 
walls fitted with AAC insulation (X1, X2 and X3) and mineral wool insulation (G1). The following fungal 
species were identified (superscripts define sampling location in Table 20): 

• 1Aspergillus versicolor  
• 2Penicillium chrysogenum  
• 3Parengyodontium album (= Tritirachium album = Engyodontium album) 

• 4Sarocladium strictum (= Acremonium strictum)  
• 5Pseudogymnoascus pannorum (= Geomyces pannorum = Chrysosporium pannorum) 

• 6Cladosporium sphaerospermum 
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Figure 45 shows some examples of the fungal species identified from the swab samples taken in the 
large field experiment, shown on DG18, V8, CYA, MEA, and YES Petri dishes. Additional photo 
documentation of fungal species identification in test rounds 1-3 is available in [276]. 

 

Table 20 Mycometer® results for the test walls in the large field experiment which had low pH in the interface, 
colour coding according to Mycometer levels described in Appendix B: The Mycometer® test. 

Test round Insulation system 
Surface Material 

A B 
Outer 

A 
Outer 

B 
Mid 

A 
Mid 

B 
Inner 

A 
Inner 

B 

1  
(Nov. 2018) 

G1_MW_SW1 21 BDR 469 159     
G1_MW_SW (Wood stud) 960 788       
G4_CaSi_SW BDR BDR BDR BDR     
G13_CaSi_NE BDR BDR 14 10     
X1_AAC+R_SW1,2 BDR BDR 162 139 112 112   
X2_AAC_SW1,2 BDR 41 482 1459 382 390 BDR 7 
X3_AAC+H_SW1,2 26 37 43 32         

2  
(Mar. 2019) 

X1_AAC+R_SW1,2,4 157 123 257 230 494 598 7 6 
X2_AAC_SW2,3,4,6 141 86 384 254 416 459 6 7 

X3_AAC+H_SW4,5,6 26 31 209 410 90 69     

3  
(Mar. 2019) 

X1_AAC+R_SW1,4 227 159 969 1084 134 128 6 7 
X2_AAC_SW1,4,5,6 220 196 824 982 119 98 6 6 

X3_AAC+H_SW1,2,4 120 307 585 712 5 3 5 6 

4  
(Sep. 2019) 

G1_MW_SW 28 13 53 23         
G1_MW_SW (Wood stud) 35 188       
G4_CaSi_SW 4 6 9 5     

G13_CaSi_NE 5 5 4 5     
X1_AAC+R_SW 42 32 377 423 59 54   
X2_AAC_SW 140 137 332 461 27 24   
X3_AAC+H_SW 195 227 450 490 3 24   
X6_AAC+H+TB_SW (S1) 27 102 45 48 3 2   
X6_AAC+H+TB_SW (S2) 165 56 224 239 3 3   
X6_AAC+H+TB_SW (S3) 235 255 451 582 19 10     

5  
(Dec. 2019) 

G1_MW_SW   195 394     
G1_MW_SW (Wood stud) 615 162       

*Surface samples for test walls G1 were taken on the internal render surface and on wooden battens. BDR: 
Below Detection Range. Mycometer® surface tests were taken in the interface, P3 and Bulk-material tests 
between the interface and the interior surface, P4. Outer: material test for the outermost 10 mm of insulation 
layer (nearest to the masonry wall); Mid: material test for the insulation layer 11-55 mm from the 
masonry/insulation interface (CaSi and AAC); Inner: material test for the innermost 45 mm (CaSi and AAC) of 
insulation layer. “A” and “B” refer to the two samples taken for each interface and layer of insulation. The 
superscripts indicate the identified fungal species in the test walls. No Bulk-material tests were performed for 
the middle or inner sections if no fungal growth was detected in the outer section. From Papers I and VI [1], [6]. 

 

Note that visual fungal growth was not observed in any of the samples obtained from the AAC walls, 
and could only be determined through the Mycometer® tests and the incubation of the swab samples. 
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Figure 45 Identified fungal species on various media (left to right: DG18, V8, CYA, MEA, YES): Aspergillus 

versicolor (top row); Parengyodontium album (middle row); and Sarocladium strictum (bottom row). 

 

Thermogravimetric analysis (TGA): 

The results from the TGA tests for the AAC adhesive glue mortar and AAC insulation board are 
presented in Figure 46 and 47 below. 

 

 

Figure 46 TGA results for the AAC Adhesive glue mortar 
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Figure 47 TGA results for the AAC insulation board 

 

The results of the TGA showed a difference in the mass loss percentage of around 0.15% between the 
tests with oxygen and nitrogen for the AAC adhesive glue mortar, which would be equivalent to 
approximately 0.05 mg organic additives for the used sample weight of 33.35 mg that was incinerated 
during the TGA test with oxygen. With a layer thickness of 8 mm as specified in Table 14, this would 
be equivalent to approximately 9.28 g/m2 of organic additives (1.16 kg per m3 AAC adhesive mortar). 
In contrast to the AAC adhesive, the TGA tests for the AAC insulation board did not show a 
considerable difference in the mass loss percentage, suggesting no organic additives being present in 
the insulation. If organic matter was present in the insulation material, the amount was below the 
detection range of the TGA equipment. 

 

4.2.3 Intermediate discussion – Hypothesis 2 

The on-site Mycometer® tests and material alkalinity tests presented under hypothesis 2 found no 
significant fungal growth in the test walls in the large field experiment or in the small-scale laboratory 
experiment where the pH-value in the masonry/insulation interface was high. Furthermore, it was 
observed that the high pH-value was maintained for a long period of time in the large field experiment 
but that the pH-value declined over time and that the high pH was maintained for longer time with 
increasing vapour diffusion resistance of the insulation system. In the more diffusion-tight systems, 
the high pH-values were maintained for at least 4½ years, while in the highly diffusion-open system 
the pH-values dropped below 10 within the 2-3 years of the experiment. This was probably caused by 
a lowering of the carbon dioxide diffusion flow from the room side to the adhesive glue mortar and 
internal render with the increasing vapour diffusion resistance of the insulation system (analogue to 
a lowered water vapour diffusion flow through the insulation system with increasing diffusion 
resistance as given by Equation 9). This may have delayed carbonation and decline in pH value for the 
adhesive glue mortar and internal render. In the small-scale laboratory experiment the high pH was 
seen to inhibit fungal growth in the test walls during the one year experimental period despite very 
favourable temperature and RH conditions. No significant fungal growth was detected neither at the 
6 nor 12 months sampling rounds. However, the agar imprints taken for the interface between the 
masonry wall and insulation found a large number of viable fungal spores from the added spore 
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solution, which were able to germinate if transferred to a more favourable environment with lower 
pH-value and nutrients. This shows that the high alkalinity did not inactivate all the fungal spores in 
the interface between the masonry wall and insulation during the one-year experimental period. As 
stated in the results for the small-scale laboratory experiment (Section 4.2.1) the most dominant 
fungal species found was Aspergillus versicolor and the author theorize that this species is more 
resilient against the high pH environment in comparison with the other fungal species used in the 
spore solution. However, it is unknown for how long a period various fungal spores may survive in a 
high alkalinity environment and if they would still be able to germinate after an extended period in 
hibernation when the pH level has become more favourable. In [280], it is pointed out that some 
fungal spores can be very resilient against aging and other environmental influences such as high 
alkalinity. In another study by Vereecken et al. [191], the authors examined the importance of the 
physiological state of fungal spores hereunder the age of the spores. A small-scale experiment was 
carried out where a plate count was performed for a spore suspension using freshly harvested fungal 
spores and the experiment was then recreated after a two month period using the original spore 
suspension. The experiment was performed using Aspergillus restrictus. The findings showed 10 times 
more viable spores using the fresh spore suspension compared to the two months old suspension.   

For the insulation systems, which had low pH in the interface, fungal growth was observed only in AAC 
and MW systems while in the CaSi system the fungal biomass (fungal mycelium and spores) results 
were consistently below normal background level. The fungal growth in the AAC and MW systems was 
probably caused by the presence of organic additives in the insulation systems, form oil, or the 
presence of organic materials such as the wood studs in the traditional mineral wool system. The 
results from the TGA tests support this as a small amount of organic matter was found in the AAC 
adhesive glue mortar. The amount of organic matter was relatively small (< 10 g/m2 with a layer 
thickness of 8 mm of the AAC adhesive), however, the findings support the claim that fungal growth 
does not need a lot of nutrients to grow, even small amounts of dust and dirt may be sufficient [280]. 
In addition, the highest amount of fungal growth was detected in the outermost part of the insulation 
layer even though the TGA was not able to detect any organic matter in the AAC insulation board. It 
may be possible that the AAC insulation contain a very small amount of organic matter, which was too 
low for the TGA to detect, or perhaps that the fungi was able to transport nutrients further into the 
insulation layer through the mycelia. It is therefore important to avoid installing products with organic 
parts or additives in the critical locations such as the masonry/insulation interface whenever it is 
possible, to limit the fungal spores’ access to nutrients. This is in agreement with the current Danish 
best practice guideline [34], which recommend to clean the existing structures for fungal growth and 
organic residues prior to application of the internal insulation system to further lower the risk of fungal 
growth. The CaSi system was not tested with TGA but based on the fungal tests showing no growth 
despite low pH-value similar to the AAC system, it is very probable that the CaSi system did not contain 
any organic additives. The fungal species identified from the mineral wool and AAC test walls were 
species often found in water damaged buildings, growing on structures made of wood and concrete 
[156], [164], [281], [282], as stated in Paper I [1]. The fungal species Parengyodontium album, 
Sarocladium strictum and Pseudogymnoascus pannorum found in the AAC test walls are in the 
aforementioned literature all described as able to grow in alkaline conditions. This could explain why 
these species were found in the AAC system despite the high initial pH (>12) and the mildly alkaline 
conditions at the time of sampling (around pH 9-9.5). In addition, Parengyodontium album and 
Pseudogymnoascus pannorum have been isolated from mineral building materials such as limestone 
and plaster by Ponizovskaya et al. in [282].  

It should also be noted that the examined critical locations (the interface between the masonry walls 
and insulation and in the embedded wooden elements) were closed off by the insulation system and 
would therefore not be in direct contact with the ambient air. This would surely contribute to limiting 
the risk of new nutrients (in the form of dirt and dust) and fungal spores from reaching the interface 
and the embedded wooden elements and in turn lower the risk of fungal growth occurring in the 
critical locations at a later point in time. 
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The results seem to support the claims by the manufactures (such as in [169]–[171]), that insulation 
systems applied through the use of highly alkaline adhesive glue mortars hamper or possibly even 
prevent fungal growth behind the internal insulation, despite the RH levels being highly favourable for 
growth. The results are also in agreement with the findings from Morelli & Møller in [54] who observed 
high pH level and no growth behind the internal insulation two years after application despite RH 
levels favourable for fungal growth. However, as presented in the summary in the state-of-the-art in 
Section 2.8, only a limited number of studies have carried out on fungal investigations for the risk 
behind internal insulation systems and even fewer carried out the fungal investigations in combination 
with pH tests. There is therefore need for further research on the topic before more general 
conclusions can be made, especially with focus on the long-term performance and on the effect of the 
insulation systems on carbonation time in relation to the vapour diffusion resistance. 

 

4.3 Hypothesis 3: Fungal growth behind the internal insulation and the effect on 

the indoor environment 

Hypothesis 3 deals with the potential influence of fungal growth behind the internal insulation on the 
indoor air quality. 

The results presented under Hypothesis 2 showed that fungal growth was present behind the 
insulation in some of the examined systems. It is therefore of importance to determine if the fungal 
growth and the VOCs produced by the growth may affect the indoor environment. This section 
presents the results of the VOC diffusion experiments through the materials making up the insulation 
systems, the VOC mass balance calculations for the hypothetical room, and finally the results from the 
experiment to determine the efficiency of different fungal decontamination methods.  

 

4.3.1 VOC and indoor climate 

VOC diffusion experiment: 

The vapour flow rate density of acetone, ethanol, water and 2-heptaone vapour through the examined 
materials is presented in Figure 48. The results showed that the vapour flow rate density of acetone 
was 5-6 times that of ethanol, 27-28 times that of water vapour, and 55-57 times that of 2-heptanone, 
while ethanol was 5 times that of water vapour and 2-heptanone was 40% lower than water vapour. 
The permeability values for vapour diffusion through the material samples, δ, are listed in Table 21.   

The vapour diffusion resistance, Z, for the five examined insulation systems was derived from the 
vapour permeability value for the materials (Table 21) and the system configurations (Table 14) (in 
accordance with Equations 10-11), and the results are presented in Table 22. The Phenolic and PUR-
CM systems were seen to be considerably tighter against VOC diffusion in comparison to the CaSi, AAC 
and Cork plaster systems.  

In the case of fungal growth occurring in the interface between the adhesive glue mortar and the 
insulation instead of in between the internal lime render and the adhesive glue mortar, then the 
diffusion resistance of the systems would be lowered by: 1.3-3.7% for the PUR-CM; 25.4-27% for the 
CaSi; 12.8-13.6% for the AAC, and < 0.3% for the Phenolic.  

 

 

 
92



 

 

Figure 48 Density of vapour flow rate, g [g/(m2·h)], for the material samples. From Paper III [3]. 

 

Table 21 Permeability values for VOC diffusion through the material samples, δ [kg/(m·s·Pa)]. From Paper III [3]. 

 Acetone Ethanol Water vapour 2-heptanone 

  Average   Min  Average  Min  Average  Min  Average  Min  

PUR-CM render 3.49E-11 3.42E-11 2.55E-11 2.48E-11   1.03E-10 1.03E-10 

PUR-CM 
insulation  

8.44E-12 8.26E-12 2.59E-12 1.95E-12   8.16E-12 8.16E-12 

PUR-CM adhesive  2.69E-11 2.63E-11 1.93E-11 1.89E-11 2.17E-11 2.07E-11 7.75E-11 7.75E-11 

CaSi adhesive 2.07E-11 1.99E-11 1.47E-11 1.42E-11 1.77E-11 1.66E-11 6.68E-11 6.68E-11 

CaSi insulation  1.02E-10 1.01E-10 7.52E-11 7.45E-11   3.13E-10 3.13E-10 

AAC adhesive  3.24E-11 3.24E-11 2.35E-11 2.31E-11 2.60E-11 2.57E-11 9.83E-11 9.83E-11 

AAC insulation 7.15E-11 7.11E-11 5.06E-11 4.98E-11   2.28E-10 2.28E-10 

Gypsum board 3.54E-11 3.38E-11 2.60E-11 2.46E-11 2.58E-11 2.38E-11 1.00E-10 1.00E-10 

Aluminium foil  4.01E-17 1.63E-17 4.54E-17 4.14E-17   4.64E-15 4.64E-15 

Phenolic 
insulation 

5.51E-12 2.43E-12 4.99E-12 1.72E-12   2.81E-12 2.81E-12 

Aluminium foil 
perforated  

2.13E-13 2.04E-13 1.48E-13 1.34E-13   5.78E-13 5.78E-13 

Phenolic adhesive 6.65E-12 6.59E-12 4.43E-12 4.29E-12 5.34E-12 5.25E-12 2.94E-11 2.94E-11 

NHL Finish render 1.28E-11 1.15E-11 8.97E-12 8.09E-12   3.65E-11 3.65E-11 

Cork plaster 3.40E-11 2.97E-11 2.38E-11 2.02E-11 2.11E-11 1.80E-11 9.92E-11 9.92E-11 
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Table 22 Vapour resistance, Z [m²·s·GPa/kg], for VOC vapour diffusion through the insulation systems (including 
the adhesive glue mortar). From Paper III [3]. 

  Acetone Ethanol 2-heptanone 

  Average Max Average Max Average Max 

PUR-CM system 10.1 10.4 31.8 42.0 10.0 10.0 

CaSi system 1.9 1.9 2.6 2.6 0.6 0.6 

AAC system 1.9 1.9 2.7 2.7 0.6 0.6 

Phenolic system 2510 6160 2220 2480 57.6 57.6 

Cork plaster system 2.0 2.2 2.8 3.2 0.7 0.7 

 

Table 23 shows the diffusion similarity factor for the six examined materials with the three VOCs 
determined from the adopted similarity approach. It was observed that the diffusion similarity factor 
of acetone and ethanol molecules through the material samples was slightly higher than 1. In contrast, 
for 2-heptanone the diffusion similarity factor was considerably lower than acetone and ethanol. The 
average values for the diffusion similarity factor across all six materials were: 1.16, 1.21 and 0.35 
respectively for acetone, ethanol and 2-heptanone.   

 

Table 23 Diffusion similarity factor κdiff,voc [-] for the four adhesive mortars, the Cork plaster and gypsum board. 
From Paper III [3]. 

  Acetone Ethanol 2-heptanone 

PUR-CM adhesive 1.22 1.23 0.41 

CaSi adhesive 1.29 1.32 0.38 

AAC adhesive 1.21 1.22 0.39 

Phenolic adhesive 1.22 1.32 0.26 

Cork Plaster 0.94 0.97 0.30 

Gypsum 1.10 1.09 0.37 

 

VOC diffusion and indoor air quality – room scenario 

As a result of the VOC mass balance for the hypothetical room scenario, the VOC vapour content in 
the indoor air vvoc,i was determined for each of the five examined internal insulation systems and the 
results are shown in Table 24. Assuming VOC vapour saturation behind the insulation and continuous 
VOC production by the fungal growth, it was observed that the VOC content in the indoor air was 
highest in the case of acetone diffusion from the interface to the room and lowest in the case of 2-
heptanone. In addition, the VOC content was higher in the case of the highly water vapour diffusion-
open CaSi, AAC and Cork plaster systems in comparison with the tighter PUR-CM and Phenolic 
systems.   

 

Table 24 VOC vapour content in the indoor air vvoc,i [g/m³]. From Paper III [3]. 

  Acetone Ethanol 2-Heptanone 

PUR-CM system 0.67 0.04 0.004 

CaSi system 3.65 0.64 0.07 

AAC system 3.63 0.62 0.07 

Phenolic system 0.001 0.001 0.001 

Cork plaster system 3.19 0.52 0.06 
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Diffusive and convective VOC transfer 

The following will demonstrate the importance of ensuring good airtightness of the insulation system, 
by presenting a small comparison between diffusion transfer through the five insulation systems and 
convective transfer from a surface to the room air in the case of a crack in the insulation system.  

The results for the convective flow through the 1 m by 0.01 m crack in the insulation system and the 
diffusive vapour flow through the different insulation systems are presented in Table 25, from which 
it can be seen that the convective vapour flow through the crack exceeds or is rather similar to the 
diffusive vapour flow for the entire 1 m2 of insulation system in the more diffusion-open systems. For 
the more diffusion-tight PUR-CM and Phenolic foam, the convective vapour flow through the crack 
greatly exceeded the diffusive vapour flow. 

Table 25 Vapour diffusion and convection flow G [kg/day] through the insulation systems. 

 Acetone Ethanol 2-heptanone Water 

Convective flow 1.5484 0.2972 0.0181 0.0092 

CaSi 1.1749 0.2079 0.0220 0.0147 

AAC 1.1749 0.2002 0.0220 0.0157 

PUR-CM 0.2160 0.0130 0.0013 0.0034 

Phenolic 0.0004 0.0002 0.0002 0.0007 

Cork Plaster 1.0157 0.1691 0.0189 0.0321 

 

4.3.2 Fungal decontamination methods: 

As stated in Section 3.2.3, the fungal decontamination experiment was carried out prior to the 
laboratory experiment for the small-scale test walls assessing fungal growth in the interface between 
the masonry and insulation. The test walls were decontaminated using three methods: 1) “hand-
power”, with paint scraper; 2) Mechanical, with hammer and chisel; and 3) Micro-clean®, with paint 
scraper and then dry steam. Table 26 shows the Mycometer® Surface results for the test walls after 
the fungal decontamination work. The tests showed high fungal biomass (spores and mycelium) for 
all four test walls decontaminated with the simple hand-power method using a paint scraper. It was 
observed that a single test wall decontaminated with the hand-power method showed high fungal 
biomass in one test location and below normal background level in the second test location. One test 
wall decontaminated with the Micro-clean® method was found to have fungal biomass above normal 
background level. However, the results were regarded as non-critical as the levels were in the low end 
of the middle category.   

Table 26 Mycometer® surface results after the decontamination work. Colour coding according to Mycometer 
levels described in Appendix B: The Mycometer® test. 
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Sample A 2388 4117 3644 BDR BDR BDR BDR BDR BDR BDR BDR 69 

Sample B 4353 2653 5794 4212 BDR BDR BDR BDR BDR BDR BDR 66 

A and B refers to the two samples taken on each test wall. BDR: below detection level. Table from Paper III [3]. 
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4.3.3 Intermediate discussion – Hypothesis 3 

In terms of the effect of fungal growth behind the internal insulation systems on the indoor air quality, 
the results from the VOC diffusion experiment, which should mimic the production of MVOCs from 
fungal growth showed that the three VOCs were capable of diffusing through most of the examined 
materials that make up the insulation systems. Similar to water vapour diffusion transport (as 
illustrated by Equation 11), insulation systems with a large diffusion resistance such as PUR-CM and 
Phenolic were found to be tighter against diffusion of the three VOCs in comparison to the highly 
diffusion-open systems (CaSi, AAC and CorkPlaster). In addition, a comparison between the three 
samples tested for each material showed that the variations between the samples in terms of the 
density of vapour diffusion flow (Figure 48) were within 20-25% for most materials, with the exception 
of the highly diffusion tight materials (PUR-CM and Phenolic insulations and the aluminium membrane 
for the Phenolic system). For the tight materials the variations between samples were observed to be 
considerably larger than seen for the highly diffusion-open materials, which were probably the result 
of leaky connections between the PVC ring around sample and the rubber sealing rings used for the 
test cups causing an excessive vapour flow. It is therefore possible that the actual vapour flow for the 
tight materials would be that of the tightest sample, the vapour permeability was therefore 
determined for both the average and minimum VOC diffusion flow rates (presented in Table 21). Other 
sources of uncertainty were discussed in Paper III such as performing the test inside a chemical fume 
hood instead of a climate chamber, resulting in larger variations in the ambient temperature and RH 
levels in comparison to the stipulated conditions in ISO 12572:2016 [230].  

As a result of the adopted similarity approach for modelling the transport of moisture and VOCs in 
materials, it was found that the diffusion similarity factor, MNOPP,'(- for acetone and ethanol was 

slightly above 1 suggesting that the diffusion of VOC molecules through the materials were slightly 
more constricted in comparison with water vapour molecules (Table 23). In contrast, the less volatile 
2-heptanone VOC was found to have a similarity factor 1/3 of that of water vapour molecules, 
suggesting that diffusion of 2-heptanone molecules through the materials were less constricted in 
comparison with water vapour molecules. As stated by Rode et al. [232] it is still unclear which of the 
physical or chemical properties of the VOCs that have an influence on the diffusion similarity factor or 
the magnitude of the difference in relation to diffusion of water vapour molecules.  

The results from the VOC mass balance for the hypothetical room scenario showed a relatively large 
rate of VOC diffusion through most of the examined insulation systems, which resulted in a high VOC 
content in the indoor air (Table 24), especially for the more diffusion-open insulation systems in the 
case of more volatile VOCs such as acetone, as stated in Paper III [3]. The results showed that the 
acetone content in the indoor air exceeded the recommended exposure limit stipulated by the 
American National Institute for Occupational Safety and Health (NIOSH) of 0.59 g/m3 [283] for all 
insulation systems with the exception of the Phenolic foam insulation system. For the ethanol and 2-
heptanone content in the air, none of the systems were found to exceed the recommended exposure 
limits of 1.9 g/m3 and 0.47 g/m3 respectively [283]. However, as pointed out by the WHO in their 2009 
report [179] and in the current Danish best practice guideline on fungal growth in buildings [280], no 
health-based guidelines or threshold values exists for human VOC exposure in buildings. There exists 
in general very little knowledge about the damaging effects of MVOCs on human health [179], [280].  
In addition, the comparison between diffusive and convective vapour flows showed rather similar VOC 
flow through the 1 m by 0.01 m crack and the through the more diffusion-open insulation systems 
(CaSi, AAC and Cork Plaster), while the convective flow through the crack in the more diffusion-tight 
systems (PUR-CM and Phenolic foam) greatly exceeded the diffusive flow. These results support the 
statement in the Danish best practice guidelines [34], [35], that it is very important to ensure the air 
tightness of the insulation system and between system and adjacent construction elements, as the 
convection has the potential to transfer large amounts of moisture or VOCs, and could far exceed the 
diffusive transfer through building elements. Furthermore, as the experiment was dealing with 
potentially hazardous VOCs in the case of fungal growth behind the insulation systems, which could 
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have a negative impact on the health and wellbeing of the building occupants, it is particularly 
important to ensure sufficient air tightness. 

The results from the VOC diffusion experiment suggest that in the case of fungal growth in the 
interface behind internal insulation systems, the rate of diffusion to the indoor air would probably be 
limited by the production rate resulting from the metabolism of the fungal growth and that the VOCs 
would probably diffuse through most of the systems as fast as they are produced. It is expected that 
the partial VOC vapour pressure behind the insulation in the case of fungal growth would be 
considerably lower than the saturation pressure assumed in the room scenario. However, a 
reasonable partial pressure behind the insulation is still unclear as the production rate of VOCs 
resulting from the metabolism of the fungal growth has not yet been established. It is improbable that 
the wet cup conditions were to occur for VOCs inside the building envelope, and as a consequence, 
the VOC concentration in the indoor environment will therefore be considerably lower than calculated 
for the hypothetical room scenario. However, the VOC concentration in the indoor air could also be 
increased in the case of a larger fungal growth coverage area than the 1 m2 in the room scenario. In 
this scenario the result would be a smaller partial VOC vapour pressure behind the insulation but with 
a larger fungal growth coverage area the VOC concentration in the indoor air could probably become 
a problem for the building occupants. 

The results from the decontamination experiment clearly showed that the simple hand-power method 
with the paint scraper was insufficient to ensure that the wall surfaces would became thoroughly 
decontaminated as a high amount of fungal biomass (spores and mycelium) was observed on seven 
out of eight Mycometer® Surface samples. This was probably due to the hand-power method only 
scraping off the mycelium and spores in/on the wallpaper and glue while mycelium, which may have 
penetrated into the internal lime render layer, would have remained after the surface scraping work. 
The mechanical decontamination method with hammer and chisel was in contrast to the hand-power 
method seen to be very effective, where all eight Mycometer® Surface samples were found to be 
below normal background level. This was probably due to the fact that the mechanical method 
removed all of the internal lime render layer (some 10-15 mm in thickness) and it would therefore not 
only remove the fungal growth on the surface but also any mycelium which may have penetrated into 
the render. Note that the Mycometer® Surface tests after the mechanical decontamination was 
performed on the top surface of the new render layer. The professional Micro-clean® method was 
similar to the mechanical method seen to be very effective in decontaminating the wall surfaces. The 
fungal infestation was inactivated using 160 °C dry steam and the fungal biomass was then removed 
with a vacuum cleaner. In six out of the eight Mycometer® Surface samples for the Micro-clean® 
method the fungal biomass (spores and mycelium) was below normal background level while the last 
two were in the very low end of the middle category (above normal background level), which suggests 
that no significant fungal biomass was present after the decontamination.  

In addition, as a result of the experiment with development of fungal growth in internally insulated 
solid masonry walls it was found that the choice of decontamination method was of minor importance 
in terms of fungal survival in the case that the insulation system was applied using highly alkaline 
adhesive mortar (pH>12). No noticeable differences were seen between the decontamination 
methods after 6 and 12 months of application with the examined highly alkaline adhesive mortars, 
which indicate that the high pH inactivates existing fungal growth and hampers new growth over an 
extended period of time. The findings for the mechanical decontamination method and the Micro-
clean® method are generally in agreement with the information provided in the Danish best practice 
guideline dealing with assessment and decontamination of fungal growth in buildings [148], that these 
two decontamination methods are effective for several different substrate types. However, the 
guideline points out that the Micro-clean® method may not be very effective to remove growth deeper 
inside the substrate or in the case of cracks in the surface and should therefore be limited to surface 
decontamination work, which is a considerable advantage for the mechanical decontamination 
methods. In addition, it was shown in the present study that the Micro-clean® treatment had an 

 
97



 

uneven effectiveness as certain areas might get missed or were insufficiently treated, leading to local 
spots with fungal growth (“holidays”). 

 

4.4 Hypothesis 4: Mathematical failure prediction models 

Hypothesis 4 deals with the reliability of mathematical mould-growth models and if said models 
include too few factors to assess the implications of hygrothermal conditions behind internal 
insulation. 

The research activities in relation to Hypothesis 2 presented several factors that may inhibit or perhaps 
even prevent fungal growth in the critical locations inside internally insulated solid masonry walls with 
embedded wooden elements even when hygrothermal conditions are highly favourable for fungal 
growth. This section presents the results for the mathematical mould-growth and wood decay 
predictions for the masonry walls in the large field experiment, the small-scale test walls in the 
laboratory experiment, and in the large field experiment with ventilated cold attic spaces. The 
mathematical predictions are compared to the previously presented on-site test results. 

 

4.4.1 Mathematical mould growth predictions 

Hygrothermal assessment of cold ventilated attic spaces under the eaves: 

Figure 49 presents the mathematical mould growth predictions by the VTT model for the cold 
ventilated attic spaces under the eaves on the left side of the plot, and on the right side the on-site 
visual observations. As presented in Paper IV [4], a fairly good agreement was observed between the 
mathematical mould growth predictions and the on-site visual observations for the wooden surfaces 
inside the 18 attic spaces. Only two model predictions were seen to deviate considerably (mould index 
values > 2) from the visual observations, attics B9 and A6.  

 

Figure 49 Graphical representation of the modelled mould index as a function of time and the visual ranking for 
the attics, with the VTT mould-growth model. Note that in the right end of the graph (“Visual observations”) the 
lines connecting the last data points for the modelled mould growth (spring 2017) with the visual ranking 8 
months later (January 16th 2018) are only used for graphically showing the relation the two evaluation methods: 
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modelled and observed mould growth. These two scales are not comparable, and therefore there is only a 
qualitative relation between the modelled and observed mould growth. The horizontal red dotted line indicates 
the threshold for mould growth. From Paper IV [4]. 

Large field experiment with internally insulated solid masonry walls: 

The mathematical mould growth predictions for the test walls in the large field experiment were 
presented in Papers I, VI, and VII [1], [6], [7], and the predictions were carried out for the interface 
between the masonry wall and the internal insulation, and for the wooden wall plate. In Paper I, the 
predictions for the interface showed unacceptably high risk of mould growth in all test walls using all 
three models, except for the PUR-CM wall with hydrophobisation facing south-west (G2_PUR-CM+H) 
(Figure 50).  The model predictions showed large discrepancies for this test wall, with the VTT model 
indicating no mould growth, while the MRD and WUFI-Bio models suggested high risk. Slight 
discrepancies were also seen for the AAC wall with hydrophobisation facing south-west (X3_AAC+H). 
The model predictions generally reached the maximum mould index within the first year after model 
initiation, except for walls G2_PUR-CM+H and X3_AAC+H. The VTT model predictions for the 
embedded wooden wall plates showed unacceptably high mould growth risk in 7 of the 12 test walls, 
and a medium high risk (M of 2.5-3) occasionally in 3 test walls.  

 

Figure 50 Modelled mould risk at Point 3, interface between insulation and glue mortar; (a): VTT model, (b): 
MRD model, and (c): WUFI-Bio. Model predictions were started after one year to emulate the effect of high 
initial pH-value in the adhesive mortar, except G1 as this wall did not include adhesive mortar. The horizontal 
red dotted lines indicate the threshold for mould growth. From Paper I [1]. 

In Paper VI, the VTT model predictions for the interface showed unacceptably high risk in all the test 
walls with Phenolic insulation and Cork plaster at some point during the 1-2 year experimental period, 
except the Phenolic wall with hydrophobisation facing south-west (G6_Phenolic+H) where the model 
predicted no risk of mould growth risk. For the embedded wooden wall plates, the model predicted 

(a) 

(b) 

(c) 
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very high or medium high risk for the test walls fitted with Cork plaster and the Phenolic wall without 
hydrophobisation facing south-west. The two Phenolic walls with hydrophobisation (facing north-east 
and south-west) and the Phenolic foam wall without hydrophobisation facing north-east all showed 
small or no risk of mould growth. 

In Paper VII [7], the risk of fungal growth was investigated for the embedded wooden wall plate with 
on-site Mycometer® Surface tests and the results are shown in Table 27. The on-site Mycometer® test 
showed that the test results were below normal background level for 8 of the 24 surface tests while 
the remaining surface tests showed results above background level. However, no surface test showed 
levels above 450, which is normally a good indicator for active growth being present.  

The post-processing of the hygrothermal measurements for the wall plates with the three mould-
growth models are presented in Figure 51, and in contrast to the on-site Mycometer® tests the models 
predicted an unacceptably high risk of mould growth. For the MRD and WUFI-Bio models all wall plates 
reached maximum mould index within the first year, while for the VTT model three wall plates were 
seen to reach maximum within the first year and the remaining wall plates within three years. The 
WUFI-Bio prediction in mm mould hyphae growth suggested that all wall plates would exceed 4000 
mm of growth within the 4-year period. 

Table 27 On-site Mycometer® Surface results for the six core samples from the embedded wooden wall plates. 
Colour coding according to Mycometer levels described in Appendix B: The Mycometer® test. 

 G1_MW G4_CaSi G5_Phenolic X1_AAC+R X2_AAC X8_AAC 

Internal surface Swab 1 129 21 29 72 15 41 

Internal surface Swab 2 159 12 30 72 26 18 

External surface Swab 1 44 51 20 14 106 60 

External surface Swab 2 42 117 24 22 299 35 

Note that all the test walls were facing south-west (237°). Table from Paper VII [7]. 

 

 

Figure 51 Mould growth predictions for the wooden wall plate (point 5): (a) VTT model; (b) MRD model; (c) 
WUFI-Bio, mould index; and (d) WUFI-Bio, mould growth in mm. Note that the Y-axis and max values differ 
between models and cannot be compared directly, and Figure 51d has no max. The horizontal red dotted lines 
indicate the threshold for mould growth. Figure 51a from Paper VII [7]. 

a) b) 

c) 
d) 
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Laboratory experiment with the small-scale test walls: 

Nearly all the small-scale test walls in the laboratory experiment experienced very high RH levels and 
suitable temperatures for fungal growth to occur, as shown under Hypothesis 2. Figure 52 shows the 
post-processing with the three models.  Unacceptably high mould growth risk was found within the 1-
year experimental period in most cases, the MRD and WUFI-Bio models predicted unacceptably mould 
growth risk already within the first 6 months. The only exception was three of the four test walls fitted 
with Phenolic foam (Phenolic Walls: Micro-clean, hand-power and uncontaminated), where the VTT 
model predicted no growth during the experimental period.  

Analysis of the model index curves showed three groupings of test walls: 1) the “less wet” walls, where 
the relative humidity levels were generally around 80-90% (Phenolic Walls: Micro-clean, hand-power 
and uncontaminated); 2) the “medium wet” walls (Phenolic Wall: mechanical and CaSi Wall: hand-
power), where the relative humidity levels were generally around 95-97%; and 3) the “very wet” walls, 
where the relative humidity levels were generally near 100% throughout most of the experimental 
period (remaining test walls). The groupings were seen in all three models, and the tendencies were 
most visible in the model predictions for the MRD model due to the considerably higher material 
resistance (Dcrit) of the Phenolic insulation compared to all other systems – 238 days compared with 
102 days, based on RIBuild findings presented in [10].  

 

 

Figure 52 Modelled mould growth in the interface: (a) VTT model; (b) MDR model; and (c) WUFI Bio model. The 
horizontal red dotted lines indicate the threshold for mould growth. 

 

Fungal sampling round 1, on 2019.05.15 a) 

b) 

c) 

Fungal sampling round 2, on 2019.11.26 
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4.4.2 Mathematical wood decay predictions 

In addition to the on-site investigations and mathematical predictions for the risk of mould growth in 
the internally insulated solid masonry walls, the risk of wood decay in the embedded wooden wall 
plates was investigated with the VTT and Saito models presented in Section 3.7 and Appendix F-G. The 
hygrothermal measurements used for the decay predictions for the wooden wall plates were 
presented in paper I, V, VI, and VII [1], [5]–[7]. The wood decay predictions are listed in Table 28, and 
the six test walls selected for on-site investigation were: G1, G4, G5, X1, X2, and X8 (marked with 
yellow in Table 28). 

The wood decay predictions based on the digital measurements of temperature and RH showed that 
12 of the 23 test walls would have a mass loss of +20% using the VTT model, while for the Saito model 
it was 7 of the test walls. The decay predictions for the four worst cases (G4, G5, X1 and X8) ranged 
from 99-157% mass loss with the VTT model, and 41-73% for the Saito model. Note that the models 
do not have an upper limit for mass loss, which is why some modelling results are shown to be above 
100%. The model predictions based on the DC electrical resistance measurements of wood moisture 
content in the wooden dowels (dowels in Table 28) did however show mass loss only in test wall X8 
and the predicted amount of mass loss was lowered considerably compared with the predictions for 
the digital measurements.  

For the on-site investigations of the embedded wooden wall plates, the digital measurements 
presented in Paper VII [7], transformed by sorption isotherms from RH measurements,  showed that 
the moisture content in the wall plates were generally above the 20 weight-% in all six selected test 
walls (both adsorption and desorption isotherms). The on-site moisture content tests and the 
moisture contents derived from the digital and resistance measurements are listed in Table 29. The 
on-site tests and digital measurements showed high average moisture content in all six walls (+20 
weight-%), while the resistance measurements showed only three walls exceeding the 20 weight-% 
(average values). The wood moisture content in the embedded wooden wall plates determined 
through weighting-drying-weighting tests were found to be more in agreement with the digital 
measurements as compared with the resistance measurements.  

 

Table 28 Wood decay predictions for the embedded wooden wall plates, using the VTT and Saito models. Yellow 
marked walls were also tested on-site. 

Mass loss, ML [%] for the test walls in container G 

  G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 G14 G15 

VTT  (Digital) 82 1 59 146 157 0 29 81 11 72 1 0 0 0 0 
Saito  (Digital) 19 0 28 66 73 0 15 22 1 18 0 0 0 0 0 
VTT  (Dowel) 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 
Saito  (Dowel) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mass loss, ML [%] for the test walls in container X 

 X1 X2 X3 X4 X5 X6 X7 X8 

VTT  (Digital) 139 69 0 0 35 0 24 99 
Saito  (Digital) 62 22 0 0 9 0 12 41 
VTT  (Dowel) 0 0 0 0 0 0 0 49 
Saito (Dowel) 0 0 0 0 0 0 0 7 
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Table 29 Measured moisture contents for the six selected wooden wall plates 

   Moisture content, u [weight-%] 
Method Date G1 G4 G5 X1 X2 X8 

Pin gauge, warm side 08-10-2019 19.4 17.2 18.9 16.0 15.7 16.0 

Pin gauge, cold side 08-10-2019 25.5 25.2 24.4 23.6 20.7 20.1 
Weighing-drying-weighing  08-10-2019 26.2 23.9 25.8 25.6 22.3 21.2 
Digital measurements 08-10-2019 34.6 25.1 34.6 30.1 23.0 34.6 

Resistance measurements ** 23.9 11.1 14.1 15.8 12.3 24.3 

Resistance measurements Average 23.0 16.0 14.6 23.2 17.7 25.4 

*The weighing-drying-weighing test was performed for the entire thickness of the wooden core, and the 
moisture contents are therefore the mean moisture content of outmost and innermost parts of the core 
samples. **Moisture contents were interpolated for 08-10-2019 based on two nearest resistance measurement 
days: 09-09-2019 and 21-10-2019. Pin gauge and weighing-drying-weighing data from Paper VII [7]. The average 
values are based on measurements from the entire measurement period: 03-09-2015 until 04-11-2019. 

 

A comparison between the moisture contents derived from the digital and resistance measurements 
showed a good agreement between the two measurement methods initially. However, it was 
observed that the dowel resistance measurements in 8 of 23 wooden wall plates experienced a 
sudden drop resulting in a considerable reduction of the moisture content. It is assumed that the drop 
in wood moisture content might have occurred due to corrosion of the wires connected to the wooden 
dowels. However, this was not investigated further. This issue was found to occur primarily during the 
initial 1-½ year of the experimental period, and these sensors would remain at the lower moisture 
content measurements for the remainder of the experimental period and would not again be in 
agreement with the digital measurements. Of the six selected test walls this issue was seen in walls 
G4 and X2. Examples of the comparison between moisture contents derived from the digital and 
resistance measurements are shown in Figure 53. In the 15 test walls which showed a good agreement 
between the digital and resistance measurements the differences were generally around 5-10% points 
RH (E.g. Figure 53a), while for the sub-optimal cases the differences were around 20-30% points RH 
(E.g. Figure 53b). Furthermore, it was observed that for several of the test walls experiencing this issue 
the digital measurements recorded very high RH levels (near 100%). 

 

 

Figure 53 Relative humidity derived from the DC electrical resistance compared with the digital measurements 
for the wall plate (point 5): (a) G2_PUR-CM_SW; and (b) G4_CaSi_SW. The vertical dashed line indicate the on-

a) 

b) 
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site wood decay investigation on 08-10-2019. Figure 53a illustrate a test wall with good correlation between the 
digital and DC resistance measurements, while Figure 53b illustrate a test wall with poor correlation.  

 

4.4.3 Intermediate discussion – Hypothesis 4 

The comparison between the on-site visual observations and the theoretical mould growth predictions 
by the VTT model for the hygrothermal performance of the 18 cold ventilated attic spaces under the 
eaves showed a good correlation between the two methods. Large differences were however seen in 
two of the attic spaces and as described in Paper IV the differences between the predicted and the 
observed mould growth may relate to some growth not being visible to the naked eye due to several 
factors. These factors included insufficient availability of certain nutrients or minerals, the current 
growth phase or lack of colour pigmentation for the fungal species found in the attic spaces, as 
described in several studies including [284]–[287]. In addition, visual observation is a subjective 
method of evaluation often based on percentage of fungal growth coverage. However, strong, well-
established but patchy fungal growth would probably have a low percentage of coverage making the 
growth appear less severe. It was therefore recommended to complement the on-site visual 
observations with other quantitative test methods such as the Mycometer® test used in connection 
with the large field experiment with the internally insulated solid masonry walls and the laboratory 
experiment with small-scale test walls. Alternatively, the visual observations could be complemented 
by a microscopy inspection of samples (e.g. tape imprints) using a light microscope at 40 times 
magnification, and the microscopic fungal growth could then be ranked accordingly, as described by 
Johansson [158].  

In the attic spaces, fungal growth was detected on wooden surfaces in direct contact with the air inside 
the attic spaces, which was a less hostile environment in comparison with the masonry/insulation 
interface in the solid masonry walls, resulting in more reliable predictions from the applied mould-
growth model. In addition to the pH conditions, the wooden surfaces in the attic in direct contact with 
the attic air allowing for dirt, dust and fungal spores to contaminate the surfaces, which was also in 
contrast to the scenario with the interface and embedded wooden elements in the test walls being 
fully closed off from the surrounding ambient air preventing supply for new nutrients and fungal 
spores. The findings from the attic space study suggest that the VTT model could be used for post-
processing of the hygrothermal measurements to predict the risk of mould growth on surfaces with 
easy access to nutrients from the adjacent materials and attic air, and with a more favourable pH 
environment.   

The correlation between the on-site Mycometer® tests and the theoretical mould growth predictions 
by the VTT, MRD and WUFI-Bio models based on the hygrothermal measurements from test walls in 
the large field experiment was presented in Papers I, VI, and VII [1], [6], [7]. Furthermore, the three 
mould growth prediction models were compared with each other in Paper I and in Figure 51.  

The comparisons showed that the models were generally in agreement in terms of the risk predictions 
for the interface between the masonry wall and insulation and in the embedded wooden wall plate 
for the test walls which experienced very high RH levels (+95%) over an extended period of time, and 
for these test walls the models predicted an unacceptably high risk of mould growth. The predictions 
by the three models were however found to differ considerably for two of the examined test walls 
presented in Paper I, which were the PUR-CM and AAC walls with exterior hydrophobisation facing 
south-west (G2_PUR-CM_SW and X3_AAC_SW). The discrepancies between the three models seemed 
to be caused by differences in the definition of growth conditions, growth speed, the applied rating 
scale and the inclusion of a “level cap” in the VTT model, which relate to the assumed material class. 
The definition of growth conditions for the three models are: MRD, RHcrit ≥ 75%; WUFI-Bio Class I 
(biodegradeable materials) RHcrit ≥ 76% (temperature dependent); VTT Class 1-2 (wood based 
products) RHcrit ≥ 80% (temperature dependent). All three models have the option of changing the 
material class to more or less sensitive materials, but each of the models does this differently. In the 
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VTT and WUFI-Bio models the RHcrit value is higher for more resistant materials such as concrete and 
plastic based products, e.g. WUFI-Bio Class II (materials with biodegradeable components) RHcrit ≥ 79% 
and VTT Class 3 (concrete and plastics) RHcrit ≥ 85%. In contrast, for the MRD model the RHcrit ≥ 75% is 
maintained but instead the time until onset of mould growth, Dcrit, is higher for the more resistant 
materials. Gradeci et al. did similarly point out that a number of governing factors (including some of 
the above-mentioned) could explain discrepancies between models [193], [194]. For constructions 
experiencing very high moisture levels, these differences are unimportant, and the differences 
between the models would mainly be due to the applied assumptions for growth speed. However, in 
the case of RH levels cycling around 75-84% and with a suitable temperature over an extended period, 
large discrepancies could occur between the models: i.e. the MRD model would probably predict a 
high risk of mould growth, the WUFI-BIO a smaller risk, while the VTT model no risk. The use of 
different rating scales seems to be of minor importance in terms of comparison of the mould 
predictions between the three models, as the definitions of the different growth categories are 
relatively similar and easily comparable as shown by Vereecken et al. in [191] for the MRD, VTT and 
WUFI-Bio models. The level cap in the VTT model is an additional factor setting the models’ predictions 
apart, which serves as an upper limit for the extent of the mould growth infestation on a specific 
material type: e.g. less extensive mould growth is predicted on more resistant materials such as 
concrete compared to sensitive materials, such as wood products, despite being subjected to the same 
hygrothermal conditions over an extended period.  

The comparisons between the on-site tests and the model predictions showed little correlation 
between the methods in terms of risk of mould growth in the interface between the masonry wall and 
insulation. As presented in Papers I and VI [1], [6] and under Hypothesis 4, the mould-growth models 
predicted an unacceptably high risk for all the test walls except for two: the PUR-CM and Phenolic 
walls with exterior hydrophobisation facing the south-west direction. In contrast, the on-site 
Mycometer® and swab tests found fungal growth only in 5 out of the 17 examined test walls, of which 
four of these test walls were fitted with the AAC insulation and one with the traditional mineral wool 
system. The results indicate that the discrepancies were caused by the high pH-values (>12) during 
the initial period, which occur as result of the application of the insulation materials with highly 
alkaline adhesive glue mortars. The fungal germination and growth were hampered in the examined 
test walls by the high pH environment maintained over several years (as shown in Section 4.2).  

Several studies including [105], [167], [168], [193], [267] have mentioned high pH as an important 
factor hampering fungal germination and growth. However, pH conditions were not included in any 
of the three models as an option and the lack of pH as a factor to adjust the growth predictions results 
in large discrepancies between modelled and on-site mould growth results. The mould growth 
predictions were performed with the assumption that during the first year of the measurement period 
the pH-value in the interface was very high (pH>10)(in accordance with [268]) and fungal growth was 
improbable to occur during this initial period as suggested in [267], and so this period was excluded 
from the calculations, as stated in Papers I and VI. This approach have been applied in a few previous 
studies with high pH value, including [29], [91], [118], [195]. However, as presented in Paper I, large 
discrepancies were still observed between the modelled and on-site mould growth despite the 
exclusion of the first year of measurements. The high pH-values (>12) of the adhesive glue mortars 
were seen last for at least 4½ years behind some of the more diffusion-tight insulation systems such 
as the PUR-CM system. Similarly, the results presented in Paper III [3] showed high pH and no fungal 
growth behind the insulation systems in the 17 small-scale test walls examined in the laboratory 
experiment, while the three mould-growth models predicted a high risk in nearly all test walls. Most 
of the small-scale test walls were seen to reach the maximum mould index value within the first year 
(see Section 4.4.1). In terms of the small-scale test walls, it should be noted that it was not possible to 
exclude the first year of the measurements as the internal insulation experiment was only one year 
long. The results presented in Papers I, III, and VI, which showed high pH and no fungal growth behind 
the insulation systems are in agreement with the findings presented by Morelli & Møller in [54], [117]. 
The authors found high pH and no fungal growth behind the insulation two years after application of 
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the semi diffusion-tight PUR insulation with CaSi channels. In addition to the high initial pH, the 
availability of nutrients could also be an influencing factor as several of these systems did not contain 
organic additives or components that would serve as an easy source of nutrients for fungal growth.  

The comparisons between the on-site Mycometer® tests and the model predictions for the embedded 
wooden wall plates did similarly show little correlation between the methods. As presented in Paper 

VII [7] and in Figure 51, the mould-growth models predicted an unacceptably high risk in all six wall 
plates while the Mycometer® tests showed no significant fungal growth on the six wooden core 
samples. The results showed that the fungal biomass (spores and mycelium) in 23 of the 24 
Mycometer® surface tests were below the normal background level or slightly above, while the last 
test was found to be in the high end of the middle category (above normal background level).  Such 
low Mycometer® results are often a good indicator that no significant growth is present within the 
construction (Table 27). The discrepancies between the model prediction and the on-site tests for the 
embedded wooden wall plates were probably caused by the closed nature of the construction 
preventing the supply of spores and nutrients in the form of dust and dirt from the surrounding 
environment. On the other hand, high initial pH could also have had an influence on the risk of fungal 
growth on the surfaces of the wall plates as these were covered from nearly all sides with high pH air-
lime mortar (initial pH > 12) and the adhesive glue mortar for the insulation system (warm side of the 
wall plate). In contrast to the masonry/insulation interface, the embedded wooden wall plates contain 
a large source of nutrients from the wall plate itself, however, for fungal growth to occur inside the 
construction, fungal spores need to available and survive the high pH during the initial period.  

The discrepancies between the on-site tests and the model predictions for the interface and the wall 
plates could also be partly due to the methodology used for the development of the mould-growth 
models. As mentioned in the methods section, the mould-growth models were developed under 
neutral pH conditions and were not originally intended for assessment of fungal growth in 
constructions with high pH value. However, as shown in the summary for the state-of-the-art section 
(Table 10), several studies dealing with internal insulation (including [29], [30], [48], [52], [54], [58], 
[88], [91], [114], [116], [118], [144], [195]) have implemented one or more models without taking into 
account the high pH value. In addition, several of the mould-growth models were developed based on 
experimental data for growth of specific fungal species and on specific materials (e.g. certain wood 
species), and tests were often carried out using small samples in direct contact with air [43], [192], 
[271]. For the internal insulation solid masonry walls, the mould growth predictions were carried out 
for materials inside closed constructions with no supply of nutrients and fungal spores from the 
surrounding environments. On this basis, the prerequisites on which the models were developed 
would surely differ from the presented experimental studies. Another important factor in relation to 
the observed discrepancies between the model predictions and the on-site tests are the mathematical 
representation of growth: e.g. the VTT model was developed based on average mould growth findings 
on several samples, which suggests that the model may sometimes underestimate or overestimate 
the risk of mould growth [43]. Finally, as stated in the state-or-the-art section there is still insufficient 
knowledge on several areas concerning fungal growth such as growth on various building materials, 
the effects of ageing [288], and fungal decline during dry or cold periods [192]. More research on some 
of these areas could reduce the gap between the model predictions and the on-site tests.  

A number of previous studies including [43], [190]–[194] have assessed the reliability of several 
available models and found that the examined models at times differ from the on-site observations. 
However, despite the slightly conservative predictions, the mould-growth models were still found to 
be valuable tools to post-process hygrothermal measurements to obtain an evaluation of the risk over 
time when performing a relative comparison between several different design options. The prediction 
models should perhaps instead be used to determine the likelihood of fungal growth in the examined 
construction rather than attempting to determine the exact extent of the fungal infestation, as 
proposed by Gradeci et al. in [193]. 
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To sum up, the poor correlation between the risk predictions and on-site fungal growth in the 
examined internal insulation systems suggests, that the pH conditions are of considerable importance 
when trying to evaluate the risk of fungal growth using said mould-growth models and future works 
should take this into consideration when dealing with insulation systems including highly alkaline 
adhesive mortars. 

For the application of the theoretical wood decay models, the two examined models overestimated 
the risks wood decay in the embedded wooden elements, which is in agreement with previous studies 
including [201] who similarly observed rather conservative predictions from the examined wood decay 
models. The vast majority of the predictions were regarded as critical due to the unacceptably large 
mass loss suggested by the models. With 11 out of the 23 test walls showing a mass loss above 10%, 
the potential strength loss according to the findings presented in [211]–[213] should be at least 30-
40% for the less severe test walls. Furthermore, the more critical test walls were predicted to 
experience a mass loss of more than 100%. In contrast, the on-site tests did not indicate the presence 
of wood decaying fungi in any of the six wooden core samples, and there are several reasons that may 
explain the observed discrepancies between the predicted and on-site wood decay results, which 
were: 

1) For wood decay to occur, spores of the wood decaying fungi species need to available: if no spores 
were available before the wall structures were closed off with the internal insulation system, then 
decay would probably not occur. Furthermore, new fungi spores would probably not be able to reach 
the locations that experience the critical moisture levels.  

2) Uncertainty of the measurement equipment: as stated in the methods and materials section, the 
HYT 221 digital sensors have an accuracy ±1.8 %-RH in the range 0 to 90% RH and the uncertainty 
increases at high RH levels (> 90%). In terms of uncertainty for the DC resistance measurements in the 
embedded wooden dowels, the experimental findings by Walker et al. [262] showed a good indication 
of the moisture content until around 15 weight-% after which the measurements were found to be 
less certain and often underestimate the moisture content. On the other hand, Christensen et al. [258] 
stated that wooden dowels could be used until a moisture content of 28 weight-% (fibre saturation), 
while larger moisture contents would result in short circuit and incorrect readings. In addition to the 
uncertainties in the measurement equipment, the conversion process from wood moisture content 
to RH also has uncertainties, due to hysteresis and the sorption curve of the dowel material. The actual 
RH levels could potentially be somewhere in between the digital measurements and the DC resistance 
measurements due to a slight overestimation of the moisture levels for the digital sensors and a slight 
underestimation for the wooden dowels. If the digital RH levels in the wall plates were lowered by a 
few percent points because of measurement uncertainties, then wood decay would probably not 
occur in any of the test walls. 

3) Critical limit for wood decay: as presented in Paper VII [7] the two prediction models have different 
critical limits for onset of wood decay, where the VTT decay model [289] uses a threshold of 95% RH 
while the Saito model [290] uses a threshold of 98% RH. A theoretical wood decay risk would therefore 
be more probable to occur when the hygrothermal measurements are post-processed using the VTT 
model as compared with the Saito model.  

4) Wood and fungal species: the two decay models were created based on experimental findings for 
specific wood species using a few selected decay fungi, which may differ from the present field 
experiment. For the development of the VTT decay model, the authors used experimental data for 
decay by the typical brown rot fungus Coniophora puteana on Scots pine sapwood, while for the Saito 
model the authors used experimental data for decay by the brown rot fungus Fomitopsis palustris on 
Japanese red pine. In the case of the large field experiment with the two test containers presented in 
the thesis, Pomeranian Scots pine wood was used for the wooden elements embedded into the solid 
masonry walls.  
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5 General discussion 

This section will discuss the relationship between the findings presented under Hypotheses 1 and 2, 
and the mould-growth prediction results presented under Hypothesis 4, based on the intermediate 
discussions in Section 4.1.4, 4.2.3, and 4.4.3. VOC diffusion and the effect on the indoor environment 
in the case of fungal growth behind the insulation are presented under Hypothesis 3, based on Section 
4.3.3.  

5.1 The four hypotheses in context 

The original thought with the Ph.D. project was to investigate if it would be possible to avoid high RH 
levels which could lead to moisture-induced problems such as fungal growth and potentially affect the 
indoor air quality negatively. In addition, the reliability of available mould-growth models should be 
examined when dealing with internal insulation, hereunder account for possible hampering of the 
growth by the initial high pH level. However, as the Ph.D. project progressed, the order of the 
hypotheses was turned upside down. The focus shifted towards the question of whether or not we 
would need to worry about the high RH levels and fungal growth behind the insulation system if the 
VOCs produced by the growth would not be able to penetrate to the indoor environment (hypothesis 
3) or if the high alkalinity would prevent fungal growth entirely (hypothesis 2). Furthermore, in the 
case that the findings would show that fungal growth could not be prevented and it would affect the 
indoor air quality, would there be robust internal insulation solutions (i.e. suitable insulation systems 
and additional measures) that are capable of lowering RH in the critical locations to safe levels, which 
do not promote fungal growth or wood decay (hypothesis 1). Finally, determine whether the mould-
growth models would successfully be able to predict the risk of fungal growth in the internally 
insulated solid masonry walls (hypothesis 4).  

5.1.1 VOCs penetrating insulation systems 

The laboratory experiment and VOC mass balance calculations examining VOC diffusion, presented in 
Section 4.3 and in Paper III, showed that in the case of fungal growth behind the insulation, the 
selected VOCs were able to penetrate most of the examined insulation systems and could affect the 
indoor environment. The more diffusion-tight insulation systems were found to limit VOC diffusion 
considerably in comparison with the highly diffusion-open systems. However, it was also shown that 
if sufficient airtightness was not achieved and convection was allowed to occur, then the transfer of 
VOC through these leakage areas would by far exceed the transfer by diffusion. This is of particular 
importance for the more diffusion-tight systems, as these small airtightness issues would have a 
considerable impact on the performance of an otherwise tight vapour barrier. 

It should be noted that the topic of VOC diffusion and convection through various internal insulation 
systems still holds a number of uncertainties. The production rate of VOC resulting from the 
metabolism of the fungal growth is still unknown and the presented results are therefore relevant 
only in the case that the fungal growth is able to produce enough VOC to maintain vapour saturation 
behind the insulation system. Since the results showed that the VOCs were able to easily penetrate 
most of the insulation systems, it is likely that the extent of the fungal growth determines whether or 
not it affects the building occupants. In addition, it is uncertain at what VOC concentrations the 
building occupants may start to feel discomfort. Consequently, the findings under Hypothesis 3 
highlight that the risk of fungal growth is still of great concern and it is important to lower the risk as 
much as possible, either by lowering the RH levels through constructive measures or by other 
measures that could hamper fungal growth. 

5.1.2 pH level 

As presented in Section 4.2 and in Papers I, III, VI, the laboratory and field experiments that examine 
whether or not controlling the nearby surroundings could prevent fungal growth, showed that by 
creating a highly alkaline environment with limited access to nutrients, it was possible to hamper 
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fungal germination and growth in the examined masonry test wall. Fungal growth was prevented even 
in the cases where high RH levels were observed in the critical locations. However, in the large field 
experiment, the pH-value in the critical locations was seen to decline over time as the materials 
carbonated, resulting in more favourable conditions for mould growth. The rate of decline was shown 
to be related to the water vapour diffusion resistance of the applied insulation system, with the more 
diffusion-tight system maintaining the high pH value for longer time. Furthermore, in the laboratory 
experiment, it was shown that the high alkalinity did not inactivate all the fungal spores in the 
masonry/insulation interface during the one-year experimental period. The spores of some fungal 
species were found to survive the unfavourable growth conditions and were able to germinate after 
transference to a more favourable environment. These findings show that some fungal spores can be 
very resilient against aging and other environmental influences, such as high alkalinity, and that we 
still do not know for how long high pH value is required to ensure that fungal growth will not occur.  

Consequently, due to the relatively short experimental period and uncertainties concerning the 
resilience of fungal spores, it is hard to give conclusive answers regarding the long-term performance 
of internal insulation systems with high pH in the adhesive mortar. In addition, from the literature 
study it was found that only a very limited number of studies have investigated the effect of high pH 
in connection with application of internal insulation. It is therefore still relevant to worry about high 
RH levels and to consider the measures presented under Hypothesis 1 in Section 4.1 to further lower 
the risk of fungal growth occurring behind the internal insulation, at least until more research has 
been done on the topic. Furthermore, in the case that the insulation systems with highly alkaline 
adhesive mortars would later be proven successful to prevent fungal growth in the masonry/insulation 
interface, it would probably still be necessary to worry about high RH levels as there would be a risk 
of wood decay in the embedded wooden elements. In historic buildings, the embedded wooden 
elements would be “far” away from the protection from the highly alkaline adhesive mortar, and 
potentially damaging RH levels are likely to occur as presented in Section 4.1.   

In terms of fungal decontamination before installation of internal insulation systems, the experimental 
results presented in Section 4.3 and in Paper III, showed that the choice of method is of minor 
importance for the risk of fungal growth in the masonry/insulation interface during the initial period 
after installation of the insulation system. This is if the insulation systems were to be applied with a 
highly alkaline adhesive glue mortar, as the high pH inactivates existing fungal growth and hampers 
new growth over an extended period of time. However, it was also shown that the simple “do-it-
yourself” method with the paint scraper should be avoided as it does not remove mycelia growth in 
the underlying render and may also leave some organic residues on the interior surface of the masonry 
wall. Leftover mycelia and organic residues could become an issue later on when the pH value have 
decreased to levels favourable for fungal growth to reappear. 

5.1.3 Combination of methods 

The findings from the large field experiment and the numerical simulations presented in Section 4.1 
and in Papers I, II, V-VII showed that it may be difficult to maintain non-critical hygrothermal 
conditions in the masonry/insulation interface and in the embedded wooden elements when applying 
internal insulation to solid masonry walls. It was shown that it was necessary to combine the internal 
insulation with additional measures and that the best hygrothermal performance was achieved 
through the combination of a more diffusion-tight insulation system with exterior hydrophobisation. 
In addition, the hygrothermal conditions could be further improved by combination with lowered 
indoor moisture load (Papers II) and installation of a deliberate thermal bridge in front of the 
embedded wooden elements (Papers V). It was also found that the positive effects from exterior 
hydrophobisation depends on the diffusion resistance of the internal insulation system, with a less 
pronounced effect for the highly diffusion-open insulation systems. However, the effect of lower 
indoor moisture load was more pronounced for the highly diffusion-open insulation systems. 
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It should be noted that the large field experiment was carried out with an indoor moisture load of 60% 
RH, corresponding to humidity class 3, which was rather high especially during the winter periods. 
Consequently, some of the examined insulation systems would likely have experienced less critical RH 
levels if a more moderate indoor moisture load had been used, similar to what would been seen in 
typical residential buildings. As shown in the summary of the state-of-the-art in Section 2.8, several 
previous studies have observed non-critical RH levels in the masonry/insulation interface using highly 
diffusion-open insulation systems, including CaSi and AAC, when the indoor and outdoor boundary 
conditions had been less severe.  

5.1.4 Limitations 

The presented experimental results are valid only for similar solid masonry walls with the applied 
insulation systems experiencing similar physical conditions. We do not yet have the necessary 
experience in certain areas to make more general practical recommendations on how to carry out 
internal insulation (e.g. the long-term performance of exterior hydrophobisation). As shown in the 
summary of the state-of-the-art in Section 2.8, there are still some inconsistencies in the literature 
concerning both the diffusion-open and diffusion-tight systems. In addition, the properties of 
insulation products belonging to the same category of insulation products may also vary considerably 
between the individual manufacturers such as for the water vapour diffusion resistance of Phenolic 
foam or EPS foam products as illustrated in RIBuild deliverable D1.2 [106]. Furthermore, the 
composition of insulation products change rapidly, and a later version of the same product may 
therefore not react in the same way, or products may get phased out and thereby not be available 
despite research indicating a good hygrothermal performance.  

As the findings presented under hypothesis 1 showed that it may be difficult to maintain non-critical 
hygrothermal conditions when applying internal insulation, it was relevant do determine whether or 
not the mould-growth models are able to successfully predict the risk of fungal growth. The results 
from the laboratory and large field experiments presented in Section 4.4 and in Papers I, III, IV, VI 
concerning measured on-site and predicted fungal growth, showed good agreement between the 
mould-growth model and the visual observations in the cold ventilated attic spaces under the eaves 
(Paper IV). But a poor correlation was found between the modelled mould growth and the on-site 
failure tests for the internally insulated solid masonry walls (Papers I, III, VI). The results showed that 
the discrepancies were caused by a lack of nutrients and the high pH conditions in the test walls and 
that the method of excluding the first year from the calculations was not sufficient to reach a good 
correlation between modelled and on-site fungal growth. As presented in Section 4.4.3, the examined 
models were developed under neutral pH conditions and with access to surrounding air and may 
therefore not be suitable for assessing the performance of internal insulation systems applied with 
alkaline adhesive glue mortar in a closed atmosphere. Future studies should take pH into 
consideration, and better predictions for constructions with high pH could perhaps be achieved by 
excluding an even longer period of the measurements. On the other hand, further experimental work 
could be carried out to incorporate pH conditions as a factor in existing mould-growth models. In 
terms of the wood decay models, it was found that the two examined models highly overestimated 
the risks. However, as presented in Section 4.4.3 there are several reasons that could explain the 
differences between the on-site tests and the mathematical predictions.  

To summarise, the outcome of the Ph.D. study in relation to the four hypotheses, shows that 
techniques exist, which are able improved the hygrothermal performance of internally insulated solid 
masonry walls with embedded wooden elements. By applying of such techniques it is possible to lower 
RH in critical locations to levels, which do not support hazardous fungal growth or wood decaying 
fungi. Furthermore, some of the techniques were found also to hamper fungal growth in the case of 
high RH levels in the critical locations. However, the long-term performance of the examined measures 
is still unknown, and the rather short duration of the experiments is a considerable limitation in the 
present study. In terms of the mould-growth models, large differences were observed between 
modelled and on-site fungal growth due to the highly alkaline environment.  

 
111



 

5.2 Limitations in relation to historic buildings 

The results presented under hypothesis 1 in Section 4.1, showed that all the examined insulation 
systems would reach critical RH levels when the internal insulation was installed by itself, and that it 
was necessary to lower intrusion of wind-driven-rain by exterior hydrophobisation. However, as 
presented under the state-of-the-art in Section 2.3.1.2, there are some concerns in terms of 
application on historic buildings. There are aesthetical concerns with the visual changes that the 
exterior hydrophobisation may cause to the exterior wall surfaces, i.e. change in colour, sheen or gloss. 
These visual changes will inevitably alter the characteristics of the building, resulting in a loss of 
information and affect the historical value of the building. In the large field experiment, the cream-
based hydrophobisation treatment was not found to give the exterior surface a sheen or gloss, but a 
change in colour was observed during and shortly after rain events when the walls were wet.  

Furthermore, contrary to the masonry of historic buildings, the test walls in this study were newly 
constructed, and so the state of the test walls would probably be considerably better. Also, the facades 
on historic buildings would likely have a number of cracks and broken bricks, which may not be 
corrected prior to the hydrophobising treatment. As pointed out in the state-of-the-art in Section 
2.3.1.1, these defects would increase the risk of local moisture “hot spots”. The test walls in the large 
field experiment were therefore more ideal for application of exterior hydrophobisation.  

The most pressing concern regarding application of exterior hydrophobisation on historic buildings 
might be that the treatment is irreversible. Since the Si-C-bonds in the treatment are so stable it is not 
possible to remove the treatment through chemical or biochemical reactions, as stated in Section 
2.3.1.1. This is a problem since there are still uncertainties regarding how well the different treatments 
will bind to the exterior surfaces of the historic masonry buildings and how effectively they will lower 
WDR intrusion. In addition to this, there are also uncertainties regarding the long-term effectiveness 
of the treatments and how often re-application should be done, and whether or not the same 
treatment can be repeated or if it will be possible to use a different treatment with the first one still 
in place. With regards to the long-term effectiveness, it is still uncertain how the treatments will 
degrade over time and if this could lead to an increased risk of moisture-induced damage in 
comparison to the situation prior to application. To summarise, there are a number of uncertainties 
concerning exterior hydrophobisation for historic buildings, which need to be investigated further 
before hydrophobisation can be safely recommended as a measure to improve the hygrothermal 
conditions when applying internal insulation to solid masonry walls.  

5.3 Chemical corrosion 

A possible concern with regards to maintaining highly alkaline conditions behind the insulation system 
is the occurrence of chemical corrosion of the brick matrix. Masonry clay bricks typically comprise 
silica (SiO2), alumina (Al2O3), calcium carbonate (CaCo3), iron oxide (Fe2O3), magnesia (MgO) and alkali 
metal oxides (Na2O, K2O), and the bricks are usually fired at 900-1100 °C. At such high temperatures, 
vitrification occurs inside the bricks, which will bind the raw materials together [291], [292]. The 
vitrified or “glass phase” material formed during the firing process will become the sustaining matrix 
of the masonry brick. However, this glass material is susceptible to chemical corrosion due to exposure 
by water, acid and alkaline solutions [293]–[295]. In an alkaline environment such as behind the 
examined internal insulation systems, chemical corrosion occurs due to the reaction between the 
hydroxyl ion (OH-) and the silicon-oxygen bond (SiO2), which can cause the glassy silica lattice to split 
into soluble silicic acid. This results in a dissolution of the glassy silica material [293], [294]. According 
to Duffer [296], the critical alkali pH is around 8.5, which therefore suggests that chemical corrosion 
is likely to occur behind the examined internal insulation systems. 

In [294], [295], [297] the effects of chemical weathering of bricks were investigated by submerging 
bricks or brick powder into liquids with different pH values, ranging from acidic solutions with pH 3-4 
up to alkaline solutions with pH 11-13. In [294], [295] the authors reported higher initial water uptake 
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followed by a reduced maximum water uptake when compared with the reference bricks. This 
indicates that an increase in the pore size had occurred as a results of the chemical corrosion by 
exposure to the highly alkaline solutions. An increase in the open porosity and a corresponding 
reduction of the brick density were also observed for the brick samples. Rörig-Dalgaard & Charola 
[295] observed a mass loss of 2 % w/w after 288 days of brick sample submerged in a pH 13 solution 
and 0.1% w/w of brick sample in a pH 11 solution. In the study by Karius & Hamer [297], ten bricks 
(nine commercial and one brick from harbour sediment) were examined. The authors reported that 
most elements in the brick samples reacted similarly (Mg, Ca, V, Cr, Mn, Ni, Cu, Zn, As, Sr, Cd, Ba), 
where the leachability was high in a pH 4 solution and decreased with increasing pH values of the 
solution. A few elements (SO4, K and Mo) showed constant leachability over the examined pH-range, 
while other elements (Al and Si) showed small leachability in the neutral to slightly alkaline pH-range 
and increased leachability at both higher and lower pH. 

The experimental activities presented in this work did not consider this issue and tests were therefore 
not carried out to determine if chemical corrosion of the examined yellow masonry bricks did in fact 
occur as a result of the alkaline adhesive glue mortars. However it should be noted that in contrast to 
the aforementioned studies, the masonry bricks in the test containers were not fully submerged into 
a highly alkaline solution but rather one side of the brick was in contact with the internal render, which 
in turn was in contact with the highly alkaline adhesive glue mortar. While alkalinity of the adhesive 
glue mortar may affect the bricks, it may be assumed that the potential chemical corrosion will be 
rather limited in comparison with the submersion experiments in [294], [295], [297]. Aside from this, 
the air lime mortar traditionally used in historic buildings would also have a high initial pH value (12.7 
for the mortar used in the large field experiment) and in terms of chemical corrosion, the air lime 
mortar may be of larger concern. As stated in [298], the carbonation process of air lime mortar occurs 
slowly due to the low content of carbon dioxide in the ambient air, and the high pH could potentially 
be maintained for several years in the middle of the exterior masonry. This was illustrated by Pinho & 
Lúcio in [299], who examined 42 rubble stone masonry walls specimens with a thickness of 400 mm 
and found an average carbonation depth 103 mm after nine years. 

5.4 Reaction to fire 

Another concern in terms of choosing the most fitting internal material is that the materials differ 
considerably with regards to their fire technical properties, i.e. the reaction to fire, development of 
smoke and burning droplets, and if the examined systems develop toxic gases during the burning 
process. Due to these differences in the fire technical properties, there are also differences in the 
regulatory requirements and application possibilities. According to the Danish building code [300], the 
interior cladding materials must not contribute significantly to fire and smoke spread, and the 
construction should not develop unacceptable amounts of droplets and particles during fire. 
Furthermore, it must be ensured that fallout of parts of the outer wall structure do not occur during 
the rescue work. 

Table 33 in appendix I presents the fire classifications for a number of insulation materials utilized in 
systems marketed for internal retrofitting purposes. It can be seen from the table that insulation 
materials containing synthetic or organic polymers (often class E-F materials) contribute more to the 
fire in comparison with traditional mineral wool products, mineral insulation boards and cellular glass 
(often class A1-A2 materials). To meet the fire demands, the polymer containing products need to be 
protected with cladding material of class K1 10 B-s1,d0 or a construction part class EI 30 [301], [302]. 
Typically the polymer containing products are combined with internal gypsum board, fibreboard or 
plaster layer, as shown in the table footnote. According to the Danish building code, these cladding 
materials are approved for single-family houses, adjoining single-family houses, townhouses, cottages 
and multi-storey buildings where the floor level on the top floor is a maximum of 9.6 m over terrain, 
as illustrated in Table 34. However, for buildings where the floor level on the top floor is between 9.6 
m and 22 m over terrain, the interior cladding material need to comply with construction part class EI 
30 A2-s1,d0 for insulation materials with a fire classification of less than material class D-s2, d2, such 
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as the polymer containing products [301], [302]. To comply with construction part class EI 30 A2-s1,d0, 
the polymer containing products must therefore be protected with: 1) a 90 mm masonry brick wall, 
or 2) a 75 mm wall of lightweight concrete elements or lightweight clinker without plaster [301].  

To put this issue into perspective with regards to the Danish building stock, if we consider an average 
floor height of 3.5 m, this means that all apartment blocks from four storeys and higher would need 
to comply with construction part class EI 30 A2-s1,d0. According to the segment study performed by 
Odgaard et al. [27] for the Danish building stock, there would be a total of 9015 buildings from the 
period 1851-1930 and 2707 buildings from the period 1931-1950, which would need to comply with 
class EI 30 A2-s1,d0. 

It is worth mentioning that the height-dependent fire requirement has a historical reason, which differ 
between the countries and largely depends on the equipment of the fire rescue services. In Denmark, 
a height if 9.6 m can be reached using hand-carried ladders and small mobile ladder carts that can be 
transported to the inner courtyards, while buildings up to 22 m are reached with the large turning 
ladder mounted on the fire trucks. Other EU countries will most likely have similar heights 
requirements, as it is limited how long a hand-carried ladder can reach etc. 

Aside from the more strict demand for fire protection, it is also probable that the polymer containing 
systems could contribute considerably in terms of toxic gasses, should the insulation materials ignite. 
This was illustrated in the steady state tube furnace experiment performed by Stec and Hull [303]. The 
study evaluated the fire toxicity of several building insulation materials under the most dangerous 
scenario, which was “under-ventilated burning conditions”. In their experiment, the following 
products were examined: glass wool, stone wool, extruded polystyrene (XPS), expanded polystyrene 
(EPS), phenolic resin foam (PhF), polyurethane (PUR), and polyisocyanurate (PIR). It was found that 
the glass and stone wool products failed to ignite and had significantly lower yields of toxic gasses in 
comparison with the polymer containing insulation products – even when exposed to more severe 
temperature conditions. In addition, the PUR and PIR products were found to have the greatest sum 
of toxic contributions, especially hydrogen cyanide was found to be a major toxic contributor from the 
PUR and PIR products.  
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6 Conclusion and hypotheses 

The following sections conclude on the presented research activities in relation to the four hypotheses 
and the associated research questions.  

The scope of the present project was to investigate which design characteristics were important to 
obtain robust hygrothermal performance of internally insulated historic solid masonry walls with 
embedded wooden elements. Hereunder to investigate environmental factors that could prevent 
fungal growth between the masonry wall and the added internal insulation systems.  

 

6.1 Hypothesis 1 

The first hypothesis reads: 

Moisture levels can be better reduced in the interface between the masonry wall and insulation 

and in the embedded wooden elements in internally insulated solid masonry walls through 

application of diffusion-open and capillary active insulation systems in comparison with 

diffusion-tight solutions for internal insulation. 

The findings of the present thesis work were found to partly support the statement in Hypothesis 1, 
as it is dependent on whether additional measures are applied or not. 

The hypothesis was investigated through the following research questions: 

RQ1.1: Can moisture levels be reduced in the interface between the masonry wall and insulation and 
in the embedded wooden elements through internal retrofitting with diffusion-open capillary active 
insulation systems? 

• In the case of high indoor moisture load during winter (60% RH) and no exterior 
hydrophobisation, all examined insulation systems experienced unacceptably high RH levels 
in the interface between masonry and insulation and in the embedded wooden elements.  

• The vapour diffusion resistance of the insulation system was found to have considerable 
influence on the hygrothermal performance of the test walls. Without exterior 
hydrophobisation, the highly diffusion-open systems (CaSi and AAC) performed slightly better 
than the more diffusion-tight systems (mineral wool and vapour barrier, PUR-CM and Phenolic 
foam), as the highly open systems were less sensitive to WDR.  

RQ1.2:  Can moisture levels be reduced in the interface between the masonry wall and insulation and 
in the embedded wooden elements through internal retrofitting with a diffusion-tight Phenolic foam 
insulation system with a closed cell structure? 

• Without exterior hydrophobisation, the Phenolic foam system performed similar to the 
traditional mineral wool and vapour barrier system, with unacceptably high RH levels in the 
interface between masonry and insulation and in the embedded wooden wall plate.  

RQ1.3: Can the hygrothermal performance of the above-mentioned diffusion-open or diffusion-tight 
internal insulation systems be improved through application of exterior hydrophobisation and 
lowered indoor moisture load? 

• Exterior hydrophobisation had a generally positive effect on the hygrothermal performance, 
but the positive effect was found to vary between insulation systems and for the more 
diffusion-tight systems (PUR-CM and Phenolic foam) also with the façade orientation, where 
the best results were observed for the walls facing south-west.   

• The water vapour diffusion resistance of the insulation systems was found to be of importance 
for the hygrothermal performance of the hydrophobised solid masonry walls, with the more 
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diffusion-tight insulation systems (PUR-CM and Phenolic foam) performing considerably 
better than the highly diffusion-open AAC insulation.  

• A lowering of the indoor moisture load improved the hygrothermal performance in the 
interface between the masonry wall and the insulation, and the embedded wooden elements. 
It was found that the effect was most pronounced for the highly diffusion-open insulation 
systems (CaSi and AAC).  

RQ1.4: How robust are the simulations of hygrothermal performance of the internal insulation 
systems in terms of incorrect assumptions for the properties of the existing masonry walls? 

• It was found that the choice of mortar type was of larger importance in terms of the 
hygrothermal performance of the insulated solid masonry walls compared with the choice of 
brick type, and that RH levels were higher in the case of mortars with high cement content 
due to a lower liquid water transfer (liquid water conductivity and water absorption 
coefficient).  

• For the effect of masonry wall thickness, it was found that the initial moisture content was of 
considerable importance for the hygrothermal performance. In the case of high initial 
moisture content, increased masonry thickness led to higher RH levels as drying of the built-
in moisture to the outside took longer time. For simulations with a lowered initial moisture 
content, increased masonry thickness improved the hygrothermal performance due to better 
protection against WDR. 

• Post-processing of the simulation results showed that the three test walls with exterior 
hydrophobisation performed well under most of the examined parameter variations, which 
suggests that the systems should be robust against incorrect assumptions concerning the 
existing masonry wall, variations in indoor moisture load, and insulation thickness.  

RQ1.5: How robust is the hygrothermal performance of the insulation systems in terms of changing 
climate conditions in the future? 

• The 30-year simulations suggested that the PUR-CM and CaSi systems in combination with 
exterior hydrophobisation would be robust against the changing climate conditions in the 
future for emission scenario A1B during the period 2020-2050, while the AAC and Phenolic 
insulation systems were found to be less robust against the future climate conditions.   

 

The research activities presented in the present Ph.d. thesis indicate that the more diffusion-tight 
insulation systems perform considerably better than the highly diffusion-open and capillary active 
systems, when combined with exterior hydrophobisation. In the case of internally insulated solid 
masonry walls without exterior hydrophobisation, the highly diffusion-open and capillary active 
systems were found to perform slightly better than the diffusion-tight insulation systems, due to some 
diffusion drying to the room side during summer. These results contradict a number of previous 
studies, which generally suggest superior performance when using the highly diffusion-open and 
capillary active systems. However, it should be noted that the results are valid for similar masonry 
walls with the applied insulation systems experiencing similar physical conditions. There is still 
insufficient knowledge in some certain areas to make more general practical recommendations on 
how to carry out internal insulation.  

 

6.2 Hypothesis 2 

The second hypothesis reads: 

Even if the moisture levels are high fungal growth may not occur if the pH value is high or there 

is a lack of nutrients. 
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Based on the findings of the present thesis work, the statement in Hypothesis 2 could not be rejected. 

The hypothesis was investigated through the following research question: 

RQ2.1: Can fungal growth be prevented in the interface between the masonry wall and insulation and 
in the embedded wooden elements by controlling the environmental factors of the immediate 
surroundings (i.e. high pH and lack of nutrients) despite unacceptably high moisture levels? 

• In the case of high pH (>12) in the immediate surroundings, no fungal growth was detected in 
the interface between masonry and insulation and in the embedded wooden elements 
despite extended periods with hygrothermal conditions which would otherwise be favourable 
for fungal growth. However, growth was detected in some test walls with lower pH value (< 
10). 

• The water vapour diffusion resistance of the insulation system was found to be an important 
factor in terms of maintaining the high pH value in the critical locations and lowering the risk 
of fungal growth. However, it is still unknown for how long the high pH value must be 
maintained to prevent growth and if it can be maintained high over long time. 

• For constructions where the pH value is expected to decline, the results leads to the 
assumption that to avoid fungal growth, it is of considerable importance to thoroughly clean 
the interior surfaces of the existing masonry walls for organic residues and to avoid the use of 
insulation systems with organic additives or components. 

 

6.3 Hypothesis 3 

The third hypothesis reads: 

Fungal growth behind the insulation affects the indoor environment. 

Based on the findings of the present thesis work, the statement in Hypothesis 3 could not be rejected. 

The hypothesis was investigated through the following research questions:  

RQ3.1: In the case of fungal growth behind the internal insulation systems, to what extent can the 
VOCs produced by the fungi penetrate to the indoor environment? 

• The three selected VOCs, used to mimic MVOCs produced by fungal growth, were found 
capable of penetrating most of the materials. The rate of VOC diffusion to the indoor 
environment was found to be rather high, which suggests that the VOCs would probably 
diffuse through the systems as fast as they are produced by the fungal growth.  

• The more water vapour diffusion-tight systems (PUR and Phenolic foam) were found to lower 
VOC diffusion considerably in comparison with the highly water vapour diffusion-open 
systems (CaSi and AAC).  However, the VOCs may still flow around the insulation panels by 
convection through cracks between panels or to the adjacent construction elements if the 
cracks are not sealed.  

• In the hypothetical room scenario where VOC vapour saturation occurred behind the 
insulation, the VOC content in the indoor air exceeded the recommended exposure limit for 
some of the examined VOCs – especially in the case of the highly diffusion-open systems. Note 
that the results are valid only if the fungal growth are able to continuously produce enough 
VOC to maintain vapour saturation behind the insulation. 

The research activities presented in the present Ph.D. thesis therefore indicate that in the case of 
fungal growth behind the internal insulation system, a more diffusion-tight internal insulation system 
would be preferred over a highly diffusion-open system.  
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RQ3.2: In the case of fungal growth on the existing masonry wall prior to application, can fungal 
biomass (mycelia and spores) be removed with paint scraper or must professional methods such as 
the Micro-clean® method or mechanical removal of the internal render be used? 

• It was found that simple “hand-power” cleaning with the paint scraper was insufficient in 
decontaminating the infected surfaces as the method only removed fungal growth in/on the 
wallpaper and not the mycelium, which may have penetrated into the render layer below. The 
professional Micro-clean® method with dry steam and the mechanical method where the 
existing render was removed with hammer and chisel were both found to be very effective. 

• The choice of decontamination method was found to be of minor importance in the case 
internal insulation was applied with highly alkaline adhesive glue mortar, which seemed to 
inactivate existing fungal biomass (spores an mycelium) on the wall surface and hamper new 
growth, at least while the pH is high (>10). However, it is still recommended to ensure a good 
decontamination of the wall surfaces prior to installation of the internal insulation, in order 
to remove the majority of the organic residue and fungal spores and thereby lower the risk of 
fungal growth later on when the pH value has dropped to a more favourable level for fungal 
growth to occur. 

 

6.4 Hypothesis 4 

The fourth hypothesis reads: 

Mathematical mould-growth models include too few factors to assess the implications of 

hygrothermal conditions behind internal insulation. 

Based on the findings of the present thesis work, the statement in Hypothesis 4 could not be rejected. 

The hypothesis was investigated through the following research questions:  

RQ4.1: Are the mathematical mould-growth models able to provide good predictions of the risk of 
fungal growth on surfaces in direct contact with air (i.e. in cold ventilated attic spaces)? 

• Good agreement was found between a mathematical mould-growth model and on-site visual 
observations for mould growth on wooden surfaces in inside ventilated attic spaces. However, 
visual observations may underestimate the extent of the fungal infestation. 

RQ4.2: Are the mathematical mould-growth models able to provide good predictions of the risk of 
fungal growth in the interface between the masonry wall and insulation and in the embedded wooden 
elements in internally insulated solid masonry walls? 

• In the experiments with internally insulated solid masonry walls, poor correlation was found 
between the models and the on-site fungal tests (Mycometer® tests and species identification 
under stereo and light microscopes) in the interface between masonry and insulation and in 
the embedded wooden elements. The mould-growth models generally overestimated the 
extent of the growth.  

RQ4.3: If not, what could be the reason for the incorrect mould-growth predictions? 

• The results indicate that the discrepancies between the mould-growth models and the on-site 
fungal tests were due to the very high pH value (>12) in the immediate surroundings over 
several years caused by the adhesive glue mortars, which hampered fungal germination and 
growth inside the test walls. With declining pH the availability of nutrients become important. 

• However, it should be noted that all the examined models were developed under neutral pH 
conditions and were not originally intended for assessing the risk of fungal growth in 
construction with high pH. The background behind the present study investigating the 

 
118



 

reliability of the models in the case of high pH comes from a number of previous studies where 
the models have been used with limited or no considerations for the influence of the pH level.  

RQ4.4: If the models do not provide good mould-growth predictions then what could be the value of 
using them? 

• Despite the conservative mould growth predictions the models were still found to be very 
valuable tools to perform a relative comparison of the hygrothermal results for several design 
scenarios, and as a means to evaluate the likelihood of fungal growth inside the examined 
constructions. 

 

6.5 Perspectives and future research  

The present research project has contributed with additional knowledge regarding the hygrothermal 
performance of internally retrofitted solid masonry walls and the effects of controlling the immediate 
surrounding environment. Yet, a number of questions remain unanswered, which leaves room for 
further research on how to insulate internally without causing hazardous fungal growth. The present 
project comprised field and laboratory experiments, and calibrated numerical simulations. However, 
the addition of case studies performed in 1:1 with long-term measurement campaigns for the 
examined insulation systems would increase the validity of the experimental and simulation results, 
especially since moisture related problems typically occur many years (often more than 10-15 years) 
after the completion of the construction work. Long-term measurement would not only allow for 
better insight into the hygrothermal performance of the individual systems and the robustness under 
real conditions but also allow for long-term assessment of the alkaline conditions and the risk of fungal 
growth in the critical locations. Multiple small-scale destructive tests at different time intervals in such 
a study could prove very valuable in determining how well the different insulation systems maintain 
the high initial pH-value and in turn how well they are protected. In addition, it could be beneficial to 
carry out Thermogravimetric analysis (TGA) for the materials used in various internal insulation 
systems to determine a possible content of organic materials and thereby the potential risk of fungal 
growth in the case of low pH value (<10), and the presence of fungal growth could later be confirmed 
or rejected based on on-site tests. This would be of interest in relation to current trend of going toward 
green and sustainable insulation products based on organic materials, to determine if these systems 
would be feasible for internal retrofitting purposes.  

In the present project only limited attention was paid to the indoor moisture load, and the effect was 
only investigated through the calibrated numerical simulations, which suggest that a lowering of the 
indoor moisture load would be beneficial for the performance of the systems. Further studies would 
be of interest in relation to the diffusion-open systems due to the open nature of the systems, which 
would make condensation almost certain to occur during the heating season and to determine the 
robustness of these systems under real conditions. Field and case studies with varying levels of indoor 
moisture load are needed to document the long-term hygrothermal performance and increase the 
validity of the numerical simulations.  

In terms of the VOC diffusion experiment and mass balance calculations, the work in the present thesis 
is regarded as “early stage” testing of the applied methods, and more work is needed to determine a 
more realistic exposure in the case of fungal growth behind internal insulation. Additional tests should 
be carried out under more controlled conditions similar to those stipulated for the “cup method” in 
EN ISO 12572 [230]. More work should be performed in relation to the similarity approach applied by 
Rode et al. [232] for modelling of VOCs and water vapour transport in materials. By employing the 
similarity approach, it could be possible to estimate the VOC transport properties for a large array of 
materials based on the similarity between the individual VOCs and water vapour diffusion. In addition, 
there is still insufficient knowledge regarding the production rate of the VOCs from the various fungal 
species and what may be the exposure threshold in the indoor air. Experiments could be carried out 
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to determine the production rate of the VOCs, although such tests could prove difficult as the 
concentration in indoor air is very low and therefore excessively difficult to measure.    

The theoretical mould growth and wood decay prediction models were found to overestimate the 
potential risk in most of the examined test walls, which suggests that additional tests are needed for 
both types of models. As the mould growth models were developed under neutral pH conditions and 
not originally intended for risk assessment for constructions with high pH, additional tests may 
therefore include fungal growth on different substrates with varying pH-value. This could provide new 
knowledge in terms of how growth progresses on various substrates in less favourable environments 
or additional tests with growth in closed construction without direct contact to the surrounding air 
i.e. interfaces. Tests could also be carried out with the intent to establish a correlation between the 
mould-growth models and the Mycometer® method, which is often used for on-site investigation by 
practitioners.    
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Appendix 

Appendix A: LBM test method 2 

Density and porosity were determined for the adhesive glue mortars and the Cork plaster according 
to the LBM test method 2 [239]. Initially the material samples were dried at 105 ± 5 °C until constant 
weight. Next the samples were cooled down to room temperature inside a desiccator with silica gel, 
and the samples were weighted to obtain the dry weight, m105. The material samples were then 
evacuated continuously inside the desiccator for a period of around 3½ hours at a pressure of 
approximate 1 mbar (Figure 54a). Following the evacuation period, a tank containing room 
temperature, sterile, demineralized water was then connected to the desiccator and the valve 
opened. Water was led into the desiccator until the samples were fully covered (Figure 54b). The valve 
was then closed and the tank disconnected. The samples were left inside the desiccator at this 
pressure for approximately 1 hour – without further pump evacuation. Hereafter the valve was 
opened and air led into the desiccator. The samples were then left inside the desiccator for 
approximately 24 hours at atmospheric pressure. Following the 24-hour period, the samples were 
weighted in water to obtain the in water weight, msw (Figure 54c) and above water to obtain the above 
water weight, mssd (Figure 54d). Prior to the above water weighting, the samples were blotted with a 
hardly wrung damp cloth. The samples were then dried at 105 ± 5 °C again to perform a control 
weighting of the dry weight. 

Figure 54 Density and porosity test: (a) Evacuation of the desiccator; (b) leading water into the evacuated 
desiccator; (c) weighting samples in water; and (d) weighting samples above water. 

Density and porosity were determined using Equations 47-50: 

Sample volume, V [m3] Ú = (µss¿kµsÛ)_Û [Eq. 47] 

Volume of the open porosity, Vop [m3] Ú(� = (µss¿kµuÜ�)_Û [Eq. 48] 

Open porosity of the sample, po [m3/m3]  :( = ÝËqÝ [Eq. 49] 

Dry density, ρd [kg/m3] UN = µuÜ�Ý [Eq. 50] 

For ρw a water density of 997.05 kg/m3 was used, as the water temperature was measured to 25 °C. 

a) b) c) d) 
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Appendix B: The Mycometer® test 

Mycometer®: 

The Mycometer® test measures the fluorescent product released from the enzyme-substrate complex 
relating to the N-acetylhexosaminidase activity found in fungal biomass, expressed by a Mycometer® 
value [243], [244]. The Mycometer® method is able determine the extent of fungal growth on surfaces 
or within porous material samples. 

The samples for the Surface test were taken using sterile cotton swabs, which were swabbed within a 
control area of 30 mm by 30 mm and then placed back inside their sealed transport cylinders (Figure 
30c) [247], [304]. For the Bulk-material test, the aforementioned drilled out core samples (kept sealed 
zip-lock bags) were prepared for testing in the laboratory. Excess insulation material was cut away 
from the core samples leaving the central part of the core of approximately 20 mm by 20 mm (Figure 
30e). The central part was then divided into three sections. One section from the outermost 10 mm 
of the insulation layer i.e. nearest to the solid masonry wall, while the remaining part of the central 
core was divided into two equally sized sections with an approximate length of 15-45 mm depending 
on the insulation system (denoted “mid” and “innermost” sections). The three sections were then 
crushed into powder for the Bulk-material test. For the Bulk-material test, the mid and innermost 
sections were tested only if growth was detected in the outermost section or the interface, as previous 
experience with the method have shown that if no growth are detected in these locations then it is 
improbably that growth would be found mid and innermost sections. 

In the laboratory the Mycometer® analysis procedure [248] was as follows: A reaction tube was 
prepared with 1 ml of Substrate and 1 ml of Activator for each of the samples, and one additional tube 
for blind testing. A cuvette was prepared with 2 ml Developer for each of samples, and one additional 
for blind testing. The additional cuvette with Developer was analysed with the fluorometer to obtain 
the blind value 1 (BV1). The room temperature was noted and would be used to determine the 
reaction time. For the surface samples; the cotton swabs were placed in the reaction tubes and the 
timer started. Within the first 2-3 minutes the reaction liquid was stirred with the cotton swabs, and 
pressed against the inside of the reaction tubes in order to make fungal spores more available for the 
reaction liquid. A few minutes before the end of the reaction time, the reaction liquids were stirred 
again with the cotton swabs, and the cotton swabs were removed upon final timer countdown. For 
the bulk-material test [249], [250]; the material powder was added into the reaction tubes instead of 
the cotton swabs, and the timer was started. For lighter insulation products a sample weight of 80-
150 mg was used, while for the heavy insulation products and mortar samples a sample weight of 250-
350 mg was used. Note that the method provides the fluorescent product normal to a sample weight 
of 100 mg. 

Immediately after final timer countdown, 100 μl of reaction liquid was transferred to the cuvettes 
containing Developer and stirred using the transfer pipette. The cuvettes now containing Developer 
and reaction liquid were then analysed with the fluorometer to obtain the analysis values (AV). To 
obtain the blind value 2 (BV2), 100 μl of the mixture of Substrate and Activator in the additional 
reaction tube was transferred to the additional cuvette with Developer (which was used to obtain 
BV1), and the cuvette was analysed with the fluorometer.  

The Mycometer® value (MV) was obtained using Equation 51:  ÞÚ = iÚ − (�Ú2 + (�Ú2 − �Ú1))        [Eq. 51] 

The following evaluation categories were used for the Mycometer® Surface test: 

A (Green) = the measured value does not exceed normal background levels (MV ≤ 25) 

B (Yellow) = the measured value exceeds normal background levels (25 ≤ MV ≤ 450) 

C (Red) = the measured value is high due to active fungal growth (MV ≥ 450) 
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The following evaluation categories were used for the Mycometer® Bulk-material test: 

A (Green) = the measured value does not exceed normal background levels (MV ≤ 150) 

B (Yellow) = the measured value exceeds normal background levels (150 ≤ MV ≤ 450) 

C (Red) = the measured value is high due to active fungal growth (MV ≥ 450) 

The accuracy of the Mycometer® test were evaluated by the US Environmental Protection Agency 
(EPA) [245] who found a standard deviation between tests of 5-10% for the examined fungal species. 
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Appendix C: The VTT mould-growth model 

The VTT mould-growth model was originally developed by Hukka and Viitanen [271] and was later 
updated in 2010 [43], where material sensitivity classes were included. It is a dynamic model that 
takes hourly temperature and RH data as input, and the output of the model is the mould index (M). 
The mould index ranges from 0 to 6, where 0 corresponds to no growth, and 6 to heavy growth (100% 
coverage). Only mould index values in the range 3-6 are visible to the naked eye. As described in 
Papers I,II, IV-VII [1], [2], [4]–[7], the sensitivity classes included in the updated version of the model 
were used to make theoretical predictions for different parts of the solid masonry walls. Where the 
“sensitive” material class used for planned wood elements and the “medium resistant” material class 
used for the materials in the interface between the masonry wall and the added insulation systems 
such as the PUR-CM, phenolic foam, CaSi, and AAC insulation.   

For mould growth to occur, the RH levels need to exceed the critical RH level, RHcrit, which is dependent 
on the temperature, θ [°C]. RHcrit is determined using Equation 52: 

?Å-�O� = ß−0.00267θ� + 0.160θ� − 3.13θ + 100.0, FℎZà θ ≤ 20?ÅµOy, FℎZà θ > 20     [Eq. 52] 

 

Where RHmin is the lowest humidity at which mould growth may occur. The value depends on the 
selected material class, and is found in Table 30.  

 

Mould growth over time is calculated using Equation 53: NãN� = xä∙¥a�(kª.å¡)yækx�.ç)yf#tåå.ª�) 0x0�       [Eq. 53] 

 

Where M is the mould index [-], and t the time [h]. k1 represents the growth intensity factor. The value 
for k1 is found in Table 30, and depends on the mould index value at the previous time step and the 
selected material class. Factor k2 represents the moderation of growth intensity when the mould index 
value nears maximum M, in the range 4<M<6. k2 is determined using Equation 54: 

 0� = 8è�[1 − Z�:[2.3 ∙ (Þ − Þµa)], 0]      [Eq. 54] 

 

Þµa = i + � ∙ f#|ÌÍÂkf#f#|ÌÍÂkxªª − é ∙ � f#|ÌÍÂkf#f#|ÌÍÂkxªª��
      [Eq. 55] 

Where the constants A, B, and C needed to determine Mmax in Equation 55 are found in Table 30, and 
depend on the selected material class. 

 

Table 30 The VTT material classes and the associated constants, from [43]. 

Sensitivity Class 
k1 k2(Mmax) RHmin 

M < 1 M ≥ 1 A B C % 

Very Sensitive, vs 1 2 1 7 2 80 

Sensitive, s 0.578 0.386 0.3 6 1 80 

Medium Resistant, mr 0.072 0.097 0 5 1.5 85 

Resistant, r 0.033 0.014 0 3 1 85 
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During dry periods where RH < RHcrit or the temperature is below 0 °C, no mould growth occurs, 
instead a decline process is initiated. The applied decline value depends on how long time has passed 
since the growth conditions became unfavourable, as shown in Equation 56: 

NãN� = ê −0.00133, FℎZà ¸ − ¸x ≤ 6 ℎ0, FℎZà 6 ℎ ≤ ¸ − ¸x ≤ 24 ℎ −0.000667, FℎZà ¸ − ¸x > 24 ℎ       [Eq. 56] 

 

Where t is the time [h] since growth conditions became unfavourable. The reader may notice that for 
longer periods with unfavourable growth conditions, the process will be a near linear decline. In 
addition, similar to the growth process the decline process depends on the selected material class. So, 
a material coefficient, Cmat, is multiplied to the hourly decline value, as shown in Equation 57:  NãN� µ� = éµ� ∙ NãN� ª         [Eq. 57] 

 

Values for the material coefficient, Cmat are as follows:  

- 1.0 Wood recession   (untreated wood) 
- 0.5 Significant relevant decline (aerated concrete) 
- 0.25 Relatively low decline  (concrete, spruce board, PUR with paper, glass wool) 
- 0.1 Almost no decline  (lightweight concrete, polyester wool insulation, EPS) 
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Appendix D: The MRD mould-growth model 

The mould resistance design (MRD) model was developed by Isaksson et al. [192] as a dose response 
model based on daily average values for temperature and RH. The model was later modified [44] into 
a dose response model based on 12-hour average values to account for the large variations in 
temperature and RH between day time and night time. The MRD relates to the limit state for “onset 
of mould growth” defined in the mould rating scale developed by Johansson [158] (see Table 31), as 
stated in Paper I [1]. The onset of mould growth is assumed to occur when the accumulation of the 
half-day doses over time exceed the critical dose for the examined material. The critical moisture level 
for a given material is determined experimentally as described in [305] and  [287], and then converted 
into the critical dose as described in [273]. The applied rating scale ranges from 0 to 4, where 0 
corresponds to no growth, 2 to onset of mould growth and 4 to heavy growth. The critical dose for 
the various materials used in the experimental studies were obtained from [10], [272], [273].  

 

Table 31 Mould rating scale by Johansson [158]. 

Rating Description of the extent of the mould growth 

0 No mould growth 

1 Initial growth, one or a few hyphae and no conidiophores 

2 Sparse but clearly established growth; often conidiophores are beginning to develop 

3 Patchy, heavy growth with many well-developed conidiophores 

4 Heavy growth over more or less the entire surface 

 

To generate mould growth predictions using the MRD model the half-day dose, D12, need to be 
determined, which is the product of �ë (relative humidity component) and �æ (temperature 

component). D12 is given by Equation 58: 

�x� = �(Wx�, θx�) = ß �ë(Wx�) ∙ �æ(θx�)−0.4, [$ θx� < 0.1 °é       [Eq. 58] 

Where Wx� and θx� are the 12 h averages of relative humidity and temperature respectively 

 

The relative humidity component of the half day dose, �ë, is given by Equation 59: 

�ë(Wx�) = î0.5Z�: ï15.5 ∙ ðà �ëu�çª �ñ , [$ 75 < Wx� ≤ 100%−2.118 + 0.0286 Wx�, [$ 60 < Wx� ≤ 75%−0.4, [$ Wx� ≤ 60%     [Eq. 59] 

 

The temperature component of the half day dose, �æ, is given by Equation 60: 

�æ(θx�) = êZ�: ï2.0 ∙ ðà �æu��ª �ñ , [$ 0.1 < θ ≤ 30°é èà" �ë > 0 1.0, [$  �ë < 0    [Eq. 60] 

 

As stated in Equation 59, the dose and the MRD mould index increases when RH > 75%, while the dose 
and MRD mould index decreases when RH < 75%. For temperature (Equation 60), the dose and the 
MRD mould index increase only if the temperature is above 0.1 °C but less than 30 °C.  
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The half-day doses accumulate over the given time period t=0.5n12, and is expressed as the total 
dose, �(¸), which is given by Equation 61:  �(¸) = �(0.5àx�) = ∑ �x�Oyu�x = ∑ �ë(Wx�O) ∙ �æ(θx�O)yu�x     [Eq. 61] 

Where n12 is the total number of half-day doses. 

 

As mentioned earlier, the onset of mould growth is assumed to occur when the accumulation of the 
half-day doses over time exceeds the critical dose for the examined material. This comparison is done 
using the limit state function, *(W, θ), which is given by Equation 62: *¦W(¸), θ(¸)§ = 1 − b[ ë(�),æ(�)]b|ÌÍÂ         [Eq. 62]  

 

This shows if the time dependent dose, �[ W(¸), θ(¸)], violates the limit state for onset of mould 
growth. Where, if g ≥ 0 then the dose level is acceptable, while if g < 0 then the limit state has been 
violated. 

 

To obtain the MRD mould index value Equation 63 is used: Þ?�µ(¬)N OyN¥a = � b(�)b|ÌÍÂ� ∙ 2         [Eq. 63] 

 

As mentioned earlier, the critical dose for a given material is determined experimentally, and will be 
defined as:  �-�O� =  �(¸-�O�) =  ∑ �ë��|ÌÍÂx ¦W�¥P,O§ ∙ �æ¦θ�¥P,O§ = ¸-�O�    [Eq. 64] 

Where W�¥P,O  and θ�¥P,O  related to the relative humidity and temperature of a specific reference 

climate. tcrit is the time in days until onset of mould growth on the given material when subjected to 
the reference climate.  
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Appendix E: The WUFI-Bio mould-growth model 

WUFI-Bio [227] is a software tool based on the bio-hygrothermal model developed by Sedlbauer [45] 
(see also [187]) to assess the risk of mould growth under transient hygrothermal conditions. The 
prediction model comprises two parts: 1) the isopleths, and 2) the bio-hygrothermal model. The 
isopleths illustrate the germination time and mycelia growth rate of mould fungi spores in relation to 
the present temperature and RH conditions. The isopleths were developed based on more than 150 
mould species and examples of Sedlbauer´s Isopleths are shown in Figure 55. In addition, to assess 
growth on various types of building materials, four substrate categories were developed, which each 
have their own sets of isopleth curves for germination time and mycelia growth rate. The four 
substrate categories as stated in [45]: 

• Substrate category 0: Optimal biologic culture medium. 

• Substrate category I: Biologically recyclable building materials such as wall paper, paper 

facings on gypsum board, building materials made of biologically degradable raw materials, 

material for permanent caulking.  

• Substrate category II: Building materials with porous structure such as renderings, mineral 

building materials, certain wood species as well as insulation material not covered by I. 

• Substrate category III: Building materials that are neither biodegradable nor contain any 

nutrients. 

In substrate categories III, no isopleth curves were created as it was assumed that no mould growth 
would occur on materials falling into this category. However, in the case of surface soiling of substrate 
categories II and III, Sedlbauer recommend to instead use substrate categories I as a worst case 
approach is preferred.  

 

Figure 55 Isopleths: (a) Isopleths for germination time; and (b) Isopleths for growth rate. From Sedlbauer 2001 
[45]. 

 

While the isopleths could be used independently to assess the risk of mould growth, Sedlbauer points 
out that the isopleth have a disadvantage in terms of the intermediate drying out of the fungal spore, 
which the isopleths do not account for. This means that the isopleths may predict spore germination 
to occur more often than what would occur in a real case. This issue was however covered by the bio-
hygrothermal model. The idea behind the bio-hygrothermal model was that the model would estimate 
the moisture content within the fungal spores through the use of moisture retention curves which 

a) b) 
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would make it possible for the model to include intermediate drying out of the spores. The moisture 
retention curves were originally developed for bacteria (cells), but modified for mould fungi spores. 
The model uses a diffusion approach to estimate the moisture balance within the spores, where the 
spore septum (cell wall) is given a certain vapour permeability. The effect of the substrate categories 
in relation to the estimated moisture content was covered by adjusting the vapour permeability of the 
spore septum and slightly raising the moisture retention curve – both measures performed for the 
upper part of the RH range. The germination was assumed to initiate when the moisture content 
within the mould fungi spores would exceed a given critical level. Subsequently, the mould growth 
rate would be determined by the hygrothermal conditions as depicted in the isopleth diagrams. The 
output from the original model is mould growth in mm. Later the mould index from the VTT model by 
Hukka and Viitanen [271] was implemented in the WUFI-Bio tool by Krus et al. [306]. The study by 
Krus et al. also included decline of the mould growth occurring during dry or cold periods, however, 
this part was rather vaguely documented in the article.  

For the purpose of the research activities within the present Ph.D. dissertation, the WUFI-Bio software 
tool was used for the mould growth predictions.  
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Appendix F: The VTT wood decay model 

As described in Paper V [5], the VTT wood decay model was developed by Viitanen et al. [289]. The 
model comprises two main parts: 1) The activation process (Equations 65-68), which defines the state 
of the decay and determine when the mass loss process will initiate. The activation energy is denoted 
as I, and ranges from 0 to 1. The activation value increases during periods when the relative humidity, 
RH exceeds the RHcrit of 95% and the temperature is above 0 °C according to Equation 66. During dry 
periods, the activation energy declines linearly according to Equation 67, and the mass loss is stopped. 
2) The mass loss process (Equations 69-70) is initiated only if I = 1, and the occurring mass loss is 
considered irreversible.  

 

The activation process: I(¸) =  ô "I�ª =  ∑ (∆I), FℎZYZ�ª         [Eq. 65] 

 ∆I = ∆��|ÌÍÂ(f#,h) , FℎZà θ > 0 °C and RH > 95%     [Eq. 66] 

 ∆I = − ∆�xä«�ª , otherwise        [Eq. 67] 

 ¸-�O�(?Å, θ) = ï�.�ætª.ªª�«f#kª.ª� æ∙f#k �.çtª.x ætª. «f# ñ ∙ 30 ∙ 24 [ℎö¼Y÷]     [Eq. 68] 

Where θ represents measured temperature in the wooden element [°C], and t the time in hours. 

 

 

The mass loss process: Þ�(¸´) =  ô ã�(f#,æ)N��´� � ùúª =  ∑ �ã�(f#,æ)N� ∙ ∆¸��´� � ùúª      [Eq. 69] 

 ã�(f#,æ)N� =  −5.96 ∙ 10k� + 1.96 ∙ 10k θ + 6.25 ∙ 10k ?Å [%/hour]    [Eq. 70] 

Where ML represents mass loss in percentage. 
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Appendix G: The Saito wood decay model 

As described in Paper VII [7], this wood decay model was developed by Saito, Fukuda and Sawachi 
[290], see also [307]. In the model, mass loss is assumed to occur when measured RH in the node, XO , 
exceeds the critical RH, X-, which was set to 98% as proposed in the 2012 paper [290]. In contrast to 
the VTT wood decay model, the present model has chosen to neglect the initial response time for 
decay to begin after exceeding X-. The authors mention several other assumptions upon which the 
model is based, which were related to the impact of O2 and CO2 concentrations, and the hygrothermal 
properties of the material before and after periods with decay. The mass loss due to wood decay was 
calculated using Equations 71-73, and the output of the model was mass loss in kg/kg.  

 

Mass loss at surface node [%] Nã�N� ûaúª = 0µ(θ)     (XO ≥ X-)        [Eq. 71] 

 

Mass loss at inner node [%] Nã�N� ûaýª = 0µ(θ)     (Þ�Okx öY Þ�Otx > 0, XO ≥ X-)     [Eq. 72] 

 

Rate constant for mass loss, km [1/s] 0µ(θ) = (2.77 − 3.23θ + 0.865θ� − 0.0189θ�) ∙ 10kxª    [Eq. 73] 

Where θ is measured temperature in °C, ML is mass loss in percentage, and t is time in seconds.  
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Appendix H: Microbial Volatile Organic Compounds produced by fungi 

Table 32 below presents an overview of Microbial Volatile Organic Compounds (MVOCs) known to be 
produced on various media by fungi.  

 

Table 32 MVOCs known to be produced on various media by fungi in general and by Aspergillus versicolor, 
Cladosporium cladosporioides and Penicillium polonicum. 

Compound1 

Molecular 

weight 

[g/mol]2 

Boiling point 

at 101.3 kPa 

[°C] 

Vapour 

pressure at 

25 °C [kPa] 

Fungi  
A. 

versicolor 

C. 

cladosporioides 

P. 

polonicum 

1-butanol 74.12 117.7 0.587-0.73 +    

1-octen-3-ol 128.21 175 0.071 +   + 

1-pentanol 88.15 137.8 0.218a +    

2-butanone 72.11 79.6 10.33a + + +  

2-ethyl-1-hexanol 
130.23 183.5 0.007a; 

0.048a + +   

2-heptanone 114.18 150.6; 151.5 0.213; 0.28 + +   

2-hexanone 100.16 126-128 1.47a; 0.36a + +   

2-Isopropyl-3-
methoxypyrazine 

152.19 210.8 ± 30.0 0.036 
+    

2-Methoxy pyrazine 110.12 153.6 ± 0.0 0.56 +    

2-methyl-1-butanol 88.15 128 0.416 + +   

2-methyl-1-propanol 74.12 108 1.33 + +   

2-methyl-2-bornene3 150.26 167.2 ± 7.0 0.31 ± 0.01 +   + 

2-methylfuran 82.1 65 23.48 +    

2-methylisoborneol 168.28 208.7 ± 8.0 0.0065 +   + 

2-nonanone 142.24 194 0.086 +    

2-octen-1-ol 128.21 195.8 ± 8.0 0.014 + + +  

2-pentanol 88.15 119-119.3 0.815 + + +  

2-pentanone 86.13 102 3.59a + +   

2-pentylfuran3 138.21 169.7 ± 9.0 0.27 ± 0.04 +    

3-methyl-1-butanol 88.15 130.5 0.316 + + +  

3-methyl-2-butanol 88.15 111.5 1.22 +    

3-methyl-furan 82.1 65-66 21.46 + +   

3-octanol 130.23 169 0.068 +   + 

3-octanone 128.21 157-162 0.267 + + + + 

Acetone 58.08 56.2 24.0-27.7a +  +  

Dauca-4(11),8-diene3 204.35 265.2 ± 20.0 0.0 ± 0.04 +   + 

Dimethyl disulphide 94.2 109.8 3.83 +  +  

Dimethyl trisulphide 126.3 183.1 ± 23.0  0.142 +    

Ethanol 46.07 78.5 5.9 +  +  

Geosmin 182.3 252.4 ± 8.0 0.00041 +   + 

Styrene 104.15 145.2 0.81 +  + + 

α-terpineol3 154.25 219.2 0.0 ± 0.12 + +   

1 MVOCs selected from Korpi et al. [229], Polizzi et al. [308], Bennett and Inamdar [309], Micheluz et al. [310] 
and Shinohara et al. [311]. 2 Molecular weights obtained from [312]. 3 Boiling point and vapour pressure 
obtained from [313].  a20 °C. Compounds used in the VOC diffusion experiment are marked with yellow.  
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Appendix I: Reaction to fire 

Table 33 presents the fire classifications for insulation products marketed for internal retrofitting 
purposes and in the footnotes are presented the classifications for some system solutions comprising 
polymer containing insulation products. While Table 34 presents the minimum demands for fire 
protection of insulation materials applied on the internal side of exterior walls.  

Table 33 Fire classifications for the insulation products marketed for internal retrofitting purposes. The table 
presents examples of products belonging to the different insulation materials categories and many others may 
exist on the marked, possibly with better or worse fire classifications.  

Material Fire classification Reference 

Mineral wool products 

Stone wool  A1 [314], [315] 
Glass wool (in the MW system) A2-s1, d0 [316] 

Mineral insulation boards 

Calcium silicate A1 [169], [317], [318] 
AAC mineral boards  A1 [319], [320] 
Perlite boards A1 [321] 

Cellular glass products 

Cellular glass board A1 [322] 
Cellular glass granulate with special vlies C-s1,d0 [323] 

Polymer foam products 

Phenolic foam1 C-s1,d0 [324] 
Polyurethane foam with calcium silicate channels2 E [325] 
Polyurethane foam3 F [326] 
Extruded Polystyrene F [327] 
Expanded Polystyrene4 F [328] 

Cellulose based insulation products 

Cork insulation board E [329] 
Loose fill cellulose granules D-s2,d0 [330] 
Cork-lime based insulating plasters A1 / A2-s1, d0 [331], [332] 

Other products 

Silica aerogel A1 / C-s1, d0 [333]–[335] 
Vacuum insulating panels B2 [336]–[340] 

Fire classifications for entire systems: 1Phenolic foam with aluminium foil and gypsum board: B-s1, d0 [341]. 
2Polyurethane foam with calcium silicate channels with internal render: B-s1, d0 [325]. 3Polyurethane foam with 
internal fibre gypsum board: K1 10 B-s1,d0 [342]. 4System solution with expanded polystyrene and internal 
gypsum board: K1 10 B-s1,d0 [343].  

Table 34 Minimum demands for fire protection of insulation materials applied on the internal side of exterior 
walls. From [301] 

Protection of insulation materials that 
are at least material class D-s2, d2 

Protection of insulation materials not 
least material class D-s2, d2 

Single-family houses, adjoining single-
family houses, townhouses and 
cottages 

Cladding class K1 10 D-s2,d2 (Class 2 
cladding material) 

Cladding class K1 10 B-s1,d0 (Class 1 
cladding material) 

Or 

Construction part class EI 30 (BD-
construction part 30) 

Buildings where the floor on the top 
floor is a maximum of 9.6 meters over 
terrain 

Buildings where the floor on the top 
floor is smaller than 22 meters above 
ground 

Construction part class EI 30 A2-s1,d0 

(BS construction part 30) 
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A B S T R A C T

The present project investigated the hygrothermal performance and risk of mould growth in solid masonry walls 
fitted with three diffusion-open capillary active interior insulation systems installed in containers with a 
controlled indoor climate. The project was carried out as a large experimental study in two 40-feet reefer con-
tainers reconfigured with 24 holes (1 × 2 m), in which solid masonry walls with embedded wooden elements 
were installed. The focus of the study was on the conditions in the interface between the masonry and the interior 
insulation, and in the embedded wooden elements. The effect of exterior hydrophobisation was also investigated. 
Relative humidity and temperature were measured at several locations in the test walls over a period of four 
years. The findings indicate that exposed walls with interior insulation and high indoor RH performed poorly in 
terms of the risk of mould growth. Combined with exterior hydrophobisation against driving rain, the semi 
diffusion-tight insulation system performed better than the highly diffusion-open systems. Good performance 
was observed for the semi diffusion-tight polyurethane foam insulation with calcium silicate channels combined 
with exterior hydrophobisation. The effect of hydrophobisation varied with the orientation. Mould observations 
found no growth in the interface in most walls, probably because the high alkalinity of the adhesive mortars and 
scarce nutrition prevented growth. Growth was however found in some walls having low alkalinity and possibly 
available nutrition. Little correlation was found between on-site and modelled mould growth.   

1. Introduction

Studies of the Danish building stock have shown great potential for
energy conservation by retrofitting external walls, especially solid ma-
sonry walls, in buildings constructed prior to 1930 [1–5]. Solid masonry 
buildings constructed in the period 1850–1930 account for 41% of all 
Danish multi-story residential buildings (3–6+ floors), and 25% of all 
apartments [5]. National data from the EU Energy Performance Certif-
icates database indicate an average-weighted U-value of 0.83 and 1.12 
W/m2⋅K for external walls in multi-story residential buildings built prior 
to 1850 and in the period 1850–1930, respectively [4]. The external 
appearance of many of the aforementioned buildings is worthy of 
preservation, placing several constraints on exterior alterations. Sizable 
energy savings were found in previous theoretical [5–8] and field studies 
[9–16] of internally insulated solid masonry walls. 

Internally retrofitted insulation is considered risky as it alters the 
thermal and moisture balance of the existing wall structure. The reduced 

heat flow alters the temperature gradient in the existing wall as the 
external wall becomes colder [13,17–21], increasing the risk of inter-
stitial condensation between the existing wall and the new insulation 
[17,18,22–24]. Moreover, the increased diffusion resistance of the new 
insulation reduces the inward moisture diffusion that contributes to 
drying the masonry wall [14,18]. The higher moisture levels lead to 
increased risk of moisture-induced damage, including frost damage [18, 
19,23–25], mould growth [6,17,18,22,26,27], and wood decay [18,25, 
27]. Despite these disadvantages, internal insulation may sometimes be 
the only retrofit option that preserves cultural heritage, such as the 
architectural significance. Mineral wool and vapour barriers have 
traditionally been used for internal retrofitting [17,21,22,26]. In many 
cases, this traditional method has resulted in mould growth caused by 
solar-driven vapour flow from the outside towards the inside during 
periods with alternating rain and solar exposure [26,28]. Other poten-
tial problems include mechanical damage to the vapour barrier or poor 
craftsmanship, either of which can allow moist indoor air to diffuse 
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outwards into the masonry [26]. 
In recent years, internal insulation strategies have changed focus 

from diffusion-tight systems towards diffusion-open capillary active 
systems allowing redistribution of moisture, in order to reduce the 
mould risk. In Refs. [29,30] the effects of the material properties of 
insulation and adhesive on moisture redistribution were investigated. 
The findings suggest that improved performance could be obtained by 
using insulation with higher water conductivity. Studies [6,9,10,14,16, 
31–35] observed that good performance could be obtained by using 
diffusion-open capillary systems for internal retrofitting. In some of the 
studies the good performance that was observed could have been due 
either to exterior rain protection or a low internal moisture load. Other 
studies [36–39] have found high relative humidity (RH) levels in the 
interface when diffusion-open capillary systems had been used. In Refs. 
[25,39–43], diffusion-open and diffusion-tight systems were compared: 
lower RH levels were observed in the interface in Ref. [41], and in 
Ref. [42,43] lower RH was observed in beam ends for the diffusion-tight 
systems. Note that in these studies driving rain was excluded or limited 
by fitting exterior protection. Vereecken and Roels [40] observed better 
performance for diffusion-tight systems under quasi steady-state winter 
conditions (without rain), and Vereecken et al. [25] concluded from 
hygrothermal simulations that if rain could be disregarded then there 
was no reason to use diffusion-open capillary systems. 

Wind Driven Rain (WDR) is one of the largest sources of moisture in 
the walls of buildings [18]. Studies [7,13,39,44–46] found WDR to be 
one of the crucial factors that determine the performance of internally 
insulated solid exterior walls. Exterior rain protection such as hydro-
phobisation is often proposed for buildings worth preserving [23,36]. In 
Refs. [47–50] excellent water-repellent performance was observed for 
various brick types using different hydrophobisation agents. In Refs. 
[49] a less pronounced effect was observed for mortar samples. A key
feature of the hydrophobisation is not to alter the vapour diffusion
resistance of the building [51]. In Ref. [49] no significant increase was
documented for the vapour diffusion resistance. Reduced evaporative
drying potential was however observed in Ref. [50]. Some studies [6,8,
52,53] found improved hygrothermal performance using exterior
hydrophobisation, while increased RH levels were found for exterior
protection that used render and paint [41]. However, other studies using
exterior render and paint [10,34,35] found good performance in the
interface (possibly due instead to a low internal moisture load).
Although hydrophobisation appears to be an excellent solution [26],
listed several limitations that must be considered, including problems
with overall tightness and surface defects. Studies [12,33,39,46,52]
have found that orientation was of great importance for the efficacy of
internal insulation. High solar exposure on walls will contribute signif-
icant drying [18] but may also cause inward solar-driven vapour flow.

Several studies have found unacceptable moisture levels resulting 
from internal insulation retrofits, but as common indoor mould species 
typically thrive at pH-values 4–9 [54] and manufacturers claim [55–57] 
that the high alkalinity of the glue mortars used in the installation of 
insulation products prevents mould growth, there has been a focus on 
the alkalinity of the glue mortars. Morelli and Møller [16] found a high 
pH-value (using phenolphthalein) and no mould growth behind the in-
ternal insulation after two years. 

The purpose of this study was to assess the hygrothermal perfor-
mance of three diffusion-open capillary systems. One aim was to 
determine if exterior hydrophobisation improved the hygrothermal 
performance of diffusion-open capillary active systems by preventing 
the absorption of WDR. Another aim was to test whether theoretical 
mould models would be useful for the prediction of mould risk in the 
interface and in embedded wood elements, in solid masonry retrofitted 
with internal insulation, by comparing their predictions with on-site 
Mycometer testing. 

2. Methods

A large experimental setup was constructed at the Department of
Civil Engineering of the Technical University of Denmark (DTU) on a 
test site in Kongens Lyngby, Denmark (55.79◦N, 12.53◦E). The experi-
mental setup comprised several test walls constructed to emulate a 
section of a Danish historic multi-story building from the period 
1850–1930, both in relation to design and materials. The setup was 
designed to investigate the application of several diffusion-open capil-
lary active interior insulation systems applied to solid masonry walls 
with embedded wooden elements. 

2.1. Test stand 

The experimental setup comprised two insulated reefer containers 
with the external dimensions (LxWxH): 12.2 m by 2.4 m by 2.9 m, with 
an interior volume of 67.6 m3. The containers were abbreviated “G” and 
“X”. Twenty-four 1 × 2 m cut-outs were made in the façades to 
accommodate the test walls. The holes were spaced 0.4 m apart. Next, 
twenty-four identical test walls with the dimensions (HxWxD) 1987 mm 
by 948 mm by 358 mm (1½ stones thick with 10 mm interior rendering) 
were constructed in façade cut-outs (Figs. 1 and 2). Each represents a 
different design scenario. To simulate problems with thermal bridges at 
the joints with adjacent elements, the test walls were constructed as a 3- 
dimensional set-up including a wooden floor construction and a 108 mm 
(½-stone) interior masonry wall with render on both sides. The wooden 
floor construction consisted of a 175 × 175 mm wooden beam end 
embedded 100 mm into the masonry wall, supported by a 100 × 100 
mm embedded wooden wall plate. The wooden elements were made 
from ordinary construction timber (Pomeranian pine wood). The floor 
construction was closed off using 15 mm thick Oriented Strand Board 
(OSB), and 100 mm of mineral wool was used to emulate the clay- 
pugging layer traditionally placed between floor beams. To best 
emulate the hygrothermal conditions occurring in Danish historic 
buildings between 1850 and 1930, the test walls were constructed using 
yellow soft-moulded masonry bricks and 7.7% lime adjusted mortar (air 
lime), grain size 0–4 mm. The same lime mortar was used also as interior 
render. 

The masonry walls were constructed from early August to mid- 
September 2014 and allowed to dry for 5–6 months until the installa-
tion of the insulation systems in mid-February and March 2015. 
Furthermore, from early December 2014 until mid-April 2015 forced 
drying was performed by heating the indoor climate to 40–50 ◦C, 
resulting in an indoor RH of 10–30%. 

The experimental setup was constructed with special care and 
attention directed towards the reduction of potential sources of error 
from unintentional heat, air or moisture transport. The measures taken 
were:  

• Hygric and thermal decoupling: To control heat, air and moisture
transport, 400 mm mineral wool (λ = 0.037 W/(m⋅K)) was installed
between the test apertures and 150 mm above them, and a vapour
barrier was located between the test walls and the container walls,
floor and ceiling.

• Sealing of joints: Mastic sealant was used to seal off joints between
test walls and container walls, to prevent rain intrusion.

• Rainwater run-off: A roof with rain gutters was constructed on top of
the containers, and flashings were installed directly above each test
wall to prevent rain entering the walls through the horizontal sec-
tions sticking out through the container walls, as illustrated in
Fig. 1a.

• Preventing rain splash-up: The containers were raised ≥350 mm off
the ground.

No thermal decoupling was carried out between the container floor
and test walls besides the thermal resistance of the container floor itself. 
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Fig. 1. Test stand configuration: (a): Vertical section of a test wall, (b): Horizontal section through the 13th brick course, (c): Horizontal section through the 21st 
brick course. Source: Tommy Riviere Odgaard. 

Fig. 2. The experimental setup: (a): The test containers, (b): installation of the embedded wooden wall plate, (c): installation of sensors in the masonry bricks, (d): 
installation of the embedded wooden beam end, (e): the internal insulation with embedded sensors, (f): external treatment with hydrophobising cream. Source: 
Tommy Riviere Odgaard. 
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The lack of thermal decoupling for the floor was however not considered 
an issue, as the nearest sensor was located approximately 800 mm above 
floor level. 

2.1.1. Wall insulation configurations 
Results from twelve of the twenty-four test walls are presented in this 

paper, and the wall configurations are presented in Table 1. Four insu-
lation systems were assessed in a temperate Nordic climate: 1) com-
posite material of polyurethane foam with calcium silicate channels in a 
grid of 40 mm by 40 mm (PUR-CM), 2) calcium silicate (CaSi), 3) 
lightweight autoclaved aerated concrete (AAC), and 4) a traditional 
system of mineral wool and vapour barrier (MW). Insulation systems 
were applied to the base walls, while three base walls were left as un-
insulated reference walls: G3 (SW), G14 (NE) and X5 (SW). Test walls 
were kept as bare brick on the exterior surfaces, except for G2, G15, and 
X3. These walls were treated with a silane/siloxane-based hydro-
phobising cream with 40% active ingredient. The interior surfaces were 
treated with diffusion-open paint, except for G1 which was treated with 
traditional diffusion-tight paint. Each insulation systems was installed 
by specially trained workers from the respective companies and the 
exterior hydrophobisation was applied according to the manufacturer’s 
recommendations. As shown in Table 1, the systems with MW and PUR- 
CM are considerably more vapour tight than the systems with CaSi and 
AAC. 

2.1.2. Measurement equipment 
Throughout the experiment, temperature and RH were measured 

and logged every 10 min using digital HYT221 sensors from Innovative 
Sensor Technology IST AG [58]. Sensors were installed and embedded in 
nine different locations in each test wall (Fig. 1 red dots), two in each 
container for the indoor climate and three for the outdoor climate. Prior 
to installation the HYT sensors were sealed with shrink-rubber with the 
exception of the sensing area, and drilling holes were sealed with sili-
cone sealant and a small blocking plate to prevent the silicone from 
covering the sensor head. Sensor accuracy was 0.2 K between 0 and 60 
◦C for temperature, and 1.8% at 23 ◦C between 0 and 90% for RH. Sensor
range was − 40 to 125 ◦C and 1–100% RH. Sensors were calibrated using

saturated salt solutions prior to installation. The rate of missing sensor 
data was quite low, and due to loggings every 10 min the date are 
considered as secure. Over the course of the experiment two periods of 
+10 days occurred without measurements due to system malfunctions,
these periods are visible in the figures.

2.1.3. Boundary conditions 
The indoor boundary conditions were kept at 20 ◦C and 70% RH 

during the initial period (May to August 2015), to stress the experiment. 
Afterwards the setpoint was reduced to 20 ◦C and 60% RH, equal to a 
water vapour content of 10 g/m3, which corresponds to the highest 
humidity class for dwellings (humidity class 3) in the Danish context 
[17]. The containers were conditioned using humidifiers and heating 
fans. However, no cooling or dehumidification was installed, so fluctu-
ations due to high temperature or humidity could occur. Furthermore, 
the containers were fitted with two fresh air fans, providing an air 
change rate of approximately 0.5 h− 1, the minimum rate permitted by 
Danish building regulations [60]. 

In Denmark, south-west is the prevailing wind direction and thus the 
most critical in terms of WDR. A combination of WDR with high solar 
irradiation on a south-facing wall may lead to moisture transport to-
wards the indoor environment. A north-facing wall receives less WDR, 
but at the same time less solar irradiation. To assess both of these sce-
narios, eight of the twelve test walls faced south-west (237◦), and four 
faced north-east (57◦) (Table 1). The test containers were installed so 
WDR would not be obstructed by nearby buildings, and so shadows onto 
to the wall surfaces were minimal. 

2.2. Mould growth 

2.2.1. On-site mould testing 
Mould growth was measured on-site using Mycometer Surface and 

Bulk-material tests (quantitative) [61], and swab tests to determine 
mould species (qualitative). Surface tests were used to determine growth 
in the interface between the existing wall and the insulation system, 
while the bulk-material test was used to assess growth in the different 
layers of the insulation system. 

Table 1 
Wall configurations and properties used in the field study. The insulation systems were applied internally to the base wall configuration. The three reference walls G3, 
G14, and X5 were kept as uninsulated base walls.  

No. of walls: 
Wall ID & orientation 

Material layers (exterior side on 
top and interior side in the bottom) 

Density 
[kg/m3] 

λdry [W/ 
(m⋅K)] 

μdry [− ] Aw [kg/ 
(m2⋅s½)] 

d [mm] R [m2⋅K/ 
W] 

Z [m2⋅s⋅Pa/ 
kg] 

Base walls Yellow masonry bricka 1643 0.600 16.9 0.278 348 0.58 2.97E+10 
7.7% lime mortara 1243 0.440 22.43 0.390 10 0.02 1.13E+09 
Total: existing wall      0.60 3.08Eþ10 

1 wall: 
G1_MW_SW 

Mineral wool 37 0.040 1 0 100 2.50 5.05E+08 
Vapour barrier   700000  0.2  7.07E+11 
Gypsum board 850 0.200 10 0.277 13 0.07 6.57E+08 
Paint       1.73E+09 
Total: MW system      2.57 7.10Eþ11 

4 walls: 
G2_PUR-CM + H_SW G7_PUR-CM _SW 
G10_PUR-CM _NE G15_PUR-CM + H_NE 

PUR-CM adhesive mortar 1313 0.497 18.75 0.005 10 0.02 9.47E+08 
PUR-CM insulation 49 0.037 27.01 0.013 80 2.16 1.09E+10 
PUR-CM render 725 0.147 11.73 0.107 10 0.07 5.92E+08 
PUR-CM surface filler 1270 0.479 14 0.222 3 0.01 2.12E+08 
Paint       5.26E+07 
Total: PUR-CM system      2.26 1.27Eþ10 

2 walls: 
G4_CaSi_SW G13_CaSi_NE 

CaSi adhesive mortara 1655 0.500 6.60 0.600 10 0.02 3.33E+08 
CaSi insulationa 225 0.061 4.23 0.726 100 1.64 2.14E+09 
CaSi adhesive mortara 1655 0.500 6.60 0.600 8 0.02 2.67E+08 
Paint       1.58E+08 
Total: CaSi system      1.68 2.90Eþ09 

2 walls: 
X2_AAC_SW X3_AAC + H_SW 

AAC adhesive mortara 830 0.155 13 0.003 8 0.05 5.25E+08 
AAC insulation boarda 99 0.044 3 0.006 100 2.27 1.52E+09 
AAC adhesive mortara 830 0.155 13 0.003 8 0.05 5.25E+08 
Paint       1.32E+08 
Total: AAC system      2.38 2.70Eþ09  

a Materials tested by Technische Universität Dresden, unmarked parameters were from the Delphin [59] material database or manufacturer data. G: container 1, X: 
container 2, SW: south-west, NE: north-east, +H: exterior hydrophobisation. 
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Samples were taken using a 100 mm hole-saw (without a pilot bit). 
The core sample was immediately placed in a sealed container, after 
which Mycometer surface and swab samples were taken in the interface 
thus exposed (two of each). In the laboratory, the outer material of the 
core sample was cut away leaving a 20 mm by 20 mm central core 
(Fig. 3c). The central core was divided into three sections for the bulk- 
material test: 1) outermost 10 mm (nearest to the interface), 2) middle 
section 11-55 mm, and 3) innermost section 56-100 mm (near the 
interior surface). The bulk-material test was only performed for the 
middle or innermost sections if growth was detected in the outermost 
section of the central core. 

Mould samples were taken in November 2018, 3½ years after 
commencing the experiment. Additional samples were taken for walls 
X2-X3 in March 2019, and another full set in September 2019. 

Swab tests were streaked out on V8 and DG18 media, then incubated 
at 20 ◦C in darkness for 7 days. Fungal colonies were transferred to CYA, 
MEA and YES media, and incubated at 25 ◦C in darkness for 7 days and 
identified under stereo and light microscopes [62]. The Mycometer test 
measures the fluorescent product released from the enzyme-substrate 
complex relating to the N-acetylhexosaminidase activity found in 
mould growth to determine the extent of the growth [61]. Mycometer 
surface tests were performed according to Ref. [63–65] and the 
bulk-material tests were performed according to Refs. [66,67]. The 
Mycometer values (MV) obtained were evaluated as:  

• Category A (green), normal background level: MV ≤ 25 (surface) or
MV ≤ 150 (Bulk-material)

• Category B (yellow), above normal background level: 25 < MV <
450 (surface) or 150 < MV < 450 (Bulk-material)

• Category C (red), a high level of fungi: MV > 450

The accuracy of the Mycometer method was evaluated by the US EPA
[68] who found that the standard deviation between tests was around
5–10% for tests with fungal spores from Aspergillus flavus and Clado-
sporium herbarum.

2.2.2. Mathematical mould-growth models 
Three widely used mould-growth models were applied for post 

processing of measurements to assess the hygrothermal conditions of the 
test walls over time and produce a theoretical prediction of the risk of 
mould growth. 

The VTT model: by Hukka and Viitanen [69]. The output of this 
model is the mould index (M), ranging from 0 to 6, where 0 corresponds 
no growth and 6 to heavy growth (100% coverage). Values 3–6 are 
within the visual range. Interface (point 3) was assumed to be “medium 
resistant” with a decline factor “relatively low”. Embedded wooden wall 
plates (point 5) and the interface for wall G1 were assumed to be 
“sensitive” with a decline factor “wood recession”. 

The MRD model: by Thelandersson and Isaksson [70]. A 
dose-response model which predicts the limit state “onset of mould 
growth” defined in the mould rating scale by Johansson [71]. The scale 
ranges from 0 to 4, where 0 corresponding to no growth, 2 to onset of 
mould growth and 4 to heavy mould growth. Interface (point 3) was 

assumed to have a critical dose Dcrit (material sensitivity) of 102 days 
(PUR-CM, CaSi and AAC). Embedded wooden wall plates (point 5) and 
the interface for wall G1 were assumed to have a critical dose Dcrit of 12 
days (planned pine). Dcrit values were obtained from Refs. [72–74]. 

WUFI-Bio [75]: based on the biohygrothermal model of Sedlbauer 
[76]. This model calculates the moisture balance in mould spores and 
compares it to what is estimated to be the critical moisture content for 
spore germination. The model has two outputs: 1) mould growth in mm, 
and 2) mould index (M) according to the VTT model [77]. Interface 
(point 3) was assumed to be “substrate group II”, building materials 
containing some biodegradable compounds. Embedded wooden wall 
plate (point 5) and the interface for wall G1 were assumed to be “sub-
strate group I”, biodegradable building materials. 

Mould predictions for the interface were started after one year (on 
01-05-2016) to emulate the effect of the alkaline conditions during the
initial dry out process for systems using adhesive mortars (cementitious
materials) as suggested in Ref. [78]. Wall G1 was started on 01-05-2015,
as no adhesive mortar was used.

In this study the models were compared to Mycometer surface results 
in the interface. 

2.3. pH-value 

Samples were taken for the internal lime render and adhesive mor-
tars, to determine their pH-value. Samples were crushed into powder, 
and 5 g of powder was mixed with 12.5 ml demineralized water. Sam-
ples were shaken for 60 min at 260–270 rpm, followed by a 10 min 
settling period before testing. pH measurement were performed using a 
Sension + MM374 (accuracy: ≤0.002 pH) [79]. Two tests were per-
formed for each material sample. The pH value for fresh adhesive mortar 
powder mixed with demineralized water was similarly determined. 

3. Results

Graphical representations of measurement data are based on a 96-h
running average, while plots for mould modelling are shown as hourly 
values. Supplementary plots and datasets are available in Ref. [80]. Plot 
abbreviations as presented in Section 2.1.1. 

3.1. Measurements 

3.1.1. Boundary conditions 
The indoor and outdoor boundary conditions were as shown in 

Fig. 4. The two indoor sensors showed only minor differences between 
the measured RH and temperatures. The large decrease in the indoor RH 
levels in container G during the winter of 2018 was caused by a faulty 
humidifier, which was seen to cause a drop in the RH levels near the 
interior surface as shown in Fig. 5. In terms of WDR load, the mea-
surements showed about three times more rain striking the south-west 
facing walls in comparison to the north-east facing walls, see Ref. [80]. 

3.1.2. System comparison 
This section presents a comparison between the various insulation 

Fig. 3. Mould sampling: (a): the hole-saw, (b): sealed core sample, and (c): preparation of Mycometer bulk-material samples. Source: Nickolaj Feldt Jensen.  
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Fig. 4. RH and temperature for indoor and outdoor climates.  

Fig. 5. RH in point 4, near interior surface (point 3 for the reference walls G3, G14, and X5).  

Fig. 6. RH in point 3, interface.  
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systems. 
Measurements for the interior surface (Fig. 5) showed that RH levels 

followed the indoor conditions (Fig. 4), with a small excess caused by the 
lower surface temperature, and the moisture content in the test walls, 
except for the wall with MW. The diffusion-open systems were found to 
have a lower RH near the interior surface throughout the experiment, 
compared to the uninsulated reference wall. Minor differences were 
observed between the different diffusion-open systems. The diffusion- 
tight MW system was found to have the lowest RH of all systems dur-
ing winter, and the highest during summer. Only minor differences were 
observed between orientations. 

Measurements in the interface between existing wall and insulation 
systems (Fig. 6) showed that all the test walls experienced unacceptably 
high RH, with occasional drops during summer and in early autumn. 
Smaller seasonal fluctuations were observed for the tighter systems (MW 
and PUR-CM), and only minor differences were observed between the 
two orientations. The warm dry summer of 2018 greatly reduced RH in 
the interface for most of the diffusion-open capillary systems. 

Measurements for the wall plate (Fig. 7) showed increasing RH in all 
the test walls, except the Ref_NE and CaSi_NE walls. Most walls expe-
rienced unacceptably high RH, and all of them, except PUR-CM_SW, 
showed higher RH than their uninsulated reference wall. The CaSi_NE 
showed considerably lower RH than the CaSi_SW, while smaller differ-
ences were observed between the two orientations for the PUR-CM 
system. 

Measurements for the beam end (Fig. 8) showed lower RH in the 
diffusion-open capillary systems compared to the diffusion-tight MW 
system. The MW system showed progressively increasing values, with 
peaks occurring during the summer periods. All of the test walls, except 
the PUR-CM_NE and AAC_SW walls, showed higher RH than their un-
insulated reference wall. The north-eastern walls were found to have a 
lower RH than their south-western counterpart. 

3.1.3. Effect of exterior hydrophobisation 
This section presents the effect of exterior hydrophobisation. 
Measurements for the interface (Fig. 9) showed that exterior 

hydrophobisation generally had a positive effect. The PUR-CM + H_SW 
wall became progressively drier. The AAC + H_SW did however show 
rapid drying during summer, followed by a rapid increase in RH during 
winter. It was observed that the PUR-CM + H_NE performed as poorly as 
the unhydrophobised wall. 

Measurements for the wall plate (Fig. 10) showed that exterior 
hydrophobisation had a positive effect. The PUR-CM + H walls became 
progressivelt drier. The PUR-CM + H_SW and AAC + H_SW both showed 

lower RH than their uninsulated reference walls, while the PUR-CM +
H_NE showed higher RH than its uninsulated reference wall (see 
Ref. [80]). Hydrophobisation slightly decreased the differences between 
orientations for the PUR-CM walls. 

Measurements for the beam end (Fig. 11) showed that exterior 
hydrophobisation generally had a positive effect. The PUR-CM +H walls 
became progressively drier. Large differences were observed between 
the south-western PUR-CM walls with and without hydrophobisation, 
compared to the north-eastern PUR-CM walls. The PUR-CM + H showed 
similar results for both orientations, while the unhydrophobised PUR- 
CM_NE wall experienced considerably lower RH compared to the 
unhydrophobised PUR-CM_SW. During the last two years, the PUR-CM 
+ H_SW wall showed similar RH to the AAC + H_SW wall, while without 
hydrophobisation the PUR-CM_SW wall showed higher RH than the 
unhydrophobised AAC_SW wall. 

A comparison between measured temperatures in the interface 
(point 3), wall plate (point 5) and beam end (point 6) in Fig. 12, showed 
that the beam end was generally the warmest sensor location, and the 
wall plate the coldest. The exceptions were: 1) the unhydrophobised 
PUR-CM_SW wall where the interface and wall plate were similar 
(Figs. 12b), and 2) CaSi walls where interface and beam ends were 
similar, see Ref. [80]. The MW and AAC walls showed similar tendencies 
as the PUR-CM + H_SW wall, see Refs. [80]. 

3.2. pH and mould growth 

3.2.1. pH-value 
The material tests showed decreasing pH-value for the adhesive 

mortars and internal lime render for all test walls, except for the PUR- 
CM walls (see Table 2). The PUR-CM adhesive mortar experienced a 
slight increase. The lime render behind the PUR-CM system generally 
maintained a rather high pH-value, except for wall G10. Lime render 
behind CaSi and AAC mortars showed only slightly higher pH-value than 
the reference and MW walls. 

3.2.2. On-site mould 
On-site Mycometer tests (both surface and bulk) showed no mould 

growth in the PUR-CM and CaSi walls, while mould was found in the 
MW and AAC walls. Extra test rounds were performed for the AAC 
system due to the mould findings, and Mycometer surface tests in the 
interface were generally in the low to medium mould growth range, 
while the outer bulk-tests were in medium to high mould growth range. 
The bulk-test results decreased in value towards the interior surface, 
with no critical results found in the innermost part of the insulation 

Fig. 7. RH in point 5, wall plate.  
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Fig. 8. RH in point 6, beam end.  

Fig. 9. RH in point 3, interface.  

Fig. 10. RH in point 5, wall plate.  

N.F. Jensen et al.                                                                                                                                                                                                                               

 
161



Building and Environment 182 (2020) 107011

9

Fig. 11. RH in point 6, beam end.  

Fig. 12. Temperatures in point 3, 5 and 6; interface, wall plate and beam end. South-western PUR-CM wall (a): with hydrophobisation and (b): without 
hydrophobisation. 

Table 2 
pH-values for the adhesive mortars and internal render: fresh, and after 3½ and 4½ years.   

Fresh internal lime 
render 

Internal lime render 
(Nov. 2018) 

Internal lime render 
(Sep. 2019) 

Fresh adhesive 
mortar 

Adhesive mortars (Nov. 
2018) 

Adhesive mortars (Sep. 
2019) 

G3_Ref_SW 12.7 9.2 9.3    
G14_Ref_NE 12.7  9.2    
X5_Ref_SW 12.7  9.1    
G1_MW_SW 12.7 9.2 9.2    
G2_PUR-CM +

H_SW 
12.7 12.6 12.0 12.0 12.6 12.5 

G7_PUR-CM_SW 12.7 12.7 12.1 12.0 12.5 12.2 
G10_PUR-CM_NE 12.7 9.7 12.4 12.0 12.6 12.2 
G15_PUR-CM +

H_NE 
12.7 12.8 12.5 12.0 12.6 12.3 

G4_CaSi_SW 12.7 9.5 9.4 12.7 10.2 9.0 
G13_CaSi_NE 12.7 9.5 9.3 12.7 10.8 9.2 
X2_AAC_SW 12.7 9.4 9.4 12.0 9.7 9.2 
X2_AAC + H_SW 12.7 9.4 9.1 12.0 9.5 9.5 

*pH of lime render was only determined for one of the three reference walls, G3. 
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layer. 
Mycometer surface tests were taken in the interface, P3 and Myc-

ometer material tests between interface and interior surface, P4. Outer: 
outermost 10 mm of insulation layer (nearest to the masonry wall); Mid: 
outermost 11–55 mm (CaSi and AAC) or 11–45 mm (PUR-CM) of insu-
lation layer; Inner: innermost 45 mm (CaSi and AAC) or 35 mm (PUR- 
CM) of insulation layer. “A” and “B” refer to the two samples taken for 
each interface and layer of insulation. *Surface samples were taken on 
the internal render surface and on wooden battens. BDR designates: 
Below Detection Range. Superscript indicate identified mould species. 

Cultivation of the swab tests indicated no growth in the interface, 
except for walls G1, X2 and X3. The following mould species were 
identified (see sampling location in Table 3):  

1 Aspergillus versicolor  
2 Penicillium chrysogenum  
3 Parengyodontium album (= Tritirachium album = Engyodontium 

album)  
4 Sarocladium strictum (= Acremonium strictum) 
5 Pseudogymnoascus pannorum (= Geomyces pannorum = Chrys-

osporium pannorum)  
F0206 Cladosporium sphaerospermum 

Photo documentation of mould identification is available in Ref. [80]. 

3.2.3. Mould modelling 
The measurements showed that the most critical moisture conditions 

were to be found in the interface and wall plate, so the mould risk 
modelling focused on these two locations. 

All mould predictions for the interface (Fig. 13) showed high risk for 
all test walls, except the PUR-CM + H_SW. The different mould-growth 
models showed large discrepancies for the PUR-CM + H_SW wall. The 
MDR showed high risk, WUFI-Bio high initial risk followed by a decrease 
as RH dropped, and VTT no mould risk. Some discrepancies were also 
observed for the AAC + H_SW. The earlier modelling start for the MW 
wall was due to not having a high initial pH-value, while the higher 
index value in the VTT model was due to a more sensitive material class 
(wood battens); less sensitive materials can at most reach a VTT mould 
index of 3.5, while wood, as in the wooden laths in the MW walls can 
reach 5.3. 

The VTT model seemed to best match the observed tendencies for the 
measurements, so further analysis was performed using the VTT model. 

Mould predictions for the wall plate (Fig. 14) showed increasing 
mould risk tendencies in all test walls, except the PUR-CM + H walls and 
the north-eastern reference wall. The PUR-CM and AAC systems with 
hydrophobisation showed considerably lower mould risk than their 
unhydrophobised counterpart. Moreover, the north-eastern CaSi and 
reference walls showed considerably lower mould risk than their south- 
western counterpart. All north-eastern walls were found to have higher 
mould risk than their reference wall. 

Table 3 
Mycometer results for the test walls after 3½, 4 and 4½ years. 
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3.3. Summary of key results 

Table 4 presents a summary of key results for moisture, predicted- 
and on-site mould growth. 

4. Discussion 

4.1. System comparison (non-hydrofobised walls) 

Interior surface (Fig. 5): Compared to the uninsulated reference 

Fig. 13. Modelled mould risk at point 3, interface; (a): VTT model, (b): MRD model, and (c): WUFI-Bio. Model predictions were started after one year to emulate the 
effect of high initial pH-value in the adhesive mortar, except G1 as this wall did not include adhesive mortar. 

Fig. 14. Modelled mould risk in point 5, wall plate.  

N.F. Jensen et al.                                                                                                                                                                                                                               

 
164



Building and Environment 182 (2020) 107011

12

Table 4 
Key summary results. 
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walls, the diffusion-open capillary active systems increased the interior 
surface temperature, which reduced RH levels of the interior surface. 
The tight MW system did however show different tendencies, showing 
considerably lower RH during winter compared to the diffusion-open 
capillary systems, followed by a drastic increase in RH during the 
summer period. The tendencies indicate that: 1) the vapour barrier was 
correctly installed, preventing outwards moisture transport; and 2) the 
occurrence of an inward moisture flow condensing on the exterior side 
of the vapour barrier (summer condensation) as described in Ref. [17, 
18,23]. This did not occur for the other systems, probably due to their 
diffusion-open nature. 

Masonry/insulation interface: After installation of the internal 
insulation, the interior masonry surface became colder, which increased 
the RH levels in the interface (Fig. 6). For the highly diffusion-open AAC 
or CaSi systems, inward diffusion drying was observed in summer while 
outward wetting occurred in winter causing moisture saturation. The 
CaSi and AAC systems were seen to respond faster to changes in the 
boundary conditions compared with the tighter MW and PUR-CM, 
resulting in occasions with lower RH. This effect can be seen in a com-
parison of the summers of 2016 and 2018. Summer 2018 was abnor-
mally warm and dry, causing a major drop in RH levels for the CaSi and 
AAC systems, compared to the more rainy and cold summer 2016. 
During the same periods, the south-western MW and PUR-CM walls were 
rather stable near 100% RH. The poor performance of the MW and PUR- 
CM systems was probably caused by inward moisture flow condensing 
inside the wall, due to the tight nature of the systems. For the CaSi and 
AAC systems the issue was probably a sub-optimal combination of 
highly permeable insulation and high indoor moisture load, resulting in 
condensation in the interface during winter, and lack of exterior rain 
protection. The nature of the diffusion-open systems was intended to 
allow for inward drying, however these systems were shown to be near 
100% RH in the interface throughout most of the measurement period. 
Findings for the diffusion-open systems support those of [36–38]. 
Furthermore, in line with the present findings [25,39], found 
diffusion-open systems to perform slightly better than the diffusion-tight 
systems when WDR was an issue, and [25,40] suggested that tighter 
systems would perform better if WDR was eliminated. 

Wall plate (Fig. 7): The interior insulation increased the RH levels as 
the temperature decreased and inward drying was reduced. It was 
observed that wetting of the wall plates occurred during summer due to 
solar driven inward moisture transfer while drying was observed during 
winter, which shows the changes in direction of the vapour flow over the 
year. These tendencies were observed also for the beam ends. In the 
south-west orientation the more diffusion-tight and/or less capillary 
active systems (MW, PUR-CM and AAC) performed better than the more 
diffusion-open and capillary active CaSi system. MW, PUR-CM and AAC 
all experienced slowly increasing RH with similar tendencies throughout 
the experiment just offset some 5–8% point in relation to each other, 
while the CaSi system rapidly increased to almost 100% RH. Large dif-
ferences were observed between the unhydrophobised south-western 
AAC and CaSi walls, despite rather similar measured WDR (see 
Ref. [80]) and material properties (except for thermal conductivity and 
water absorption). The higher moisture levels for the CaSi systems was 
probably caused by the sub-optimal combination of no rain protection 
and highly diffusion-open and capillary active material properties 
allowing for more moisture diffusion during winter periods, as well as a 
higher moisture storage capacity. Comparison between the wall plates in 
the CaSi and PUR-CM walls facing the south-west orientation showed 
only minor differences in the measured temperatures (ΔT<0.5 ◦C) be-
tween the walls, which suggests that the increased RH levels observed in 
the CaSi wall would be the result of the moisture transport properties of 
system. A slightly larger difference was observed to the AAC wall, 
however this may also be due to the slight differences in the indoor 
boundary conditions between the two containers. 

Beam end (Fig. 8): PUR-CM and CaSi deviated from the reference 
wall by +8% RH and AAC within ±5% RH, with some larger peaks in the 

summer. In the south-west orientation, the insulation in PUR-CM and 
CaSi walls increased RH levels, and for the PUR-CM system the high RH 
levels were probably caused by reduced inward drying combined with a 
higher rain load on the exterior surface. The main issue for the CaSi 
system would probably be outward diffusion during winter. The AAC 
system showed rather similar levels as the uninsulated reference wall. 
The tight MW system seemed to have tendencies similar to those of the 
semi diffusion-tight south-western PUR-CM wall, however with slight 
higher RH levels, probably due to the reduced inward drying caused by 
the vapour barrier. These results do not support those of [42,43], who 
both found more critical moisture levels in the beam ends of more 
diffusion-open, compared to more diffusion-tight systems (MW with 
vapour barrier). However, these studies were carried out with exterior 
rain protection [42] or as a hot-box cold-box experiment without driving 
rain [43]. 

The beam end was observed to be in a less critical situation than the 
wall plate, probably due to the beam end being in the centre of the 
thermal bridge created by the floor structure, while the wall plate was 
covered by the insulation system. In addition, the installed wall plate 
sensor was horizontally located some 200 mm away from the beam end, 
with mineral wool (emulating the pugging layer) installed inside the 
floor structure that may have further reduced the heat flow to the wall 
plate. This would mean the beam end received more heat, causing 
higher temperatures compared to the wall plate (which Fig. 12 corrob-
orates). Furthermore, the beam had a larger potential for moisture 
redistribution to the indoor environment, compared with the wall plate, 
which had very limited possibilities. 

4.2. Effect of orientation (non-hydrofobised walls) 

Interior surface (Fig. 5):The higher WDR load and solar irradiation 
from the south-west orientation in comparison to the north-east orien-
tation were found to have limited or no effect on the RH levels and 
temperatures near the interior surface of the reference wall and insu-
lated walls. 

Masonry/insulation Interface (Fig. 6):The south-west facing wall 
with CaSi experienced only slightly increased RH levels and tempera-
tures in the interface compared to the north-east facing wall, while the 
south-west facing PUR-CM wall experienced a large increase in the RH 
levels compared with its north-eastern counterpart. The results suggest 
that the increased WDR load from south-west had little effect on the 
hygrothermal performance of the CaSi walls due the high vapour and 
liquid permeability of the system which allowed for rapid inward dry-
ing. In contrast, the large increase in RH levels for the south-west facing 
PUR-CM wall was probably the result of the tight nature of the insulation 
systems with very limited moisture transport. 

Wall plate (Fig. 7):The north-east facing reference wall and CaSi 
wall experienced progressively decreasing RH, opposite to their south- 
west facing counterparts which showed progressively increasing RH 
caused by the higher rain load from south-west, suggesting that rain 
protection may be necessary. Regarding the two PUR-CM walls, the 
observed lower RH levels in the south-west orientation compared to the 
north-east oriented wall could perhaps be due to increased drying from 
higher solar exposure. However, later in the test period both PUR-CM 
walls showed similar RH levels. The results indicate that in the case of 
low rain load and solar radiation on the wall (north-east orientation), 
the semi-tight PUR-CM system performed worse than the CaSi system. 
However, with a larger rain load and solar exposure from south-west the 
CaSi system showed increased RH levels compared with the PUR-CM 
system, perhaps also caused by the increased outwards vapour diffu-
sion during winter. 

Beam end (Fig. 8):The effects of the north-east orientation on the 
embedded wooden beam ends were generally seen to be similar to the 
observed effects on the embedded wooden wall plates. However, the 
differences between orientations were seen to be smaller which was 
probably caused by the increased heat flow passing through the beam 
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ends compared with the wall plates. 

4.3. Effect of hydrophobisation 

The results indicate that hydrophobisation generally had a positive 
effect on the hygrothermal performance of the wall with PUR-CM and 
AAC, although the effect differed considerably between the two systems. 
The more diffusion-tight PUR-CM system showed decreasing tendencies 
in all sensor locations, except for interface and beam end in the north- 
eastern PUR-CM wall. For the highly diffusion-open AAC system, 
hydrophobisation improved the hygrothermal conditions in all locations 
compared to the unhydrophobised AAC wall. However, high RH levels 
were still observed in both the interface and the wall plate. In the 
interface the hydrophobisation caused a considerable reduction in RH 
levels during summer as rain intrusion was reduced considerably, fol-
lowed by a rapid increase during the following winter period. The results 
indicate that this was due to the highly diffusion-open nature of the AAC 
system, allowing more outward moisture diffusion from the indoor 
climate during winter. This resulted in more interstitial condensation. 
Results for the effect of hydrophobisation together with diffusion-open 
and –tight systems support the findings in Refs. [37,38]. 

For the semi-tight PUR-CM walls, the effect of hydrophobisation 
varied with the orientation. In the south-west orientation, all three 
sensor locations showed a large reduction as a result of hydro-
phobisation. In the north-east orientation, a reduction was seen only for 
the wall plate, while interface and beam end showed similar RH levels 
with and without hydrophobisation. This indicates that the small 
reduction of rain load due to hydrophobisation is only observable at the 
wall plate which is closer to the outside compared with the interface 
(80–90 mm). The beam end is even closer to the outside but the effect of 
the thermal bridge may outweigh the effect of reduced rain load. In line 
with the present findings for interface in the north-east facing walls 
[53], found little or no benefit of hydrophobisation on a well-protected 
solid masonry wall. 

4.4. pH-value 

The pH measurements in the interface correlate with the water 
vapour permeability of the insulation system: systems with higher 
permeability (CaSi and AAC) experienced lower adhesive mortar pH- 
value over time compared to the more diffusion-tight systems (PUR- 
CM), as CO2 from the surrounding environment would have easier ac-
cess to the adhesive mortar and internal lime render. The PUR-CM ad-
hesive mortar increased pH-value compared to the fresh adhesive 
mortar samples, probably because the higher pH-value of the internal 
lime render affected the adhesive mortar by a washing out process, with 
the exception of wall G10. The value for G10 was the average of four 
samples, perhaps due to a local divergence. 

4.5. On-site mould 

No mould growth was detected in the PUR-CM and CaSi systems 
using the Mycometer method. This was most likely due to the high pH- 
value (initial 12 and 12.7 respectively, and 12.2–12.5 and 9–9.2 after 4½ 
years) in the adhesive mortar combined with little or no available nu-
trients, which created an unfavourable growth environment that pre-
vented mould growth for at least 4½ years, even in the case of the high 
RH levels that were observed for the unhydrophobised walls. In contrast, 
mould growth was detected in the AAC system, probably due to a low 
pH-value (initial 12, and 9.2–9.5 after 4½ years) in the interface and 
contrary to the CaSi, there seemed to be available nutrition in the 
insulation system allowing for a more favourable growth environment in 
the outermost part of the insulation layer and interface where high RH 
levels were observed. Less growth was observed in the interface 
compared to the outermost and central parts of the insulation layer, 
perhaps because of the high initial pH-value (ca. 12) of the adhesive 

mortar that created an unfavourable growth environment in the inter-
face. The bulk-test results suggest that mould can grow through the 
pores of the insulation material, possibly due to the coarse pore structure 
of the AAC. Given enough time and moisture the growth could poten-
tially affect the indoor environment and become a problem. High 
growth was also found in the MW system. This was, however, expected 
considering the neutral pH, high RH levels and the nutrition provided by 
the wooden battens. 

In correlation with the Mycometer results, the cultivation of swab 
tests on V8 and DG18 media showed no growth in the interface for the 
PUR-CM and CaSi systems while mould was detected in the MW and 
AAC systems. The identified species in the MW and AAC systems were 
species typically found in water-damaged buildings, growing on wooden 
and concrete elements [62,81–83]. The lack of mould growth in the 
PUR-CM and CaSi systems were perhaps due to high pH-value over an 
extended period making spores unable to germinate or killing them. 

4.6. Mould modelling 

Comparison between models (in the interface) showed a general 
agreement between the three models for test walls with very high RH 
levels. The main differences seemed to be related to growth speed, the 
rating scale that was used and for the VTT model a “level cap” related to 
the material sensitivity. However, the modelling results varied greatly 
for the south-western PUR-CM and AAC walls with hydrophobisation 
which had medium high RH levels. These discrepancies can be caused by 
the choice of different definitions for growth conditions: MDR, RHcrit ≥

75%; WUFI-Bio Class 2 (PUR and concrete), RHcrit ≥ 79% (temperature 
dependent); VTT class 3 (PUR and concrete), RHcrit ≥ 85% (temperature 
dependent). 

Comparison between modelled and on-site mould showed little 
correlation, as no mould was found, neither by cultivation nor by 
Mycometer tests, in 9 out of 12 test walls, probably due to the high initial 
pH-values. High pH-value was not included in the models as a factor, but 
was stated in Ref. [78,84] to potentially hamper growth during the 
initial period. The first year was assumed to be the initial period. 
However, for some of the walls the high pH lasted for at least 4½ years. 
Moreover, while the models did take material resistance into consider-
ation (for determination of critical RH level or time to onset of mould 
growth), they also assumed growth would inevitably occur whenever 
the correct temperature and RH levels were present, an assumption that 
may not be correct for tightly closed structure without available nutri-
tion, and no introduction of dust, dirt and spores from the surroundings. 

The reliability of some of the available models was assessed in 
Ref. [69,84–88], which found that the models cannot precisely predict 
the extent of the growth, but rather the possibility of mould growth. 
Similarly, in Refs. [89] it was found that real growth does not always 
follow mould predictions, even when there are favourable conditions. 
Discrepancies between real and modelled growth include: insufficient 
knowledge regarding the possibility of mould growth on different ma-
terials and on the effect of ageing [90]; use of incubation conditions as 
surfaces [85,86]; different or incorrect definitions of germination start 
and time, and of growth conditions [84–86]; differences in inoculation 
techniques and added spore concentration [85,86]. Gradeci et al. [91] 
proposed instead a probabilistic-based approach for predicting mould 
growth. 

Despite questionable reliability for precise mould predictions, 
models are still useful tools for assessing the combined hygrothermal 
conditions over time, and for comparing different design scenarios. 

4.7. Indoor moisture load 

Note that while an indoor RH of 60% may be appropriate during the 
Danish summer, it would be high for the Danish winter. In Ref. [17,92] 
30–50% is suggested as more appropriate during winter. The intent of 
the present study was to test the insulation systems under the harder 
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conditions of the highest humidity class for residential buildings. A 
reduction of the indoor RH levels would certainly reduce potential risks 
at certain locations due to a reduced potential for diffusion through the 
diffusion-open systems assessed in this study. 

In addition, the experiment was carried out using two conditioned 
containers, each slightly different in indoor RH and temperature 
boundary conditions. These differences may have intermittently biased 
the results for some systems, but have probably not affected the general 
conclusions. 

4.8. Measurement equipment 

It was expected that the embedded sensors may deviate over time 
due to aging, however it was not practically possible to take out and re- 
calibrate all the sensors. Control measurements were instead performed 
with wooden dowels embedded in a few locations in the masonry walls, 
which indicated that some sensors could potentially overestimate the 
RH levels by up to 5-7%-point during periods with near 100% RH, while 
good correlations were observed for lower RH levels. 

5. Conclusions 

This paper presented a 4 year field study of 24 solid masonry walls 
with embedded wooden elements and internal insulation. The hygro-
thermal performance of three diffusion-open capillary insulation sys-
tems was assessed, and the risk of mould growth was determined from 
mathematical models and by on-site testing. The effect of exterior 
hydrophobisation was also investigated. In addition to observing that 
high indoor RH in the winter causes high RH behind interior insulation, 
and that the level is dependent on the diffusion tightness of the insu-
lation material, the findings show:  

• With exterior hydrophobisation the more diffusion-tight systems 
performed better compared to the diffusion-open systems. Without 
hydrophobisation, the diffusion-open systems performed slightly 
better, as they are less sensitive to summer condensation.  

• The effect of hydrophobisation was shown to vary with the facade 
orientation for the semi-tight PUR-CM system, as RH levels were 
reduced considerably in all three locations in the south-west oriented 
wall while for the north-east oriented wall the effect differed 
considerably between locations. The discrepancies between orien-
tations may be due to differences in rain load and solar exposure, 
affecting the potential benefit from the exterior hydrophobisation. 
For the locations, the observed variations may be due to differences 
in heat and diffusion from the indoor environment.  

• Less critical moisture levels and mould risk were achieved for the 
interface between masonry wall and the insulation system, and for 
embedded wooden elements, using the PUR-CM system in combi-
nation with exterior hydrophobisation.  

• The combination of little or no available nutrition and high initial 
pH-value in the adhesive mortar probably created unfavourable 
germination and growth conditions and prevented mould growth for 
an extended period in the PUR-CM and CaSi systems. Growth was 
however found in walls with AAC insulation, which like the CaSi 
system was found to have a low pH-value, but unlike the CaSi system, 
the AAC systems likely contained some form of available nutrition.  

• Poor correlation was found between modelled and on-site mould 
growth. The results indicate that mould-growth models overestimate 
the risk. The discrepancies may have occurred because little or no 
nutrition was available in the materials tested and because the ad-
hesive mortars that were used had high pH-values, hampering 
growth, a factor not encompassed by the used mould-growth models.  

• Practical implications from the study: RH levels may be reduced 
through the application of exterior hydrophobisation and it seems to 
be a necessary measure for the examined systems to maintain less 
critical RH levels. 

• When combined with exterior hydrophobisation, the findings indi-
cate that the more diffusion-tight insulation systems are to be 
preferred over the highly diffusion-open systems.  

• The risk of mould growth in the critical locations may be reduced 
considerably by application of the insulation systems using high pH 
(>12) adhesive mortar, even if the relative humidity is high. The 
more diffusion-tight systems seem to better maintain the high pH. 
Furthermore, no organic residues or parts should be available in the 
critical locations, especially if there is a risk of a fast decline in pH. 
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Hygrothermal assessment of four insulation systems for interior retrofitting 
of solid masonry walls through calibrated numerical simulations 

Nickolaj Feldt Jensen *, Søren Peter Bjarløv, Carsten Rode, Eva B. Møller 
Department of Civil Engineering, Technical University of Denmark, Brovej 118, Kgs. Lyngby, 2800, Denmark   

A R T I C L E  I N F O   
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A B S T R A C T   

The present research project investigates the hygrothermal performance of four insulation systems for internal 
retrofitting solid masonry walls with embedded wooden wall plate and beam end. The study was carried out 
through numerical simulations calibrated with 2–4 years of measurements and material data from a large field 
experimental in the cool, temperate climate of Lyngby, Denmark. The experiment comprised two 40-foot insu-
lated reefer containers reconfigured with 24 1 � 2 m holes, accommodating the solid masonry walls. The cali-
brated simulation models were used to investigate several untested design variations which included alternative 
brick and mortar types, masonry and insulation thickness, indoor moisture load and future climate conditions. 
The findings indicate that a reduction of the indoor moisture load would improve the hygrothermal performance 
in the interface between wall and insulation, and in the embedded wooden elements. Increased masonry 
thickness was seen to make the hygrothermal conditions worse due to increased drying time for the built-in 
moisture, while in the case of low initial moisture content, increased masonry thisckness improved the hygro-
thermal performance in the interface and embedded wooden elements. Increased insulation thickness also made 
the hygrothermal conditions worse. Regarding the brick and mortar types, the results showsed increased relative 
humidity in the critical locations in the case of high cement mortar compared to low cement mortar. The brick 
type was however found not to impact the relative humidity levels considerably. Robustness against future 
climate conditions was seen only for two of the four insulation systems, when combined with exterior 
hydrophobisation.   

1. Introduction 

Retrofitting historic building facades has been a hot topic in recent 
years, due to the considerable energy conservation potential. Odgaard 
et al. [1] found that 41% of all Danish multi-story residential buildings 
(3þ floors) were constructed in the period 1850–1930, with solid ma-
sonry external walls. Kragh and Wittchen [2] found that the external 
walls in multi-story residential buildings from the same period had an 
average-weighted U-value of 1.12 W/(m2⋅K). A large share of these 
buildings are protected as their aesthetic, historic and/or cultural values 
are considered worthy of preservation. This places several restrictions 
on exterior alterations, which often leaves internal insulation as the 
remaining option. 

External insulation is usually regarded as the safer option, which 
provides effective protection from the external environment. In contrast, 
internal insulation is considered more risky and will leave the existing 
structure exposed [3–8]. Internal insulation reduces heat flow from the 

occupied zones to the exiting wall structure, which in turn becomes 
colder [3,8–12] causing an increased risk of interstitial condensation [3, 
4,9,13,14]. In addition, the new insulation system also increases the 
diffusion resistance between existing wall and the occupied zones, 
which leads to reduced drying to the inside [9,15]. The combination of 
these effects result in increased risk of moisture-induced damage such as 
mould growth [3–6,9,16], and wood decay [9,16,17], as the moisture 
levels increases in the critical locations within the wall structure. The 
traditional internal insulation system comprised of mineral wool and a 
vapour barrier [3–5,12] have in many cases resulted in mould growth 
due to problems such as solar-driven vapour flow [3,5,18] and diffusion 
of warm moist air from the indoor environment out through the con-
struction [3,5]. The modern internal insulation systems have 
approached these issues differently. The diffusion-open capillary active 
systems allow the indoor moisture to diffuse in the outwards direction 
during the heating season, and then be redistributed back to the occu-
pied zones by capillary actions as a mean to reduce the risk of mould 
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growth inside the wall structure. Good hygrothermal performance for 
internal retrofitting solid masonry walls with diffusion-open capillary 
active systems have been observed in several studies including [6,7,15, 
19–25], while other studies [26–29] found unacceptable relative hu-
midity levels in the critical locations. The good performance in some of 
the aforementioned studies may be due to the combination of the 
diffusion-open capillary active systems with a low indoor moisture load 
and in some instances protection against Wind Driven Rain (WDR). 

When dealing with internal insulation for solid masonry walls a 
number of factors may be of importance in terms of the hygrothermal 
performance in the critical locations such as the material properties of 
the brick and mortars used for the existing wall structure, thickness of 
the existing masonry wall and of the new internal insulation system, as 
well as the indoor moisture load. The results from a number of previous 
simulation studies [6,17,29–32] regarding the importance of insulation 
thickness agree that increased thickness increases the risk of 
moisture-induced problems. Findings in Refs. [17] suggests that the 
negative effects may be less pronounced for diffusion-open capillary 
active insulation systems, when compared with diffusion-tight systems 
with similar thermal resistance. The study by Nielsen et al. [33] sug-
gested that the insulation thickness had only minor importance, and the 
risk of condensation from diffusion to the outside was a minor problem 
when compared to the quantity of moisture introduced through WDR. 
This conclusion is in agreement with statements by Straube et al. in 
Ref. [9] regarding the importance of WDR for internally insulated solid 
masonry walls. The simulation studies in Ref. [29,34,35] investigated 
the importance of masonry thickness and the results showed less critical 
Relative Humidity (RH) levels with increasing thickness. In Ref. [29,35] 
it was however pointed out that the capillary properties of the exterior 
bricks were of larger importance than the thickness of the existing ma-
sonry in terms of the amount of moisture reaching the critical locations. 
Limited information was found regarding the influence of the mortar 
properties on the performance of internal insulation. 

A proposed measure to improve the hygrothermal conditions in the 
critical locations is to reduce the indoor moisture load [5,9,36], espe-
cially during the heating season. This would mean less potential for 
diffusion in the outwards direction and in turn less interstitial conden-
sation. Previous field studies [15,37] and simulation studies [14,15,29, 
31,38–40] have shown improved hygrothermal performance in the 
critical locations in the case of reduced indoor moisture load. The case 
studies in Ref. [7,21,23,24] showed acceptable performance in the 
interface between the existing wall and the insulation system while 
subjected to a low indoor moisture load (studies were primarily using 
diffusion-open systems). 

The purpose of this study was to assess the hygrothermal perfor-
mance of four insulation systems for internal retrofitting in a temperate 
Nordic climate, using calibrated Heat And Mass Transfer (HAMT) sim-
ulations. The chosen insulation systems comprised three diffusion-open 
capillary active systems: 1) a composite material of polyurethane foam 
with calcium silicate channels in a grid of 40 mm by 40 mm (“PUR-CM”), 
2) calcium silicate (“CaSi”), 3) lightweight autoclaved aerated concrete 
(“AAC”), as well as 4) a phenolic resin foam insulation system with 
closed cell structure (“Phenolic”). One aim was to determine if the 
thickness of the existing masonry wall or of the new internal insulation 
was of considerable importance for the hygrothermal performance of 
internal insulation. The second aim was to test whether the use of bricks 
or mortars with considerably different material properties would highly 
affect the performance. The third aim was to determine if a controlled 
indoor climate with reduced moisture load would improve the perfor-
mance of the internal insulation. Finally, the fourth aim was to examine 
if the insulation systems would be robust against the more severe 
weather conditions predicted for the future as a result of climate change 
[41]. 

2. Methods 

2.1. Test stand description 

The simulation models were created and calibrated using measure-
ments from a large field experiment constructed at the Department of 
Civil Engineering of the Technical University of Denmark (DTU) on a 
test site in Kongens Lyngby, Denmark (55.79�N, 12.53�E) [42,43]. The 
experimental setup consisted of several test walls constructed to 
resemble wall sections of Danish historic multi storey buildings from the 
period 1850–1930, both in terms of design and materials. The setup was 
designed to investigate the application of several diffusion-tight or 
capillary active diffusion-open internal insulation systems, applied to 
solid masonry walls with embedded wooden wall plate and beam ends. 

The field experiment was carried out in two insulated reefer con-
tainers with the external dimensions (LxWxH): 12.2 m by 2.4 m by 2.9 
m. Twenty-four 1 � 2 m cut-outs were made in the longitudinal side 
walls, in which solid masonry walls were constructed. The test walls 
were constructed as a 3-dimensional set-up comprising a 1987 mm by 
948 mm by 358 mm (1½ stones thick with 10 mm interior rendering) 
solid masonry exterior wall, a 108 mm (½-stone) interior masonry wall 
with render on both sides, and a wooden floor construction made up of a 
175 � 175 mm wooden beam end embedded 100 mm into the masonry 
wall, supported by a 100 � 100 mm embedded wooden wall plate 
(Fig. 1). The floor construction was covered with 15 mm Oriented Strand 
Board (OSB). Inside the floor construction, 100 mm of mineral wool was 
used to emulate the clay-pugging layer traditionally installed between 
the floor beams. The experimental setup was constructed with special 
care and attention towards reduction of unintentional heat, air or 
moisture transport. The measures taken were: 1) Hygric and thermal 
decoupling through installing of a vapour barrier and mineral around 
each test wall; 2) sealing the exterior joints with mastic sealant in order 
to prevent rain intrusion; 3) Installation of gutters, and a flashing over 
each test wall against unintentional rain intrusion; and 4) The containers 
were raised 350 mm off the ground to prevent rain splash-up. 

The indoor climate was kept at 20 �C and 60% RH. No cooling or 
dehumidification were installed. Two fresh air fans were installed in 
each container to provide an air change rate of approximately 0.5 h� 1. 
For a Danish context this moisture load is fitting during the summer 
period, however during the winter period 60% RH is rather high. The 
Danish best practice guidelines [3] suggest RH values between 30 and 
50% during winter. RH and temperature were logged every 10 min over 
4 years (01-05-2015 to 01-05-2019) using digital HYT221 sensors 
installed and embedded in nine different locations in each test wall 
(Fig. 1), and for the indoor and outdoor climates. The outdoor climate 
data (solar, wind and rain) were obtained from a climate station located 
160 m south-west of the test site. South-west is the prevailing wind di-
rection in Denmark, and the most critical in terms of WDR. The influence 
of WDR and high/low solar irradiation were examined by having sixteen 
of the twenty-four test walls facing south-west (237�), and eight to 
north-east (57�). 

2.2. Simulation study 

The simulations were carried out to study the hygrothermal perfor-
mance of various alternative design scenarios for solid masonry walls 
with embedded wooden elements, fitted with diffusion-tight and capil-
lary active diffusion-open insulation systems. The simulations were 
performed using the Delphin software [44], and the wall models were 
simulated for 4-years (May 1st, 2015 to May 1st, 2019) for the PUR-CM, 
CaSi and AAC systems and 1½ year for the phenolic foam system as this 
system was installed only on November 27th, 2017. The simulation re-
sults were then post-processed with a mathematical mould-growth 
model. 

N.F. Jensen et al.                                                                                                                                                                                                                               

 
173



Building and Environment 180 (2020) 107031

3

2.2.1. Model configurations 
In this paper, 1D and 2D HAMT models were created for seven of the 

twenty-four test walls applying the correct wall geometries and material 
data. The wall configurations and material data are listed in Table 1. 

The geometry for the 2D models were as illustrated in Fig. 2; focusing 
on the transport through the wall itself and through the wooden floor 
construction. The 1D models focused on the transport through the wall 
itself, and were primarily used for the model calibrations which will be 
described in Section 2.2.3. The 1D models were simulated with a ho-
mogeneous masonry walls without mortar joints. The material proper-
ties were obtained from tests performed by the Technische Universit€at 
Dresden (TUD) in connection with the field experiment, and from the 
Delphin database. The exterior surface of the wall models was kept as 
bare brick, except for PUR-CM þ H, Phenolic þ H, and AAC þ H which 
were simulated as hydrophobised. This was achieved by lowering the 
water uptake coefficient, Aw, by a factor 1000 for the outermost 10 mm 
of the existing masonry wall, similar to what was experimentally 
determined in Ref. [45]. The initial conditions (temperature and RH) 
measured in the 7 sensor locations were applied to the simulation 
models as shown in Fig. 2. 

2.2.2. Boundary conditions 
The outdoor and indoor boundary conditions for the simulation 

models were obtained from the experimental study (measured outdoor 
and indoor temperature and RH are shown in Fig. 3). For the atmo-
spheric sky radiation, the Copenhagen Design Reference Year (DRY) 
data were used. The applied boundary coefficients are listed in Table 2. 
All the wall models were simulated facing south-west (237�). 

2.2.3. Model calibration 
To obtain reliable HAMT models capable of approximating the 

hygrothermal conditions of the experimental test walls, the simulations 
were calibrated with respect to the experimental measurements. For the 
model calibration, the measured data were used for the outdoor and 
indoor climates, and for sensor locations 1–7. Assumptions were made 
for the boundary coefficients. The hygrothermal model calibration was 
carried out using 1D HAMT simulations (Points 1–4) and a Python 
automation script [46] which was set to vary and “crisscross” parame-
ters. Prior to the automated calibration, a manual calibration was per-
formed for the thermal properties of the seven “base” models to reduce 
the number of simulations in the automated calibration process. 

Preliminary tests showed that the initial RH levels, rain exposure and 
shortwave radiation were the only parameters which had a significant 
influence on the simulation results. Consequently, the following pa-
rameters were crisscrossed by the Python automation script: 

� Initial RH: in Point 1 (near the exterior surface), 2 (middle of ma-
sonry wall), 3 (in lime rendering at interface between masonry and 
insulation), and 4 (near the interior surface). The initial RH generally 
ranged �15-20 %-point RH with intervals ranging from 0.05%-point 
RH (near 100% RH) up to 5%-point RH. The range and interval 
setting varied between points and test walls based on the observed 
RH measurements from the experimental study.  
� Rain exposure coefficient (range 0.7–1.3)  
� Absorption coefficient for short wave radiation (range 0.5–0.7) 

The Python automation script generated around 17,000 1D HAMT 

Fig. 1. Test stand configuration: (a) Vertical section of a test wall. (b) Horizontal section through the 13th brick course. (c) Horizontal section through the 21st brick 
course. Source: Tommy Riviere Odgaard [42]. 
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simulations (between 1944 and 3456 variations for each of the seven 
base models). 

Upon completion the script compared the simulated RH results in 
sensor points 1–4 to the measurement data to find the simulation models 
with the smallest area between the simulation curve and the measure-
ment curve. The script then ranked the 20 best simulation models for 
each of the four sensors points (4 � 20 simulations), which were then 
exported to Excel for further manual calibration. The optimised pa-
rameters were then used as a basis for the 2D models, with some minor 
additional manual calibrations. 

2.2.4. Model variations 
After the model calibration several parameter variations were car-

ried out for each of the wall models to investigate the effects of various 
alternative design scenarios. The parameter variations are described in 
Table 3. The properties for the alternative bricks and mortars are listed 
in the lower part of Table 1. The parameter variations D1A and D1B 
were simulated with an outdoor temperature dependent indoor hu-
midity according to EN/ISO 13788:2013 class A and B [47], to inves-
tigate the effect of the indoor moisture load. The other parameter 
variations simulated with the measured indoor RH levels [42,43]. 

Note that all parameter variations were simulated with the initial 

Table 1 
Wall configurations used in the HAMT simulations. The insulation systems were applied internally to the existing wall configuration.  

No. of walls: Wall ID Material layers (exterior side on top and interior 
side in the bottom) 

Density [kg/ 
m3] 

λdry [W/ 
(m⋅K)] 

μdry 

[� ] 
Aw [kg/ 
(m2⋅s½)] 

D 
[mm] 

R [m2⋅K/ 
W] 

Z [m2⋅s⋅Pa/ 
kg] 

Existing wall Yellow masonry bricka 1643 0.600 16.9 0.278 348 0.58 2.97Eþ10 
7.7% lime mortara 1243 0.440 22.4 0.390 10 0.02 1.13Eþ09 
Total: existing wall      0.60 3.08Eþ10 

2 walls: PUR-CM þ H 
PUR-CM 

PUR-CM adhesive mortar 1313 0.497 18.8 0.005 10 0.03 9.47Eþ08 
PUR-CM insulation 49 0.037 27 0.013 80 2.16 1.09Eþ10 
PUR-CM render 1269 0.479 13.9 0.222 13 0.02 9.13Eþ08 
Total: PUR-CM system      2.21 1.28Eþ10 

1 wall: CaSi CaSi adhesive mortara 1655 0.500 6.6 0.600 10 0.02 3.33Eþ08 
CaSi insulationa 225 0.061 4.2 0.726 100 1.64 2.14Eþ09 
CaSi adhesive mortara 1655 0.500 6.6 0.600 8 0.02 2.67Eþ08 
Total: CaSi system      1.68 2.74Eþ09 

2 walls: Phenolic 
Phenolic þ H 

Phenolic adhesive mortarb 1516 0.500 41.4 0.006 5 0.01 1.05Eþ09 
Glass fleecea 295 0.200 369 0.405 0.1 0.001 1.86Eþ08 
Phenolic foam insulationa 35 0.020 114 0.009 100 5.00 5.76Eþ10 
Aluminium foil   10,000  0.1  5.05Eþ09 
Gypsum board 850 0.177 10 0.277 13 0.07 6.57Eþ08 
Total: Phenolic system      5.08 6.45Eþ10 

2 walls: AAC AAC þ H AAC adhesive mortara 830 0.155 13.0 0.003 8 0.05 5.25Eþ08 
AAC insulation boarda 99 0.044 3 0.006 100 2.27 1.52Eþ09 
AAC adhesive mortara 830 0.155 13 0.003 8 0.05 5.25Eþ08 
Total: AAC system      2.38 2.57Eþ09 

Materials used for the wooden floor structure 
Pine wood (Longitudinal) 554 0.208 3.6 0.013    
OSB board 630 0.130 280 0.002    
Materials used in parameter variations       
Brick Bernhard 2060 2 19 0.100    
Old Building Brick Schloss Güterfelde 1532 0.383 10.4 0.218    
Lime cement mortar, high CMT ratio 1878 0.803 36.9 0.036    
Lime cement mortar, low CMT ratio 1739 1.050 28.3 0.495     

a Materials tested by TU Dresden, unmarked parameters were from the Delphin [44] material database or manufacturer information. þH denote exterior 
hydrophobisation. 

b Lambda was assumed based on similar products in the Delphin database. 

Fig. 2. Delphin screenshots of the simulations models: 1D wall detail of test wall PUR-CM þ H (a); 2D wall detail of PUR-CM þ H (b), and 2D beam end detail of 
Phenolic (c). P1–P7 represents the zones where the initial conditions (temperature and RH) for sensor points 1–7 were applied in the models. 
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moisture content set according to the experimental measurements, and a 
second set of models set to 80% RH. This was done to investigate the 
effect of the built-in moisture on the individual parameter variations. 
The only exception was variation E1, which was simulated only with 
initial moisture set to 80% RH. 

2.3. Mould growth risk 

The widely used VTT mould-growth model by Hukka and Viitanen 
[49] was used for post-processing of simulation results to assess the 
hygrothermal conditions of the test walls over time, to produce a theo-
retical prediction of the risk of mould growth. Focus was on the 
hygrothermal conditions in the interface between the masonry wall and 
the insulation system (Point 3), and the embedded wooden wall plate 
and beam end (Point 5 and 6). 

The model produced the mould index (MI), ranging from 0 to 6, 
where 0 corresponds to no growth and 6 to heavy growth (100% 
coverage). MI values 3–6 are within the visual range. The interface was 
assumed to be “medium resistant” and with a decline factor set to 
“relatively low”, corresponding to cement and plastic based materials. 
The embedded wooden elements were assumed to be “sensitive” and 
with a decline factor set to “wood recession”. The predictions for the 
interface were initiated after one year (on 01-05-2016 for PUR-CM, CaSi 
and AAC systems, and on 01-12-2018 for phenolic foam system) to 
emulate the effect of the alkaline conditions during the initial drying out 

Fig. 3. Relative humidity and temperature for indoor and outdoor climates, used in the HAMT simulation.  

Table 2 
Boundary coefficients used for the calibrated models.   

Wall details (Fig. 2a and b) Beam end detail (Fig. 2c) 

Boundary 
coefficients 

CaSi PUR- 
CM 

PUR- 
CM þ H 

Phenolic Phenolic 
þ H 

AAC AAC 
þ H 

CaSi PUR- 
CM 

PUR- 
CM þ H 

Phenolic Phenolic 
þ H 

AAC AAC 
þ H 

Ground reflection 
(albedo) [� ] 

0.25a 0.25a 

Short wave 
absorption [� ] 

0.7a 0.7a 

Long wave emission 
[� ] 

0.9a 0.9a 

Rain exposure 
coefficient [� ] 

1.0 1.0 1.0 1.0 1.0 1.0 0.7 1.0 1.0 1.0 1.0 1.0 1.0 0.7 

Int. Heat exchange 
[W/(m2⋅K)] 

5.0a 5.0a 

Ext. Heat exchange 
[W/(m2⋅K)] 

13.2a 13.2a 

Int. Vapour 
exchange [s/m] 

3.0E-08a 3.0E-08a 

Ext. Vapour 
exchange [s/m] 

2.0E-07a 2.0E-07a  

a Value was applied to all seven models. 

Table 3 
Parameter variations.  

ID Description 

A1 Replace air lime mortar with a mortar with high cement ratio (See material 
properties in Table 1) 

A2 Replace air lime mortar with a mortar with low cement ratio (See material 
properties in Table 1) 

A6 Replace air lime mortar with a mortar with high cement ratio, outermost 1 cm 
A7 Replace air lime mortar with a mortar with low cement ratio, outermost 1 cm 
A3 Replace yellow masonry brick with a low density brick (See material 

properties in Table 1) 
A4 Replace yellow masonry brick with a high density brick (See material 

properties in Table 1) 
B1 Reduce thickness of masonry wall to 228 mm (not done for beam end model) 
B2 Increase thickness of masonry wall to 468 mm 
B5 Increase thickness of masonry wall to 708 mm 
B3 Reduce insulation thickness to R-value of 1.25 (K m2/W) 
B4 Increase insulation thickness to R-value of 7.50 (K m2/W) 
C1 CaSi system with hydrophobised exterior surface 
D1A Indoor moisture load according to EN/ISO 13788:2013 Class A [47] 
D1B Indoor moisture load according to EN/ISO 13788:2013 Class B [47] 
D2 CaSi system with hydrophobised exterior surface þ EN/ISO 13788:2013 

(C1þD1) 
E1 Climate data 2020–2050 Emission scenario A1B (Climate for culture) [48],a  

a Note that 30-year simulation were carried out only for wall models with 
exterior hydrophobisation (PUR-CM þH, Phenolic þH, AAC þH and Casi þH). 
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process for systems using adhesive mortars, as suggested in Ref. [50]. 

3. Results 

Supplementary plots including comparison between measured data 
and simulations, and datasets are available in Ref. [46]. Plot abbrevia-
tions as listed in Section 2.2.1. The term “Calibrated” is used to describe 
the outcome of the optimised simulation of the tested wall. 

3.1. Simulation study 

3.1.1. Model calibration 
The automated calibration script reached rather small deviations 

between modelled and measured RH levels for most of the wall models, 
see Fig. 4 and [46]. However, a few models showed some 5-10%-points 
RH lower than the measurements in the middle of the wall structure near 
the interface between masonry and insulation system, e.g. as seen for the 
CaSi model in Fig. 4a. This was despite reaching a good match for the RH 
levels in points 1 (50 mm from the exterior surface) and 4 (in the 
insulation, some 10–15 mm from the interior surface). Later calibration 
work for the 2D models exhibited similar issues also for the wall plate 
sensor location (point 5), however to a less degree compared to near the 
interface. The large deviations between modelled and measured RH 
levels were seen to occur during periods when the experimental setup 
experienced RH levels near 100%. In the experimental setup these high 
RH levels were seen primarily for the test walls without exterior 
hydrophobisation. Lastly, it was seen that the automated calibration 
script was not able to reach a good match for the RH levels in all sensor 
locations in the Phenolic þ H wall model despite performing approxi-
mately 3456 simulation variations, see Fig. 4c. 

3.1.2. Effect of changing the mortar type 
The simulations with different mortar types (no, low or high cement 

content) showed that changing the 7.7% air lime mortar to a low cement 
content mortar (1/11 part Portland cement and 10/11 part lime) 
reduced RH levels in the critical locations. In contrast, changing the air 
lime mortar to a high cement content mortar (½ part Portland cement 
and ½ part lime) increased RH levels (Fig. 5). In addition, changing the 
mortar in the outermost 1 cm of the joints as done during renovation of 
joints had little to no effect on the RH levels in the critical locations. The 
simulations with reduced initial moisture content showed tendencies 
similar to the models with measured initial moisture (See Ref. [46]). 

3.1.3. Effect of changing the brick type 
The simulations with varying brick types showed only minor dif-

ferences between the three selected bricks, and no recurring tendencies 
that one of the bricks would perform better or worse in terms of the RH 
levels in the critical locations (see Fig. 6a–b and [46]). The three bricks 
were generally within 5–8% RH points of each other. The only exception 
was the interface in the Phenolic þH wall model (Fig. 6), where both the 
high and low density bricks showed considerably reduced RH levels 
compared to the yellow masonry brick. The simulations with reduced 
initial moisture showed only minor differences and no recurring ten-
dencies (See Ref. [46]). 

3.1.4. Effect of masonry thickness 
The simulations with varying masonry thickness showed increased 

RH levels in the masonry/insulation interface with increasing thickness 
of the masonry brick wall (Fig. 7a). However this tendency turned 
around after a hot and dry summer of 2018. The larger masonry thick-
nesses were observed to experience less seasonal variation compared to 

Fig. 4. Comparison between measured relative humidity from the container experiment and the calibrated Delphin models in the interface between wall and 
insulation: CaSi (a); PUR-CM þ H (b); and Phenolic þ H (c). 

N.F. Jensen et al.                                                                                                                                                                                                                               

 
177



Building and Environment 180 (2020) 107031

7

the thinner masonry thicknesses. The only exceptions were the wall 
plate and beam end in the PUR-CM model, where the RH levels 
decreased with increasing masonry thickness (see Refs. [46]). The 
simulations with reduced initial moisture content did however show 
opposite tendencies compared to the simulations with measured initial 
moisture. In the case of reduce initial moisture RH decreased with 
increasing thickness (Fig. 7b and [46]). 

3.1.5. Effect of insulation thickness 
The simulations with varying insulation thicknesses showed 

increased RH levels in the critical locations with increasing insulating 
thickness (Fig. 8). Differences between thicknesses were observed to be 
larger for the highly diffusion-open insulation systems (CaSi and AAC) 
compared to the semi diffusion-open (PUR-CM) and diffusion-tight 
systems (Phenolic foam). The results for the critical locations showed 

Fig. 5. Effect of varying mortar type, relative humidity in: Point 3 (interface) in PUR-CM þ H (a), and Point 5 (wall plate) in CaSi (b). Note that the models with 
changed mortar type in the outermost 1 cm are on top of the calibrated model in the figure. 

Fig. 6. Effect of varying brick type, relative humidity in: Point 3 (interface) in PUR-CM (a), Point 5 (wall plate) in AAC þ H (b), and Point 3 (interface) in Phenolic þ
H (c). 
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smaller differences between insulation thicknesses in the wooden ele-
ments compared to the interface. Different results were seen for the 
models with the Phenolic foam system, which showed limited differ-
ences in all three locations (See Ref. [46]). Similar tendencies were seen 
between the simulations with measured and reduced initial moisture 
(See Ref. [46]). 

3.1.6. Effect of exterior hydrophobisation on calcium silicate 
The simulations for the CaSi system with exterior hydrophobisation 

showed reduced RH levels in the critical locations (Fig. 9). The RH levels 
were observed to be rather similar in the wall plate and beam end (See 
Refs. [46]). The simulations with reduced initial moisture also showed 
decreased RH levels in the interface due to the exterior hydro-
phobisation (See Ref. [46]). 

3.1.7. Effect of indoor moisture load 
The simulations with indoor humidity class A (normal occupancy) 

and B (high occupancy) according to Ref. [47] showed increased RH 
levels in the critical locations with increasing indoor moisture load 
(Fig. 10a). During the initial 1-1½ years, the indoor moisture load had 
little to no effect on the RH levels. In addition, the effect of the indoor 
moisture load was seen to decrease with increasing diffusion resistance 
of the insulation system (Fig. 10b), with the diffusion-tight phenolic 
foam system showing little to no change between the two indoor 
moisture loads. It was also observed that walls treated with exterior 
hydrophobisation experienced a larger reduction of the RH levels in 
critical locations due to reduced indoor moisture load compared to walls 
without (see Ref. [46]). The simulations with reduced initial moisture 
showed tendencies similar to the simulations using the measured initial 
moisture (See Ref. [46]). Note that the limited effect as a result of 
reduced indoor moisture during the initial 1-1½ years was seen to 
disappear in the case of reduced initial moisture. 

Fig. 7. Effect of masonry thickness, relative humidity in Point 3 (interface) in: CaSi with measured initial moisture content (a), and CaSi with initial RH of 80% (b).  

Fig. 8. Effect of insulation thickness, relative humidity in Point 3 (interface) in: AAC þ H (open system) (a), and PUR-CM þ H (semi-open) (b). R-values for the 
calibrated AAC þ H and PUR-CM þ H models were 2.27 and 2.16 K⋅m2/W respectively. 
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3.1.8. Future climate predictions 
The simulations carried out using the Climate for Culture [48] 

datasets with emission scenario A1B (Fig. 11) showed that the models 
stabilised within the first five years. Hereafter were only minor de-
viations observed during certain individual years, and the RH levels 
would then fall back into place the subsequent year. The predictions for 
the interface between the masonry wall and insulation system showed 
less critical RH levels for the models with the PUR-CM and CaSi systems, 
but increasing RH levels for the models with the phenolic foam and AAC 
systems. The results showed reduced RH levels in the wall plate with 
increasing diffusion resistance of the insulation system, with the lowest 
RH levels seen for the phenolic foam system. The tendencies and RH 
levels for the beam ends were rather similar to those seen for the wall 
plates, see Ref. [46]. 

3.1.9. Mould-growth modelling 
The mould growth predictions with the VTT model are listed in 

Table 4. Predictions were generally in line with the observations based 

on the RH levels, and tendencies were as follows:  

� Mortar with high cement content increased the risk of mould growth, 
while mortar with low cement content reduced the risk. In addition, 
varying the mortar in the outermost 1 cm of the wall had little to no 
effect on the risk of mould growth in the critical locations.  
� Varying the brick type had a rather modest influence on the risk of 

mould growth, and no general tendencies were observed.  
� Increased risk of mould growth with increasing masonry thickness, 

as drying of the built-in moisture takes longer time.  
� Increased risk of mould growth with increasing insulation thickness.  
� Increased risk of mould growth with increasing indoor moisture load.  
� The predictions for the simulations with climate for 2020–2050 

showed low risk of mould growth in the wooden elements, but an 
unacceptable risk in the interface for models with the Phenolic and 
AAC systems. In addition, unacceptable maximum mould index 
values were observed in one or more locations in all insulation sys-
tems except for the CaSi system 

Fig. 9. Effect of exterior hydrophobisation for the CaSi system, relative humidity in: Point 3 (interface), (a) and Point 5 (wall plate) (b).  

Fig. 10. Effect of indoor moisture load (EN/ISO 13788 Class A and B), relative humidity in Point 3 (interface) for walls: CaSi (open) (a), and PUR-CM (semi- 
open) (b). 
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The risk of mould growth was predicted to be considerably higher in 
the wooden wall plate and beam end compared with the interface 
despite higher RH levels in the interface, due to the increased sensitivity 
of the wood products. The model predictions showed reduced risk for 
the simulation models with exterior hydrophobisation. The diffusion- 
tight Phenolic þ H was predicted to have the lowest overall mould 
growth risk in all three critical locations, while the PUR-CM model was 
predicted to have the worst overall risk in the interface and the CaSi 
model in the embedded wooden elements. 

Note that the listed average and maximum mould index values for 
the interface were calculated from the last three years (out of four) of 
simulation results for walls: PUR-CM þ H, CaSi, PUR-CM, AAC and AAC 
þ H. However, for walls Phenolic and Phenolic þ H the values were 
calculated from the last 6 months (out of 1½ year), as the calibration 
datasets for these walls were shorter. For variation E1 “Climate data 
2020–2050”, the mould risk was calculated from the last 29 years (out of 
30). *Future climate simulations were performed with initial moisture 
set to 80% RH, and for the CaSi system the model was simulated with 
exterior hydrophobisation. 

4. Discussion 

4.1. Model calibration 

The simulation models have all been calibrated with measurements, 
it is not a validation of the simulation, as this would require complete 
knowledge of material properties and boundary conditions. The issue 
regarding the calibrated simulation models exhibiting less RH fluctua-
tion compared to the experimental measurements and often under-
estimating the RH levels seem to be a common issue for several 
simulation programs as found in Refs. [15,51–57]. The review study by 
Busser et al. [58] similarly found that simulations often underestimate 
the adsorption processes and/or overestimate the desorption processes. 
This is probably due to the simulation software not accounting for 
hysteresis, meaning that the RH-front moves faster in the experimental 
studies compared to what is modelled by the simulation programs, as 
shown by James et al. [59]. The authors pointed out several “biases” 
from within the experimental setup, measurement of boundary condi-
tions, the simulation program, and material properties that are often 
forgotten or neglected when creating the simulation model, which could 
potentially close the gap between measured and simulated results. In 

contrast to these studies, Freudenberg et al. [60] obtained a good match 
between experimental measurements and simulation results using the 
Generic Optimization tool “GenOpt” for the model calibration. An 
alternative explanation for the discrepancies between the calibrated 
models and the measured data could be the measurement uncertainties 
of the digital sensors during periods with near 100% RH. The digital 
sensors used in the field study had an uncertainty of around 1.8%-point 
RH but the uncertainty increased when the RH levels were above 90%. It 
is possible that the “real” discrepancies between the calibrated models 
and the measured data may have been less than presented in this paper. 
The large discrepancies seen between the calibrated Phenolic þ H wall 
model and measured data could perhaps be caused by incorrect instal-
lation of the phenolic foam system in the field experiment. It is possible 
that the desired tightness of the system was not achieved during 
installation, and so the system behaved more similarly to the 
diffusion-open systems. However, this does not correspond with the 
assumption in the simulation models that the installation was carried 
out perfectly. On the other hand, in the case that the problem was not 
related to the sensors but rather the simulation models, then the results 
suggesting that the Phenolic þ H would be the best performing insu-
lation systems would be questionable. 

4.2. Effect of changing the mortar type 

The simulation results showed increased RH levels in critical loca-
tions for mortar with increased cement content and reduced RH levels 
for the mortar with reduced content, compared to the air lime mortar 
completely without cement. These tendencies were probably due to the 
higher water absorption coefficient and liquid water conductivity for the 
low cement mortar and the air lime mortar compared to the high cement 
mortar, but also due to a lower water vapour permeability with 
increased cement content. With the high initial moisture content in the 
masonry wall (based on the experimental measurements) the former two 
mortars would be able to transport liquid moisture away more rapidly 
resulting in reduced RH levels compared to the less capillary and vapour 
permeable high cement mortar. Due to the low water absorption coef-
ficient, liquid water conductivity and vapour permeability of the high 
cement mortar experienced only minor seasonal variations. The models 
with the low cement mortar and air lime mortar did however experience 
larger seasonal variations with reduced RH during the warm periods, 
and increased RH during the cold and rainy periods. 

Fig. 11. Relative humidity in Point 3 (interface) (a), and Point 5 (wall plate) (b); for models PUR-CM þ H, Phenolic þ H, AAC þ H and CaSi þ H – simulated with 
Climate for culture climate data for 2020–2050. Only the period 01-01-2020 to 01-01-2030 is presented graphically. 
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Table 4 
Modelled mould-growth predictions for the parameter variations.    

Average VTT mould index, MI [� ] Max VTT mould index, MI [� ] 

ID Parameter variation CaSi PUR- 
CM 

PUR- 
CM þ
H 

Phenolic Phenolic 
þ H 

AAC AAC 
þ H 

CaSi PUR- 
CM 

PUR- 
CM þ
H 

Phenolic Phenolic 
þ H 

AAC AAC 
þ H 

Interface between existing wall and insulation  
Calibrated wall model 0.3 2.1 0.3 0.4 0.0 1.7 0.7 0.7 2.6 0.8 0.8 0.1 2.5 1.4 

A1 Mortar high CMT ratio 0.9 2.0 1.3 0.3 0.0 1.8 0.2 1.4 2.6 1.9 0.6 0.1 2.6 0.4 
A2 Mortar low CMT ratio 0.2 1.5 0.0 0.3 0.0 0.7 0.4 0.5 2.1 0.2 0.7 0.1 1.4 0.9 
A6 Mortar high CMT ratio 

(1 cm) 
0.3 2.1 0.3 0.4 0.0 1.6 0.0 0.6 2.5 0.8 0.8 0.1 2.4 0.1 

A7 Mortar low CMT ratio (1 
cm) 

0.3 2.1 0.3 0.4 0.0 1.6 0.7 0.6 2.6 0.8 0.8 0.1 2.4 1.4 

A3 Brick low density 0.7 2.1 0.4 0.4 0.0 1.8 0.2 1.2 2.7 1.0 0.8 0.0 2.6 0.6 
A4 Brick high density 0.7 2.1 0.3 0.3 0.0 1.8 0.4 1.3 2.8 0.7 0.6 0.0 2.7 0.8 
B1 Brick thickness 228 mm 0.3 1.3 0.0 0.2 0.0 0.8 0.5 0.7 2.1 0.1 0.5 0.2 1.7 1.0 
B2 Brick thickness 468 mm 0.8 2.3 1.5 0.5 0.0 2.4 0.7 1.3 2.7 2.1 1.0 0.1 2.9 1.4 
B5 Brick thickness 708 mm 2.1 2.6 2.6 0.6 0.0 2.8 0.7 2.8 3.0 3.0 1.3 0.1 3.4 1.4 
B3 Insu. R-value 1.25 (K m2/ 

W) 
0.2 2.0 0.1 0.6 0.1 0.8 0.4 0.6 2.5 0.3 1.2 0.2 1.5 0.9 

B4 Insu. R-value 7.50 (K m2/ 
W) 

2.2 2.1 0.7 0.3 0.0 2.4 1.6 2.9 2.6 1.3 0.6 0.1 3.0 2.5 

C1 CaSi þ Ext. 
Hydrophobisation 

0.6       1.2       

D1A Indoor RH ISO13788 
Class A 

0.1 2.1 0.2 0.4 0.0 0.7 0.1 0.3 2.5 0.5 0.8 0.1 1.1 0.4 

D1B Indoor RH ISO13788 
Class B 

0.1 2.1 0.3 0.4 0.0 1.4 0.2 0.4 2.6 0.8 0.8 0.1 2.0 0.6 

D2 CaSi þ Ext. 
Hydrophobisation þ
ISO13788 (Case C1 þ
D1A) 

0.3       0.9       

E1 Climate data 
2020–2050* 

0.0  0.0  3.3  3.2 0.3  0.2  3.5  3.4   

Average VTT mould index, MI [� ] Max VTT mould index, MI [� ]   
CaSi PUR- 

CM 
PUR- 
CM þ
H 

Phenolic Phenolic 
þ H 

AAC AAC 
þ H 

CaSi PUR- 
CM 

PUR- 
CM þ
H 

Phenolic Phenolic 
þ H 

AAC AAC 
þ H 

Embedded wooden wall plate  
Calibrated beam end 
model 

4.8 3.7 1.6 3.9 0.1 4.2 1.7 5.1 4.2 4.0 4.8 0.5 4.5 4.2 

A1 Mortar high CMT ratio 4.6 4.0 3.0 3.8 0.1 4.3 3.2 4.9 4.5 4.4 4.7 0.6 4.6 4.5 
A2 Mortar low CMT ratio 4.4 2.5 1.0 3.6 0.0 3.2 1.1 5.1 3.6 3.4 4.6 0.4 4.2 3.8 
A6 Mortar high CMT ratio 

(1 cm) 
4.7 3.4 1.6 3.9 0.1 4.0 1.7 5.1 4.0 4.0 4.7 0.5 4.4 4.2 

A7 Mortar low CMT ratio (1 
cm) 

4.7 3.5 1.6 3.9 0.1 4.1 1.7 5.1 4.1 4.0 4.7 0.5 4.5 4.2 

A3 Brick low density 4.8 4.3 1.8 4.1 0.0 4.4 1.6 5.0 4.7 4.3 4.9 0.3 4.8 4.1 
A4 Brick high density 4.7 4.0 1.1 3.9 0.1 4.2 1.0 5.0 4.8 3.4 4.9 0.5 4.8 3.2 
B2 Brick thickness 468 mm 5.0 3.4 2.4 4.0 0.1 4.5 4.2 5.2 3.8 4.2 4.9 0.6 4.7 4.8 
B5 Brick thickness 708 mm 5.0 2.7 3.7 4.2 0.2 4.7 4.8 5.2 2.8 4.2 4.9 0.7 4.9 5.0 
B3 Insu. R-value 1.25 (K m2/ 

W) 
4.7 3.5 1.4 4.2 0.1 4.1 1.5 5.1 4.0 3.9 4.9 0.4 4.4 4.1 

B4 Insu. R-value 7.50 (K m2/ 
W) 

5.5 4.8 1.5 3.7 0.1 5.2 2.8 5.9 5.4 3.9 4.7 0.4 5.6 5.7 

C1 CaSi þ Ext. 
Hydrophobisation 

4.2       5.1       

D1A Indoor RH ISO13788 
Class A 

4.7 3.5 1.5 3.9 0.1 3.7 1.5 5.1 4.1 3.9 4.8 0.5 4.5 4.2 

D1B Indoor RH ISO13788 
Class B 

4.8 3.6 1.7 3.9 0.1 4.2 1.7 5.1 4.2 4.0 4.8 0.5 4.6 4.3 

D2 CaSi þ Ext. 
Hydrophobisation þ
ISO13788 (Case C1 þ
D1A) 

3.4       5.1       

E1 Climate data 
2020–2050* 

0.1  0.0  0.0  0.4 1.2  0.9  0.9  2.3 

Embedded wooden beam end  
Calibrated beam end 
model 

4.7 3.2 1.0 3.4 0.0 4.0 1.2 5.0 4.1 3.1 4.7 0.3 4.4 3.6 

A1 Mortar high CMT ratio 4.5 3.7 2.5 3.5 0.1 4.1 2.7 4.7 4.3 3.9 4.6 0.4 4.5 4.2 
A2 Mortar low CMT ratio 4.3 1.9 0.6 2.9 0.0 2.8 0.7 5.0 2.8 2.4 4.4 0.3 3.9 2.9 
A6 Mortar high CMT ratio 

(1 cm) 
4.6 2.9 1.1 3.3 0.0 3.8 1.3 5.0 3.6 3.1 4.6 0.3 4.3 3.6 

A7 Mortar low CMT ratio (1 
cm) 

4.7 3.0 1.1 3.3 0.0 3.8 1.2 5.0 3.9 3.1 4.6 0.3 4.3 3.6 

(continued on next page) 
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4.3. Effect of changing the brick type 

The limited differences between the three assessed bricks and no 
clear recurring tendencies for any of the insulation systems could sug-
gest that the brick type may not be of considerable importance in rela-
tion to the hygrothermal performance in the context of the present 
setup. The comparison between the high and low density bricks alone 
(excluding the yellow masonry brick) did however suggest slightly 
increased RH levels for the high density brick, as this brick type had 
lower water absorption coefficient and liquid water conductivity. The 
results corroborate with the simulations by Kaczorek [32], but contra-
dict the simulations by Mets et al. [29] who found increased RH levels 
using bricks with higher liquid water conductivity. In addition, Mets 
et al. found the liquid water conductivity to be more important than the 
water absorption coefficient in relation of the hygrothermal perfor-
mance, which corroborate present findings. 

The large differences between brick types seen only for the Phenolic 
þH wall model in the interface were probably related to the liquid water 
conductivity of the yellow masonry brick. The yellow masonry brick 
deviated highly in terms of the liquid water conductivity and the 
simulated RH levels, which could be due to a reduced liquid transport at 
lower moisture contents compared to the high and low density bricks, 
see liquid water conductivity in Refs. [46]. 

4.4. Effect of masonry thickness 

The results for the simulations with high initial moisture content 
showed increased RH levels with increasing masonry thickness, which 
contradict the findings in Ref. [4,29,34,35]. In contrast, the simulations 
with reduced initial moisture content showed reduced RH levels with 
increasing thickness, in agreement with the other studies. The compar-
ison between the two sets of simulations showed that the wet initial 
conditions in masonry brick wall was the crucial factor causing the 
reverse tendencies in relation to the masonry thickness. In the simula-
tion with high initial moisture, the thinner masonry thicknesses were 
observed to perform better in the critical locations as changes in the 
outdoor climate were able to affect the moisture balance of nearly the 
entire masonry wall which allowed the wall to dry out. In contrast, the 
larger masonry thicknesses were affected by the outdoor climate only in 
the outermost part of the masonry wall while the innermost part 
maintained rather stable conditions over the entire simulation period 
(less seasonal variation in the critical locations with increasing wall 
thickness). In the simulation with reduced initial moisture, the larger 
masonry thicknesses performed better as the increased thicknesses 
yielded more protection against the outdoor climate affecting the 

moisture balance in the interface and embedded wood elements. This 
resulted in less seasonal variation as compared to the thinner masonry 
thicknesses where WDR would be more likely to reach the critical 
locations. 

4.5. Effect of insulation thickness 

The simulations with varying insulation thickness indicate that 
increasing thickness worsens the hygrothermal conditions in the critical 
locations as the added insulation thickness reduces temperatures in the 
existing masonry further causing increased risk of interstitial conden-
sation, and reduced drying to the inside due to the additional diffusion 
resistance. Both of these factors lead to increased risk of high moisture 
content in the wall structure. The present results are in agreement with 
findings in Refs. [5,17,29,30,32]. The sensitivity study by Nielsen et al. 
[33] did however conclude that the insulation thickness was of minor 
importance compared to parameters such as the orientation and WDR 
load. The comparison between the interface and embedded wooden el-
ements suggests that the wall plate and beam end are less affected by the 
difference in insulation thickness. This is perhaps due to the locations of 
the wall plate and beam end, which were further away from the exterior 
surface of the insulation layer where the risk of interstitial condensation 
is the largest. In addition, these elements were also closer to the thermal 
bridge created by the floor structure, receiving more of the outgoing 
heat flow maintaining rather similar temperatures no matter the insu-
lation thickness. It should however be noted that 2D simulations tend to 
overestimate the thermal bridge effect of said floor construction. It is 
therefore recommended to carry out 3D simulations in order to obtain 
the most realistic situation for the thermal bridge effect. 

The comparison between insulation systems suggests that the diffu-
sion resistance of the insulation system is of importance in terms of the 
hygrothermal performance. The semi diffusion-open (PUR-CM) and 
diffusion-tight (Phenolic foam) insulation systems experienced smaller 
differences in RH levels and seasonal variation with increasing insu-
lation thickness compared to the highly diffusion-open systems (CaSi 
and AAC). Similar results were found in Ref. [29]. In addition, the study 
by Hansen et al. [30] showed only minor differences between insulation 
thicknesses with semi diffusion-open and diffusion-tight systems. These 
findings were probably caused by reduced drying to the inside with 
increasing diffusion resistance, and with sufficiently large thickness also 
the highly diffusion-open systems experienced limited seasonal 
variation. 

Table 4 (continued )   

Average VTT mould index, MI [� ] Max VTT mould index, MI [� ] 

A3 Brick low density 4.7 4.0 1.3 3.7 0.0 4.3 1.1 5.0 4.6 3.6 4.8 0.2 4.7 3.4 
A4 Brick high density 4.6 3.7 0.6 3.3 0.0 4.0 0.5 5.0 4.9 2.2 4.9 0.4 4.9 2.0 
B2 Brick thickness 468 mm 4.9 2.9 1.9 3.6 0.1 4.4 3.9 5.1 3.5 3.5 4.6 0.4 4.6 4.6 
B5 Brick thickness 708 mm 5.0 2.1 3.0 3.8 0.1 4.7 4.7 5.2 2.5 3.6 4.8 0.4 4.9 4.9 
B3 Insu. R-value 1.25 (K m2/ 

W) 
4.6 3.0 1.0 3.7 0.1 3.9 1.1 5.0 3.8 3.0 4.7 0.3 4.3 3.5 

B4 Insu. R-value 7.50 (K m2/ 
W) 

5.5 4.4 2.0 3.3 0.0 5.1 2.4 5.8 5.4 5.0 4.6 0.3 5.5 5.4 

C1 CaSi þ Ext. 
Hydrophobisation 

4.2       5.1       

D1A Indoor RH ISO13788 
Class A 

4.7 3.0 1.0 3.4 0.0 3.6 1.1 5.0 3.7 3.1 4.7 0.4 4.4 3.6 

D1B Indoor RH ISO13788 
Class B 

4.7 3.1 1.1 3.4 0.0 4.0 1.3 5.0 4.1 3.1 4.7 0.4 4.4 3.7 

D2 CaSi þ Ext. 
Hydrophobisation þ
ISO13788 (Case C1 þ
D1A) 

3.4       5.1       

E1 Climate data 
2020–2050* 

0.1  0.0  0.0  0.3 1.1  0.8  0.9  1.8  
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4.6. Effect of exterior hydrophobisation on calcium silicate 

The simulations for the CaSi system indicate that a reduction of the 
water absorption of the outermost 10 mm of the masonry wall improved 
the hygrothermal performance of the insulation systems in all three 
sensor locations as driving rain intrusion was reduced considerably. This 
is in agreement with findings regarding the effect of hydrophobisation 
for the PUR-CM and AAC systems in the field study [42] and other 
studies dealing with exterior hydrophobisation [6,61–63]. The simula-
tions with reduced initial moisture content were in agreement with the 
simulations with measured initial moisture. However due to the low 
initial moisture content, the effect of the exterior hydrophobisation 
became visible already from the early part of the simulation period as 
compared to simulations with measured initial moisture content where 
the effect occurred after 1½ year due to the initial drying out. 

Note that the reduction in the RH levels as a result of the exterior 
hydrophobisation was limited (some 5–10% point RH) compared to the 
diffusion-open AAC system in the experimental study (some 10–20% 
point RH) [42]. This is perhaps related to the observed differences be-
tween the calibrated model and the measurements for the CaSi system as 
mentioned in Section 3.1.1, which in turn reduced the potential benefit 
of the exterior hydrophobisation. 

4.7. Effect of indoor moisture load 

The results indicate that a reduction of the indoor moisture load 
improved the hygrothermal conditions in the critical locations due to a 
reduced potential for diffuse to the outside as the indoor vapour pressure 
decreases, and so a reduced risk of interstitial condensation. The results 
support the findings in Refs. [15,25,29,37,39,40]. The indoor moisture 
load was however found to be less important for the semi diffusion-open 
(PUR-CM) and diffusion-tight systems (Phenolic foam) compared to the 
highly diffusion-open insulation systems (CaSi and AAC), as smaller 
differences were observed between the two indoor moisture loads. This 
was probably because of the increased diffusion resistance allowing less 
moisture from the indoor environment to pass through, so making the 
indoor moisture load less important. 

From the comparison between the simulations with measured and 
reduced initial moisture content it was found that high initial moisture 
content in the masonry caused a delay on the effect of the reduced in-
door moisture load, as a limited effect of the indoor moisture load was 
observed during the initial 1 to 1½ years in the case of high initial 
moisture content. Similarly, the application of the exterior hydro-
phobisation made the differences in indoor moisture load become visible 
early on as the structure dried out faster. 

4.8. Future climate predictions 

The results from the 30-year simulations suggests that the PUR-CM 
and CaSi systems combined with exterior hydrophobisation (PUR-CM 
þ H and CaSi þ H) would be robust against the changing climate con-
ditions during 2020–2050 with emission scenario A1B. The AAC system 
combined with exterior hydrophobisation (AAC þ H) was however 
predicted to experience increased RH levels in all critical locations 
compared to the PUR-CM and CaSi systems. For the Phenolic foam 
system combined with exterior hydrophobisation (Phenolic þ H) the 
wall model predicted sub-optimal performance against the changing 
climate conditions in the interface between the masonry wall and the 
insulation, with near 100% RH throughout most of the simulation pe-
riods. Robust performance was however predicted for the Phenolic foam 
system in the embedded wooden elements. The tendencies observed for 
the PUR-CM and AAC systems were in agreement with the experimental 
findings in Ref. [42]. The observations for the Phenolic foam system in 
the interface were however contradictory to the experimental findings 
[43], as progressively decreasing RH levels were found in the field study 
while the modelling results predicted increased RH levels. The 

discrepancies could perhaps be related to the problem with incorrect 
installation of the Phenolic foam system in the field study mentioned in 
Section 4.1. 

In terms of reliability, exterior hydrophobisation has some limita-
tions, which include issues with achieving good overall coverage and 
surface defects such as cracks and holes [3,5,64,65]. In addition, there 
are several different water repellents available on the market and they 
may vary greatly in performance and service life [64]. Hees [66] stated 
that there is insufficient documentation regarding the application of 
water repellents, which prevents a sound evaluation of failures and 
successes with different treatments. 

4.9. Initial moisture content 

The wet initial conditions used for the model calibrations were due 
to: 1) added moisture from the adhesive mortar used for the installation 
of the insulation system, and 2) the masonry walls being newly con-
structed and dried out for only one year prior to installation of the in-
ternal insulation. The test walls would certainly have been moister than 
what would be expected for historic buildings which would have had 
many decades to dry out. Some of the examined insulation systems and 
parameter variations would probably perform better in real case 
buildings compared to the experimental test walls used for the model 
calibration due to reduced initial moisture content. This highlights the 
importance of carrying out measurement campaigns over several years 
as the first few years of data may be unreliable due to the large impact of 
the initial conditions. 

4.10. Wind driven rain 

It should be noted that the WDR parameter is very hard to measure 
and model, and the use of hourly measurements as used in the present 
study could lead to the loss of peak rain events as rain exposure occurs 
irregularly. The loss of peak rain events could perhaps explain the more 
smooth RH curves produced by the simulation models in comparison 
with the RH levels observed in the field measurements. 

4.11. Risk of mould growth 

Regarding the reliability of mathematical mould growth models, 
previous studies [49,67–71] indicate that the mathematical models are 
not able to precisely predict the extent of the mould growth infestation, 
but should instead be used to predict the likelihood of mould growth 
occurring in the structure or as a comparative tool to evaluate different 
design solutions. The experimental findings from the field study [42,43] 
showed large discrepancies between on-site tests and model predictions. 
The application of the mould-growth model in this study was therefore 
used to assess the observed tendencies which include temperature, RH 
and time into the risk evaluation. The absolute MI values should be used 
with caution. 

4.12. Summary  

5. Conclusions 

This paper presented a simulation study of solid masonry walls with 
embedded wooden elements and internal insulation. The models were 
calibrated using 2–4 years of measurements and obtained material 
properties. The hygrothermal performance of four insulation systems for 
internal retrofitting was assessed, and several parameter variations were 
carried out for the calibrated models. The results were post-processed 
with a mathematical mould-growth model to evaluate the risk of 
mould growth. The following conclusions were drawn: 
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� Use of mortar with a high content of cement and low values on the 
water absorption coefficient, liquid water conductivity and vapour 
permeability for the joints between bricks was found to increase the 
RH levels in the critical locations, as less built-in moisture could dry 
out. Changing the outermost 1 cm of the mortar joints had little or no 
effect on the hygrothermal behaviour in the critical locations.  
� In this study the brick type was found to be less important in relation 

to the hygrothermal performance, as only minor differences were 
observed between the three bricks and no clear tendencies were 
found.  
� In terms of the effect of masonry thickness, the initial moisture 

content of the masonry wall was found to be of considerable 
importance. For a “wet” wall construction, the hygrothermal per-
formance became worse with increased masonry thickness due to 
reduced drying of the built-in moisture. In contrast, with small initial 
moisture content an increased masonry thickness improved the 
performance due to increased protection against the outdoor 
environment.  
� Increased insulation thickness was found to increase the RH levels in 

the critical locations as the additional insulation reduced the ma-
sonry temperatures and thereby caused less drying to the inside.  
� Exterior hydrophobisation was found to reduce the RH levels in the 

critical locations for the calcium silicate systems.  
� A reduction of the indoor moisture load was found to improve the 

hygrothermal conditions in the critical locations as it reduced the 
potential for diffusion in the outwards direction. However, due to the 
high initial moisture content the effect was reduced during the first 
1-1½ year of the simulation period.  
� The 30-year simulations (2020–2050) suggest that the PUR-CM and 

CaSi systems in combination with exterior hydrophobisation would 
be a robust solution for the future climate conditions. In contrast, the 
AAC and Phenolic foam systems with exterior hydrophobisation 
could not be considered robust against the future climate conditions 
since unacceptable RH levels were observed in the critical interface 
between insulation and brick. 
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Table 5 
Summary of effect from model variations.  

Variation Impact Best Effect of initial 
moisture 

Mortar type a Low cement 
content 

Insignificant 

Mortar type, outermost 1 
cm 

– No clear 
tendencies 

Insignificant 

Brick type – No clear 
tendencies 

Insignificant 

Wall thickness b Thickest Important 
Insulation thickness b Thinnest Insignificant 
Exterior hydrophobisation a With Moderatec 

Indoor moisture load a Lowest Moderatec 

Table denotations: No impact. 
a Small impact. 
b Larger impact. 
c Effect occur during the initial 1-1½ years. 
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1  |  INTRODUC TION

One effective measure of energy conservation in the European 
building stock is retrofitting the external walls.1 41% of all existing 
multi-story residential buildings in Denmark (3+ floors) were con-
structed during the period 1850–1930, with solid masonry external 
walls2 having an average-weighted U-value of 0.62 W/m2·K for the 
external walls,1 which indicate a large potential for energy conserva-
tion. External insulation is considered the more feasible solution for 
retrofitting solid masonry walls compared to internal insulation as it 

is safer in terms of moisture-related issues, more efficient for reduc-
tion of heat losses through the envelope, and protects the existing 
wall structure against the outdoor climate.3-6 However, external ret-
rofitting is not always possible for historic buildings if their external 
appearance is worthy of preservation.

There exists a great deal of scepticism regarding the use of in-
ternal insulation, as it in the past have resulted in many cases with 
mold growth (fungal growth) occurring between the existing wall 
structure and the insulation system.4 One of the main problems is 
that internal insulation causes the existing masonry wall to become 
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Abstract
This project investigated fungal growth conditions in artificially contaminated inter-
faces between solid masonry and adhesive mortar for internal insulation. The pro-
ject comprised several laboratory experiments: test of three fungal decontamination 
methods; investigation of development of fungal growth in solid masonry walls fit-
ted with five internal insulation systems; and investigation of volatile organic com-
pounds (VOC) diffusion through materials and whole insulation systems. One aim was 
to examine whether the alkaline environment (pH > 9) in the adhesive mortars could 
prevent fungal growth despite the water activity (aw) in the interface exceeds the 
level (aw > 0.75) commonly considered critical for fungal growth. The findings indicate 
that do-it-yourself decontamination solutions were inadequate for removal of fungal 
growth, while professional solutions were successful. However, the choice of decon-
tamination method was of minor importance in the case of application of internal in-
sulation with high pH adhesive mortar, as the high pH adhesive mortars were found to 
inactivate existing growth and prevented spore germination during the experimental 
period. The three tested VOCs were capable of diffusing through most of the exam-
ined products and could potentially affect the indoor air quality.
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internal insulation, laboratory study, material alkalinity, mold decontamination methods, mold 
growth, solid masonry walls

 
188

www.wileyonlinelibrary.com/journal/ina
mailto:
https://orcid.org/0000-0003-0149-8296
https://orcid.org/0000-0001-7485-3119
mailto:nicf@byg.dtu.dk
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fina.12796&domain=pdf&date_stamp=2021-01-28


2  |    FELDT JENSEN ET aL.

colder,6 which in turn increases the risk of interstitial condensa-
tion.3,7 The added insulation system will also increase the diffusion 
resistance between the existing wall and the room, which reduces 
the inward moisture diffusion that contributes to drying of the 
wall.7,8 In addition, there is risk of summer condensation in periods 
with alternating rainfalls and solar exposure.3,4 Insulation systems 
introduced on the market over the past two decades have tried to 
overcome these issues through the use of diffusion-open insulation 
materials with capillary active properties.5,9,10 These systems allow 
capillary moisture redistribution in an attempt to avoid unacceptably 
high moisture levels in critical locations. Previous research does not 
fully agree on the performance of the diffusion-open capillary ac-
tive systems. Good performance was observed in a number of stud-
ies,5,8,11-13 while other studies 14,15 found potentially critical Relative 
Humidity (RH) levels in critical locations such as in the masonry/in-
sulation interface or in embedded wooden elements.

Several systems for internal retrofitting solid masonry walls com-
prise an insulation material and an adhesive mortar, and according to 
the manufacturers these systems prevent fungal growth from occur-
ring by combining inorganic insulation with a highly alkaline adhesive 
mortar (pH > 12) to create an unfavorable environment where fungi 
cannot survive even if RH is higher than what is normally considered 
to be acceptable at the given temperature. The optimum environ-
ment for most fungal species is between pH 4 and 9, and prevention 
of fungal growth could potentially be achieved by creating a less fa-
vorable pH environment.16 Investigations by Morelli & Møller13 and 
Jensen et al.17 found no fungal growth behind internal insulation 
with adhesive mortar of high pH after several years despite of high 
water activities.

Several studies have shown difficulties maintaining non-criti-
cal RH levels in the interface and in embedded wooden elements 
of internally insulated solid masonry walls, so the structures must 
be secured against fungal growth in other ways. This could be done 
by ensuring that all organic residues (e.g., from glue and wallpaper) 
are removed prior to installation of the insulation system, since 
fungi need very little nourishment and can grow even on dirt and 
dust. Another option is to apply fungicides before installation, but 
this might create problems for the indoor climate. Exposure to pes-
ticides, including fungicides, may result in short-term skin and eye 
irritation, dizziness, headaches, and nausea, while long-term effects 
may include increased risk of cancer, asthma,18 and damage to cen-
tral nervous system and kidney.19

The purpose of this project was to study the effect of alkaline 
(pH > 9) adhesive mortar joint between existing wall and installed 
insulation would be sufficient to prevent fungal growth, when the 
moisture level (water activity (aw)) in the interface exceeds 0.75, 
which is considered critical for fungal growth at room tempera-
ture.3 The study also tested the effectiveness of different fungal 
decontamination methods. Diffusion of volatile organic compounds 
(VOCs) through the insulation systems was also tested to determine 
if VOCs, known to be produced during fungal growth, could enter 
the indoor environment if fungal growth should occur behind the 
internal insulation.

2  |  METHODS AND MATERIAL S

The present study was performed in four main steps:

1. Preparation of the experimental setup, Section 2.2
2. Experiment 1: Test of decontamination methods, Section 2.4
3. Experiment 2: Development of fungal growth in interface, 

Section 2.5
4. Experiment 3: VOC diffusion, Section 2.6.

The following sections will describe the activities under each 
step in more detail, and Figure 1 shows the activities carried out 
in relation to the two consecutive experiments with the masonry 
masonry specimens (experiment 1 and 2), and in the VOC diffusion 
experiment.

2.1  |  Investigated insulation systems and 
preliminary material tests

Five different insulation systems were tested for fungal growth on 
masonry specimens: (a) calcium silicate (Casi), (b) autoclaved aerated 
concrete (AAC), (c) composite material of polyurethane foam with 
calcium silicate channels (PUR-CM), (d) phenolic resin foam with an 

Practical Implications

• The risk of fungal growth in the interface between the 
masonry wall and added internal insulation is reduced 
considerably if high pH (12+) adhesive mortar is used 
during the application of the system.

• For fungal decontamination purposes, the two profes-
sional methods are preferred; however, if followed by 
application of internal insulation with high pH adhesive 
mortar, the choice of decontamination method is of 
minor importance. The impact of not removing organic 
matter and fungal growth before application of insula-
tion systems with high pH adhesive mortar is yet to be 
determined.

• Fungal mycelium is inactivated by the high pH in the 
adhesive mortar, but the fungal spores remain dormant 
and can germinate if pH in the construction drops to 
more favorable levels which could lead to new fungal 
growth.

• Typical VOCs produced by fungal growth can be trans-
ported to the indoor climate by diffusion through 
interior insulation. The permeability toward VOCs cor-
relates with the water vapor permeability, that is, dif-
fusion of VOCs to the indoor environment is reduced 
with increased water vapor diffusion resistance of the 
insulation system.
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aluminum foil (Phenolic), and (e) insulating plaster composed of cork 
granulate, silica filler, natural volcanic materials and natural hydraulic 
lime (NHL) (Cork plaster). Except for the cork plaster, all systems in-
cluded an adhesive mortar. The build-up of the masonry specimens 
and the five insulation systems are shown in Table 1, which also in-
cludes material properties, these were determined in the preliminary 
study or provided by the manufacturers.

A preliminary study was performed to determine the water 
vapor diffusion resistance, water absorption by capillary action, 
density, and pH-value for the used adhesive mortars and the Cork 
plaster. Density was determined according to the LBM test method 
2.20 The water vapor diffusion resistance factor, μ was determined 
through wet cup test (Set C) according to DS/EN ISO 12572.21 Three 
Ø80 mm samples of each product were tested, with a thickness of 
10 mm for the adhesive mortars, and 30 mm for the Cork plaster. The 
water absorption by capillary action was determined through partial 
immersion according to DS/EN ISO 15148:2003.22 Three samples 
of each product were tested, with a total contact surface of approx-
imately 300 cm2. The pH-value was determined for the adhesive 
mortars, 7.7% lime adjusted mortar, and Cork plaster. Samples were 
crushed into powder, and 5 g was mixed with 12.5 ml demineralized 
water. Samples were shaken for 60 min at 260–270 rpm, followed by 
a 10 minutes settling period before testing. The pH measurements 
were performed using a HACH Sension+MM 374 GLP 2 channel 
Laboratory Meter for pH (accuracy: ≤0.002 pH).

2.2  |  Description of the experimental setup used in 
experiments 1 and 2

The experimental setup comprised 17 small masonry masonry speci-
mens with dimensions (L × W × H): 350 mm × 350 mm × 180 mm 
(including 10 mm internal render). The masonry specimens were 

constructed in 2015 (four years before this study began) from yel-
low soft-molded bricks and 7.7% lime adjusted mortar resembling 
the materials used in Danish historic buildings from 1850 to 1930. 
The lime adjusted mortar was also used as internal render. The mor-
tar joints were assumed fully carbonated prior to the present study.

The masonry specimens were inserted over a water ves-
sel (small box of 600 mm × 400 mm × 100 mm) within a larger box 
(780 mm × 560 mm × 440 mm) (Figure 2). The small box contained a 
plastic grate to keep the masonry specimen above the demineralized 
water inside the box and a hole was made in the box lid to fit the ma-
sonry specimen, while the large box was used to emulate an indoor 
climate however without conditioning. Prior to the experiments, each 
masonry specimen was sealed on the vertical sides using a primer and 
wet room membrane (red lines in Figure 2). The joints between the 
vertical sides of the masonry specimen and box lid were sealed using 
silicone sealant, while the joints between box and lid were sealed using 
vapor barrier tape. An Ø100 mm hole was made in the lid to refill water 
into the small box, and the opening was sealed using a rubber plug. 
The joints between the large box and its lid were sealed using rubber 
sealing strips and secured using tightening clamps. The indoor climate 
of the test facility (outside the large outer box) was kept at 20°C, with 
RH between 30 and 60%. The desired RH in the masonry/insulation 
interface was >96%, which should ensure favorable moisture levels for 
fungal growth. The experiments were carried out as isothermal.

With this experimental setup two experiments were carried out 
consecutively: (a) test of decontamination methods and (b) develop-
ment of fungal growth in interface (see Figure 1).

Temperature and RH were measured manually every two weeks 
throughout both experimental periods using digital HYT221 sensors 
by Innovative Sensor Technology IST AG, calibrated prior to instal-
lation. Sensors were installed inside the large box during the fungal 
decontamination experiment, and later also in the interface between 
the masonry specimen and insulation system for the fungal growth 

F I G U R E  1  Flow chart for the activities under the three experiments
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experiment. Two sensors were installed for the indoor climate of test 
facility. The accuracy of the sensors was 0.2 K at 0–60°C for tem-
perature, and 1.8% at 23°C at 0%–90% for RH and 2%–4% above 
90% RH. The sensor range was −40 to 125°C for temperature, and 
1 to 100% for RH.

2.3  |  Test procedures to determine the presence of 
fungal growth in experiments 1 and 2

The presence of fungal growth in experiments 1 and 2 was in-
vestigated with: (a) the Mycometer method and (b) Agar imprint 

test. The sampling method and the test procedures are described 
below.

2.3.1  |  Sampling method

Fungal surface sampling in experiment 1 was carried out through 
swabbing using sterile cotton buds, as described for the Mycometer 
Surface test below. Fungal sampling of the masonry specimens in 
experiment 2 was carried out by drilling two core samples of the in-
terior insulation system (including adhesive mortar and internal lime 
render) from each masonry specimen using an Ø80 mm hole-saw 

TA B L E  1  Build-up of masonry specimens and the five insulation systems, and the material properties. Note that insulation systems were 
installed on the interior side of the “Base wall”

Material layers from the exterior 
side to the interior side

ρ [kg/
m3]

λdry [W/
(m·K)] μdry [-]

Aw [kg/
(m2·s½)]

d 
[mm]

R 
[m2·K/W]

Z [m2·s·Pa/
kg]

Yellow soft-molded brick 1643 0.600 16.9 0.278 180 0.58 1.54E+10

7.7% lime adjusted mortar (internal 
render layer)

1243 0.440 22.43 0.390 10 0.02 1.13E+09

Total: for Base wall 0.60 1.65E+10

PUR-CM adhesive mortar 1313 0.497 18.75 0.005 10 0.02 9.47E+08

PUR-CM insulation 49 0.037 27.01 0.013 80 2.16 1.09E+10

PUR-CM render 725 0.147 11.73 0.107 10 0.07 5.92E+08

Total: for PUR-CM system 2.25 1.25E+10

Casi adhesive mortara  1429 0.6191 12.67 0.053 8 0.01 5.12E+08

Casi insulationb  225 0.061 4.23 0.726 100 1.64 2.14E+09

Casi adhesive mortara  1429 0.6191 12.67 0.053 10 0.02 6.40E+08

Total: for Casi system 1.67 3.29E+09

AAC adhesive mortar 830 0.155 13 0.003 8 0.05 5.25E+08

AAC insulation 99 0.044 3 0.006 100 2.27 1.52E+09

AAC adhesive mortar 830 0.155 13 0.003 8 0.05 5.25E+08

Total: for AAC system 2.38 2.57E+09

Adhesive mortara  1516 0.7331 41.4 0.006 5 0.01 1.05E+09

Aluminum (AL) foil perforated 0.1

Phenolic insulation 35 0.020 114 0.009 100 5.00 5.76E+10

Aluminum (AL) foil 10000 0.1 5.05E+09

Gypsum board 850 0.177 10 0.277 13 0.07 6.57E+08

Total: Phenolic system 5.07 6.43E+10

Cork plasterb  250 0.037 3 0.129 40 1.08 6.06E+08

NHL Finish renderc  1600 0.769 14.55 10 0.01 7.35E+08

Total: plaster system 1.09 1.34E+09

Additional materials:

Wet room membraneb  14567

NHL, natural hydraulic lime.
aValues were determined in the preliminary study. 
bValues were obtained from product datasheets. Other values were determined by Technische Universität Dresden. 
cEstimated values based of similar products tested by Technische Universität Dresden. 
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without the pilot bit (Figure 3A). The samples were placed in sealed 
containers immediately after fungal- and material specimens were 
taken in the masonry/insulation interface and the hole-saw was dis-
infected with ethanol 96% between drillings to avoid contamination.

2.3.2  |  The Mycometer method

The amount of fungal biomass (living and dead) was assessed 
quantitatively using the Mycometer method.23 The method deter-
mined the amount of fungal growth by measuring the fluorescent 
product released from the enzyme-substrate complex relating to 
the N-acetylhexosaminidase activity found in the mycelium and 
spores, expressed by a Mycometer value. Two types of Mycometer 
tests were carried out: (a) the Mycometer Surface test24 and (b) the 
Mycometer Bulk material test.25

The Mycometer Surface test was used to assess the effective-
ness of the fungal decontamination work in experiment 1 and later 
to determine the extent of the fungal growth in the masonry/insu-
lation interface in experiment 2. The surface sampling was done 
through swabbing, using sterile cotton buds, within a measurement 
area of 9 cm2 (see Figure 3B).

The Mycometer Bulk material test was used to evaluate growth 
in the adhesive mortars and determine growth in different layers 
of the insulation system. In the laboratory, the Ø80 mm drilling 
cores were disassembled and prepared for the bulk material test 
(see Figure 3D). The outer parts (excess insulation and internal fin-
ishing layer) were cut away, and the central part of the drilling core 
was divided into three sections (the outermost 10 mm of insulation, 
i.e., closest to the masonry wall, and the remaining insulation thick-
ness was divided in two equal sized sections). The three sections 
were crushed into powder so was a section of the adhesive mortar, 
100 mg of each was used for the bulk material test. The bulk material 
tests were performed for the middle and innermost sections of the 
drilling core only if growth was detected in the outermost section, as 
previous experience17 with the bulk material test have shown that if 
no fungal growth is found in the interface or in the outermost sec-
tion of the material sample then growth is improbable in the middle 
and innermost sections. In each of the two sampling rounds (after 6 
and 12 months) in experiment 2, two samples were tested for the 
masonry/insulation interface, and two for each of the insulation lay-
ers tested in the bulk material test.

The Mycometer values obtained were evaluated as; Category 
A (green), normal background level: MV ≤25 (surface) or MV ≤150 

F I G U R E  2  Experimental setup 
for the two experiments: (A) Fungal 
decontamination methods (experiment 1), 
and (B) development of fungal growth in 
masonry specimens fitted with internal 
insulation (experiment 2)

F I G U R E  3  Fungal sampling: (A) Taking out drilling core using hole-saw; (B) taking Mycometer Surface samples in the interface; (C) making 
agar imprint for the interface; (D) preparation of core samples for the Mycometer Bulk Material test, cutting away excess insulation; and (E) 
measuring pH

(A) (B) (C) (D) (E)
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(bulk material), Category B (yellow), above normal background level: 
25 < MV < 450 (surface) or 150 < MV < 450 (bulk material), and 
Category C (red), high level of fungi: MV > 450.

The accuracy of the Mycometer method was evaluated by the 
US EPA26 who found that the relative standard deviation was around 
5%–10% for tests performed with fungal spores from Aspergillus fla-
vus and Cladosporium herbarum.

2.3.3  |  Agar imprint test

A qualitative assessment of the fungal growth was performed 
through cultivation on agar media (Dichloran 18% Glycerol agar 
(DG18) and Original V8 Vegetable Juice agar (V8),27 allowing for 
identification of fungal species. The agar imprint test was carried out 
only in experiment 2. Following the Mycometer Surface swab tests 
for the masonry/insulation interface, the interface side of the drilling 
core was pressed down onto V8 and DG18 media (see Figure 3C). 
The media was incubated at 25°C in darkness for 7 days and fungal 
colonies were identified under stereo- and light microscope.27

2.4  |  Experiment 1: Decontamination methods

2.4.1  |  Artificial inoculation of masonry specimens

For experiments 1 and 2, the masonry specimens were artificially 
inoculated with a mixture of spores from four common indoor cli-
mate fungal species from the Fungal Culture Collection at DTU 
Bioengineering: Acremonium murorum (IBT 42592), Aspergillus versi-
color (IBT 33558), Penicillium chrysogenum (IBT 34061) and Wallemia 
sebi (IBT 32220) with different aw requirements for growth.

For this experiment 12 of the 17 masonry masonry specimens 
were used, four specimens for each of the three decontamination 
methods, while the remaining 5 masonry specimens were left out 
of experiment 1 and were to be used only in experiment 2 as “un-in-
oculated” reference walls. The 12 “decontaminated” masonry speci-
mens would be re-used in experiment 2 to investigate if the choice 

of decontamination method had any effect on fungal growth in the 
masonry/insulation interface after application of the internal insu-
lation systems. Woodchip wallpaper was applied to all 12 masonry 
specimens using wallpaper glue based on potato starch mixed with 
the fungal spore mixture stated above. The spore concentration in the 
finished glue mix was approximately 105 spores per ml for each fun-
gal species. The small boxes containing the masonry specimens were 
placed inside the large boxes (Figure 2A) and demineralized water was 
added to the small boxes. The inoculated masonry specimens were 
then left for 7 weeks.

2.4.2  |  Decontamination of masonry specimens

The masonry specimens were cleaned for organic residues and fungal 
growth using following methods: (a) Hand-power: manual removal of 
wallpaper with a paint scraper (Figure 4A), (b) Mechanical: manual 
removal of wallpaper and internal render with hammer and chisel 
(Figure 4B), and application of new render layer, and (c) MicroClean: 
removal of wallpaper with a paint scraper, and decontaminated 
using the MicroClean method28 according to manual and performed 
by professionals (Figure 4C,D). The MicroClean decontamination 
was performed in four steps: (a) vacuum the infected surface; (b) 
dry steam cleaning at 150–160°C, using plate mouth piece with a 
steam pressure of 8 atm; (c) dry steam cleaning with fibered cotton 
cloth mouth piece, with simultaneous vacuuming of denatured dis-
solved biomass. The cotton cloths were changed continually as they 
became saturated with moisture and biomass; and (d) vacuum the 
surface. All boxes were disinfected using fungal disinfection agents. 
After decontamination of masonry specimens and boxes, the setup 
was reassembled as shown in Figure 2A.

2.4.3  |  Surface analysis for fungal growth

After 14 days the effectiveness of the decontamination meth-
ods was assessed with Mycometer Surface tests, with two sam-
ples for each masonry specimen. For the mechanical method, the 

F I G U R E  4  Decontamination: (A) Hand-power with paint scraper; (B) walls after removal of render with hammer and chisel; (C) 
MicroClean dry-steam cleaning with plate mouth pieces; and (D) fibered cotton cloth mouth pieces

(A) (B) (C) (D)
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Mycometer Surface tests were taken on top of the new internal 
render layer.

2.5  |  Experiment 2: Development of fungal growth 
in interface

2.5.1  |  Artificial inoculation of masonry specimens

One mL of spore suspension containing the fungal species described 
in Section 2.4.1, (approximately 106 spores per ml of each species) 
was placed in the center of the interface surface area of each of the 
12 decontaminated masonry specimens and the 5 masonry speci-
mens, which were un-inoculated in experiment 1.

2.5.2  |  Application of the insulation systems

After application of the spore suspension on all 17 masonry speci-
mens, the CaSi, AAC, PUR-CM, and Phenolic systems were installed 
according to the manufactures instructions, starting with adhesive 
mortar. The four systems were installed on 16 of the masonry speci-
mens so that each system would be installed for each of the three 
decontamination methods and on the un-inoculated masonry speci-
mens (see Figure 5). On the 17th masonry specimen, the Cork plas-
ter was installed.

After installation, the small boxes containing the insulated wall 
specimens were placed back in the large boxes, and water was again 
added to the small boxes representing the wet climate (Figure 2B). 

Due to issues reaching the desired RH levels in the interface of the 
masonry specimens fitted with Phenolic insulation, a 25 W aquarium 
heater was installed in the small box two months after experiment 
start in order to increase the water vapor pressure by raising the 
water temperature to 24°C.

2.5.3  |  Surface and material analyses for fungal 
growth, pH, and moisture content

After 6 and 12 months drilling cores were taken out at the center of 
the walls and 15 cm to the side of the center, respectively, and fungal 
growth and material samples were taken for analysis according to 
the procedures in Sections 2.1 and 2.3. The moisture content was 
determined for the interface materials and in the outermost 10 mm 
of the insulation through weighing and drying.

2.6  |  Experiment 3: VOC diffusion

In the experiments described in this section only the insulation ma-
terials and corresponding adhesive mortars, finishing layers, and 
membranes were used. Possible diffusion of volatile organic com-
pounds (VOCs) through the materials making up the examined in-
sulation systems was investigated using acetone (CAS-number: 
67-64-1 (Matas A/S, Denmark)), ethanol (CAS-number: 64-17-5 
(VWR International)), and 2-heptanone (CAS-number: 110-43-0 
(Merck Life Science A/S, Denmark)), to mimic the VOCs produced 
by common indoor fungi.29 The experiment was carried out similar 

F I G U R E  5  Parameter variations investigated in the development of fungal growth experiment

 
194



8  |    FELDT JENSEN ET aL.

to the cup method for determination of the water vapor diffusion 
resistance factor according to DS/EN ISO 12572.21 Three Ø80 mm 
samples of each insulation systems were tested, which were the 
adhesives, insulation materials, renders, and membranes. Insulation 
material samples had a thickness of 30 mm, render and adhesives 
samples 10 mm, and gypsum board with aluminum foil samples 
13 mm. Each sample was sealed on the sides using epoxy, which was 
cast around the sample while placed inside a PVC ring.30 In contrast 
to the water vapor diffusion experiment, the cups were filled with 
one of the aforementioned solvents which diffused through the 
product samples due to a difference in the vapor pressure. The cups 
were weighted periodically, and the results were evaluated through 
linear correlation between time and weight loss. The experiment 
was ended after obtaining a R2 value of minimum 0.97 in relation to 
the linear weight changes. The results were corrected for variations 
in the barometric pressure during the tests.

The temperature and RH conditions inside the fume hood during 
each of the test rounds for the VOC diffusion experiment ranged 
from 20 to 22°C and the RH levels from 30% to 45%. The vapor 
pressure differences over the material samples were calculated 
using the measured temperatures during each of the test rounds and 
assuming vapor saturation inside the test cups and no VOC present 
in the ambient air. The resulting pressure differences were around 
26 000, 6300, and 155 Pa, respectively, for acetone, ethanol, and 
2-heptanone. The saturation vapor pressures were determined 
using the Antoine equation.31

Based on the VOC diffusion experiment, the project adopted the 
similarity approach for modeling the transport of moisture VOCs in 
materials presented by Rode et al. in,32 where the diffusion similar-
ity factor, kdiff,voc [−] were determined according to Equations 1–3. 
A kdiff,voc of 1 means that the material has equal diffusion resistance 
factors for diffusion of VOC as for water vapor, where the diffusion 
resistance factor is defined as the diffusion coefficient of the gas in 
still air divided by the diffusion coefficient of the same gas through 
the porous material.

Where,

➢ µvoc and µv are the diffusion resistance factors for VOC and 
water vapor [−]

➢ Dvoc,air is the diffusion coefficient of a VOC in air [m2/s]: acetone 
1.24E-05, ethanol 1.15E-05, 2-heptanone 6.24E-06, and water 
vapor 2.64E-05 m2/s.

➢ De is the diffusion coefficient [m2/s] of the material based on 
vapor content by volume in unit kg/m3.

➢ Dp is the diffusion coefficient [kg/(m·s·Pa)] of the material based on 
vapor pressure, derived from the VOC diffusion measurements.

➢ Rgas is the specific gas constant [J/(kg·K)]: acetone 143.2, ethanol 
180.5, 2-heptanone 72.8, and water vapor 461.4 J/kg·K.

➢ T is the temperature in the VOC diffusion experiment, of 294.5 K.

kdiff,voc was determined for the four adhesive mortars, the cork 
plaster, and gypsum board.

2.7  |  Theoretical VOC mass balance for a 
room scenario

A VOC mass balance was established for a hypothetical 27 m3 room 
scenario with an Air Change per Hour (ACH) of 0.5 h−1 (in accordance 
with local regulations) to calculate the VOC content in the room air 
in the case of 1 m2 of fungal growth behind the examined insulation 
systems. The VOC saturation pressures stated in Section 2.6 were 
assumed, and the diffusion resistance of the systems was obtained 
from the VOC diffusion experiment. The VOC content in the room 
air was calculated with Equations 4–10:

The VOC mass balance for the room:

Adding the mass flow of air, Ga [kg/s] to the equation and solving 
for Xvoc,i:

Assuming the solvent concentration in the outdoor air to be 0, 
then we get:

The VOC vapor pressure in the room air, Pvoc,i, was solved iter-
atively by:

Where,

(1)kdiff,voc =
�voc

�v

(2)�voc =
Dvoc,air

De

(3)De = Dp ⋅ Rgas ⋅ T

(4)Gvoc,entering + Gvoc,p = Gvoc,leaving ⇔ xvoc,e ⋅ Ga + Gvoc,p = xvoc,i ⋅ Ga

(5)Ga =
q ⋅ �a,i

3600

(6)

xvoc,e ⋅
q ⋅ �a,i

3600
+ Gvoc,p = xvoc,i ⋅

q ⋅ �a,i

3600
⇔ xvoc,i =

(

q ⋅ �a,i

3600

)

⋅ xvoc,e + Gvoc,p

q ⋅ �a,i

3600

(7)xvoc,i =

(

q ⋅ �a,i

3600

)

⋅ 0 + Gvoc,p

q ⋅ �a,i

3600

⇔ xvoc,i =
Gvoc,p

q ⋅ �a,i

3600

(8)Gvoc,p = A ⋅

pvoc,fungal − pvoc,i

Z

(9)vvoc,i = xvoc,i ⋅ �a,i

(10)xvoc,i =
mvoc

mair

=

pvoc,i ⋅Mvoc

(P − pvoc,i ) ⋅Mair

≅

pvoc,i ⋅Mvoc

(Mair ⋅ P )
⇔ Pvoc,i =

xvoc,i
pvoc,i ⋅Mvoc

(Mair ⋅ P )
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➢ Gvoc,entering and Gvoc,leaving are the VOC vapor entering and 
leaving the room [kg/s]

➢ Gvoc,p is the VOC vapor penetrating the insulation system in [kg/s]
➢ xvoc,e and xvoc,i are the VOC vapor ratio in the outdoor and room air 

[kg/kg]
➢ q is the ventilation flow [m3/h], which is the product of the room 

volume and the ACH.
➢ ρa,I is the density of the room air [kg/m3], at 21.3 °C
➢ pvoc,fungal is the VOC saturation pressure behind the insulation sys-

tem [Pa]
➢ pvoc,i is the VOC vapor pressure in the room air [Pa]
➢ P is the atmospheric pressure 101 325 Pa
➢ Z is diffusion resistance of insulation systems [m2·s·Pa/kg]
➢ A is the assumed fungal growth area behind the insulation system 

[m2]
➢ vvoc,i is the VOC vapor content in the room air [kg/m3]
➢ mvoc and mair are the mass of the VOCs and of dry air respectively 

[kg]
➢ Mvoc is the molar mass of the solvents [g/mol]; 58.08, 46.07 and 

114.19 g/mol respectively for acetone, ethanol, and 2-heptanone
➢ Mair is the molar mass of dry air [g/mol]; 28.96 g/mol

3  |  RESULTS

3.1  |  Experiment 1: Decontamination methods

The results of decontamination methods show high levels of fungal 
growth in all masonry specimens using the “hand-power” decontam-
ination method with the paint scraper (Table 2). For one wall using 
the Microclean method it was found that the Mycometer Surface 
Value (MSV) results were just above background level. Results from 
the remaining masonry specimens were within normal background 
level.

3.2  |  Experiment 2: Development of fungal growth

3.2.1  |  Hygrothermal measurements

Results show that the average temperatures in the interface be-
tween the masonry specimens and insulation systems were between 
18.4 and 19.5°C, except for the walls with Phenolic foam where tem-
peratures ranged from 20.6 to 22.7°C due to the aquarium heaters. 
The average aw in the interface were between 0.99 and 0.999 for 
all masonry specimens except the four Phenolic walls (where three 
were around aw 0.86–0.88 and one at 0.964) and one CaSi wall (at 
aw 0.959). The final aw were between 0.995 and 0.999 for all walls 
except for three of the four Phenolic walls, which varied from 0.934 
to 0972. The final moisture content for the adhesive mortars and 
insulation materials are listed in Table 3. The measured hygrothermal 
conditions for the interface were considered very favorable for the 
occurence of fungal growth.3TA
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3.2.2  |  pH and fungal growth testing

The result of the material tests performed after one year of applica-
tion showed that the internal renders had pH-values of 12.2–12.6, 
and the adhesive mortars from 12.4 to 12.7.

The Mycometer surface and bulk material tests for all the 17 ma-
sonry specimens showed that the fungal biomass was below back-
ground levels, which was the case for both fungal sampling rounds 
(after 6 and 12 months), see Table 4. In contrast to the Mycometer 
tests, the agar imprints of the drilled-out core samples found via-
ble spores present in the interface of nearly all masonry specimens. 
Primarily Aspergillus versicolor and Penicillium chrysogenum colonies 
were found after transference to the agar media, with the vast ma-
jority of the viable spores being A. versicolor. None or few viable 
Acremonium murorum and Wallemia sebi spores were found after 
transference to the agar media. Comparison of the core samples 
from the different insulation systems showed a significantly larger 
number of viable spores in the interface of the Phenolic system 
compared to the other systems. A comparison between the two 
sampling rounds showed differences in the amount of viable spores, 
and in some corner samples (round 2) the spore count was higher 
than the central samples (round 1) where the spore suspension was 
placed originally. No differences were seen between insulation sys-
tems or the decontamination methods.

3.3  |  Experiment 3: VOC diffusion

The VOC vapor flow rate density of the examined material sam-
ples are presented in Figure 6, and the derived permeability values 
are available in.30 It was seen that the vapor flow rate density of 
acetone was 5–6 times higher than that of ethanol, 27–28 times 
higher than water, and 55–57 times higher than 2-heptanone. For 
ethanol, the vapor flow rate density was 5 times higher than that 
of water, while for 2-heptanone the vapor flow rate density was 
40% lower than water. The diffusion similarity factor, kdiff,voc for ac-
etone, ethanol, and 2-heptanone determined through the similarity 
approach are shown for the six examined materials in Figure 7. The 
average kdiff,voc values for the three VOCs were 1.16, 1.21, and 0.35, 
respectively.

The vapor diffusion resistance, Z, for the five systems based 
on the derived permeability values in Ref. 30 and the system con-
figurations (Table 1) are listed in Table 5. It was observed that the 
Phenolic and PUR-CM systems were considerably more diffusion 
tight against VOC transport compared to the CaSi, AAC, and Cork 
plaster systems. In the case that the fungal growth was to occur in 
the interface between the adhesive mortar and insulation instead 
of between the internal lime render and adhesive, the diffusion re-
sistance of the insulation system against transport of the examined 
VOCs decreases by: PUR-CM 1.3%–3.7%; CaSi 25.4%–27%; AAC 
12.8%–13.6%, and Phenolic <0.3%.

3.4  |  Theoretical VOC mass balance for a 
room scenario

Table 6 shows the VOC vapor content in the room air obtained 
through the VOC mass balance calculations for three VOCs and 
the five insulation systems. It was seen that the VOC content in the 
room air was higher for the CaSi, AAC, and Cork plaster systems 
compared with the tighter PUR-CM and Phenolic systems. In addi-
tion, the VOC content in the room air seemed to be higher in the 
case of the more volatile acetone.

4  |  DISCUSSION

4.1  |  Experiment 1: Decontamination methods

In the experiment with the three decontamination methods, it was 
found that the simple hand-power method using a paint scraper was 
insufficient for removal of all fungal biomass (spores and mycelium) 
on the masonry specimens. This was probably due to the hand-power 
method only removed fungal mycelium and spores in/on the wallpa-
per and glue, while the mycelium penetrating into the internal render 
layer would remain. In one masonry specimen a high level of fungal 
biomass using the Mycometer test was found in one location, and 
below detection range in another, which suggest an uneven distribu-
tion of growth or effectiveness of the hand-power decontamination 
of the wall surface. It also highlights the importance of performing 

TA B L E  3  Moisture content in the adhesive mortars and insulation materials [weight-%]

Insulation system

Adhesive Insulationb 

Hand-power Mechanical MicroClean Uncontam. Hand-power Mechanical MicroClean Uncontam.

PUR-CM system 13.2 9.2 9.7 6.3 12.6 18.0 6.3 3.6

Phenolic system 14.4 15.2 13.6 11.0 35.6 82.8 32.1 27.6

AAC system 12.8 10.3 9.9 7.0 31.6 39.6 27.8 11.7

CaSi system 5.9 1.8 4.0 6.0 11.3 16.6 12.5 10.9

Cork plaster system 6.2a  48.3

aOriginal internal render as no adhesive was used for this system. 
bOutermost 10 mm, that is, nearest the masonry. 
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several and different tests (agar growth and Mycometer). In contrast 
to the hand-power method, the mechanical method with hammer 
and chisel was found to be very effective as it also removed potential 
growth in the internal render layer. For the MicroClean method, it 
was found that the Mycometer Surface results were below normal 
background level, which indicates that the heat treatment with dry 
steam was effective at removing of fungal growth on the masonry 
specimens.

4.2  |  Experiment 2: Development of fungal growth

In the experiment with added insulation systems, no active fungal 
growth was found in the interface between the masonry specimens 
and the insulation systems despite favorable temperature and aw and 
the presence of fungal spores. The lack of fungal growth as tested 
with the Mycometer method was probably due to the high pH of the 
internal render and the adhesive mortars, which seemed to hamper 
germination and growth, as concluded in.13,17 On the other hand, as 
a result of the agar imprint tests it was found that large numbers of 
A. versicolor and P. chrysogenum spores survived the high pH in the 
interface and formed colonies when transferred to V8 and DG18 

agar. The spores were seen to survive better in the adhesive mor-
tar used for the Phenolic system compared to the other adhesive 
mortars despite similar pH levels. The results indicate that the mois-
ture weight-% in the adhesive mortars could be an important factor 
in terms of the amount of surviving fungal spores in the interface, 
where the four Phenolic walls were among the ones with the high-
est moisture content. The measured aw in the masonry specimens 
were close to what would be expected in the interface between a 
masonry wall and added internal insulation in real case buildings, as 
illustrated in the large field experiment presented in Ref. 17 where 
similar aw were observed in the interface using these exact insulation 
systems. The results suggest that the CaSi systems were the most 
robust in terms of lowest moisture content in the adhesive mortar 
and least number of fungal spores surviving in the interface. In the 
case of no “pre-contamination” of the masonry specimens, the CaSi, 
AAC, PUR-CM, and Cork plaster systems seem to be equally robust.

As stated in Section 3.2.2, the number of viable spores were 
seen to differ between sampling locations on the same walls. This 
was possibly caused by the application of the adhesive mortars 
for the insulation systems that was added and spread out using a 
notched trowel, which could have caused the spores to get mixed 
into the adhesive mortar and then become unevenly spread around 

TA B L E  4  Mycometer and agar imprint test results after 6 and 12 months

Mycometer Value (MV)
Colony-forming units 
(CFU)

Results after 6 months Results after 12 months Total CFU from V8 and 
DG18

Masonry/
insulation 
interface

Adhesive 
mortar

Outermost 
10 mm 
insulation

Masonry/
insulation 
interface

Adhesive 
mortar

Outermost 
10 mm 
insulation

6 months 12 monthsA B A B A B A B

PUR-CM Hand-power 46 11 6 10 5 11 15 16 3 2 3 154

Phenolic Hand-power 5 8 6 8 4 11 12 5 1 1 2 1200

AAC Hand-power 7 7 4 4 3 10 8 9 1 1 58 475

CaSi Hand-power 7 12 6 13 38 10 9 10 22 23 0 100

PUR-CM Mechanical 17 5 3 4 3 13 12 BDL 3 0 1 0

Phenolic Mechanical 1 3 8 8 5 34 41 19 2 1 634 611

AAC Mechanical BDL 0 6 7 3 5 5 2 4 1 7 3

CaSi Mechanical 4 9 5 18 36 7 11 42 30 20 2 28

PUR-CM Microclean 14 14 5 3 4 15 16 30 3 1 2 301

Phenolic Microclean 26 6 4 6 6 9 18 21 36 10 112 1214

AAC Microclean 32 14 19 7 4 8 15 6 3 5 0 4

CaSi Microclean 20 7 6 25 26 3 13 6 36 33 228 8

PUR-CM Un-inoculated 7 7 4 20 2 11 11 2 1 3 75 4

Phenolic Un-inoculated 3 1 2 5 3 18 19 19 1 1 216 359

AAC Un-inoculated 3 2 2 5 3 6 5 4 2 2 5 13

CaSi Un-inoculated 5 5 13 18 38 9 10 9 21 21 5 168

Cork plaster Un-inoculated 19 26 NT 26 27 12 13 NT 19 19 1 3

Un-inoculated: reference specimens, which were not used experiment 1. Note that the rating scales for Mycometer Surface tests (Interface) differ 
from the Mycometer Bulk material tests (Adhesive mortar and insulation), please see Section 2.3.
BDL, below detection level; NT, not tested.

 
198



12  |    FELDT JENSEN ET aL.

the wall surface. It was also observed that a number of agar plates 
had an area nearly free of fungi colonies which was probably caused 
by the Mycometer surface tests had been taken prior, see Ref. 30.

As a result of the Mycometer tests in the interface, it was also 
found that after 6 and 12 months of application of the insulation 
systems there was no difference between the decontamination 
methods in terms of fungal survival. Although the masonry spec-
imens decontaminated using the hand-power method had a large 
fungal biomass after the decontamination, the results indicate that 
the choice of decontamination methods may be of minor importance 
when the insulation systems are installed using adhesive mortars 
with very high pH (>12).

In terms of the long-term perspective, it is yet to be deter-
mined if fungal spores would be able to survive until the pH has 

dropped to more favorable levels or if they would become unable 
to germinate before this was to occur. In Ref. 17, it was found 
that the decline of pH seems to depend on the water vapor dif-
fusion resistance of the system and could take several years, es-
pecially for the more diffusion-tight systems where the high pH 
levels were maintained for at least 4½ years. Similar to the work 
presented in,17 the short experimental period is a limitation in 
terms of assessing the long-term performance of the insulation 
systems using highly alkaline adhesive mortars to prevent fungal 
growth. It is therefore still recommended to limit the amount of 
mycelia, spores, and organic residues in critical locations such as 
the masonry/insulation interface through thorough decontamina-
tion, and to not use insulation systems with organic elements or 
additives.

F I G U R E  6  Density of VOC vapor flow rate, g, for the material samples

F I G U R E  7  Diffusion similarity factor κdiff,voc for the three VOCs
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4.3  |  Experiment 3: VOC diffusion

The result of the VOC diffusion experiment, mimicking the produc-
tion of volatile compounds (VOCs) from fungal growth, showed that 
the three VOCs were able to diffuse through most of the examined 
materials, so in the case of fungal growth behind the applied inter-
nal insulation systems the VOCs could potentially affect the indoor 
air quality negatively. The Phenolic and PUR-CM foam insulation 
systems with closed cell structure were found to be considerably 
tighter against VOC diffusion compared to the CaSi, AAC, and Cork 
plaster systems—as it is the case for diffusion transport of water 
vapor through the systems.

It was found that the VOC vapor flow rate density for the sam-
ples generally was within 20%–25% of each other for the individual 
materials, with the exception of the more diffusion-tight materials 
(Phenolic and PUR-CM insulations, and the aluminum membrane), 
where the vapor flow rate density varied considerably. The discrep-
ancies were probably caused by leaky sealings resulting in excessive 
vapor flows results for the tight materials. The actual vapor flows 
through the material samples were probably closer to the lowest 
measured values than the largest values, as the only cause of an 
unintentional increase of the diffusion resistance would be an acci-
dental spill of epoxy, which was inspected prior to the test. For this 
reason, the permeability and diffusion resistance were determined 
for both the average and minimum vapor flow rates. The diffusion 
results could have been affected slightly by the differences in the 
ambient RH levels due differences in moisture inside the material 
pores. On the other hand, the ambient temperature would probably 
affect the vapor pressure differences over the material samples due 
to changes in the saturation vapor pressure inside the test cups. The 
air velocity inside the fume hood was not measured, however, it was 
assumed that the air movements would provide sufficient air flow to 
reduce the risk of a stagnant air layer forming above the test cups.

It was found from the similarity approach for transport of mois-
ture and VOCs in materials that the diffusion similarity factor, kdiff,voc 
for acetone and ethanol was above 1 suggesting that the materials 
constrict diffusion of the VOC molecules more than the diffusion 
of water vapor molecules. In contrast, for 2-heptanone the average 
kdiff,voc was 0.35 and so the molecules are less constricted compared 
to water vapor molecules. It is still unclear whether it is the molar 
mass, saturation vapor pressure, molecule polarity, or something 
else that determines whether the kdiff,voc factor is below or above 1 
and the magnitude of the difference to water vapor.

4.4  |  Theoretical VOC mass balance for a 
room scenario

As a result of the VOC mass balance calculations for the room sce-
nario, it was found that the rate of diffusion through most of the 
insulation systems was large, resulting in a high VOC content in the 
room air for the less tight systems with the more volatile VOCs. 
Acetone was found to exceed the recommended exposure limit by 
the American National Institute for Occupational Safety and Health 
(NIOSH) of 0.59 g/m3 for all system but the Phenolic foam, while for 
ethanol and 2-heptanone none of the systems exceeded the expo-
sure limits of 1.9 g/m3 and 0.47 g/m3 respectively.33 However, as the 
production rate of VOCs from fungal growth is unknown, the rate of 
diffusion would probably be limited by the production rate resulting 
from the metabolism of the fungal growth behind the insulation. We 
assume that the resulting partial pressure for the VOCs at the fun-
gal growth in the masonry/insulation interface would be less than 
the saturation values used in the hypothetical room scenario. At the 
present time, the authors do not have a qualified estimate of what 
the partial pressure for the VOCs in the interface could be as more 
research is needed for production of VOCs. In terms of the effect on 
the indoor air quality, this is still unclear as there are no health-based 
guidelines or threshold values concerning MVOC exposure in build-
ings as stated in a 2009 WHO report.34

5  |  CONCLUSIONS

The present paper investigated the conditions that may remove or 
prevent fungal growth in the interface between the solid masonry 
walls and the added internal insulation.

Acetone Ethanol 2-heptanone

Average Max Average Max Average Max

PUR-CM system 1.01E+10 1.04E+10 3.18E+10 4.20E+10 1.00E+10 1.00E+10

CaSi system 1.85E+09 1.89E+09 2.56E+09 2.61E+09 5.89E+08 5.89E+08

AAC system 1.89E+09 1.90E+09 2.66E+09 2.70E+09 6.01E+08 6.01E+08

Phenolic system 2.51E+12 6.16E+12 2.22E+12 2.48E+12 5.76E+10 5.76E+10

Cork plaster 
system

1.95E+09 2.22E+09 2.79E+09 3.22E+09 6.77E+08 6.77E+08

TA B L E  5  Vapor diffusion resistance, 
Z [m2·s·Pa/kg] for the insulation systems 
(including adhesive mortar)

TA B L E  6  VOC vapor content in the room air, vvoc,i [g/m3]

Acetone Ethanol 2-Heptanone

CaSi system 3.65 0.64 0.07

AAC system 3.63 0.62 0.07

PUR-CM system 0.67 0.04 0.004

Phenolic system 0.001 0.001 0.001

Cork plaster system 3.19 0.52 0.06
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• The “hand-power” decontamination with a paint scraper was in-
adequate for removal of fungal growth, while the MicroClean (dry 
steam) and “mechanical” (removal of internal render with hammer 
and chisel) methods were found to be very effective.

• Choice of decontamination method was found to be of minor impor-
tance in terms of the risk of fungal growth behind the insulation sys-
tem as the high pH of the adhesive mortars (>12) probably inactivated 
existing fungal growth on the walls and prevented new growth.

• No active fungal growth was detected in the interface of the 17 
masonry specimens after 12 months due to high pH; however, 
colony-forming spores were found on transference to agar media.

• Aspergillus versicolor and Penicillium chrysogenum spores were 
found to survive the high pH in the interface better than 
Acremonium murorum and Wallemia sebi.

• Aspergillus versicolor and Penicillium chrysogenum spores were 
found to survive better in the interface of the Phenolic insulation 
systems compared to the other insulation systems, despite similar 
pH conditions in the interface of all five systems.

• VOCs were able to diffusion through most of the examined mate-
rials and could potentially affect the indoor air quality in the case 
of fungal growth behind the insulation.

• The rate of VOC diffusion through the examined insulation was 
high and was probably limited by the production rate resulting 
from the metabolism of the fungal growth.
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Abstract
The objective of this study was to test whether compliance with the current Danish best
practice recommendations concerning design of the cold attic space will prevent dama-
ging moisture levels. The project was performed as a full-scale experimental setup in the
cool temperate climate of Denmark. The setup comprised 18 north-facing attic spaces
with varying ventilation principles and varying infiltration scenarios. The relative humid-
ity and temperature were measured in attic spaces, indoor and outdoor, for almost
3 years. The hygrothermal performance of the attics was evaluated by post-processing
and comparing the data with predicted mould growth risk and with visual observations
of mould growth. The results showed that following the recommended passive ventila-
tion strategies made the hygrothermal performance in attics with diffusion-open roofing
underlay worse. In addition, increasing vapour diffusion tightness of the roofing underlay
made the hygrothermal performance of the cold attic spaces under the eaves worse,
except for attics with passive ventilation but without infiltration. The hygrothermal
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performance of the attics with diffusion-tight roofing underlay was poor when combin-
ing infiltration and the assessed ventilation strategy. The performance of the same attic
without infiltration showed that some degree of ventilation was needed. External roof
insulation did not significantly improve the hygrothermal performance of the attic.

Keywords
Cold attics, ventilation, diffusion-open roofing underlay, insulated roofing underlay,
hygrothermal performance, mould growth

Introduction

The objective of this study was to test whether compliance with the current Danish
best practice recommendations concerning design of cold attic spaces under the
eaves (attic in addition to the requirements in the Danish building regulations 2018
(BR18); TBST, 2018) regarding airtightness of the building envelope (less than
1.0L/s per m2 heated floor area at 50Pa pressure difference) will prevent damaging
moisture levels in the attics. The Danish guidelines (Brandt et al., 2009, 2013) state
that,

It cannot be expected that diffusion-open roofing underlay (Z-value \ 3 GPa m2 s/kg)
will to a sufficient extent remove moisture from the attic spaces and attic spaces under
the eaves (when the floor width . 1 m). Unless the vapour barrier toward the indoor cli-
mate is perfectly installed, these attic spaces will need some degree of ventilation.

In Denmark, cold attics are traditionally ventilated with outdoor air to control
the moisture levels. However, high moisture levels and mould growth are still very
common problems despite compliance with the Danish guidelines (Bjarløv et al.,
2016; Pold, 2015). Other studies document similar tendencies for attics in compli-
ance with the best practice guidelines for other geographical locations in cool, tem-
perate climates (Essah et al., 2009; Fugler, 1999; Hagentoft and Kalagasidis, 2014;
Harderup and Arfvidsson, 2013; Nik et al., 2012; Ojanen, 2001; Roppel et al.,
2013; Roppel and Lawton, 2014; Uvsløkk, 2005). Detailed statistics concerning
moisture damages in attics are lacking in Denmark. However, a detailed study of
attics in Sweden conducted by Boverket (National Board of Housing, Building and
Planning) in 2007 (Boverket, 2009) showed the occurrence of high moisture con-
centration, mould or odours in 15% of single-family houses, 3% of multi-storey
residential buildings and\1% of commercial buildings.

Past research regarding cold ventilated attics has tried to determine the failure
reasons and thresholds for moisture-safe solutions. Fugler (1999), Harderup and
Arfvidsson (2013) and Holm and Lengsfeld (2006) investigated the effects of vary-
ing ventilation rates and found lowered moisture concentration in the attics with
reduced ventilation. Fugler (1999), Ge et al. (2018), Hagentoft and Kalagasidis
(2013) and Kalagasidis (2007), however, point out that attic ventilation is required

2 Journal of Building Physics 00(0)
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in the case of severe infiltration from the conditioned spaces, while Essah et al.
(2009) found reduced moisture levels with attic ventilation. In addition, Hagentoft
and Kalagasidis (2014) and Nik et al. (2012) investigated the performance of differ-
ent attic designs subjected to possible future climate scenarios. The findings indi-
cate poor performance for naturally ventilated attics with eave-to-eave ventilation,
gable-side ventilation as well as with reduced ventilation.

Harderup and Arfvidsson (2013), Ojanen (2001) and Pold (2015) investigated
sealed attic structures with diffusion-open underlay as an alternative to traditional
attic ventilation. These indicate that diffusion-open underlay reduces moisture con-
centration in the attic. Correspondingly, Uvsløkk (2005) found diffusion-open
attics to perform better with decreasing attic ventilation, and improved perfor-
mance with decreasing diffusion resistance of the underlay. Bjarløv et al. (2016)
and Pold (2015) support the results in Uvsløkk (2005), indicating increased moist-
ure concentration in ventilated, north-oriented cold attics. However, unlike the
experimental results in Bjarløv et al. (2016), computational fluid dynamics (CFD)
simulations in Pold (2015) indicate that ventilation by pressure equalization (PE;
top valve only) is worse than single-sided ventilation (SSV; with top and bottom
valve). Essah et al. (2009) found reduced attic condensation with decreasing vapour
diffusion resistance of the underlay. Condensation was, however, not prevented
despite a highly diffusion-open underlay (Sd value=0.02m).

In addition, Fugler (1999), Hagentoft and Kalagasidis (2008, 2010), Iffa and
Tariku (2016), Roppel and Lawton (2014) and TenWolde and Rose (1999) indicate
a static ventilation solution may not be suitable for all climates. As climate differs
greatly by the geographical location, attic ventilation itself may be a source of
moisture in some climates. In this context, investigated sealed attics with sensor-
controlled mechanical ventilation (MV) can ensure ventilation only when the out-
door air has a drying potential. This solution has shown success in maintaining
safe moisture levels in the attics. Simulation studies (Hagentoft and Kalagasidis,
2014, 2016; Nik et al., 2012) of attics with controlled ventilation correlate with the
experimental findings.

Hagentoft and Kalagasidis (2014), Harderup and Arfvidsson (2013) and Nik
et al. (2012) investigated the influence of long-wave radiation. Heat losses due to
long-wave radiation are the greatest during cold nights with clear skies. Causing
the temperature of the outermost roofing elements to drop below that of the out-
door air increases condensation risk. Studies have found that external roof insula-
tion reduces condensation risk inside the attic.

The literature review on hygrothermal performance and moisture-related prob-
lems in cold, ventilated attics suggest that the findings are not consistently in agree-
ment. Previous studies were structured with very diverse variations, assumptions
and goals in mind, making direct comparisons difficult, and thus leaving room for
further research in this field.

This article is the second phase of a two-phase project, of which phase 1 was
reported in Bjarløv et al. (2016). Relative humidity (RH) and temperature
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measurements are presented, and the risk of mould growth was assessed through
visual observation and mathematical modelling.

Phase 2 differs by investigating the same three ventilation scenarios combined
with varying diffusion resistance of the underlay, several infiltration scenarios,
including constant airflow by MV, and external roof insulation.

The project significance is as follows:

� To examine numerous not previously examined parameter variations for
north-oriented cold attic spaces under the eaves, including all influential
factors;

� To examine the effect of different infiltration rates (down to 10% of the
Danish building code) on the hygrothermal behaviour of cold attic spaces
under the eaves with and without passive ventilation;

� To examine the effect of external roof insulation, against heat loss due to
long-wave radiation, for cold attic spaces under the eaves;

� To examine if natural ventilation does occur within the cold attic spaces
under the eaves, or if all air in the cavity is primarily passing over the valves
without entering the attic space and causing increased infiltration due to
lower pressure occurring in the ventilated cavity;

� If natural ventilation does occur, how does it perform compared with the
mechanical system?

Method

The experimental setup consisted of two 11.5-m insulated containers, both with a
45� single-sided pitched roof, oriented towards north. Each roof was constructed
with nine equal-sized cold attic spaces under the eaves, and a conditioned loft corri-
dor towards south (Figure 1). The container and loft corridor were connected via
two hatch openings, and a couple of small fans were installed to create a bit of air
flow between the two zones. The size of the experimental attics (with a triangular
cross section of 1m3 1m) is close to the attics in full-scale buildings. Orientation
towards north is considered as the worst-case scenario compared with similar attics
towards other orientations, as the roof receives a limited amount of solar radiation.
The results from the examined attics cannot be directly applied on full-sized pitched
roofs, as the ventilation scheme and boundary conditions are different. Full-sized
pitched roofs are, however, expected to perform better than the examined attics.
The interior of the container served as the conditioned indoor environment. The
experiment was performed at the test site of the Department of Civil Engineering
at DTU (55.79�N, 12.53�E).

Construction

Attics were constructed with special care and attention towards reduction of poten-
tial sources of error from unintentional heat, air or moisture transport. Hygric and
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thermal decoupling were established between individual attics, and interior spaces
using a vapour barrier and thick insulation layers. The attics were constructed
according to the best practice directive to obtain airtightness below 1.0L/s per m2

at 50Pa pressure difference (including measures such as taping vapour barrier over-
laps). Blower-door test was not practically possible for this setup. Therefore, special
attention was paid to the craftsman work quality during the construction of the
experimental setup to such an extent that the airtightness would be according to the
directive. The attics had interior dimensions (L3W3H) of 1.25m3 1m3 1m.

Figure 1. (a) Vertical section of the attic setup. Red dots indicate sensor locations. (b) 100%
infiltration through five open PVC tubes. (c) 20% infiltration through one open PVC tube. (d)
Ventilation valve installed in the underlay.
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The indoor climate was heated to 20�C with 60% RH (equal to water vapour con-
tent of 10 g/m3) using humidifiers and electrical convectors. The RH of the indoor
climate corresponds to the upper boundary of the highest humidity class for dwell-
ings (humidity class 3; DS/EN ISO 13788, 2013). Humidity class 3 (unknown resi-
dence density) is equivalent to a moisture excess of 4–6 g/m3, while humidity class 2
(normal residence density) is 2–4 g/m3. Moreover, the containers were fitted with a
valve at each end, with dimensions to provide an approximate air change rate
(ACH) of 0.5 h21 as required for normal residential buildings (TBST, 2018). High
indoor humidity was chosen in order to test the design under a worst-case scenario.

Physical phenomena

Several moisture flows were considered in the experimental setup (see Figure 2(a)),
with the following conditions:

� Gv,cont.vent north/south: vapour flow from fresh air valves, installed in the con-
tainer walls to prevent the occurrence of negative pressure within the
containers;

� Gv,inf: vapour flow from PVC tubes connecting attics and indoor environ-
ment allowing infiltration to occur;

� Gv,in/out: vapour flow from ventilation valves installed in the underlay allow-
ing for ventilation of the attics with outdoor air. The experimental setup was
limited to ventilation from only one side of the roof structure;

� Gv,roof.underlay: vapour flow through the underlay;
� Gv,roof.cav mid/top: vapour flow in outdoor air in the cavity passing over the

attics instead of entering through the valves;
� Gv,eave: vapour flow in outdoor air entering the cavity at the eave;
� Gv,cowl: vapour flow in outdoor air and infiltration air exiting the cavity at

the roof cowl.

The Ga variables in Figure 2(b) and (c) represent the difference in air flows influ-
encing the attic spaces, which are dealt with in the later sections – determining the
infiltration and ventilation flows.

Variables Gvinf, Gv,in/out and Gv,roof.underlay were altered and are further described
in section ‘Parameter variations’. Heat loss from long-wave radiation, Qlong-wave,
was also considered as the cooling effect on the roof structure, which increases con-
densation risk within the attics.

MV was installed in the two attics to test whether ventilation would occur within
the attics due to natural airflows, where the outdoor air enters the attic through the
lower valve and exits through the upper valve (Figure 2(b)). Alternatively, if the
outdoor air entering the cavity would simply pass through without entering the
attic itself, this would cause a situation with no natural ventilation occurring within
the attic, and increased infiltration (Figure 2(c)).
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Parameter variations

The experimental setup consisted of 18 cold attics, each with a different set of para-
meter variations, representing different structural roof scenarios (Table 1). The
setup permitted to examine the effect of changes in three series of variables. The
first series was the underlay, where three different types were investigated: (1)
Tyvek Pro (diffusion-open), Z-value=0.1GPa�s�m2/kg, (2) Monarperm 1000 (dif-
fusion-open), Z-value=1.0GPa�s�m2/kg and (3) Monarfol Super (diffusion-tight),
Z-value=855GPa�s�m2/kg. Monarperm 1000 was included as a reference to phase
1 (Bjarløv et al., 2016). The motivation for different underlays was to investigate
the influence of the underlay vapour permeability on the hygrothermal conditions
in the attics under different ventilation scenarios. Diffusion-tight attics were
included as a reference for the diffusion-open attics, and not to assess the perfor-
mance of diffusion-tight attics.

The second series of parameter variations was the infiltration rate between the
indoor environment and the attics. The attics were sealed against unintentional
infiltration between the individual attics and the interior environment. However,
real attic structures do experience some infiltration from the adjacent conditioned
spaces. The experiment setup was designed to emulate infiltration concentrated
around the wall-to-ceiling junction. While still valid within the framework of the
local building code, the worst-case scenario was assumed. Attics were connected to
the indoor environment using five closed, open or partly open PVC tubes (internal

Figure 2. (a) Physical phenomena considered in the attic setup. (b) Natural ventilation scenario
1: in and out flows of outdoor air. (c) Natural ventilation scenario 2: low pressure in the cavity.
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diameter 10–13.3mm), penetrating the attic floor, to emulate the effect of infiltra-
tion. Four infiltration scenarios were investigated: (1) no infiltration from the
indoor environment, (2) 3.4L/s at 50Pa (100% infiltration), (3) 0.34L/s at 50Pa
(10% infiltration) and (4) 0.68L/s at 50Pa (20% infiltration) (see Table 1). The
infiltration rate per attic of 3.4L/s at 50Pa corresponds to an infiltration rate of
1.0L/s m2 heated floor area of the container at 50Pa through the building envel-
ope, thus complying with Danish building regulations 2018.

The third series of parameter variations was the ventilation strategy. The above-
mentioned variations were combined with one of four ventilation scenarios, to
investigate the significance of the underlay and infiltration rate in relation to the
individual ventilation strategy (Table 1). The following ventilation scenarios were
investigated: (1) unventilated (UV), with no ventilation valve, (2) PE, with one ven-
tilation valve located in the top corner of the underlay, (3) SSV, with two ventila-
tion valves located diagonally in the top and bottom corners of the underlay and
(4) MV, with two ventilation fans located diagonally in the top and bottom corners
of the underlay. The bottom fan functioning as inlet fan, and the top fan as extrac-
tion fan, provides a constant flow rate of 0.22L/s, corresponding to an ACH of
approximately 1.27 h–1. MV was installed with balanced ventilation to minimize

Table 1. Overview of the attic variations.

Attic Underlay diffusion
resistance
(GPa�s�m2/kg)

Infiltration
(%)

Ventilation
strategy (2)

A1 855 0 SSV
A2 855 100 UN
A3 855 100 SSV
A4 855 10 UN
A5 855 10 SSV
A6 855 20 UN
A7 855 20 SSV
A8 855 20 MV
A9 855 100 MV
B1 0.1 0 UN
B2 0.1 0 PE
B3 0.1 0 SSV
B4 0.1 100 UN
B5 0.1 100 PE
B6 0.1 100 SSV
B7a 0.1 100 UN
B8 1.0 100 SSV
B9 855 0 UN

Ventilation strategies – UN: unventilated; PE: pressure equalization; SSV: single-sided ventilation; MV:

mechanical ventilation.

100% infiltration corresponding to 3.4 L/s at 50 Pa.
aFitted with exterior insulation.
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the influence on the infiltration from the conditioned spaces. MV was installed on
29 June 2015, and prior to installation the attics were fitted with SSV. The ventila-
tion valves for the natural ventilation had a flow area of 50 cm2.

A single attic was fitted with external roofing insulation of 50-mm polystyrene,
to investigate the significance of long-wave radiation (Table 1).

Measurement equipment

Temperature and RH were measured in attics, containers, loft corridors, underlay
above each attic, ventilated cavity, and outside of the containers throughout the
experimental period. Measurements were logged every 10min. Two sensors were
installed in each attic and measurements for temperature and RH were averaged
for each time step. Three types of measurement equipment were used in the experi-
ment: (1) Rotronic HygroClip 2S, measuring temperature and RH, (2) thermocou-
ple Type T, measuring temperature and (3) Sensirion SDP1000-L025 pressure
sensors (Sensirion, 2013), installed on both sides of the infiltration tubes for attics
A5, A7, B5 and B6. The pressure was measured just off the tubes, so the measure-
ment should correspond to the pressure that the tubes ‘experience’ at each end.
Output was an electrical analogue signal, converted into pressure difference using

Dpa, tube = 62 Pa � (U � 2:1V)=1:9V ð1Þ

where Dpa, tube is the pressure difference across the tube (Pa) and U the measured
output voltage (V). The resulting pressure difference was multiplied with an altitude
correction factor (Table 3 in Sensirion, 2013, 0.955 for an altitude of 40m) and a
correction factor for connection hose length (Figure 7 in Sensirion, 2013, 20.64%
for a length of 0.8m). Sensors were installed in June 2015. Pressure measurements
are available in Jensen et al. (2019).

Infiltration flow

An approximation of the infiltration flow was calculated from the Sensirion pres-
sure measurements. During the design of the experimental setup, the length and
internal dimensions of the infiltration tubes were determined through reverse calcu-
lation using the maximum allowed infiltration flow (1.0L/s m2 at 50Pa) and the
pressure difference across the tubes (50Pa). The following equations were used.

Local losses

Dpa, loc =Dpa, loc, ent +Dpa, loc, exit = jent � 1
2�ra
� Ga

A

� �2
+ jexit � 1

2�ra
� Ga

A

� �2 ð2Þ

Jensen et al. 9

 
212



Reynolds number (Re)

Re= v�dh

va
ð3Þ

Friction factor

Re\2300! f = 64
Re

ð4Þ

Re.2300! 1 ffiffi
f
p = � 2 � log e

3:7�dh
+ 2:51

Re�
ffiffi
f
p

� �
ð5Þ

Friction loss

Dpa, fric =
f �L

2�dh�ra
� Ga

A

� �2 ð6Þ

Total pressure loss over the tube

Dpa, tube =Dpa, loc +Dpa, fric = jent � 1
2�ra
� Ga

A

� �2
+ jexit � 1

2�ra
� Ga

A

� �2
+ f �L

2�dh�ra
� Ga

A

� �2 ð7Þ

where Dpa, loc, Dpa, loc, ent, Dpa, loc, exit, Dpa, fric and Dpa, tube are the pressure losses,
denoting total local, local at tube entry, local at tube exit, friction through the
length of the tube and total over the tube (Pa), respectively; jent and jexit are the
local loss factors for tube entry and exit (2), 0.5 and 1.0, respectively; ra is the den-
sity of air (kg/m3); Ga is the mass flow rate of air infiltration (kg/s); A is the flow
area at 0.00008 and 0.00014m2, respectively, for 10- and 13.3-mm tubes; v is the
air velocity at 4.90 and 4.81m/s, respectively, for 10- and 13.3-mm tubes; dh is the
hydraulic diameter of the infiltration tubes at 0.01 and 0.0133m; va is the kine-
matic viscosity of air (m2/s); f is the friction factor (2); e is the tube roughness at
0.0000015m (glass/plastic); and L is the tube length at 0.5 and 0.7m, respectively,
for 10- and 13.3-mm tubes.

After determining the length and internal dimensions of the infiltration tubes,
calculations were carried out for multiple sizes of infiltration flow to determine the
resulting pressure loss over the tubes. The derived pressure losses were plotted
against the different sizes of infiltration flow, and polynomial trendlines were used
to obtain the relation between pressure loss over the tube and infiltration flow.
With the relation between pressure loss over the tube and infiltration flow, it was
possible from the pressure measurements to determine an approximation of the
infiltration flow for attics A5, A6, B5 and B6. Note that this calculation procedure
was performed for each of the three infiltration scenarios: 100%, 20% and 10%.
The polynomial trendlines and flow relation are available in Jensen et al. (2019).

The location and accuracy of measurement equipment are presented in Table 2.
The measurement period was July 2014–May 2017.
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Tracer gas experiment

Tracer gas measurements were performed for attics A5, A6, B5 and B6 on 22 July
2015, a day with no rain and mild wind of 1.5m/s. A constant concentration of
Freon 134a gas was maintained inside the indoor environment while simultaneously
monitoring the attic concentration caused by infiltration air. Concentrations were
measured using an INNOVA 1312 photoacoustic multi-gas monitor (LumaSense
Technologies, 2004) for 45–60min after reaching steady-state indoors. Variation in
the measurement period was related to two considerations: (1) obtaining enough
data points to determine an accurate infiltration rate and (2) avoid changes in
boundary conditions disrupting the steady-state conditions. Tracer gas measure-
ments are available in Jensen et al. (2019).

Airflow

Approximations of the airflows in attics A5, A7, B5 and B6 were determined using
the pressure differences and tracer gas measurements. For tracer gas experiments
maintaining a constant concentration in the indoor environment while monitoring
resulting concentration in the attic, airflow into the attics may be determined using

Ga, in =
Qa, inf �ra, in�

Cg, inf

Cg, att
�

ra, inf

ra, att

� �

ra, in
ra, att
�Cg, in

Cg, att

� � ð8Þ

Table 2. Location and accuracy of measurement equipment, red dots in Figure 1.

Instrument Attic Container
(indoor)

Loft
corridor

Underlay Ventilated
cavity

Outdoor

Rotronic
HygroClip 2S

+ + + + + +

Thermocouple
Type T

+ +

Sensirion
SDP1000-L025

+ +

Instrument Measurement Accuracy Range

Rotronic
HygroClip 2S

Temperature 60.1 K at 23�C and 10%,
35% and 80% RH

250�C to 100�C

RH 60.8% at 23�C and 10%,
35% and 80% RH

1% to 100%

Thermocouple
Type T

Temperature 60.5 K at 0�C 2200�C to 350�C

Sensirion
SDP1000-L025

Pressure
difference

0.5% of full scale/1.5%
of measured value

262 to 62 Pa

Plus sign indicates location of equipment, and multiple plus signs mean more sensors.
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where Ga,in is the mass flow rate of air entering the attic (kg/s); Qa,inf is the volume
flow rate of infiltration air (m3/s); ra,att, ra,inf and ra,in are the density of attic,
indoor and outdoor air, respectively (kg/m3); Cg,att, Cg,inf and Cg,in are the average
concentrations of Freon gas in attic, indoor and outdoor air, respectively (ppm);
and Cg,in is assumed to be 0.

Equation (8) is used to obtain the mass flow rate of air into the attic space, and
Ga,in was derived from the mass balance for tracer gas and the mass balance for air
for an attic space considering the ventilation scenario presented in Figure 2(b)
(Jensen et al., 2019).

The above method was based on the following assumptions:

Infiltration flow rate is available from pressure measurements;
All unintentional leakages were neglected.

Mould growth

The mould growth risk was assessed using the mathematical model by Hukka and
Viitanen (VTT model; Hukka and Viitanen, 1999; Ojanen et al., 2010; Viitanen
et al., 2015). Critical RH, RHcrit, is calculated as a function of temperature, and
mould growth occurs when RH ˜ RHcrit and T. 0�C. Decline occurs if condi-
tions are not met. Model output is the mould index M that ranges from 0 to 6, cor-
responding to no growth and heavy growth (100% coverage). Values 3–6 are in the
visual range. Mould predictions were performed using material class ‘sensitive’,
corresponding to wood.

Brischke and Thelandersson (2014) and Gradeci et al. (2017a, 2017b) addressed
the available mould models, including governing factors, interrelations, methodol-
ogy, substrate, extensiveness, rating scale, experimental setups for model validation
and reliability (Hukka and Viitanen 1999; Isaksson et al. 2010; Møller et al. 2017;
Ojanen et al. 2007; Viitanen et al. 2015). The findings indicated that the models
cannot precisely predict the growth, but rather determine the likelihood of mould
occurrence. For this study, the mould model was used for relative comparison
between design scenarios.

The attics were opened on 16 January 2018, after 3 years and 6months of opera-
tion, and the extent of the mould infestation was observed. Growth was ranked
between 1 and 5, based on visual inspection, corresponding to no visual growth
and heavy growth.

Results

This section presents the measured temperature and RH, derived moisture concen-
tration, and calculated and observed mould growth in the attics. Supplementary
plots, summary of the key results and datasets are available in Jensen et al. (2019).
The results are shown in different graphs: RH, moisture concentration and VTT
mould index (Hukka and Viitanen, 1999; Ojanen et al., 2010; Viitanen et al., 2015).
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In this way, it is possible to find the largest deviations of the results from the differ-
ent attic variations. The RH and the mould index results follow the same tenden-
cies. In several cases, the mould index shows the differences more clearly than the
RH and the moisture concentration and gives a better description of the hygrother-
mal performance, since the mould index also includes temperature and time. The
moisture concentration is presented to document the fact that even small differ-
ences in some cases result in larger deviations in the RH and the risk of mould
growth.

Measurement results

The results are shown as 15 days’ (7 days before and after) moving average. The
temperature differences related to the effect of external roof insulation are, how-
ever, based on the logged data (Figure 11) and mould calculations on hourly aver-
age values. Due to sensor errors, four periods of 5–14 days with missing data
occurred during the experiment. Three of these periods were within the first
3months and the last period was in late January 2016. All the missing data were
interpolated.

The abbreviations state the container name followed by the attic number, for
example, A1. The parenthesis following the attic abbreviations specify the follow-
ing: underlay Z-value/infiltration/ventilation strategy (UV, PE and SSV).

Effect of diffusion tightness of the roofing underlay

This section investigates the effect of diffusion tightness of the underlay, without
infiltration, in a series of attics with increasing flow of outdoor air, by comparing
diffusion-open and diffusion-tight attics, with different ventilation strategies.
Figure 3 shows more critical RH levels in attics with diffusion-tight underlay (A1
and B9) compared with diffusion-open (B1 and B3). This is also seen when looking
at the mould risk in Figure 13. Figure 4 shows similar temperatures in all attics,
except for the summer periods, when ventilated attics (B2–3 and A1) are slightly
warmer than UV (B1 and B9). The lowest RH was found in UV diffusion-open
attic with no infiltration (B1).

Effect of infiltration in a series of attics with diffusion-tight roofing underlay

This section investigates the effect of infiltration in a series of diffusion-tight attics
with and without ventilation. Figure 5 shows that increasing infiltration lowers the
RH levels in diffusion-tight UV attics (B9 and A2), while this increases the levels in
diffusion-tight SSV attics (A1 and A3). SSV increases the RH levels slightly during
winter in attics with infiltration (A2 and A3). Meanwhile in spring and summer the
RH levels are reduced. In attics without infiltration (B9 and A1), SSV lowers the
RH levels throughout the experimental period.

Jensen et al. 13
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Effect of infiltration in a series of attics with diffusion-open roofing underlay

This section investigates the effect of infiltration in a series of diffusion-open attics
with and without ventilation. Figure 6 shows the increased moisture levels during
winter and spring in the diffusion-open attics due to infiltration from the indoor
environment (B1 vs B4, B2 vs B5 and B3 vs B6), and due to implementation of PE
and SSV (B1 vs B2–3 and B4 vs B5–6). Minor differences were observed during the
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Figure 3. (a) RH and (b) moisture concentration in diffusion-open and diffusion-tight attics
without infiltration, and with and without ventilation.

Figure 4. Temperature in diffusion-open and diffusion-tight attics without infiltration, and with
and without ventilation.
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Figure 5. (a) RH and (b) moisture concentration in diffusion-tight attics, with and without
infiltration and ventilation.
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Figure 6. (a) RH and (b) moisture concentration in diffusion-open attics with and without
infiltration and ventilation.
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summer period. A combination of infiltration and PE/SSV increases the levels even
further (B1 vs B4 vs B5–6). These tendencies are also visible for the mould risk in
Figure 13.

Effect of infiltration and ventilation

This section investigates the effect of infiltration rates in diffusion-tight attics with-
out ventilation or with SSV ventilation subjected to 0.0, 0.34, 0.68 and 3.4L/s at
50Pa, corresponding to 0%, 10%, 20% and 100% of the maximum allowed
infiltration.

Figure 7 shows that increased infiltration lowers the RH levels in the UV
diffusion-tight attics during summer, while a small increase is seen during winter.
The moisture concentration decreases during summer with increasing infiltration,
while almost no change was seen during winter.

Figure 8 shows that increased infiltration increases the RH and moisture concen-
tration in diffusion-tight SSV attics throughout the period.

Effect of MV at varying infiltration rates

This section investigates whether natural ventilation does occur within the attics as
described in the section ‘Physical phenomena’, by fitting two diffusion-tight attics
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Figure 7. (a) RH and (b) moisture concentration in UV diffusion-tight attics with increasing
infiltration.
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(varying infiltration rates) with MV providing a constant ACH of 1.27 h–1. The
results were compared with naturally ventilated SSV attics where the ventilation
phenomena were uncertain. MV was installed on 29 June 2015.

Figure 9 shows that slightly increased moisture levels are seen in the MV attic
throughout the experimental period compared with the SSV attic. The UV attic
shows the highest RH and moisture concentration in summer, and the lowest in
winter. Similar tendencies are seen in attics with 20% infiltration (A6–A8).
However, the deviation between the UV (A6) and ventilated (A7–A8) attics
increases during summer (see the supplementary plots).

Figure 10 presents the temperatures in SSV, MV or UV diffusion-tight attics
with 100% infiltration during the last summer (Figure 10(a)) and winter (Figure
10(b)) periods. Figure 10 shows the lowest temperatures during winter in the UV
attic, and the highest temperatures in the MV attic. During summer all the attics
are rather alike. Similar tendencies are seen in attics with 20% infiltration. More
temperature plots are available in Jensen et al. (2019).

Effect of exterior roof insulation

This section investigates the effect of exterior roof insulation for a UV diffusion-
open attic with infiltration, to determine the influence of long-wave radiation.
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Figure 8. (a) RH and (b) moisture concentration in diffusion-tight SSV attics with increasing
infiltration.
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Figure 9. (a) RH and (b) moisture concentration in diffusion-tight attics with increasing
infiltration, comparing UV, SSV, and MV.
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Figure 10. Temperatures during (a) last summer and (b) winter periods in the diffusion-tight
attics with 100% infiltration and fitted with SSV, MV or UV.
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Focus is on the cold periods, as heat loss due to long-wave radiation is the largest
during cold nights with clear skies. The presented data set for temperature are
based on the logged measurements at every 10min.

Figure 11 compares the temperatures measured in underlays with and with-
out exterior roof insulation during the last summer (Figure 11(a)) and winter
(Figure 11(b)) periods. Figure 11 shows a few degrees of higher temperatures
in the insulated underlay (B7) during cold periods and in the night time, com-
pared with the uninsulated (B4). A few degrees of higher temperatures in the
uninsulated underlay (B4) is seen during day time, and in the summer periods,
compared with the insulated underlay (B7). More plots are available in Jensen
et al. (2019).

Figure 12 shows that the moisture levels for the two attics are rather similar
throughout the experimental period. However, the moisture concentration is
slightly higher for the insulated underlay during winter, compared with the
uninsulated.

Tracer gas experiment

Table 3 presents the Freon 134a gas concentrations, derived infiltration and venti-
lation airflows for the four attics obtained from pressure and tracer gas measure-
ments. As described in the ‘Airflows’ section, the ventilation airflows were

Figure 11. Underlay temperatures measured in underlay with (B7) and without (B4) exterior
insulation during the (a) last summer period and (b) winter period.
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determined mathematically using the mass balances for tracer gas and the mass
balances for air (equation 8), and the infiltration flows derived from the pressure
measurements (equations 2–7). Table 3 shows that ventilation inlet flows are from
20% to 47% larger than the infiltration flows for the SSV attics, within the period
of the tracer gas measurements. The diffusion-open attics showed higher infiltra-
tion and/or ventilation flows compared with the diffusion-tight attics. A compari-
son of attics A5 and A7 show higher infiltration and ventilation flows with
increasing infiltration flow area from 0.00008 to 0.00014m2.
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Figure 12. (a) RH and (b) moisture concentration in UV diffusion-open attics, comparing attics
with and without external roof insulation.

Table 3. Results from pressure and tracer gas measurements, and derived airflows.

Type of result A5 A7 B5 B6

Freon concentration, indoor (ppm) 8.03 8.13 8.07 8
Freon concentration, attic (ppm) 2.78 3.09 3.7 3.53
Infiltration flow rate (m3/h) 0.08 0.12 0.92 0.54
Infiltration error 6 (m3/h) 0.05 0.06 0.32 0.32
Ventilation flow rate, in (m3/h) 0.15 0.19 0.68
Ventilation flow rate, out (m3/h) 0.24 0.31 2.00 1.22
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Mould growth

Mould growth is the result of favourable hygrothermal conditions and available
nutrition over time. The performance of individual attics can therefore be assessed
by comparison of mould infestation in the attics: attics with little or no mould
growth indicate good hygrothermal performance, while attics with high mould
growth indicate poor hygrothermal performance. The calculated mould growth
was ranked from 0 to 6. For the visual observation, the growth was ranked between
1 and 5, corresponding to no visual growth and heavy growth. The results of mould
modelling and visual observations are shown in Table 4 and Figure 13. Table 4 pre-
sents the resulting mould growth index after a period of almost 3 years on 16 May
2017, and visual observations represent the situation 8months later, on 16 January
2018. Figure 13 shows the development of the mould index as a function of time;
the figure serves as a tool to assess the results for the attics as it summarizes all the
presented results.

As the mathematical mould modelling depends highly on the measured RH,
but also on the temperature conditions in the attics, the analysis results generally
follow the same trends as presented in the earlier sections. The main observa-
tions concerning the modelled risk of mould growth in Figure 13 are presented
as follows:

� Increased mould index with increasing diffusion tightness of the underlay for
attics without infiltration (B1–3, B9 and A1).

� Increased infiltration lowers mould index in diffusion-tight UV attics (B9,
A2, A4 and A6), while it increases mould index for diffusion-tight SSV attics
(A1, A3, A5 and A7).

� Increased mould index in diffusion-open attics due to infiltration or ven-
tilation, and an exacerbating effect from combining the two variables
(B1–6).

� Diffusion-open B8 (Z=1.0GPa�s�m2/kg) performs similar to diffusion-tight
A3 (Z=855GPa�s�m2/kg).

� Increased mould index in diffusion-tight MV attics with 100% infiltration
compared with UV and SSV attics (A9 and A2–3). For attics with 20% infil-
tration, MV increases the mould index compared with the SSV attic (A8 and
A7), but remains below the UV attic (A6).

� A slightly increased mould index in UV diffusion-open attics with exterior
roof insulation (B7), compared with uninsulated attic (B4).

Summary of key results

A summary of the key results is presented in Table 4.
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Discussion

First, the performance of the north-facing attics under the eaves is accessed accord-
ing to the mould growth level, as presented in Figure 13, followed by an interpreta-
tion of the results.

Best performance: the best performing attics were all with a diffusion-open
underlay and no infiltration, and of these the best performing attic was UV.
The only attic with 100% infiltration, which had an acceptable performance,
had a diffusion-open underlay and no ventilation. Meanwhile, the best perform-
ing attic with a diffusion-tight underlay was constructed with SSV and no
infiltration.
Average performance: the attics having an average performance were all with
SSV. One attic with diffusion-open underlay had 100% infiltration and SSV,
which indicates that SSV worsens the performance compared with no ventila-
tion. Two other attics with diffusion-tight underlay, also with SSV, had 10%
and 20% infiltration, which indicates that even a relatively small infiltration can
have a profound impact on the performance of attics with SSV.
Worst performance: the worst performing attic with a diffusion-open underlay
had 100% infiltration in combination with PE, indicating that this ventilation
strategy also worsens the performance compared with no ventilation.

Figure 13. Graphical representation of the calculated mould index as a function of time and
the visual ranking for the attics. Note that in the right end of the graph (‘Visual observations’)
the lines connecting the last data points for the calculated mould growth (spring 2017) with the
visual ranking 8 months later (16 January 2018) are only used for graphically showing the
relation between the two evaluated methods: calculated and observed mould growth. These
two scales are not comparable, and, therefore, there is only a qualitative relation between the
calculated and observed mould growths.
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The worst performing attics with diffusion-tight underlay were with either 100%
infiltration, no ventilation or MV. The attic with a roofing underlay, like phase 1,
was observed to perform similar to a diffusion-tight underlay in phase 2. An attic
with MV and diffusion-tight underlay performs even worse than a UV attic. For
100% infiltration, the performance is indicated to be worsened by having MV, as
this attic was observed to have the worst mould conditions.

Effect of diffusion tightness of the roofing underlay

For the effect of diffusion tightness of the underlay in cold attic spaces under the
eaves without infiltration, RH levels (Figure 3) and risk of mould growth (Figure
13) increases with increasing diffusion resistance of the underlay. Attics similar in
design except for diffusion resistance of the underlay show no rise in temperature
(Figure 4) indicate that increased diffusion resistance of the underlay does not
change the infiltration air flow from the container to the attic in this experimental
setup. The higher moisture levels observed in attics with diffusion-tight underlay
compared with diffusion-open is due to the much higher diffusion resistance of the
tight underlay, allowing less moisture to leave the attic through the underlay itself.

In addition, the mould risk (Figure 13) increased with increasing diffusion resis-
tance of the roofing underlay also for attics without ventilation (B4 and A2) and
with SSV ventilation (B6 and A3), in the case of infiltration from the indoor
environment.

Findings from Uvsløkk (2005) on full-sized attics similarly indicate an increased
risk of mould growth in attics with increasing diffusion resistance of the underlay,
while Essah et al. (2009) found increased risk of condensation within the attic.

Effect of infiltration in a series of attics with diffusion-open roofing underlay

The worsening of the hygrothermal conditions in diffusion-open cold attic spaces
under the eaves due to infiltration, ventilation and their combination (Figures 6 and
13) confirms the previous findings within the present project (Bjarløv et al., 2016;
Pold, 2015). A leaky ceiling and roof construction seem to allow a stack effect to
cause an updraft of the infiltration air. The findings that passive ventilation increases
moisture levels by allowing for more infiltration are in agreement with the works of
Essah et al. (2009), Harderup and Arfvidsson (2013), Kalagasidis (2004), Ojanen
(2001) and Samuelson (1995). However, unlike phase 1 (Bjarløv et al., 2016), where
the attics with diffusion-open underlay and SSV showed the highest moisture levels
and mould risk, the present results are in agreement with simulations in Pold (2015)
showing the highest levels for the PE attic. In accordance with the results in Pold
(2015), the increased moisture levels in the PE attic may be caused by a negative
pressure generated in the attic by wind actions, which cannot be equalized by out-
door air entering via the lower valve, and therefore must be replaced by the infiltrat-
ing air. The lack of a lower valve in the PE ventilation strategy further reduces the
possibility for equalizing the pressure difference, resulting in an increased
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replacement by infiltrating air compared with the SSV ventilation strategy. The dis-
agreement with Bjarløv et al. (2016) concerning the ‘order of the attics’ could be the
result of utilizing another type of underlay in phase 2 with different diffusion resis-
tance, allowing different quantities of moisture to enter and leave the attic. While
there were some small differences between the weather patterns of the two phases,
the results are still considered to be useful for comparison.

Effect of infiltration and the influence of roofing underlay airtightness in a series
of attics with diffusion-tight roofing underlay

Results from sections ‘Effect of infiltration in a series of attics with diffusion-tight
roofing underlay’ and ‘Effect of infiltration and ventilation’ are discussed together
in this section to avoid repetition, as the same phenomena are involved.

The comparison between UV diffusion-tight cold attic spaces under the eaves
with different infiltration rates (A2, A4, A6 and B9) in Figures 5 and 8 shows
reduced RH and moisture concentration during summer with increasing infiltration
flow area, while a small increase occurs during winter for RH. Moisture buffering
of the wooden elements could explain this phenomena, as wood releases moisture
to the attic air during periods with rising temperatures (Nielsen and Gottfredsen,
1997). For the UV diffusion-tight attics without infiltration, moisture released by
the wooden elements has no means of escape as it cannot penetrate through the
tight underlay, resulting in higher moisture levels during summer. However, with
leakages (in this experiment via the intended infiltration tubes, Figure 1) to the
indoor environment, moisture can escape downwards, thus lowering the moisture
levels in the attic. With increasing infiltration flow area, escape to the indoor envi-
ronment becomes easier, resulting in even lower moisture levels. This leakage situa-
tion is considered unfavourable, as it may spread any mould spores and their
toxins to the occupied zones. As for the risk of mould growth in Figure 13, a slight
reduction in risk occurs for the attic with 100% infiltration (A2) compared with the
attic without infiltration (B9). Despite the possibility to leak moisture to occupied
zones, attics with 10% and 20% infiltration (A4 and A6) experience an increased
risk of mould growth, possibly related to the slightly higher RH during winter.

Opposite to the UV diffusion-tight attics, moisture levels increase in the
diffusion-tight SSV attics (A1, A3, A5 and A7) with increasing infiltration area
(Figures 5 and 9). The combination of SSV ventilation and infiltration connects
the outdoor and indoor environments, causing worse hygrothermal conditions in
the attic, as discussed for diffusion-open attics. This is similar to the mould growth
risk seen in Figure 13. Finally, SSV reduces the moisture levels and mould risk for
diffusion-tight attics without infiltration (B9 and A1; Figures 5 and 13). SSV also
reduces the moisture levels for the attics with 10% and 20% infiltration (A4, A5,
A6 and A7; Figure 13). As mentioned earlier, ventilation has a positive effect in
cases where moisture is unable to escape downwards from attics with little or no
infiltration. This correlates with Essah et al. (2009), suggesting reduced
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condensation risk in diffusion-tight attics, with little or no infiltration and eave-to-
eave ventilation. The findings with combined ventilation and infiltration are, how-
ever, contradictory to Fugler (1999), Hagentoft (2011) and Kalagasidis and
Mattsson (2005).

Occurrence of natural ventilation in the attic space under the eaves and
performance compared with the mechanical system

The comparison between the diffusion-tight cold attic spaces under the eaves with
SSV or MV and 100% infiltration (A3 and A9) (Figures 9 and 13) shows slightly
worse hygrothermal conditions in the attic with constant ACH provided by the
MV strategy. The two ventilated attics perform better during summer compared
with the UV attic (A2), but slightly worse in winter. The comparison of moisture
levels in the UV, SSV and MV attics suggests that natural ventilation does occur
for the SSV attics as illustrated in Figure 2(b) and not the phenomena illustrated in
Figure 2(c) (air passing over the SSV attics). The SSV attics show rather similar
tendencies to the MV attics (where the airflow directions are known) throughout
the experimental period. If the phenomena illustrated in Figure 2(c) were true,
moisture levels in the SSV attics would have been considerably higher during win-
ter compared with MV attics, as the infiltration rates would be larger due to the
low pressure occurring in the air cavity. However, this does not seem to be the
case. This is also evident from the temperatures during winter in Figure 10(b),
where the MV attic shows the highest values, indicating a larger infiltration flow
compared with the SSV attic. Meanwhile the UV attic shows the lowest tempera-
tures as no air leaves the attic through the tight underlay. Airflows determined
from the pressure and tracer gas measurements support the results for moisture
and temperature, pointing towards the ventilation scenario in Figure 2(b), as out-
side air was shown to enter and leave the attics via the ventilation valves in the
underlay (Table 3). With the above sets of results, it seems plausible to reason that
an airflow scenario similar to Figure 2(b) occurs within the naturally ventilated
SSV attics. The experiment does not provide exact figures for the air entering and
leaving the individual valves; however, it gives the total for the air inlet and outlet.
The findings are in line with the CFD simulations carried out for these SSV attics
in Pold (2015), showing outdoor air entering the attic from the lower valve and
exiting from the upper valve.

Regarding the performance of the SSV attics compared with the MV attics, the
findings in the previous sections show that increased ventilation leads to higher
moisture levels in the attics, and the observed higher moisture levels in the MV
attics suggest a higher average ACH, and a larger stack effect as a result of this.
The higher average ACH in the MV attics could be explained by the combination
of a constant airflow (0.22L/s or 0.79 m3/h) in the MV attics, with occasional
peaks from natural ventilation that exceed the constant mechanical airflow. The
larger stack effect, due to an on average higher ACH, is supported by the
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temperatures in Figure 10(b), showing that the MV attic is warmer during winter
compared with the naturally ventilated and UV attics. Since the heat can only
come from the heated space inside the container during this time of the year, this
indicates a higher infiltration caused by the stack effect. Studies (Harderup and
Arfvidsson, 2013; Holm and Lengsfeld, 2006; Nik et al., 2012; Ojanen, 2001; Pold,
2015) dealing with both diffusion-open and diffusion-tight attics support the above
findings, indicating that increased ventilation in the attics causes a rise in the moist-
ure levels. Meanwhile, Ge et al. (2018) and Roppel and Lawton (2014) suggest that
increased ventilation lowers condensation risk and thus contradicts the present
findings. However, as mentioned by Fugler (1999), Hagentoft and Kalagasidis
(2008, 2010), Iffa and Tariku (2016), Roppel and Lawton (2014) and TenWolde
and Rose (1999), the benefit from reduced ventilation may only be true for certain
regions. Comparison between the three ventilation scenarios for diffusion-tight
attics suggests that some amount of ventilation is necessary, but that high ventila-
tion flows worsen the performance. This is in agreement with Fugler (1999),
Kalagasidis and Mattsson (2005) and Roppel and Lawton (2014).

Effect of exterior roof insulation

The results in Figure 11 show that temperatures in the underlay increase by up to
2.5�C, as the external insulation reduces heat loss by long-wave radiation for the
cold attic spaces under the eaves. The average increase is 0.5�C. The findings corre-
late with the work of Harderup and Arfvidsson (2013). The temperature increase is
of importance, since the underlay is subject to temperatures several degrees below
that of the outdoor air. This represents a potential risk of condensation when the
attics are ventilated using outdoor air. Harderup and Arfvidsson (2013),
Kalagasidis (2004), Nielsen and Morelli (2017), Roppel and Lawton (2014) and
Samuelson (1995) have similarly observed lower temperatures in the attic construc-
tion compared with the outdoor air during cold periods, with potential risk of con-
densation. Despite the increased temperature in the underlay, Figures 12 and 13
show slightly increased moisture concentration and mould growth risk. Harderup
and Arfvidsson (2013) also observe slightly increased moisture levels in externally
insulated attics, while simulations in Fugler (1999) and Nik et al. (2012) indicated
improved performance. All the studies, however, experienced damaging moisture
levels despite the external roof insulation, which also correlates with the present
findings.

Calculated and visual mould observations

With a few exceptions, good agreement is seen between the visual mould observa-
tions and the calculated mould growth in Figure 13. Most diffusion-open attics
show no or weak mould growth, while the diffusion-tight attics show visible or
heavy mould growth. Most notable exceptions are the UV diffusion-tight attics
with 0% and 20% infiltration (B9 and A6). Despite showing high RH throughout
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the experimental period and a calculated mould index above 5, the visual mould
observations showed little mould growth in the attics. However, these two attics
(and possibly others) could have more mould infestation than indicated by the
visual observations, since some growth may not be visible to the naked eye. The
lack of visual mould in these attics could be caused by the different colour pigments
of the mould species growing in these attics, lack of certain nutrients from the sub-
strate or due to the current growth phase of the mould as described in the works of
Eagen et al. (1997), Fleet et al. (2001), Gadd (1980) and Johansson et al. (2014).
These observations are in line with the results from the previous mould registration
within the project (Pold, 2015), in which visual observations, air samples and swab
tests were compared for several attics. The results showed inconsistency between
visual observation and the two other methods, including samples taken from attic
A6. Therefore, visual observations should be complemented by other quantitative
methods accounting for non-visual mould growth, such as the Mycometer� surface
test (Krause, 2003; Mycometer, 2012; Reeslev and Miller, 2000; Schrock et al.,
2011) measuring the fluorescent product released from the enzyme substrate com-
plex which relates to the N-acetylhexosaminidase activity found in mould. In addi-
tion, samples could be inspected for microscopic fungal growth at 40 times
magnification and ranked accordingly, as described in Johansson et al. (2014). Yet
another uncertainty for the comparison between rankings is that the visual mould
observation was performed 8months after the last data point used for the mathe-
matical model, which may have offset the results of several attics.

General for the experimental setup

The results presented in this article are for cold attic spaces under the eaves in a
cool temperate climate, located adjacent to an occupied zone with 20�C and RH of
60% throughout the year. Furthermore, while the 60% indoor RH is fit for sum-
mer conditions, it may be too high for winter conditions. Levels between 30% and
50% are suggested by Brandt et al. (2013) in winter, which are likely to impact the
hygrothermal performance of the attics. The physical location of the individual
attic was another general uncertainty, since it was theorized that wind conditions
would be different around attics located in the centre of the experimental setup
compared with attics at the ends of container A or B. However, no systematic ten-
dencies were observed which could be explained by the physical location of the
individual attics. More data on local wind conditions would have been valuable
for reaching a better understanding of the results in relation to the physical loca-
tion of the individual attics. Regarding comparison between attics in container A
or B; some differences were observed between the two indoor climates. However,
no comparison was made between container A or B for attics with infiltration, thus
the differences in the indoor climates should not be of great importance.

Measurement uncertainties would primarily be an issue at high RH values
where uncertainty of the equipment is at its largest. Looking at the comparisons
presented in the ‘Results’ section, measurement uncertainties would mainly
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influence the results for some of the worse performing attics with diffusion-tight
roofing underlay. Some of these attics have periods of several months with RH val-
ues around 98%–100%. Meanwhile, the attics with diffusion-open roofing under-
lay (and the diffusion-tight A1) do, however, maintain levels below 95% for the
majority of the experimental period. Hence, the more overall conclusion regarding
which are the best and worst performing attics will not change due to minor mea-
surement uncertainties.

Conclusion

This article presents the results from a large-scale experimental setup investigating
the hygrothermal performance of 18 north-facing cold attic spaces under the eaves
in a cool temperate climate, for almost 3 years. Different measures to tackle the
problem of unfavourable moisture conditions in cold attic spaces under the eaves
were combined and studied. These included varying the underlay, ventilation strat-
egy, infiltration rate and externally insulated underlay as parameters. RH and tem-
perature were measured continuously at multiple locations throughout the
experimental setup. The objective was to test the best practice recommendations
according to the Danish guidelines (Brandt et al., 2009, 2013) for design of cold
attic spaces under the eaves, and to comply with the requirements for airtightness
of the building envelope according to TBST (2018).

The main findings are as follows:

� Compliance with the Danish building regulations 2018 (BR18) (TBST, 2018)
for airtightness of the building envelope (less than 1.0L/s per m2 heated
floor area at 50Pa pressure difference) and the best practice guidelines does
not ensure satisfactory moisture levels in north-facing attic spaces under the
eaves, in order to prevent mould growth.

� The hygrothermal performance of north-facing attic spaces under the eaves
is worsened with increasing vapour diffusion tightness of the underlay. With
no observed change in the leakage air flow passing through the attic as an
effect of altered diffusion tightness, the worsened performance is likely due
to increased diffusion resistance. This indicates that the lower the diffusion
tightness of the underlay the better it is.

� SSV and PE according to the Danish guidelines (Brandt et al., 2009, 2013)
worsens the hygrothermal performance of north-oriented attic spaces under
the eaves with diffusion-open underlay.

� PE resulted in the worst hygrothermal performance in the north-oriented
attic spaces under the eaves with diffusion-open underlay in this study, while
results in a previous study (Bjarløv et al., 2016) indicated the worst perfor-
mance for SSV.

� For north-oriented attic spaces under the eaves with diffusion-tight under-
lay, the best performance was seen for attics with SSV and no infiltration.
With increasing infiltration area, the hygrothermal performance worsened.
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� Natural ventilation does occur within the cold attic spaces under the eaves.
It was found that air in the ventilated cavity entered the attic spaces and did
not bypass the valves entirely.

� Ventilation of attic with diffusion-tight underlay is necessary. However, too
much ventilation seems to worsen the conditions. A smaller sized ventilation
valve (flow area\50 cm2) may improve the performance of naturally venti-
lated attics.

� External roof insulation reduced heat loss due to long-wave radiation; this
increased the temperature in the underlay and lowered the risk of condensa-
tion on the internal surface of the roofing underlay. The external insulation,
however, did not improve the overall hygrothermal performance signifi-
cantly in the studied case. More data and analysis regarding various design
scenarios with externally insulated underlay are therefore needed to draw
more general conclusions on this issue.

� There was good agreement between the predicted and observed mould
growth in the studied attics. The results of this study indicate that post-
processing hygrothermal measurements with a mould growth model give a
good prediction of the real performance. Divergences between these two
methods may rely on the fact that a portion of the mould infestation was
unnoticed, because only visual observations were performed.
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Abstract
Relative humidity (RH) and temperature were measured in several solid masonry walls with

embedded wooden beams, fitted with autoclaved aerated concrete (AAC) thermal insulation

on the interior surface and exposed to a cool, temperate climate. The field study was based on

the use of a 40-feet insulated reefer container reconfigured with eight 1 × 2 m holes containing

the solid masonry walls. The study investigated the influence of AAC thermal insulation on the

interior side with a combination of exterior hydrophobization and a deliberate thermal bridge

in front of the embedded wooden wall plate using a material with higher thermal conductivity.

ValidatedHAM simulations were used to investigate the effect of controlling the indoor humidity,

and how this would affect the theoretical risk predictions from the damagemodels. Experimental

findings indicate that hydrophobization of solid masonry walls with internal insulation have both

positive and negative effects on the moisture balance of the wall, in relation to moisture-induced

damage, and that a deliberate thermal bridge installed in front of the embedded wooden wall

plate can reduce the moisture content in the wooden elements. Simulation findings indicate that

a combination of exterior hydrophobization and decreased indoor moisture load can reduce the

RH to acceptable levels in relation to moisture induced damage at the interface between existing

wall and new insulation. No major changes were observed in relation to the risk of frost damage

at the exterior surface.

K EYWORDS

damagemodels, field study, hydrophobization, internal insulation, mineral insulation board

1 INTRODUCTION

With an increasing desire toward reduction of the global energy

demand and the carbon footprint, an increased focus has been put

on the building sector. Granted that the existing building stock con-

sists of a large share of buildings constructed prior to 1945, yielding a

great potential toward reaching these goals as documented in the seg-

ment study by Odgaard et al. [1], many of which were built with solid

masonry exterior walls. A large portion of these buildings are consid-

ered as worthy of preservation, posing several challenges with respect

to renovation of the exterior walls as major exterior alterations often

are prohibited. This often leaves internal post insulation as the only

option. Previous research has shown sizable energy saving potential

for internal insulation of solid masonry walls [2–5]; however, from a

c© 2018 Ernst & Sohn Verlag für Architektur und technischeWissenschaften GmbH&Co. KG, Berlin.

building physics point of view internal insulation is considered as prob-

lematic since the insulation reduces the heat flow to the existing wall,

which as a result becomes colder [6–9]. This results in an increased risk

of condensation in the existing wall. Findings from recent experimen-

tal [2] and simulation [3,4,6] studies investigating the performance of

solid masonry walls fitted with traditional and new internal insulation

systemshave shownworsehygrothermal conditions and increased risk

ofmoisture-induceddamages. The aimof the research project is to find

robust solutions to counteract this phenomenon.

The present paper presents a field study and a simulation study

of internally insulated solid masonry walls located in a cool temper-

ate climate. The insulation system studied is diffusion-open, capillary-

active, and based on lightweight autoclaved aerated concrete (AAC).

Temperature (T) and relative humidity (RH) were measured during the

ce papers. 2018;2:79–87. wileyonlinelibrary.com/journal/cepa 79
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F IGURE 1 (A) External view of the reefer container and the test walls. (B) Photos from the construction process
Source: Søren Peter Bjarløv.

experimental period in eight test walls with different parameter varia-

tions. Themeasured datawas later used formodeling and validation of

the simulation models. Subsequently an assessment of the hygrother-

mal conditions in the test walls and simulation models was carried out

using damage models for mold growth, wood decay, and frost damage.

The research project tested the insulation system in combination with

exterior hydrophobization and a deliberate thermal bridge; to inves-

tigate the hygrothermal performance in the masonry walls and in the

embedded wooden wall plate and beam end, when the heat flow was

increased locally around these elements.

2 METHODS

The testwallswere constructed to resembleDanish historicmultistory

buildings from the period 1850–1930, both in relation to design and

materials. In the following sections theexperimental setupand the sim-

ulationmodels are described in detail.

2.1 Experimental setup

The experimental setup was comprised of a 40-foot insulated reefer

container, into which eight 1 × 2 m cutouts were made in the façade.

Next, eight identical testwalls with the dimensions (H×W×D) 1987×

948 × 358 mm (one-and-a-half-stones thick with 10-mm internal ren-

dering) were constructed in cutouts (Figure 1). Each test wall was con-

structed as a three-dimensional setup with a wooden floor construc-

tion and a one-and-a-half-stone internal masonry wall with render on

both sides (Figure 2). The adjacent elementswere included in the study

to replicate potential problems at the joints due to thermal bridges.

The wooden floor construction consisted of a 100 × 100 mm wood

wall plate embedded into the masonry wall, supporting a 175 × 175

mmwooden beam end embedded 100mm. The floor construction was

closed off using 15-mm OSB boards, and to replicate the traditional

clay, pugging layers between the 100 mm beams of mineral wool was

used. To best replicate the hygrothermal conditions occurring in the

historic buildings, the test walls were constructed using yellow soft-

moldedmasonry brick and 7.7% air-hardened limemortar with a grain

size of 0 to 4 mm, resembling the traditional masonry bricks and lime

mortar used in buildings from the period 1850 to 1930. The lime mor-

tar was used for the mortar joints and internal render. During the

construction of the test walls, special attention was put on reducing

potential sources of error like unintentional transport of heat, air, and

moisture. This was achieved through several measures including: (1)

Hygric and thermal decoupling around the testwallswithmineral wool

insulation and vapor retarder; (2) Sealing of joints usingmastic sealant;

(3) Rainwater runoff through flashings and roof constructionwith gut-

ters; (4) Raising the container to prevent water splashing up.

The experiment was conducted at the test site of the Department

of Civil Engineering at the Technical University of Denmark (DTU),

Kongens Lyngby, Denmark (55.79◦N, 12.53◦E).

2.1.1 Variations

Each of the eight testwalls in the experimental setupwas an element in

a set of parameter variations representing different scenarios. In this

paper, four of the test walls are presented: Wall 5 – Uninsulated, un-

hydrophobized reference wall; Wall 2 – Un-hydrophobized wall with

internal insulation; Wall 3 – Wall with internal insulation and exte-

rior hydrophobization; Wall 6 – Wall with internal insulation, exterior

hydrophobization, and deliberate thermal bridge.

The internal insulation systemwas comprised of 8-mm lightmortar,

100-mm AAC insulation board, 8-mm light mortar, and diffusion-open

paint on the interior surface. The hydrophobization was comprised
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F IGURE 2 Sensor points: (A) Vertical section of a test wall; (B) Horizontal section through the 13th brick course; (C) Horizontal section through
the 21th brick course; (D) Vertical section through the deliberate thermal bridge
Source: Tommy Riviere Odgaard.

of a silane/siloxane-based cream with 40% active ingredient. The

deliberate thermal bridge was comprised of a 100 × 200 mm AAC

block, with a density of 350 kg/m3, installed in front of the embed-

ded wooden wall plate, see Figure 2D. The purpose of the deliberate

thermal bridgewas to provide higher temperatures in thewoodenwall

plate and beam end, to possibly reduce the risk of moisture-induced

damages. Note that the insulation system and the hydrophobization

were installed according to the manufacturer's recommendations, by

people dispatched by the respective companies.

2.1.2 Measurement equipment

Temperature and RH were logged every 10 minutes during the exper-

imental period using digital HYT221 sensors. Each test wall was fitted

with nine sensors (Figure 2A-C), except for Wall 6, which had a 10th

sensor installed in the deliberate thermal bridge (Figure 2D). Two

sets of sensors were installed inside the container, and one sensor set

outside, behind a cladding board. Sensor accuracywas for RH±1.8% at

23◦C, between 0% and 90% RH, and for temperature ±0.2 K between

0◦Cand 60◦C. The sensors had ameasurement range of 0 to 100%RH,

and temperatures from−40 to 125◦C. Prior to installation, the sensors

were calibrated using saturated salt solutions, and the calibration

equations were applied before assessment. Datawas logged fromMay

1, 2015. In addition, weather data was obtained from DTU's weather

station, located on a nearby building 200mwest-southwest of the test

site.

2.1.3 Boundary conditions

The test walls were oriented toward southwest (compass angle of

237◦), which in Denmark is the prevailing wind direction and is thus

treated as the most critical orientation for wind-driven rain (WDR).

Furthermore, WDR in combination with high solar radiation from

south pose a potential risk for moisture transport through the wall

toward the indoor environment.

The container was conditioned to 20◦C and 60% RH, correspond-

ing to the upper limit of indoor climate class 3 [10]. Dehumidification or

cooling was not used. Thus, fluctuations could occur. Furthermore, the

container was fitted with two fresh air dampers, providing air change

rate of around 0.5 per hour, which is common in Danish residential

buildings [11].

2.2 Simulation study

One-dimensional simulations were carried out in the software Del-

phin, to investigate the hygrothermal performance of an internally
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TABLE 1 Material properties

Density 𝝀Dry M Aw

Material (kg/m3) (W/(m2∙K)) (-) (kg/(m2∙s0.5))

Masonry brick 1713 0.518 11.56 0.313

Hydrophobizedmasonry brick 1713 0.518 11.56 0.000313

Historic lime plaster 1800 0.82 12 0.127

Multipor mineral insulation board 98.5 0.044 3 0.006

Gluemortar for mineral insulation 830 0.155 13 0.0031

insulated solid masonry wall with and without exterior hydrophobiza-

tion in combination with reduced indoor RH, for example, by mechani-

cal ventilation.

2.2.1 Model composition

Simulation models for Wall 2 (un-hydrophobized with internal insula-

tion) and Wall 3 (hydrophobized with internal insulation) were mod-

eled and validated using measured data (sensor 1–4, external and

internal climates) by [12], and were further developed for this project.

Furthermore, material data for the individual layers were obtained

from the Delphin database, except for the historic brick, which was

obtained from a previous DTU project [13]. To simulate the hydropho-

bization of Wall 3, the water uptake coefficient, Aw, was reduced by a

factor 1000 for the outermost 10 mm of the masonry. Material prop-

erties used in Delphin are shown in Table 1. In the validation process

material parameters and boundary conditions were adjusted down/up

bymaximum 10%.

2.2.2 Boundary conditions

The wall models were simulated for four years, where a 2-year initial

simulation period was used to reach a quasi-steady state before the

measured data was introduced, as recommended by [14]. For the ini-

tial simulation period, Design Reference Year (DRY) climate data for

Copenhagen was used. The DRY data set did not include rain load, this

was obtained from DTU's weather station, along with wind, rain, and

short-wave radiation during the measurement period. For long-wave

radiation, DTUDRY data was used. For the indoor conditions, two sce-

narioswere simulated: (1)Usingmeasured data,with a setpoint of 60%

RH, and (2) RH fixed to 40%, based on the normal RH range duringwin-

ter of 30 to 50% in residential buildings [8].

Coefficients for the boundary conditions in Delphin:

1. Rain exposure coefficient 0.6 (-)

2. Solar reflection coefficient of the surrounding
ground (albedo)

0.2 (-)

3. Solar absorption coefficient of the building
surface

0.7 (-)

4. Long-Wave emission coefficient of the building
surface

0.9 (-)

5. Surface heat transfer coefficient,
External/Internal

25/4 (W/(m2
∙K))

6. Surfacemoisture transfer coefficient,
External/Internal

2e-7/3e-8 (s/m)

Last, like the experimental setup, the simulatedwalls were oriented

toward southwest.

2.3 Damagemodels

Several damage models were used in the project to assess the

hygrothermal conditions of the test walls and simulation models over

time, to produce a theoretical prediction of the risk of mold growth,

wood decay, and frost damage.Widely used damagemodels were cho-

sen for the assessment.

2.3.1 Mold growth

The risk ofmold growthwasdeterminedusing themathematicalmodel

by Hukka and Viitanen (the “VTT model”) [15–17]. The model calcu-

lates the critical RH as a function of temperature, and growth occurs if

RH≥RHcrit and T> 0◦C.Output from themodel is theMold Index (M),

ranging from 0 to 6, where 0 corresponds no growth and 6 to heavy

tight growth. The mold modeling was carried out using the material

class “medium resistant” and a decline factor of “relatively low”; corre-

sponding to concrete products. Mold modeling was performed for the

interior surface, and at the interface betweenmasonry and insulation.

2.3.2 Wood decay

The riskwasdeterminedusing themathematicalmodel forwooddecay

by Viitanen et al. [18]. The decay model consists of two processes: (1)

Activation process 𝛼, is the state of the decay and determines the initi-

ation of theMass Loss (ML) process; (2)MLprocess, inwhich irrecover-

able ML occurs when 𝛼 = 1. Increase in the activation process and ML

occurs when RH ≥ 95% and T > 0◦C. The presented decay modeling

was performed using 𝛼 = 1 as initial state. The presentedmodel output

isML in (%).

2.3.3 Frost damage

The risk of frost damage on the exterior surface was determined using

the Delphin output type “moisture saturation degree” (MSD), which is

the total moisture volume related to total pore volume. For non-frost-

resistantmaterials, the International Association for Science andTech-

nology of Building Maintenance and Monuments Preservation (WTA)

recommend that the pore saturation should not exceed 30% [19].

The limit of 30% pore saturation is considered as a rather conserva-

tive value when dealing with modern masonry bricks, as experimen-

tal studies indicate that the critical pore saturation is closer to 80 to

90% [20,21]. However, frost dilatometry tests by Mensinga et al. [20]

suggests that historical masonry bricks may have a critical pore satu-

ration as low as 25 to 30%. In addition, the Delphin output type “Ice
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F IGURE 3 Measured RH and calculatedMold Index, M, for the sensor at the interface: Point 3
Source: Tommy Riviere Odgaard andNickolaj Feldt Jensen.

volume to pore volume ratio” (ICE) [22], was also used for predicting

the potential risk of frost damage.

3 RESULTS AND DISCUSSION

This sectionpresents themeasuredvalues ofRH, and thedamagemod-

els derived from the measured temperatures and RH; followed by the

simulated RH and associated damage models. The presented data are

hourly averages of the loggedmeasurements, and data is presented for

the period May 1, 2015 to May 1, 2017. Furthermore, assessment of

themeasurement data showed thatwhile the thermal conditions in the

test walls stabilized within a few months, the moisture conditions sta-

bilized after around 12 months, presumably due to large amounts of

buildingmoisture. Data is presented for the entire period, however for

this reason focuswill be on the second year of the period, and the dam-

age model was first initiated at the beginning of the second year. The

results and discussion parts have been combined for easier presenta-

tion of the results.

3.1 Field study

The measured RH data is presented for points of interest within the

test walls together with the results from the respective damage mod-

els.Note that for simplicity of presentation, themeasured temperature

data will not be presented, although the data is a critical element in

understanding the significance of the measured RH. The temperature

datawas however included in the assessment of the hygrothermal con-

ditions using the damagemodels.

3.1.1 The interface

The measurements in Figure 3 show condensation at the interface

(Point 3) in all the insulated walls during winter. Wall 2 experi-

enced near 100% RH with minor fluctuations during summer, while

the exterior hydrophobization of Walls 3 and 6 are seen to reduce

the RH compared to the un-hydrophobized Wall 2. The measure-

ments do however suggest that the effect of the hydrophobiza-

tion varies depending on the season; where in summer the RH

is decreased as rain penetration is reduced due to the hydropho-

bization. In winter, the RH increases rapidly as the hydropho-

bization reduces the liquid transport through the outermost part

of the masonry wall, resulting in a reduced potential for evap-

oration to the cold outdoor climate during winter. The observed

increase in RH caused by the internal insulation and the reduction

by the hydrophobization correlate with findings from other stud-

ies including [4,12], assessing the performance through hygrothermal

simulations.

For the risk of mold growth, the highest M is seen for the un-

hydrophobized Wall 2: M = 2.6, while lower Ms are seen for the

hydrophobized Walls 3 and 6: M = 0.8 and M = 0.9, respectively. The

threshold ofM<3 suggested by [17]was not exceededwithin themea-

surement period; however the results are based on one year of data,

and all three walls show an increasing trend during the winter period.

3.1.2 The embeddedwoodenwall plate

In traditional applicationof internal insulation, the same systemconfig-

uration is used for the entire wall surface – from floor to ceiling. Insu-

lation installed in front of the embeddedwoodenwall plate supporting

the floor beamsmay however pose a problem, as the reduced heat flow

decreases the temperature in the wall plate resulting in increased RH.

The magnitude of the increase could be so severe that it may result in

wood decay in the wall plate. Considering the measurements for the

referenceWall 5 and the insulatedWall 2 (Figure 4), the RH andML is

seen to increase due to the application of the internal insulation. From

the ML curves it is also seen that the decay occurs 1 month earlier in

the spring for the insulated Wall 2 compared to the reference Wall 5.

Note also that the difference in RH in the wall plate is largest during

the winter, when the temperature difference between the indoor and

outdoor is greater. Furthermore, the measurements show that the

exterior hydrophobization (Wall 3) reduces the RH in the wall plate

to levels lower than that of the reference Wall 5, as the masonry wall

surrounding the embedded wooden wall plate becomes drier, which

also increases the temperature in the masonry and wall plate slightly,

in turn lowering the RH. The risk of wood decay in the wall plate was

also reduced. Last, the increased heat flow induced by the deliberate

thermal bridge installed in front of the embedded wooden wall plate
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F IGURE 4 Measured RH and calculatedMass Loss by decay, ML, for the sensor in the woodenwall plate: Point 5
Source: Tommy Riviere Odgaard andNickolaj Feldt Jensen.

F IGURE 5 Measured RH and calculatedMass Loss by decay, ML, for the sensor in the wooden beam end: Point 6
Source: Tommy Riviere Odgaard andNickolaj Feldt Jensen.

(Wall 6) increases the temperature, which in turn reduces the RH in

the wall plate even further. The effect of the thermal bridge is largest

during winter, due to larger temperature differences. The risk of wood

decay also reduces due to the thermal bridge.

3.1.3 The embeddedwooden beam ends

For the embedded wooden beam ends in Figure 5, rather similar val-

ues of RH are seen for the un-hydrophobized referenceWall 5 and the

insulated Wall 2. The exterior hydrophobization (Wall 3) reduces the

RH in the beamend during summer, while in autumn andwinter theRH

increases to levels above thoseof theun-hydrophobizedwalls. Last, the

deliberate thermal bridge installed in front of the embedded wooden

wall plate (Wall 6) reduces the RH even further during summer and

results in reducing themagnitudeof the increase in autumnandwinter;

resulting in RH levels like those seen for the un-hydrophobized walls.

The increased RH for the hydrophobized walls seems to be related

to the same phenomenon as discussed for the increased RH at the

interface.

The hygrothermal conditions for the embeddedwoodenbeam-ends

are in general slightly better than seen for the embedded wooden wall

plates (Figure 4). Results from the VTTmodel suggests no wood decay

in the beam end for neither the un-hydrophobized Walls 2 and 5 nor

the hydrophobizedWalls 3 and 6. The presented results are supported

by the findings fromother studies [3,23] investigating the performance

of solidmasonrywalls fittedwith the internal insulation in combination

with deliberate thermal bridge near the floor partition. This indicates

worse conditions in the beam ends due to the internal floor-to-ceiling

insulation,while a deliberate thermal bridge above, or above andbelow

the floor partition reduces the increase in RH caused by the internal

insulation.

3.1.4 The interior surface

The internally insulatedWalls 2, 3, and 6 reduce the RH at the interior

surface (Point 4) by 10 to 15% compared to referenceWall 5 (Point 3)

(Figure 6). The un-hydrophobizedWall 2 shows higher RH during sum-

mer of 2016 than the hydrophobizedWalls 3 and 6, however in the fol-

lowing autumn, winter, and spring, the three walls show rather similar

levels. The RH at the interior surface in front of the deliberate ther-

mal bridge (Wall 6, Point 10) is close to the insulated Walls 2, 3, and 6

(Point 4) during the summer of 2016. Then in winter 2016–2017, the

RH at the interior surface starts to follow that seen for referenceWall

5 (Point 3). The differences in RHobserved at the interior surface is the

result of the difference in the added thermal resistance by the insula-

tion, hydrophobization (causing drying of the masonry), and the ther-

mal bridge material, respectively, all raising the interior surface tem-

perature resulting in reduced RH. No risk of mold growth is seen for

the interior surfaces.
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F IGURE 6 Measured RH and calculatedMold Index, M, for the sensor at the interior surface: Points 3, 4, and 10
Source: Tommy Riviere Odgaard andNickolaj Feldt Jensen.

F IGURE 7 Simulated RH andMold Index, M, for the interface: Point 3
Source: Nickolaj Feldt Jensen.

3.2 Simulation study

Results from the field study indicate a need to control the indoormois-

ture load, for example, by mechanical ventilation, to reduce the risk

of moisture-induced damages. As reference Wall 5 subjected to an

indoorRHof 60% (theupper limit for residential buildings) showed risk

of wood decay in the embedded wooden wall plate prior to applica-

tion of the internal insulation (Figure 4), suggesting that the test wall

may already have problems with moisture. Furthermore, Walls 2 in

Figure 3 and 4 show unacceptable conditions for the internally insu-

lated masonry wall, suitable for mold growth and wood decay. One-

dimensional hygrothermal simulationswere therefore carried outwith

reduced indoor RH.

Results are presented for the un-hydrophobized Wall 2 and the

hydrophobized Wall 3 simulated with 60% and 40% indoor RH,

together with results from the respective damagemodels.

3.2.1 The interface

For the interface (Figure 7), the reduction of the indoor RH for the

un-hydrophobized Wall 2 shows little to no difference in winter,

where both walls show levels near 100% RH. However, in summer

the lower indoor RH greatly reduces the levels at the interface. For

the hydrophobized Wall 3, the lower indoor RH decreases the levels

at the interface throughout the simulation period, with around 20%

during summer and 10% during winter. For the calculated risk of mold

growth,Wall 2with 60% indoor RH peaks atM= 1.5, whileWall 2with

40% indoor RH and the two Wall 3 cases maintain M < 0.5. Note that

like the risk of mold calculated from the experimental measurements,

the un-hydrophobizedWall 2with 60% indoor RH shows an increasing

trend throughout the period; while the three other cases show slight

increase in winter followed by decrease in summer.

3.2.2 The interior surface

The simulation results for the interior surface will not be presented

visually in this paper. As seen for the calculated risk of mold growth

basedon the experimentalmeasurements, theVTTmodel did not show

a risk of mold growth on the interior surfaces. Lowered indoor RH

reduced the levels at the interior surface throughout the simulated

period for all the wall models.

3.2.3 The exterior surface

The reduction of the indoor RH did not affect the results at the exte-

rior surface greatly with respect to the risk of frost damage, as MSD

and ICE were almost identical for the simulated models with 60% and

40%. Therefore, results are only presented for the wall models sim-

ulated with 60% RH. In Figure 8 it is seen that with the exception

of one event occurring in July 2015, neither the MSD or ICE ratios

exceed the critical threshold of 30%byWTA [19], suggesting that frost

damage will not occur in the test walls. This correlates with the visual
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F IGURE 8 SimulatedMSD for the exterior surface: Point 1
Source: Nickolaj Feldt Jensen.

F IGURE 9 Simulated ICE at the exterior surface: Point 1
Source: Nickolaj Feldt Jensen.

inspections of the test walls which did not show any signs of frost-

induced damage.

Comparison between the un-hydrophobized Wall 2 and the

hydrophobized Wall 3 with respect to MSD (Figure 8) shows large

increase during the summer of 2015 for Wall 2, which is not seen for

Wall 3. This suggests that reduced rain intrusion by the hydrophobiza-

tion causes the low MSD. Similar is seen during winter 2015–2016,

where the two walls are rather similar with the exceptions of several

peaks in Wall 2. A different situation is however seen during winter

2016–2017,whereWall 3 experiences several peaks inMSD,whichare

not seen in Wall 2. This is also seen in Figure 9 showing the pore ice

volume ratio; in which the period December 1, 2016 to May 1, 2017,

is emphasized. On several occasions during this period, ICE in Wall 3

is seen to be around twice of what is seen in Wall 2. These results

may be related to the issue of the hydrophobization limiting the liquid

transport through the outermost part of the masonry wall, resulting in

increasedmoisture levels.

4 CONCLUSION

Measurements from several solid masonry walls fitted with diffusion-

open, capillary-active insulation based on lightweight AAC, indicate

that internal post insulation of these walls exacerbate the hygrother-

mal conditions at the interface between the existing wall and the insu-

lation system. This increases the risk of mold growth at the inter-

face. Furthermore, exterior hydrophobization has both positive and

negative effects on the hygrothermal conditions of the wall. A reduc-

tion of the rain intrusion in summer reduces the RH in the wall. Dur-

ing winter, the reduced liquid transport from the inside is inhibited by

the hydrophobization, and thus limits the evaporation to the cold dry

outdoor climate. This is seen both at the interface and in the wooden

beam ends. In addition, installation of a deliberate thermal bridge in

front of the embedded wooden wall plate has a positive influence on

the hygrothermal conditions in wall plate by reducing the RH and the

risk of wood decay. In the beam ends, the deliberate thermal bridge

reduces the increase in RH caused by the exterior hydrophobization,

resulting in levels close to the un-hydrophobized walls. Conditions

in the wooden beam end are less critical and no wood decay is pre-

dicted. Finally, the simulation study investigating the effect of reduced

indoorRHfor internally insulated solidmasonrywallswith andwithout

hydrophobization indicates that a reduction of the indoor RH to 40%

(for example, by mechanical ventilation) decreases the risk of mold

growth at the interface during thewhole year. If the RH is reduced only

duringwinter time, then thiswill also decrease the risk ofmold growth.
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Internal insulation of solid masonry walls – field experiment  
with Phenolic foam and lime-cork based insulating plaster 
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Denmark 

Abstract. The study investigated the hygrothermal performance and risk of mould growth in two thermal 
insulation systems for internal retrofitting purposes; a phenolic foam system with a closed cell structure, and 
a capillary active diffusion-open lime-cork based insulating plaster. The setup consisted of a 40-feet (12.2 
m) insulated reefer container with controlled indoor climate, reconfigured with several holes (1x2 m each) 
containing solid masonry walls with embedded wooden elements on the interior side and different interior 
insulation systems, with and without exterior hydrophobisation. Focus was on the conditions in the interface 
between wall and insulation system, and in the embedded wooden elements. Relative humidity and 
temperature were measured in several locations in the test walls over two years, and the mould risk was 
evaluated by measurements and the VTT mould growth model. Findings for the interior phenolic foam 
system indicated that exposed walls experienced high relative humidity and high risk of moisture-induced 
problems. Exterior hydrophobisation had a positive effect on the moisture balance for the southwest 
oriented wall with phenolic foam. The lime-cork based insulating plaster showed high relative humidity and 
risk of moisture-induced problems, with and without hydrophobisation.  

1 Introduction  

A high energy saving potential is found in retrofitting of 
historic masonry external walls [1]. Solid masonry 
buildings from 1850-1930 account for 41% of all Danish 
multi-story residential buildings (3-6+ floors) [2]. 
Studies have shown average-weighted U-values of 0.83 
and 1.12 W/m2·K for external walls in multi-story 
residential buildings built prior to 1850 and the period 
1850-1930, respectively [1]. Many of these buildings are 
worthy of preservation, which often prohibits major 
exterior alterations. From a building physics point of 
view, internal post-insulation of solid masonry walls is 
considered problematic as the reduced heat flow to the 
existing wall results in a lower temperature gradient and 
the original wall becomes colder [3], [4]. This increases 
the risk of interstitial condensation [3], [4]. Moreover, 
inwards drying is also reduced due to the increased 
diffusion resistance [3]. The higher moisture levels lead 
to increased risk of moisture-induced damages [3], [5], 
[6]. In the past two decades, strategies for internal 
insulation have changed away from diffusion-tight 
systems to diffusion-open capillary active systems, 
capable of redistributing moisture to reduce the mould 
risk. Studies [7]–[9] have observed good performance 
using diffusion-open capillary systems for internal 
retrofitting. However, other studies [5], [10] have found 
better performance for the diffusion-tight systems if rain 
could be prevented. Driving rain is one of the largest 

contributors to moisture in buildings [3] and a crucial 
factor regarding performance of internally insulated solid 
exterior walls [5], [10], [11]. Exterior rain protection like 
hydrophobisation is occasionally proposed for 
preservation worthy buildings. Insulation manufacturers 
claim that mould growth is prevented if highly alkaline 
glue mortars are used for installation of insulation 
products. This has led to increased focus on alkalinity of 
the glue mortars. The purpose of this study was to assess 
the hygrothermal performance of two internal insulation 
systems in a temperate Nordic climate. The aims were: 
1) determine the effect of exterior hydrophobisation on 
the hygrothermal performance of the examined 
insulation systems, and 2) test whether mathematical 
mould models would be useful for prediction of mould 
risk in the interface and embedded wooden elements. 

2 Method and materials  

A large experimental setup was constructed by the 
Department of Civil Engineering at the Technical 
University of Denmark (DTU) on the test site in 
Kongens Lyngby, Denmark (55.79°N, 12.53°E). The 
setup comprised of several test walls constructed to 
emulate a section of a Danish historic multi-story 
building from the period 1850-1930, in relation to both 
design and materials. The setup consisted of a 40-foot 
insulated reefer container with sixteen 1 x 2 m cut outs 
made in the façades to accommodate the test walls. Next, 
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sixteen identical solid masonry walls with the 
dimensions (HxWxD) 1987 mm by 948 mm by 358 mm 
(1½ stones thick with 10 mm interior rendering) were 
constructed in the cut outs (Fig 1). The test walls were 
constructed as a 3-dimensional set-up including a 
wooden interior floor construction and a 108 mm (½-
stone) interior separation wall made of masonry with 
render on both sides. The wooden floor construction 
consisted of a 175 x 175 mm wooden beam end 
embedded 100 mm into the masonry wall, supported by 
a 100 x 100 mm embedded wooden wall plate. The floor 
construction was closed off using 15 mm oriented strand 
board (OSB) as flooring, and 100 mm mineral wool 
emulated the clay-pugging layer, which is traditionally 
placed between the floor beams. Special care was made 
to reduce potential sources of error from unintentional 
heat, air or moisture transport. Measures included: 1) 
Hygric and thermal decoupling with vapour barrier and 
mineral wool around each test wall, 2) sealing of exterior 
joints with mastic sealant, 3) Gutters and flashings 
against unintentional rain intrusion, and 4) prevention of 
rain splash-up from the ground.  

Nine of the sixteen test walls are presented in this 
paper, and the wall configurations are presented in Table 
1. The applied insulation included: 1) phenolic foam 
with a closed cell structure, and 2) a capillary active 
diffusion-open lime-cork based insulating plaster [12]. A 
wall with a traditional interior insulation system of 
mineral wool and vapour barrier system was included for 
comparison. The insulation systems were applied to the 
“base walls”, while two test walls were left as 
uninsulated reference walls: G3 (Southwest oriented) 
and G14 (Northeast oriented). Exterior surfaces were 
kept as bare brick, except for G6, G9, and G11, which 

were treated with a silane/siloxane-based 
hydrophobising cream. Prior to the experimental period 
reported in this paper, which started Dec. 1st 2017, the 
test walls were fitted with different insulation systems 
for a period of 2½ years, and the hydrophobisation was 
applied in connection with the original insulation 
systems. Insulation systems were dismantled (including 
the rendering layer on the brick) and the test walls 
thoroughly cleaned for inorganic residues before 
application of new render and insulation systems. The 
mineral wool wall and the reference walls were installed 
on May 1st 2015. The phenolic foam was installed on 
November 21st 2017, while the insulating plaster was 
installed on November 7th 2018. 

Temperature and RH were measured and logged 
every 10 minutes using digital HYT221 sensors in nine 
different locations in each test wall and in the indoor and 
outdoor climates. Sensor accuracy was 0.2 K between 0 
and 60°C, and 1.8% RH at 23°C between 0 and 90% 
RH. Sensor range was -40 to 125°C and 1 to 100% RH. 
Sensors were calibrated prior to installation. The indoor 
environment was conditioned to 20 °C and 60% relative 
humidity throughout the whole measuring period (Nov. 
2017 to Dec. 2019), no cooling or dehumidification was 
used, therefore temperature and relative humidity could 
exceed this level in summer. The indoor moisture load 
corresponded to the highest humidity class for dwellings 
(humidity class 3) in Danish context. The moisture load 
was meant to stress the test walls, without being 
unrealistically high. Furthermore, two fresh air fans 
provided an air change rate of approximately 0.5 h-1. The 
influence of driving rain and high/low solar irradiation 
was assessed by orienting five of the nine test walls 
southwest (237°), and four towards northeast (57°).  

Fig. 1. Test stand configuration: (a) Vertical section of a test wall, (b) External view of test container, (c) Test wall under construction 
with wooden wall plate and hole for beam end, (d) Sensor installation in bricks (sensor points 1 and 2), (e) Sensor installation in 
insulation near interior surface (sensor points 4 and 9). 

(a) 

(b) 

(c) (d) (e) 
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The widely used VTT mould model by Hukka and 
Viitanen [13] was used to produce a theoretical 
prediction of the risk of mould growth. Model output is 
the mould index (MI), ranging from 0 to 6, where 0 
corresponds no growth and 6 to heavy growth (100% 
coverage). Values 3-6 are within the visual range. 

The interface (point 3) was modelled as “medium 
resistant” with decline factor “relatively low”. 
Embedded wooden elements (point 5 and 6) and points 3 
for wall G1 were modelled as “sensitive” with decline 
factor “wood recession”. Mould predictions for the 
interface were started after one year (on 01-05-2016) to 
emulate the effect of the alkaline conditions during the 
initial dry out process for systems using adhesive 
mortars. Modelling results were compared with the on-
site Mycometer results.  

Mould growth was analysed using on-site 
Mycometer [14] surface test in the interface between 
existing wall and insulation system and Mycometer bulk 
material test to assess mould growth in different layers 

through the insulation system (outermost 10 mm, and the 
remaining thickness was split in two equally sized parts). 

Interface samples were taken using sterile cotton 
buds, while the 80 mm drilling cores were disassembled 
and prepared in the laboratory for the bulk material test. 
Mould testing was performed in December 2019, two 
years after installation of the phenolic foam and one year 
after the insulating plaster.  

The obtained Mycometer values (MV) were 
evaluated according to protocol: Green (normal 
background level) = MV ≤ 25 (surface) or MV ≤ 150 
(material), Yellow (above normal background level) = 
25 < MV < 450 (surface) or 150 < MV < 450 (material), 
Red (high level of fungi) = MV > 450.  

The pH-value of internal lime render and adhesive 
mortars used for the test walls was determined by mixing 
5 g of material powder with 12.5 ml demineralized 
water, then shaking the samples for 60 minutes at 260-
270 rpm. After a 10 min settling period, samples were 
tested using a Sension+ MM374 (accuracy: ≤0.002 pH). 
Two tests were performed for each material sample.  

No. of walls:  
Wall ID & orientation 

Material layers  
(exterior side on top and 
interior side in the 
bottom) 
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9 Base walls: 
(serve also as the two 
reference walls G3 and 
G14) 

Yellow masonry brick* 1643 0.600 16.9 0.278 348 0.58 2.97E+10 

7.7% lime mortar render* 1243 0.440 22.4 0.390 10 0.02 1.13E+09 

Total: existing wall           0.60 3.08E+10 

1 wall:  
G1_MW_SW 

Mineral wool  37 0.040 1 0 100 2.50 5.05E+08 

Vapour barrier 
  

700000 
 

0.2 
 

7.07E+11 

Gypsum board 850 0.177 10 0.277 13 0.07 6.57E+08 

Total: MW system           2.57 7.08E+11 

4 walls: 
G5_Phenolic_SW 
G6_Phenolic+H_SW 
G11_Phenolic+H_NE 
G12_Phenolic_NE 

Adhesive mortar 1516 0.7331 41.4 0.006 5 0.01 1.05E+09 

Glass fleece  295 0.200 369 0.405 0.1 0.001 1.86E+08 

Phenolic foam 35 0.020 114 0.009 100 5.00 5.76E+10 

Aluminium foil    10000  0.1  5.05E+09 

Gypsum board 850 0.177 10 0.277 13 0.07 6.57E+08 

Total: Phenolic system           5.08 6.45E+10 

2 walls:  
G8_Plaster_SW 
G9_Plaster+H_NE 

Insulating plaster 250 0.037 3 0.129 40 1.08 6.06E+08 

Finish render** 2 1600 0.769 14.6  10 0.01 1.36E-11 

Total: Render system           1.09 1.34E+09 

*materials tested by Technische Universität Dresden within the RIBuild project, unmarked parameters were from the Delphin 
materials database or manufacturer information. **Natural hydraulic lime NHL 3.5 mortar (35/65/500) with 0-2 mm quartz sand. 
1Estimated value based on 14 mortar products with similar density from the Delphin materials database. 2Estimated values based on 
17 mortar products with similar density from the Delphin materials database. 
 

Table 1. Wall configurations and properties used in the field study. Insulation systems were applied internally to the base wall, while 
two un-insulated base walls were used as reference walls. SW = Southwest, NE = Northeast, +H = with exterior hydrophobisation. 
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3 Results and discussion 

Graphical representations of measurement data in the 
results section are based on 96 hours running average. 
Hourly data were used for the mathematical mould 
modelling. Plot abbreviations as presented in Table 1.  

3.1. Measurements  

The measured indoor and outdoor boundary conditions 
for the experimental setup is presented in Fig. 2. The 
drop in indoor RH levels in early 2018 was due to a 
malfunctioning humidifier. The warm dry summer of 
2018 is also visible from Fig. 2, where the indoor RH did 
not reach as high levels as the more typical Danish 
summer of 2019.  

Measurements for the interface between the masonry 
wall and insulation systems (Fig. 3) showed that the test 
walls experienced rather high RH levels throughout the 
experimental period, except for the hydrophobised wall 
G6. The internal side of the existing wall structure 
experienced reduced temperatures after installation of 
the internal insulation, resulting in the higher RH levels 
between the wall and insulation system. With the current 
measurement data, the insulating plaster was seen to 
perform worse than the phenolic foam insulation. The 
high RH levels in the interface are likely due to the large  
 

 
 
amount of water added during installation, increasing 
moisture levels in the critical locations until the built-in 
moisture has had sufficient time to dry out. The sensors 
were still in operation despite showing near 100% RH, 
and have been seen to perform well in other tests when 
RH levels start to decrease. To the southwest, both of the 
assessed insulation systems showed (very high) RH 
levels similar to the traditional mineral wool system, 
with only a minor drop for the phenolic foam insulation 
during the warm dry summer of 2018. The poor 
performance of the phenolic foam was likely caused by 
solar-driven vapour flow from the outside towards the 
inside during periods with shifting rain fall and solar 
exposure (summer condensation), condensing on the 
internal side of the masonry wall due to the tight nature 
of the systems – as described in [3]. Comparison 
between orientations showed slightly reduced RH levels 
towards the northeast for the phenolic foam insulation, 
while the insulating plaster showed similar levels for 
both cardinal directions. Application of the exterior 
hydrophobisation had a positive effect on the 
performance of the southwest oriented wall with 
phenolic foam, highly reducing the RH levels as rain 
intrusion was reduced. However, the positive effect was 
not seen for the northeast oriented wall.  

Measurements for the wooden wall plate (Fig. 4) 
showed increasing RH levels for both the phenolic foam 

Fig. 3. Measured RH in the interface between wall and insulation systems (measuring point 3). SW: Southwest, NE: Northeast, 
and +H: wall with exterior hydrophobisation.  

Fig. 2. Relative humidity and temperature for the indoor and outdoor climates 
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and insulating plaster compared with the reference walls, 
as the insulation system reduced temperatures in the 
existing structure and inwards drying. The only 
exception was the southwest oriented wall with 
insulating plaster, which showed similar levels.  

Comparison between orientations showed that the 
higher rain load from southwest had a large impact on 
the performance of the walls with phenolic foam, where 
the southwestern orientation showed considerably higher 
RH levels than northeast. The higher rain load from 
southwest caused only a slight increase in RH levels for 
the walls with insulating plaster compared with the 
northeastern orientation. Results indicate that the 
diffusion-open capillary active insulating plaster 
performs slightly better than the diffusion-tight phenolic 
foam when subjected to the large rain load and solar 
exposure from southwest. While to the northeast with its 
smaller rain load, the tight phenolic foam system 
performed better. This is in agreement with simulation 
results in [5, 10]. However, it should be noted that the 
water used for the installation of the insulating plaster 
may offset the tendencies as the systems may still dry 
out. Application of the exterior hydrophobisation had a 
positive effect on the performance of the phenolic foam 
oriented to the southwest, but not to the northeast.  

Measurements for the wooden beam end (Fig. 5) 
showed increased RH levels for both the phenolic foam 
and insulating plaster compared with the un-insulated 
reference walls, but lower compared with the traditional 
mineral wool system. Despite the large difference in 

diffusion tightness between the phenolic foam and the 
insulating plaster, the two systems showed rather similar 
RH levels during the latter 10 months of the 
experimental period. 

Comparison between orientations showed higher RH 
levels in the un-insulated reference wall and the 
insulated walls oriented to the southwest compared with 
northeast, due to the higher rain load. Exterior 
hydrophobisation had a positive effect on the 
performance of the two walls with phenolic foam, but 
the largest effect was seen for the wall to southwest.  

In most test walls, the beam ends were seen to have 
lower RH levels than the wall plate, and thus smaller risk 
of moisture-induced problems. The lower RH levels 
were likely related to the beam end being in the centre of 
the thermal bridge created by the floor structure. 
Receiving a larger amount of heat from the indoor 
environment resulting in higher temperatures compared 
with the wall plate sensor that was fully covered behind 
the insulation. Moreover, the wall plate also had worse 
premises for redistribution of moisture to the indoor 
environment compared with the beam end, due to the 
position behind the insulation system and the direction of 
the pores in the wood. Wood have anisotropic properties 
with transport in the longitudinal direction, not in 
tangential direction.  

The measurements showed that the effect of the 
hydrophobisation varied with the orientation for the  

Fig. 4. Measured RH in the wall plate (point 5). SW: Southwest, NE: Northeast, and +H: wall with exterior hydrophobisation.  

Fig. 5. Measured RH in the beam end (point 6). SW: Southwest, NE: Northeast, and +H: wall with exterior hydrophobisation.  
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phenolic foam insulation system. For the southwest 
oriented walls, the hydrophobisation highly reduced RH 
levels in the interface, wall plate and beam end as rain 
intrusion was an important factor. To the northeast 
however, a reduction due to the hydrophobisation was 
observed only for the beam end, while a slight increase 
was seen in both the interface and wall plate. This was 
possibly related to the differences between the two 
orientations with respect to wind driven rain and solar 
exposure. In Denmark, southwest oriented walls receive 
more rain and would thus benefit more from exterior 
hydrophobisation, and they are also subject to 
considerably more drying from solar radiation. The 
effect of hydrophobisation would be less on northeast 
oriented walls due to the smaller rain load, but at the 
same time, the walls would not have same drying 
potential due to less solar radiation. This was likely the 
reason why similar RH levels were seen for walls with 
and without hydrophobisation towards the northeast. In 
addition to the varying effect of orientation, the 
southwest oriented walls with phenolic foam also 
showed varying effect of hydrophobisation in the three 
different sensor locations. With a large reduction in RH 
levels occurring in the interface and wall plate, but a 
considerably smaller reduction in the beam end. Results 
suggests that this was likely related to the locations of 
the former two sensors being in or near the interface 
between wall and insulation where the risk of interstitial 
condensation was largest and where inwards moisture 
flow (summer condensation) would get stopped by the 
tight phenolic foam insulation, resulting in higher RH 
levels. In comparison, the beam end sensor was located 
in the centre of the thermal bridge of the floor beam, 
maintaining higher temperatures and lower RH levels. 
Any moisture from the outside would likely be 
transported to the indoor environment quite easily 

through the beam. Since rain intrusion was likely less 
important in the beam end due to these factors, the effect 
of the hydrophobisation was smaller.  

The effect of hydrophobisation for the insulating 
plaster was difficult to evaluate as only the northeast 
oriented wall was treated. The intention was to create a 
worst case (untreated southwest) and best case scenario 
(treated northeast). However, results were found to be 
rather similar for both these walls in all three sensor 
locations, with only a slight reduction in the treated 
northeastern wall. 

Note that the indoor moisture load of 60% RH was 
used throughout the experimental period, with the 
exception of January and February 2018 due to a 
malfunctioning humidifier. This was representative in a 
Danish context during summer periods, but abnormally 
high for winter periods. Danish best practice guidelines 
[4] suggest 30-50% RH during winter. A reduction 
would likely reduce the risk of moisture-induced 
problems as less moisture would be available in the 
indoor air for outwards diffusion. 

3.2. pH and mould growth  

Test of fresh material samples showed pH 12.7 for the 
lime render and the insulating plaster, and 12.4 for the 
adhesive mortar used for the phenolic foam insulation. 
The render and adhesive mortar in the test walls with 
phenolic foam maintained a high pH-value over the 
entire 2-year period (Table 2), and the adhesive mortar 
was even seen to increase slightly in pH compared with 
the fresh samples. The increase was likely due to the 
higher pH-value of the lime render affecting the adhesive 
mortar through washing out. Moreover, comparison 
between the four test walls fitted with phenolic foam 
showed little or no difference in the pH-value of the 

Table 2. Results from the on-site pH and mould growth tests, as well as VTT mould growth predictions for the interface (Point 3). 
 

 
 
 
Wall ID \ Sample no.: 

pH-value [-] VTT mould 
index [-] 

Mycometer value (MV) 
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Surface test in point 3 
(interface): 

Material test of drilling samples 
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 Outermost 10 mm of insulation2 

    1a 1b 2a 2b 1a 1b 2a 2b 

G1_MW_SW*  10 4.3 5.3 615 162   88 195 99 394 

G3_Reference_SW  9.3           

G14_Reference_NE  9.2           

G5_Phenolic_SW 12.5 12.6 2.3 3.5 6 17 3 4 1 1 11 3 

G6_Phenolic+H_SW 12.6 12.7 0.2 0.5 8 12 3 12 BDL 1 BDL BDL 

G11_Phenolic+H_NE 12.6 12.7 2.0 3.2 12 12 15 18 0 BDL 0 1 

G12_Phenolic_NE 12.5 11.9 1.9 3.0 37 28 3 6 2 5 BDL BDL 

G8_Plaster_SW** 12.0 11.7 1.8 3.5 11 12 12 31 35 28 34 29 

G9_Plaster+H_NE** 12.1 10.9 1.8 3.4 30 25 26 26 27 28 26 21 

*Mycometer surface samples were taken on wooden studs, and material samples were taken at random from the mineral wool in the 
wall opening. **pH-value for insulating plaster as no adhesive was used for this system. BDL: below detection level. Sample “1” 
and “2” refer to the two drilling core samples taken out, while “a” and “b” refer to the two tests performed for each drilling core. 
1Average of two pH tests. 2Samples from the outermost 10 mm of the insulation, near the interface between masonry and insulation.  
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render or adhesive mortar due to the exterior 
hydrophobisation. This corroborates with [15] who 
found no change in diffusion resistance of the masonry 
and mortar samples due to hydrophobisation treatment. 
Compared with the phenolic foam system, the insulating 
plaster and underlying render showed slightly lower pH-
values. It should however be noted that the lime render 
on these walls were applied simultaneously with the 
render for the walls with phenolic foam, and was in 
direct contact with the room air for one year before 
application of the insulating plaster. This would likely 
have caused a decrease in pH-value for the render, and 
thus the render would not have had the same influence 
on the pH in the insulating plaster as it did for the 
adhesive mortar in the phenolic foam system. Moreover, 
the insulating plaster was highly diffusion-open while 
the phenolic foam system was diffusion-tight. This 
allowed for more rapid carbonation of the insulating 
plaster and the underlying render and reduction of the 
pH-values, compared with the phenolic foam system. 
The test wall with mineral wool and the reference walls 
experienced low pH-value, as rendered surfaces had 
direct contact with air over the 4½ years since 
application. 

 
The on-site Mycometer surface and bulk material 

tests (Table 2) showed high mould growth for the 
traditional wall with mineral wool, vapour barrier and 
wood studs in the interface between wall and insulation, 
and above background level within the mineral wool 
layer. For the phenolic foam insulation and the insulating 
plaster, the tests showed mould growth within the 
normal background level (green marking) or slightly 
above background level (yellow marking, the smaller 
values). This indicates that the test walls with phenolic 
foam and insulating plaster did not experience mould 
growth within the first 1 or 2 years after application. 
This was despite the rather high RH levels observed in 
the interface between wall and insulation for some of the 
test walls, especially the walls without hydrophobisation. 
The lack of mould growth in these six test walls was 
likely due to the high pH-value in the material layers on 

both sides of the interface and little or no available 
nutrition resulting in unfavourable growth conditions. In 
contrast, the mould growth found in the test wall with 
mineral wool was most likely the result of high RH 
levels, available nutrition from the wood stud frame, and 
suitable pH-levels as samples were taking on the wooden 
studs and in the mineral wool.  

The mould modelling results (Table 2 and 3) showed 
a large mould growth risk in both interface and 
embedded wooden elements for the test wall with 
mineral wool. For the reference walls, a potential risk 
was observed only for the wall plate in the southwest 
oriented test wall, while no risk was seen for the 
northeast oriented wall. Risk predictions for the walls 
with phenolic foam showed a medium to large risk of 
mould growth in the unhydrophobised southwest 
oriented wall. Meanwhile, the exterior hydrophobisation 
for wall G6 reduced the risk considerably, suggesting no 
mould growth in any of the three critical locations. 
Towards northeast, the effect of hydrophobisation was a 
bit mixed, showing reduced risk in the beam end, but 
increased risk in the interface and wall plate – as seen for 
the RH levels. For the insulation plaster, a slightly higher 
risk of mould growth was observed for the southwest 
oriented wall compared with the northeast oriented wall 
with hydrophobisation. For most test walls, the 
prediction indicate a higher risk in the wooden wall plate 
compared with the beam end. Note that the higher mould 
growth risk observed in the interface for the wall with 
mineral wool compared with the six other walls was due 
to the material sensitivity of the wooden studs being 
more sensitive compared with the insulating plaster and 
adhesive mortar, allowing for higher mould index values 
and at the same time a lower critical RH level. 

Comparison between on-site Mycometer tests and the 
mathematical mould modelling were in agreement for 
the wall with mineral wool where both showed high 
mould growth risk, and for the southwest oriented wall 
with phenolic foam and exterior hydrophobisation where 
both methods showed no mould growth. However, 
contrasting results were seen for the remaining five 
walls, where the on-site testing found no mould growth 
in the interface between wall and insulation while the 
model suggests that all walls at some point during the 
period would reach a rather high mould growth risk with 
a final MI value of 3-3.5 within the 1 and 2 years of 
measurements. The reason for these discrepancies may 
relate to the lack of nutrition and the high pH-value of 
the adhesive mortar and insulating plaster hampering 
mould growth during the initial periods, as pointed out in 
[16]. pH-value was however not included in the mould 
model, and the duration of an “initial drying out” period 
was rather unclear. Morelli and Møller [9] found high 
pH-value in adhesive mortars 2 years after application. 
The reliability of some of the widely used mould 
prediction models were addressed in [17-18], who found 
that the models should not be used as a means to 
determine a precise risk of mould but rather to determine 
the likelihood of mould growth occurring or not. 
Alternatively, they could be used as comparative tools to 
assess different design solutions. Shortcomings within 
the models may relate to a lack of knowledge with 

Table 3. Predicted mould growth using the VTT mould 
model for Point 5 (wall plate), and Point 6 (beam end). 

Wall ID 

Average VTT 
mould index [-] 

Max VTT  
mould index [-] 

P5 P6 P5 P6 

G1_MW_SW 4.5 4.5 5.3 5.3 

G3_Reference_SW 4.3 0.5 5.3 1.7 

G14_Reference_NE 0.0 0.1 0.0 0.6 

G5_Phenolic_SW 4.6 2.1 5.3 3.6 

G6_Phenolic+H_SW 0.1 0.0 0.6 0.1 

G11_Phenolic+H_NE 1.5 0.0 2.4 0.4 

G12_Phenolic_NE 0.5 0.9 1.7 1.6 

G8_Plaster_SW 2.6 1.1 5.2 2.7 

G9_Plaster+H_NE 1.8 0.6 3.6 1.1 
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respect to mould growth on different materials and the 
effect of ageing of materials, as well as the definition of 
germination start and growth conditions, which were 
seen to differ between models. Due to the many 
unknown variables when dealing with mould growth in 
buildings, Gradeci et al. [19] proposed to use a 
probabilistic approach.  

4 Conclusion 

This paper presents a large field study comprised of 
several solid masonry walls with embedded wooden 
elements and internal insulation for up to two years. The 
hygrothermal performance of two insulation systems 
were assessed, and the risk of mould growth was 
determined through mathematical models and on-site 
testing. The effect of exterior hydrophobisation was also 
investigated. 

 The experiment showed that solid masonry walls 
retrofitted internally with phenolic foam and insulating 
plaster experienced high RH levels in one or more 
locations, when the exterior surfaces were left as bare 
brick and the indoor climate were kept at 60% RH 
throughout the year. Exterior hydrophobisation was 
shown to have a positive effect on the RH levels for 
walls insulated with phenolic foam. However, the effect 
of hydrophobisation was found to vary with the 
orientation and with the sensor locations. With limited or 
no reduction occurring for the northeast oriented wall 
with phenolic foam. With the given conditions, present 
findings suggest that exterior hydrophobisation is most 
crucial towards the prevailing wind direction, and are 
likely of be lesser importance on walls receiving a 
limited amount of wind driven rain.  

 No mould growth was found in the test walls with 
phenolic foam and insulating plaster, which was likely 
due to the combination of little to no available nutrition 
and high initial pH-value in the adhesive mortar and 
insulating plaster creating an unfavourable growth 
environment. This suggests that internal insulation could 
potentially be installed if proper cleaning prior to 
installation is done and the high pH-value is maintained. 
In contrast, mould growth was found in the test wall 
retrofitted with the traditional mineral wool and vapour 
barrier system, without high initial pH-value. A poor 
correlation was seen between the mathematical mould 
growth modelling and the on-site mould growth in the 
interface between wall and insulation. Post processing of 
the measured temperature and RH with the mould 
growth model overestimated the risk compared with the 
on-site tests. The observed discrepancies were likely due 
to the lack of available nutrition and the high pH-value 
in the interface hampering mould growth. However as 
mentioned earlier, the models could still serve as 
valuable tools to compare the hygrothermal performance 
of different design solutions. The authors recommend 
further validation of the prediction model through more 
experimental data. Perhaps in time including pH-value as 
a model factor.  
 

This research was financially supported by the European 
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project; and by the Landowners Investment Foundation 
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Abstract. In historic masonry buildings, wood can be embedded in the walls as storey partition beams, or as 

supportive wall plates. Half-timbered masonry constructions, or wooden frames, e.g. combined with internal 

insulation, are other examples of wooden elements. Wood decaying fungi can cause serious damage to wood, 

which may lose mass and strength, ultimately yielding the risk of collapse. In addition, some fungal species 

may even be hazardous for occupants. All wood decaying fungi depend on favorable moisture and temperature 

conditions, although the threshold conditions may vary with various fungal species and types, and state of the 

wood. To predict the risk of occurrence of wood rot, several models have been developed, however most of 

these are based on a limited number of experiments, or very specific cases. For these reasons, the applicability 

of the models to other scenarios (fungal species, wood species) may not be appropriate. Furthermore, another 

failure mode for wood and moisture, is mold growth, which is initiated at lower moisture levels. An indication 

of risk of mold growth would indicate problems or risks before the initiation of wood rot. Mold growth does 

not deteriorate the wood, but is usually equally undesired due to health concerns of occupants. For this reason, 

there might be places where some mold growth would be acceptable, e.g. embedded beam ends if there is no 

transfer of air from the moldy area to the indoor air. Therefore, risk of rot could be important. The paper 

investigates models for mass loss due to wood decay and mold growth based on exposure time to favorable 

hygrothermal conditions. The investigation is based on inspection of wood samples (wall plates) from a full-

scale experimental setup of masonry with embedded wood and monitored conditions, to which the prediction 

models will be applied. Monitored hygrothermal conditions were implemented in mold and wood decay 

models, and samples were removed from the test setup. The implemented models yielded high mold index 

and mass loss, whereas neither mold nor decay was observed in the physical samples. Results indicate that 

the implemented models, in these cases appear to overestimate the risks of mold and rot in the supportive lath 

behind the insulation. 

1 Introduction  
In older masonry buildings, wood is often embedded in 

the walls as storey partitioning beams, supportive wall 

plates, or wooden frames in half-timbered masonry. Thus, 

the wooden elements can be significant load-bearing 

elements. Wood decaying fungi usually causes wood to 

lose strength, and change shape and color. A reduced 

strength and mass due to fungal attack can therefore have 

substantial consequences. Furthermore, the fungi may 

release unpleasant odors, and inhalation of airborne 

microorganisms and metabolites of some species may 

cause symptoms of respiratory problems for building 

occupants, depending on exposure and immunological 

reactivity [1]. Biological degradation of wood is a 

naturally occurring process of fungal growth given 

favorable conditions of both e.g., moisture and 

temperature. Most wood decaying fungi have optimum 

conditions at 20-30°C, and a wood moisture content of 20-

30 % (wt.). Wood-decaying fungi colonize in wood with 

a moisture content above 20 % (wt.) [1], and below 

70 % (wt.) [2]. Some species are able to decay wood at 

lower moisture levels than 20 % (wt.) and still other 

species prefer much higher moisture contents for optimal 

growth. There are more than 30 known wood decaying 

fungi species as may be found in buildings [3], and they 

have different preferences and optimal growth conditions. 

Some species can hibernate in dry periods, and the decay 

will once again initiate when moisture conditions allow it 

[4]. Some decay processes are very slow, and actual mass 

and strength loss can take years to develop [3]. Other 

fungi can cause serious damage within short time frames 

given optimal conditions. The optimal moisture 

conditions for fungal growth also depends on other 

factors, such as the time of wetness, temperature and the 

type and condition of the wood. Previously attacked wood 

is also more prone to new attacks. 

There are three types of rot fungi that initiate wood 

decay; brown rot, soft rot and white rot [5]. Brown rot is 

initiated earlier and develops faster when compared to the 

other types. Furthermore, brown rot causes higher mass and 

strength loss when compared to white and soft rot on 

southern pine sapwood [6]. The more aggressive behavior 

of brown rot has also been demonstrated by Brischke et al. 
especially in sap and non-colored heartwood of European 

larch, Douglas fir, scots pine and Norway spruce [7]. They 

also found, that some species, e.g. larch and pine, were 

more sensitive to decay fungi when compared to fir. 
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Models for prediction of wood decay have been 

developed to evaluate the risk of decay under given 

conditions in structures. Similarly, models have been 

developed for prediction of the risk of mold growth under 

dynamic temperature and relative humidity conditions, 

and for different material sensitivity classes.

In this paper, indicative experimental investigations and 

dynamic models for mass loss due to wood decay and mold 

growth based on exposure time to favorable hygrothermal 

conditions for the formation of wood rot are compared. The 

investigation is based on inspection of wood samples (wall 

plates) from a full-scale experimental setup of masonry 

with embedded wood and monitored hygrothermal 

conditions, to which the prediction models will be applied.

The paper first describes the two applied wood decay 

models and one mold model. Thereafter, the experimental 

setup is described, as well as the method for removal of 

wooden samples and measurements performed. The 

monitored conditions in the wall plates that were 

investigated are presented and discussed, as well as results 

using prediction models, monitored moisture content and 

observed decay and mold growth.

2 Methods
Both prediction models and experimental methods have 

been implemented in this study for comparison of the 

predicted and observed conditions of the wood. In-situ 

measurements of hygrothermal conditions in wall plates 

were implemented in prediction models for mold and 

decay, and using a destructive method, wood samples 

were removed from the test setup and studied with regard

to the predicted risks.

2.1 Prediction models

For evaluation of the risks of wood decay or mold growth, 

models for the prediction of risks have been implemented. 

The models are briefly described in the next sections. 

2.1.1 VTT wood decay model

The VTT wood decay model accounts for the period of 

time in which the hygrothermal conditions (temperature, 

T, and relative humidity, RH) are favorable with regard to 

wood decay [5]. The model generates a percentage of 

irreversible mass loss, ML [%], in the wood. The original 

model, described in equation 1, was developed for brown 

rot decay in sapwood under constant conditions with 

T≥0°C and RH≥95%. Under dynamic hygrothermal 

conditions, the mass loss is separated in two processes; 

the activation process and a mass loss process. The 

activation process is defined by α (equation 2-4) which is 

initially 0. When α reaches 1, the decay process is initiated 

and the mass loss is described in Equation 5;

��(��, �, �) = −42.9� − 2.3� − 0.035�� +0.14� ∙ � + 0.024� ∙ �� + 0.45�� ∙ � [%] (1)

	(�) = 
 �	 = �(∆	)�
�

�
�  (2)

∆	 =
⎩⎨
⎧ ∆������(��, �) , �� � > 0 � ��� �� > 95%

∆�17520 , ��ℎ����!�  (3)

�����(��, �) = "2.3� + 0.035�� − 0.024� ∙ ��−42.9 + 0.14� + 0.45�� # [ℎ] (4)��(��, �)�� = −5.96 ∙ 10$& +1.96 ∙ 10$'� + 6.25 ∙ 10$'�� [%/ℎ] (5)

2.1.2 Japanese wood decay model

Similarly to the VTT model, the Japanese model defines 

mass loss due to wood decay, based on hygrothermal 

conditions (T, RH), and exposure time [8,9]. The 

development of the Japanese wood decay model was 

based on rate constants determined by mass loss in small 

wood samples (Japanese red pine) with brown rot fungus.

In this model, mass loss initiates when the relative 

humidity exceeds 98%, which is defined as the critical 

relative humidity, RHcrit, as no mass loss was observed at

lower relative humidities. The Japanese model neglects 

the initial response time for delay, when conditions reach 

RHcrit. The mass loss due to wood decay is generated 

through equations 6-8, and output of the model is mass 

loss in kg/kg. The mass loss at surface points is found by 

equation 6, whilst the mass loss at inner points in a 

construction is defined by equation 7. The rate constant 

for mass loss, km [1/s], is found by equation 8.

*-*�8:;� = <?(�)     (��� ≥ ������) [ABAB]   (6)
*-*�8:C� = <?(�)     (��$D �� ��ED > 0, ��� ≥ ������)[ABAB]

   
(7)

<?(�) = (2.77 − 3.23� + 0.865�& − 0.0189�&) ∙ 10$D�
  (8)

2.1.3 VTT Mold model

The VTT mold model generates a mold index, M [-],
based on given boundary conditions of temperature and 
relative humidity, as well as considering the sensitivity 
class of the substrate. The mold index, M, is a number 
between 0 and 6 indicating the amount of mold growth to 
be expected under given conditions on the given substrate. 
The definitions of the various values for mold index are 
given in Table 1.

Table 1. Mold growth index classification [10]
M Description of growth rate

0 No growth, spores not activated

1 Small amounts of mold on surface (microscope), initial stages 
of local growth

2 Several local mold growth colonies on surface (microscope)

3 Visual findings of mold on surface, <10% coverage, or, 
<50% coverage of mold (microscope)

4 Visual findings of mold on surface, 10-50% coverage, or, 
>50% coverage of mold (microscope)

5 Plenty of growth on surface, >50% coverage (visual)

6 Very heavy and tight growth, coverage around 100%
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The model index is found by means of equation 9
below [10,11]. In this case, SQ (surface quality) was 0 for 
sawn surfaces, and W (wood species) was 0 for pine. The 
factors k1 and k2 are correction coefficients for mold
growth intensity and moderation of mold growth intensity 
as M approaches Mmax. The value of Mmax is the maximum 
mold index value achieved under the given conditions, 
and constant factors A, B and C are determined by k2 and 
the sensitivity class [10].

���� = 17 ∙ �$�.GH IJ(K)$DL.M IJ(NO)E�.D'P$�.LLQREGG.�& ∙ <D<& (9)

<D =
⎩⎨
⎧ �S;D,T�UV�S;D , � < 1

2 ∙ �S;L,T�UV − �S;D,T�UV�S;L − �S;D , � > 1 (10)

<& = X�Y Z1 − �&.L∙(S$S\^_)0  (11)

�?`: = a + b ∙ ������ − �������� − 100 − � ∙ " ������ − �������� − 100#&
 (12)

To take into account the decline of mold growth 
during unfavorable conditions, the extent of degradation 
of mold must also be considered. The reduction in value 
of mold index is defined as presented in equations 13
(mold decline intensity for pine) and 14 (mold decline 
intensity for any material given the recurrence coefficient 
Cmat). For this work, the material is classified as 
“sensitive”, corresponding to planed wood, paper-based 
products, and wood-based panels (e.g. planed pine, 
glulam). The recurrence coefficient Cmat, was set to 1, 
corresponding to untreated wood or pine.

"���� #� = c −0.00133, �ℎ�� � − �D ≤ 6ℎ0, �ℎ�� 6ℎ ≤ � − �D ≤ 24ℎ0.000667, �ℎ�� � − �D > 24ℎ (13)

����?`� = �?`� ∙ "���� #� (14)

2.2 Experimental investigations

2.2.1 Large scale experimental setup

A large-scale experimental setup at the Technical 
University of Denmark consisted of 24 internally 
insulated solid masonry wall sections with embedded 
wooden beams and supportive wall plates (pine). A
section view of the wall configurations is given in Fig. 1;
red dots and numbers represent monitoring points for 
temperature and relative humidity (digital HYT 221 
sensors; ±1.8%RH (23°C ,0-90%RH)). The experimental 
setup was first and foremost conducted for evaluating the 
performance of several different internal insulation 
systems, which have been further described, analyzed and 
reported in [12–14]. For the present study, samples from 
the wooden supportive wall plate were taken from six of 
these walls. By means of sorption isotherms for pine [15],
the moisture content was determined. In this study, only 
results from measuring point no. 5, in the wall plate, have 
been included.

Four years of measurement data (5/1/2015-5/1/2019) 
from sensor location 5 (supportive wall plate) were 

studied, and the cases with highest relative humidity were 
implemented in the VTT wood decay model. Six walls 
showed very high wood decay according to the VTT 
model, and were chosen for further investigation. All of 
these walls were oriented towards the SW, and the wall 
configurations are elaborated in Table 2 with regard to 
insulation system, and internal and external surface 
treatments. The digital RH measurements for the wooden 
wall plates were used for both the wood decay models as 
well as the mold model.

Fig. 1. Section view of the walls from the experimental setup, 
and indication of measurement points in the construction

Table 2. Descriptions of walls from which the supportive wall 
plate was investigated with regard to wood decay and mold
growth, and estimated values of thermal resistance through the 
construction*

Interior 
insulation 
system, 
100mm

Exterior 
surface

Interior 
surface

Thermal 
resistance
[m2K/W]

G1 Mineral wool + 
vapor barrier

Bare 
brick

Gypsum + 
Acrylic 
paint

3.16

G4 Calcium 
silicate

Bare 
brick

Diffusion 
open paint 2.26

G5 Foam concrete Bare 
brick

Diffusion 
open paint 2.27

X1
Autoclaved 
aerated 
concrete

Render Diffusion 
open paint 3.00

X2
Autoclaved 
aerated 
concrete

Bare 
brick

Diffusion 
open paint 2.98

X8
Autoclaved 
aerated 
concrete

Bare 
brick

Acrylic 
paint 2.98

*Estimations based on: 348mm brick, λbrick = 0.6W/mK, 10mm 
internal and external render, λrender = 0.5W/mK, 100mm of each 
insulation with λmin.wool = 0.04W/mK, λCaSi = 0.061W/mK, λfoam concrete 
= 0.064W/mK, λAAC = 0.044W/mK. 10mm adhesive, 8mm int. 
render for CaSi, λad.ren.CaSi = 0.5W/mK, 8mm adhesive and render 
for AAC and foam concrete, λad.ren.foam.AAC = 0.155W/mK

2.2.2 Destructive investigation

To study the conditions of the wall plates, and indications 
of rot and mold, Ø80mm samples were extracted by cup-
drilling the construction from the inside after removal of 
the covering insulation and finishing. The samples were 
visually inspected and smelt for any odors to permit 
detecting signs of either rot or mold; the material 
resistance towards awl compression was also assessed. 
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A rule of thumb says, that if the awl penetrates 1-3mm, 
the wood is healthy. A 3-6mm penetration indicates that
the wood is very moist, and possibly attacked by wood 
rot. If the penetration depth of the awl exceeds 6mm, there 
is likely a comprehensive fungi attack [16].

The moisture content of the wood was measured with 
a pin gauge on the internal surface immediately after 
removal of covering insulation, and on the external 
surface after the sample was removed from the 
construction. Furthermore, the mass of each sample was 
registered directly after removal from the wall that 
thereafter, allowed determining the total moisture content 
in the sample. This was performed by weigh-dry-weigh 
method, where the specimens were dried at 105°C until 
constant mass. 

a)  b)  

c)  d)  
Fig. 2. Process of removing samples from the supportive wall 
plate. Measurements of moisture content (a) and Mycometer 
swabs (d) were performed on both ends of the samples.

Finally, two Mycometer swab tests [17–19] were 
made on each end of the drilled-out sample. Mycometer 
(surface) is a method for detection and quantification of 
mold growth on surfaces. The method is based on 
fluorometric detection and quantification of an enzyme 
found in mold spores and the mycelium. The Mycometer 
test generates a number that indicates the density of fungal 
biomass on the surface, corresponding to one of the 
following categories; A: ≤25 (mold level is not above 
regular background level); B: 25-450 (mold level is above 
regular background level. This mold level can be caused 
by high concentrations in dust, or indicate the presence of 
dried-out mold), and; C: >450 (mold level is much higher 
than regular background level due to mold growth). The 
process of removing insulation, measuring moisture 
content, drilling the samples and Mycometer swabs, is 
illustrated in Fig. 2.

3 Results and discussion
The moisture content in the supportive wall plates over a 
4-year time period of this study, are depicted in Fig. 3. An 
average between adsorption and desorption has been used 
under the assumption of equilibrium to surrounding air. It 
is seen, that the moisture content has an upper limit in this 
case, due to the limits of the sorption isotherm as was 
implemented [15], however the magnitude of the values 
are compatible with on-site measurements (see Fig. 7). It 
is seen, that after the first year of measurements, all the 
wall plates exhibit moisture contents between 20 and 33
% (wt.) for the entire period. Wall plates G4, X2 and X8 
have few, shorter periods with moisture contents less than 
20 % (wt.). The conditions are thus above the threshold 
value for decay, and for this reason, these wall plates 
appear to be in high risk of occurrence of wood decaying 
fungi.

Fig. 3. Moisture content in the supportive wall plates, based on measurements of temperature and relative humidity, and sorption 
isotherms from pine [15]
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The monitored hygrothermal conditions for the six 
wall configurations presented in Table 2 were 
implemented in the wood decay models and the mold
model respectively. The progression in values of wood 
decay and mold index over the 4 years of measurement 
data, are presented in Fig. 4, Fig. 5 and Fig. 6.

In the VTT model, three of the wall configurations (G4, 
G5 and X1) exhibit mass loss above 120% before 4 years.
The remaining three wall configurations (X8, G1, X2) 
generated mass loss above 60% within 4 years. In terms of 
the Japanese model, the generated mass loss is less in terms 
of magnitude compared to the VTT model. The Japanese 
model yields mass loss above 60% in G4, G5 and X1. Wall 
X8 generated 40% mass loss in 4 years, whereas G1 and 
X2 resulted in around 20% mass loss. With regard to the 
value of the mold index, all the wall configurations show 
maximum value of mold index of 5.29 within 3 years. This 
is the maximum mold index value to be achieved for
sensitivity class 2. The worst cases (G4, G5, X1) yielded
the maximum value of mold index within the first year. 
Furthermore, it can be seen from the graphs of predicted 
wood decay and mold index (Fig. 4, Fig. 5, Fig. 6), that 
the initiation of mold growth occurs prior to the initiation 
of wood decay, which was also found to be the case in 
[11].

Fig. 4. Generated mass loss in the supportive wall plates for 6 
wall configurations, with the VTT wood decay model, based on 
monitored temperature and relative humidity data

Fig. 5. Generated mass loss in the supportive wall plates for 6 
wall configurations, with the Japanese wood decay model, based 
on monitored temperature and relative humidity data

The measurements of moisture content performed on-
site, during the removal of samples from the wall plate, 
are presented in Fig. 7; this was performed in October
2019. The in-situ measurements reported in Fig. 3 are
presented for up to 1st of May 2019, and show a clear 
general tendency of nadirs in the autumn seasons.

Fig. 6. Generated mold index in the supportive wall plates for 6 
wall configurations, with the mold model, based on monitored 
temperature and relative humidity
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Fig. 7. Measurements of moisture content performed on site 
with pin gauge on internal and external surface, as well as the 
whole specimen

From the in-situ pin gauge measurements on the 
external surface of the sample, and the weigh-dry-weigh 
experiments on the samples, in Fig. 7 it is seen that the 
moisture content in the supportive wall plates is in the 
range of 20-27 % (wt.). The moisture content on the 
internal surface is recorded as lower in all cases. This 
observation is in line with the expected results: Due to the 
temperature gradient, the relative humidity on the exterior 
side of the construction is higher and therefore also the 
moisture content. The effect from external moisture loads 
(e.g. wind-driven rain) may also influence the conditions 
on the external side of the wall plates, as the masonry 
covering the wall plate is only one brick unit in depth 
(228mm). Furthermore, the anisotropic properties of 
wood promote moisture transport in the longitudinal 
direction and thus not tangentially through the wall plate. 
It is seen in Fig. 7, that samples from walls X2 and X8 
yield the lowest moisture contents, consistent with Fig. 3.
The measurements depicted in Fig. 3 also show, that G4 
declined in moisture content by the spring of 2019, 
however the measurements from October 2019 indicate 
that the moisture content has again increased. The 
procedure of drilling out the samples generated high 
temperatures, and this is why it can be assumed that the 
pin gauge measurements on the external surface, as well 
the weigh-dry-weigh measurements could be affected by
this process. The moisture content registered on the 

external surface, as well as for the entire sample (weigh-
dry-weigh), might therefore have been even higher 
without the generation of heat from drilling.

The state of the wooden core samples from the wall 
plates is seen in Fig. 8, as well as an example of the awl 
test. None of the wood samples exhibited any indication 
of mass loss nor rot or mold. Neither did the awl test,
visual inspection or smelling indicate anything other than 
sound and healthy wood. The discolorations seen in the 
wood samples, were due to the drilling procedure, and 
from the wall construction and adjacent materials.

Results from Mycometer (surface) measurements are 
displayed in Table 3. None of the Mycometer 
measurements exhibit results in category C, above 450, 
which would be a clear indication of severe mold growth. 
The calculations with the mold model were performed 
with measurements from the external surface of the wall 
plate. The mold model yielded high mold index for all the 
cases, but G4, G5 and X1 generated mold growth the 
fastest. Two of these, G5 and X1 show the lowest density 
of mold with regard to the Mycometer tests on the external 
surface. The highest mold density was found on the 
external surface of X2, which in the model was shown to 
be almost the last case to reach the maximum value of 
mold index.

Table 3. Results from Mycometer (surface) tests. Green color 
represents result values within category A, while yellow color 
represents values within category B. None of the swabs 
generated results within category C.

Internal surface External surface
swab 1 swab 2 swab 1 swab 2

G1 129 159 44 42
G4 21 12 51 117
G5 29 30 20 24
X1 72 72 14 22
X2 15 26 106 299
X8 41 18 60 35

Thus, it is seen, that prediction models for wood decay 
and mold growth, in this case, appear too conservative with 
regard to the actual state of the rot and mold, as the degree 
of deterioration and mold as the results obtained from the 
model appear to be exaggerated. The VTT wood decay 
model predicted 60-160% mass loss in all the cases, where 
no rot or decay was actually detected. The Japanese decay
model appears to be less conservative, however the model 
generated mass loss above 20% for all cases, while no 
mass loss was observed. The difference between the two 
models is first and foremost the threshold value for rot; the 
VTT model initiates decay at 95% relative humidity, 

Fig. 8. Left: The 6 specimens drilled out from the supportive wall plates from the 6 wall configurations; left to right: X1, X2, X8, 
G1, G4, G5. Right: awl test of a specimen.

         E3S Web of Conferences 1  72, 20004 (2020) 
NSB 2020

http://doi.org/10.1051/e3sconf/202017220004

6

 
263



whereas the Japanese threshold for wood decay is 98% 
relative humidity. In addition, the mold model generated 
alarmingly high mold index in all the cases, corresponding 
to “plenty of growth on surface, >50% coverage (visual)”, 
whilst no significant mold growth was detected by the 
Mycometer surface experiments nor visual inspection. 

With regard to the six investigated samples, the 
hygrothermal performance can be ranked in the following 
sequence according to monitored conditions, see Fig. 3;
X2, G1, X8, X1, G4, and G5. The wood decay models 
yield very similar results with regard to the performance 
and mass loss achieved, which is not surprising as these
prediction models are based on the hygrothermal 
conditions provided. The mold model gave a mold index 
value above 5 for all the wall plates investigated, which 
were differentiated only by the time it took to reach the 
maximum value of mold index. 

The summation of Mycometer results on each wall 
plate, however, yielded a different sequence of optimal 
performance; G5, X8, X1, G4, G1, X2. The highest 
Mycometer numbers, were thus found in X2 (external 
side) and G1 (internal side), despite the fact that these wall 
plates exhibited the lowest moisture contents during in-situ 
measurements (Fig. 3), and as such, from the prediction 
results were the last to reach the maximum value of mold 
index. Thus, the Mycometer results were not consistent 
with the moisture content determinations and the predicted 
risks of neither wood decay nor mold growth. G1 yielded 
the highest Mycometer number on the internal surface, 
which may be partly explained by the fact that this 
insulation system is the only one represented without 
alkaline cementitious glue mortar, that can inhibit mold 
growth [20]. Furthermore, the quality, sawing and 
finishing of the wood may differ from wall to wall, which 
may also affect the results.

It should be noted, that the physical methods applied 
for detection of mould and/or decay (visual, odor, awl, 
mycometer) are indicative methods. This fact naturally 
reduces the reliability of the results, and may be cause of 
some discrepancies. However, the combined indicators all 
yield similar results. The moisture conditions in the 
supportive lath yield very high moisture content, and the
uncertainty in the monitoring equipment is only given for 
up to 90% RH. Therefore, the in-situ measurements 
themselves also carry uncertainties, that are included in the 
prediction models.

Furthermore, some of the discrepancies can be 
explained by the fact that the mold model was developed 
for surface conditions, not built-in surfaces, for worst case 
(untreated pine sapwood) and based on small specimens 
with mainly constant climate conditions [11]. The updated 
mold model implemented in this study does allow better 
prediction by including the sensitivity classification, and 
mold condition states to yield reliable predictions of first 
biological growth at interfaces [10], however the results 
still appear too conservative. Some of the reasons provided 
for these discrepancies also apply to the VTT wood decay 
models, given that these were based on experiments under 
constant hygrothermal conditions for small samples of 
untreated pine sapwood [5], and on small samples of 
Japanese red pine for the Japanese model [8]. Despite the 
discrepancies found in this study, the models provide 

indications of potential risks of fungal attacks under the 
given hygrothermal conditions and exposure time. In this 
way, the models can be used to evaluate systems a
comparative basis and in relation to one another, and thus, 
permit establishing better or poorer performance. Such 
results, however, could also be achieved by observation of 
the measured moisture contents alone.

4 Conclusions
From the present investigation it was found that:
� The wood decay models were too conservative in this 

case. The VTT model yielded 60-160% mass loss, and 
the Japanese model gave 20-70% mass loss in the wall 
plates, and none was detected by visual inspection and 
awl compression test.

� The mold model was too conservative as all the samples 
from the wall plates yielded predicted mold index values 
above 5, but no significant mold growth was detected on 
the samples by visual inspection nor Mycometer 
measurements.

� The presented models all appear to overestimate the 
potential risks of wood decay and mold growth 
respectively. The models can be used for comparison 
purposes of different solutions under given conditions. 
This may however also be evaluated from a review of 
results of moisture content alone. The models should be 
further developed to be applicable for evaluation of 
moisture safe construction assemblies.

� Mold growth is initiated prior to wood decay based on 
the same parameters of temperature, relative humidity 
and time; as such, mold (in most cases) could be a 
limiting factor with regard to “moisture safe” solutions 
in critical positions where the presence of mold is not 
acceptable.

� In cases where mold growth is not a threat for indoor air 
quality, e.g., built-in wood in constructions that do not 
have air transfer to indoors, wood decay would be the 
relevant failure mode.

� The initiation of mold growth in building construction 
always indicates the presence of excess moisture, which 
is an undesirable condition and likely caused by a
building defect or certainly an issue that should be 
addressed.
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