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Summary of PhD dissertation 

 

 The aim of the dissertation is to investigate the newly developed ultra-lightweight 

polystyrene concrete panel constructions from building physical and building energy 

perspectives. 

 The first part of the dissertation describes the methodology of research. This is followed by 

the review of literature. This chapter gives an overview of the history of lightweight concrete, 

describes the mechanical and hygrothermal properties as well as the applicability of polystyrene 

concrete. It briefly reviews the mechanical behavior of ultra-lightweight-concrete encased cold-

formed steel structures. It also describes the hygrothermal loads of building envelope and gives 

examples for validations of dynamic hygrothermal simulations. 

 The third chapter describes the laboratory measurements of the ultra-light concrete. It gives 

the declared thermal conductivity, and also determines the sorption and desorption isotherms 

and their temperature dependence. The water absorption coefficient, the free water saturation 

as well as the water vapor resistance factor are determined. 

 The fourth chapter discusses the results of laboratory tests. It provides the temperature and 

moisture conversion coefficients, and introduces new approximate functions. For 

approximation of sorption and desorption diagrams polynomial functions are recommended. 

 The fifth chapter describes the models of wall and roof panels as well as the main structural 

connections for dynamic conjugated heat and moisture transport simulations. The boundary 

conditions and material properties are also summarized here. 

 In the sixth chapter the results of simulations are discussed. By adapting the method of in-

situ measurement of thermal transmittance to simulation results, the effective thermal 

transmittance and effective linear thermal transmittance values are calculated for the heating 

season, October and July; for humid continental, temperate continental and mediterranean 

climates. Furthermore, the moisture load of the wall panel is analyzed, and specific exterior 

plasters are recommended according to climate. The simulations are validated by in-situ 

measurement. 
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Időfüggő változások  

az ultra-könnyű betonpanel  

szerkezetek épületenergetikai teljesítőképességében 

 

Orosz Máté 

PhD értekezés összefoglalója 

 

 Az értekezés célja egy új fejlesztésű ultra-könnyű beton panel szerkezet vizsgálata 

épületfizikai és épületenergetikai szempontokból. 

 Az értekezés első része ismerteti a kutatás során alkalmazott módszereket. Ezt követi a 

szakirodalom áttekintése. E fejezet bemutatja a könnyűbetonok történetét, és részletesebben 

szól a polisztirolbeton mechanikai és higrotermikus tulajdonságairól, valamint alkalmazási 

területeiről.  Röviden bemutatásra kerül a polisztirol betonba ágyazott hidegen hajlított acél 

szerkezetek mechanikai viselkedése is. Továbbá, áttekinti az épületszerkezetek higrotermikus 

terheit, és példákat hoz dinamikus higrotermikus szimulációk validációjára. 

 A harmadik fejezet az ultra-könnyű beton laboratóriumi vizsgálatait mutatja be. Megadja a 

deklarált hővezetési tényezőt, meghatározza a szorpciós és a deszorpciós izotermákat, és azok 

hőmérséklet függését. Továbbá megadja az anyag vízfelvételi együtthatóját, szabadvíz 

tartalmát és páradiffúziós ellenállási számát. 

 A negyedik fejezet a laboratóriumi mérési eredményeket dolgozza fel. Deklarálja a 

szabványos hőmérsékleti és nedvesség konverziós együtthatókat, továbbá új közelítő 

függvények vezet be. A szorpciós és deszorpciós diagramok közelítésére polinomiális 

függvényeket javasol. 

 Az ötödik fejezet a fal- és tetőpanelek, valamint a fő szerkezeti csomópontok dinamikus 

kapcsolt hő- és nedvességtranszport szimulációs modelljeit mutatja be. Az alkalmazott 

peremfeltételek és anyagtulajdonságok is összefoglalásra kerülnek. 

 A hatodik fejezetben történik a szimulációs eredmények feldolgozása. A helyszíni 

hőátbocsátási tényező mérésnél alkalmazott módszer szimulációs eredményekre történő 

adaptálásával kiszámításra kerülnek az effektív hőátbocsátási tényező és az effektív vonalmenti 

hőátbocsátási tényező értékek a fűtési idényre, októberre és júliusra; nedves kontinentális, 

mérsékelt kontinentális és mediterrán éghajlaton. Továbbá, vizsgálatra kerül a falpanel 

nedvességterhelése, és a dolgozat javaslatot tesz az éghajlatnak megfelelő vakolatokra. A 

szimulációk helyszíni méréssel validáltak. 
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U*   effective thermal transmittance     [W/m2K] 

Ustac  steady-state thermal transmittance     [W/m2K] 

V  heated volume of the building    [m3] 

δ    water vapor permeability      [kg/msPa] 

λ  thermal conductivity       [W/mK] 

μ  water vapor diffusion resistance factor    [-] 

ρ  bulk density        [kg/m3] 

σ  Stefan-Boltzmann constant (5.67·10-8 W/m2K4)  [W/m2K4] 

φ  relative humidity       [%] 

ϕq   heat flux density      [W/m²] 

Ψ  linear thermal transmittance      [W/mK] 

Ψ*   effective linear thermal transmittance    [W/mK] 

Ψstac   steady-state linear thermal transmittance    [W/mK] 
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1. INTRODUCTION 

1.1.  The aim of the dissertation 

 The cold-formed steel structures are cost-efficient lightweight constructions that are widely 

used in industrial as well as in residential buildings. However, in case of these constructions the 

building physical requirements, the thermal insulation capability, vapor barrier, airtightness, 

acoustical requirements, must be fulfilled with additional building components separately from 

the loadbearing structure. This problem can be eliminated by using a composite system of 

optimized polystyrene aggregate concrete and cold-formed steel structure. This construction 

can be even more cost-efficient, since the polystyrene concrete provides continuous bracing for 

the steel elements.  Recently, comprehensive research was conducted about the stability 

behavior of ultra-lightweight concrete encased cold-formed steel structures with promising 

results [Hegyi and Dunai, 2016a, 2016b].  

 The aim of this dissertation is to investigate the construction from building physical and 

building energy perspectives, and analyze its applicability in different climatic conditions.  

 

During the research the following goals were formulated: 

a) Determining the declared thermal conductivity of the investigated ultra-lightweight 

concrete; 

b) Determining the temperature and moisture conversion coefficients according to the 

current standard (MSZ EN ISO 10456:2008); 

c) Finding more accurate approximate functions for the temperature and moisture 

dependency of thermal conductivity of the ultra-lightweight concrete instead of the 

exponential formulas described in the current standard (MSZ EN ISO 10456:2008); 

d) Determining the hygroscopic sorption properties of the investigated ultra-lightweight 

concrete; 

e) Approximating the sorption and desorption isotherms by mathematical formulas; 

f) Analyzing the temperature dependency of the sorption diagrams; 

g) Determining the water absorption coefficient and the free water saturation of the 

material; 

h) Determining the vapor permeability of the investigated ultra-lightweight concrete; 

i) Adapting the in-situ thermal transmittance measuring method declared in the ISO 9869-

1:2014 standard for the results of dynamic conjugated heat and moisture simulations; 
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j) Determining the effective thermal transmittance of the wall and roof panels in different 

climatic conditions; 

k) Determining the effective linear thermal transmittance of the main structural 

connections (wall corner, wall-roof and wall-ground) of the investigated ultra-

lightweight concrete construction in different climatic conditions; 

l) Analyzing the moisture load of ultra-lightweight concrete wall panel with different 

types of exterior and interior plasters (sd-values) in different climates. 

 

1.2. Methodology of the research 

Firstly, the ultra-lightweight concrete was investigated in laboratory and the hygrothermal 

properties were determined.  Then, based on results of laboratory measurements 2D dynamic, 

conjugated heat and moisture simulations were carried out to determine the effective thermal 

transmittance of the wall and roof constructions and the effective linear thermal transmittance 

of structural connections (wall corner, loadbearing wall - roof connection, wall - ground 

connection) in different climates. (In case of widely used building materials spreadsheets are 

available for thermal bridges [Csanaky, 2012], or there are approximation techniques to 

estimate the heat loss [Orosz and Csanaky, 2015; Bakonyi and Dobszay, 2016]; however, in 

case of ultra-lightweight concrete, no data are available in literature.) In case of the wall-roof 

and wall-ground connections, due to the steel columns and beams, more precise investigation 

could be carried out by 3D simulation; however, in this research the heat flows are 

approximated by 2D simulation. To investigate the moisture load of the wall panel with 

different plasters, 1D hygrothermal simulations were conducted. Finally, the simulated thermal 

transmittance value of the wall panel and the results of a calibrated whole building simulation 

were compared to in-situ measurements in Hungary to validate the simulation models (Figure 

1.1.). Although the steel columns and beams are galvanized, and the concrete provides a 

protective alkaline chemical environment, the corrosion of steel elements should be 

investigated; however, this question is out of the scope of the dissertation. 
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 Figure 1.1. Methodology of research 

 

1.2.1.  Laboratory measurements 

The laboratory measurements were conducted in the Building Physics Laboratory of the 

Department of Architectural Engineering (MET-LAB) at the Budapest University of 

Technology and Economics. 

 The thermal conductivity values were measured by a Taurus TLP 300 DTX thermal 

conductivity measuring instrument with guarded hot plate, and the declared values were 

determined according to the MSZ EN ISO 10456:2008 standard. 

 The sorption and desorption isotherms were determined with a Labmaster AW water activity 

measuring instrument and a precision scale with dryer according to the principles of MSZ EN 

ISO 12571:2013 standard. 

 The water absorption was measured according to the MSZ EN ISO 15148:2003.  

 The building physical parameters describing the vapor permeability of ultra-lightweight 

concrete (water vapor permeability, water vapor resistance factor, water vapor diffusion-

equivalent air layer thickness) were investigated according to the MSZ EN ISO 12572:2001. 
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1.2.2.  Dynamic hygrothermal simulation based on finite volume method 

 The hygrothermal behavior of building constructions can be investigated in two ways: in-

situ measurements or numerical simulations. Recently, more software tools are available that 

can substitute the expensive in-situ measurements, since they take the following phenomena 

into consideration [Nagy et al., 2017]: 

 heat storage of dry material as well as the moisture content; 

 heat transport by conduction, moisture-dependent thermal conductivity; 

 latent heat transport by water vapor diffusion of phase change; 

 moisture storage (capillary condensation, water vapor sorption); 

 water vapor transport by diffusion; 

 liquid transport by surface diffusion and capillary suction. 

 

 A widely used and validated software tool, the WUFI software family (Wärme Und Feuchte 

Instationär), developed by the Fraunhofer IBP, is based on the following two differential 

equations: heat transport (1.1), moisture transport (1.2) [Künzel, 1995]: 

    satv
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   (1.2) 

where Hm [J/m3] is the enthalpy of moist building material; T [°C] is the temperature; λ [W/mK] 

is the thermal conductivity of moist material; hv [J/kg] is the evaporation enthalpy of the water; 

δ [kg/msPa] is the water vapor permeability of the building material; φ [-] is the relative 

humidity; psat [Pa] is the water vapor saturation pressure; w [kg/m3] is the water content; Dφ 

[kg/ms] is the liquid conduction coefficient; 𝛻 is vector differential operator. 

 The software applies finite volume method to solve the differential equations. This method 

applies conservative discretization, i. e. algebraic equations are derived from the differential 

equations, while the heat and moisture balances are preserved in every element of numerical 

grid.  This mathematical procedure is compliant with the physical principle of conservation of 

energy and mass, therefore even coarse grids can result in realistic results.  
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However, the heat and moisture fields are not continuous, i. e. the values are determined in 

discrete points, therefore the points should not be far from each other to obtain precise 

prediction. Moreover, the heat and moisture transport equations cannot be solved in the same 

time; although in reality they have impact on each other continuously. However, in most cases 

result of iteration is accurate enough. [WUFI Manual, 2016].  

 The accuracy of numerical calculation can be increased by increasing the number of grids or 

decreasing the time steps. For exact results the material properties and boundary conditions 

must be given properly. 

  

During simulation the input data includes the geometry of building assembly, geographical 

location, orientation, and all the hygrothermal properties of components, such as: 

 

 bulk density [kg/m3]; 

 heat capacity [J/kgK]; 

 thermal conductivity [W/mK] and its temperature and moisture dependency;  

 porosity [m3/m3]; 

 moisture storage function; 

 water vapor diffusion resistance factor [-]; 

 moisture transport coefficient [m2/s]. 

 

The input data also contain the exterior and interior boundary conditions: 

 exterior air temperature and relative humidity; 

 short and long-wave radiation; 

 precipitation; 

 wind speed and direction; 

 indoor air temperature and moisture load. 
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 Climatic data can be measured values in the investigated time period or average 

meteorological data (test reference year). The interior conditions can be given according to 

different standards: 

 

 MSZ EN 15026:2007:  indoor air temperature is 20 °C if the outdoor air temperature 

is 10 °C or below, it is 25 °C, if the outdoor temperature equals or above 20 °C, and 

it is the linear function of the exterior air temperature in-between; moisture load can 

be low, medium or high; 

 MSZ EN ISO 13788:2013: indoor air temperature and humidity level is set 

according the to the expected use of building; 

 ASHRAE 160: the interior conditions depend on the air-conditioning, function of 

the building as well as the airtightness. 

 

Before simulation the initial temperature and relative humidity level (or moisture content), 

the time period, and also the numerical accuracy must be provided. (Usually 20 °C initial 

temperature and moisture content at 80% relative humidity can be assumed.) 

The output of the simulation includes the temperature and moisture fields as well as the 

thermal and moisture fluxes (Figure 1.2.). 

 

Figure 1.2. Flowchart of hygrothermal simulations 

 

 Beside the 1D and 2D hygrothermal simulation software, tools for whole building simulation 

are also available. WUFI Plus is a comprehensive heat and moisture simulation tool for 

engineers and architects. Beside investigation of hygrothermal behavior of building 

components, this software is suitable for indoor environment and comfort simulations, and it 

also calculates the energy consumption.  
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It is a multi-zone software, i.e. the interior boundary conditions can be declared zone by zone. 

The solar radiation has impact on not only the exterior surfaces, it also passes through the 

transparent components (windows), and heats the interior air as well as interior surfaces. The 

interior heat and moisture loads, the occupancy, and lighting can also be taken into 

consideration during calculations. Air filtration, natural and/or mechanical ventilation also have 

impact on results. 

 

1.2.3.   Pearson's correlation 

 To investigate the effect of interior boundary condition on heat flux density at the wall-

ground connection, Pearson's correlation was applied. The Pearson's correlation coefficient is a 

statistical measure (covariance) expressing the strength of relationship between two variables. 

It demonstrates the degree, how the change of the value of one variable predicts the change of 

the value of another variable. If there are two data sets X={x1,...,xn} and Y={y1,...,yn}, where n 

is the number of the data, the R(X,Y) Pearson’s correlation coefficient is: 

𝑅(𝑋, 𝑌) =
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑛

𝑖=1

√∑ (𝑥𝑖−�̅�)2𝑛
𝑖=1 √∑ (𝑦𝑖−�̅�)2𝑛

𝑖=1

    (1.3) 

where �̅� and �̅� are the sample means.  

 

 The correlation coefficient can vary between (-1) and (+1). |R(X,Y)|=1 if the correlation is 

perfect, the (+) and (–) signs indicate if the correlation is positive or negative. The correlation 

coefficient is symmetric, i. e. R(X,Y) = R(Y,X). According to Guilford, the interpretation of 

Pearson's correlation coefficient is summarized in Table 1.1. [Guilford, 1956]. 

 

Table 1.1. The interpretation of the Pearson's correlation coefficient [Guilford, 1956] 

R(X,Y) Interpretation 

< 0.20 slight; almost negligible relationship 

0.20 – 0.40 low correlation; definite but small relationship 

0.40 – 0.70 moderate correlation; substantial relationship 

0.70 – 0.90 high correlation; marked relationship 

> 0.90 very high correlation; very dependable relationship 
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1.2.4.  Kriging method 

To investigate the moisture load of wall panel by applying different plasters (sd-values), 1D 

hygrothermal simulations were conducted. The results were analyzed in Excel line charts as 

well as in surface diagrams created with Surfer software developed by the Goldensoftware.  

In this research the moisture content within the wall panel was determined in discrete points 

(in every cm), and in every hour of the investigated year. Based on these data set, the software 

creates a continuous surface, by applying Kriging. Kriging is a flexible gridding method that 

estimates values accurately in most cases. The grid node values are calculated from the 

neighboring data points, in a way, that every point is weighted by its distance from the 

calculated node. Therefore far points have less impact on a certain node [Goldensoftware, 

2017]. 

In case of the linear estimation of a quantity Z: Rn
R at x0 location, �̂�(𝑥0) is determined 

as the linear combination of the wi(x0) weights and the zi=Z(xi) neighboring values, if i=1,…,n,; 

and n is the number of neighboring data used in the estimation. The estimated �̂�(𝑥0) is the 

scalar product of the wi(x0) weights vector and the zi=Z(xi) vectors: 

�̂�(𝑥0) = [𝑤1 𝑤2 … 𝑤𝑛] ∙ [

𝑧1

𝑧2

⋮
𝑧𝑛

] = ∑ 𝒘𝒊(𝑥0)𝑛
𝑖=1  𝒁(𝑥𝑖)   (1.4) 

Kriging is also advantageous, because it can decrease the impact of clustered data in the 

prediction by giving less weight. However, compering to other methods, the calculation can be 

slower, and extrapolation can happen even beyond the range of function. [Goldensoftware, 

2017]  
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1.2.5.  In-situ measurement of thermal transmittance 

 The heat flow meter method of in-situ thermal transmittance measurements is described in 

the ISO 9869-1:2014 standard. The measuring process is suitable to plane building components, 

mainly consisting of opaque layers perpendicular to the heat flow. The standard describes the 

measurement instruments, the installation and the calibration procedure for the apparatus, as 

well as the measurement process. 

The thermal transmittance measuring process must meet the following requirements: 

 The accuracy of the heat flow meter is  minimum ± 5% ; 

 The accuracy of temperature sensors is minimum 0.3 K; 

 The heat flow meters are calibrated in the last 2 years; 

 The U-value can be calculated by dividing the mean heat flux density by the mean 

temperature difference; and, to obtain accurate results, the measurement should last at least 72 

hours (3 days).  

 If ϕq1, ϕq2, ... ϕqn  [W/m²] are n consecutive measured heat flux values with the corresponding 

Ti,1, Ti,2, ... Ti,n [°C] internal and Te,1, Te,2, ... Te,n [°C] external temperature values, the U-value 

can be calculated by the following formula [Hulme and Doran, 2014]: 

𝑈 =
∑

𝜙𝑞,𝑘

𝑛
𝑛
𝑘=1

∑
𝑇𝑖,𝑘

𝑛
𝑛
𝑘=1 −∑

𝑇𝑒,𝑘
𝑛

𝑛
𝑘=1

        (1.5) 

Where ∑
𝝓𝒒,𝒌

𝒏

𝒏
𝒌=𝟏  is the mean heat flux, ∑

𝑻𝒊,𝒌

𝒏

𝒏
𝒌=𝟏  is the mean internal air temperature, and 

∑
𝑻𝒆,𝒌

𝒏

𝒏
𝒌=𝟏  is the mean external air temperature.  

 In practice the thermal mass has impact on the measured U-value; however, this error is 

smaller if the measurement period is at least two weeks or longer; and requiring a minimum 

temperature difference between the mean interior and exterior air temperatures (e.g. 10 K) also 

contributes to a low discrepancy [Hulme and Doran, 2014]. When measuring a U-value, the 

thermal resistance of the heat flux plate also influences the result, therefore its correction is 

necessary. 
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2. REVIEW OF LITERATURE 

2.1. Ultra-lightweight concrete 

2.1.1. Classification of lightweight concrete 

 Concrete with density less than 2000 kg/m3 is defined as lightweight concrete [Nemes, 

2006]. It can be differentiated based on density as [Yu et al., 2015]:  

 ultra-lightweight / low density concrete / thermal insulating concrete [Balázs, 1990]  

(< 800 kg/m3) 

 moderate strength lightweight concrete (800 kg/m3 - 1400 kg/m3) 

 structural lightweight concrete (1400 kg/m3 - 2000 kg/m3) 

Based on manufacturing process, the lightweight concrete can be classified into three groups 

[Balázs, 1990]: 

a) No-fines concrete 

Only coarse aggregates – 10-20 mm – are used, therefore large voids are left between 

aggregates. 

b) Lightweight aggregate concrete  

Normal aggregates are substituted by natural or artificial lightweight aggregates.  

c) Aerated concrete 

Cement-based material in which the pores are created by foaming agent that produces 

air bubbles. 

 In this research the investigated panel constructions are made of polystyrene aggregate ultra-

lightweight concrete (ρ=166 kg/m3 < 800 kg/m3). (The actual properties of the investigated 

material are discussed in Chapter 3. Laboratory measurements.) 

 Polystyrene-concrete is a porous, lightweight aggregate concrete. It is produced by replacing 

the normal aggregate with expanded polystyrene beads. The expanded polystyrene (EPS) is an 

artificial, non-absorbent aggregate [Babu and Babu, 2003]. It is manufactured by the 

polymerization of styrene. The EPS has elastic-plastic properties and microcellular structure. 

The cells are closed, therefore they uptake little moisture only [Kovács, 2008]. The density of 

polystyrene concrete can be less than 200 kg/m3; while the minimum density is 400-600 kg/m3 

in case of other types of aggregate [Jakab et. al, 2015]. 
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2.1.2. Historical overview of lightweight concrete  

 Lightweight concrete has a long history. It was first used in the Roman Empire. In case of 

Pantheon (built between 118 and 128 AD), different aggregates were used from bottom to top 

(Figure 2.1). The lower part of the wall and the foundation were made with basalt, in the middle 

part tuff was mixed into concrete, and the astonishing structure of dome (diameter 43.3 m) was 

built with pumice aggregate [Cole, 2004]. 

 After the end of the Roman Empire the concrete and also the lightweight concrete was 

forgotten. The structural lightweight concrete appeared again the 20th century in the United 

States. The first structural lightweight concrete high-rise building was the Park Plaza Hotel 

(Figure 2.1) in St. Louis (now Chase Park Plaza) [ESCSI, 1971]. In Europe lightweight concrete 

was begun to use from the 1940s [Nemes, 2006].   

  

Figure 2.1.  Cross-section of Pantheon [Szentkirályi and Détshy, 1994]  

and the Park Plaza Hotel in St. Louis [ESCSI, 1971] 

 In Hungary lightweight concrete building blocks with tuff aggregate were manufactured in 

Andornaktálya in about 1920, but the manufactory went banckrupt soon [Balázs, 1996]. In 

1950s the production restarted in the factory of BVM in Bodrogkeresztúr. The lightweight 

aggregate was rhyolitic tuff and slag. From this time several types of lightweight concrete 

building blocks and wall panels were manufactured in Hungary [Nemes, 2006]. 

  The polystyrene concrete was patented by the BASF company in the Federal Republic of 

Germany (West Germany) in the 1950s [Kovács, 2008].  In Hungary firstly the ”March 15” 

Agricultural Cooperative applied polystyrene concrete for farm, office and warehouse 

buildings. Their construction was patented in 1968, and it obtained technical suitability 

certificate from ÉMI (quality control institution) in 1977 [Balázs, 1996].  

https://en.wikipedia.org/wiki/Federal_Republic_of_Germany
https://en.wikipedia.org/wiki/Federal_Republic_of_Germany
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Two versions were manufactured [Balázs, 1996]:  

 100 x 250 x 13 cm panel with steel frame as remaining formwork 

 any panel size, without steel frame, with ϕ8 reinforcing bars (B 38.24) on both sides. 

The EPS concrete contained 300 kg/m3 cement, 0.8 m3 polystyrene bead and 0.25 m3 sand. The 

panels were produced on construction site. The connections between panels were sealed. The 

exterior and interior surfaces were plastered. The density of panels were about 800 kg/m3. It 

was a simple and quick building technology; moreover, it had a good thermal insulating 

capability. However, it was disadvantageous for henhouses, since hens chipped the polystyrene 

beads from the wall. 

 

 The 21. ÁÉV (“State-owned Construction Company”) began to develop polystyrene 

concrete in 1976, and manufactured the following products [Balázs, 1996]: 

 

 GYV partition wall blocks with size of 30/70 cm. (It was applied e.g. for the renovation 

of Semmelweis University in 1982.) 

 

 GYT 5 cm thick fire and corrosion protection coating for steel columns (800 kg/m3) 

(E.g. it was applied for every column of the 1 – 4. blocks of the nuclear reactor in Paks) 

 

 GYB-MINIVÁZ: polystyrene concrete building blocks (Figure 2.2) 

The structure was strengthened by hidden monolithic reinforced concrete columns and 

beams with EPS concrete remaining formwork, making the building process quicker 

and also decreasing the thermal bridge. This technology was applicable up to two story 

high buildings with built-in attic. It was also used as infill wall. Family houses, office 

and commercial buildings as well as restaurants were built with this technology.  

 

 Sloping concrete for roof constructions with density of 500 kg/m3. (It was applied e.g. 

on the Museum of Fine Arts in Budapest.) 

 

 Fire protection cover for ventilation ducts 

 

 PHS concrete board with a size of 600 x 250 mm, and thickness of 50, 70, 100 mm. It 

was developed for no-fines concrete walls as thermal insulation 
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Figure 2.2.  Polystyrene concrete building blocks manufactured by the 21. ÁÉV  

[Balázs, 1996] 

 

 The first systematic research of polystyrene concrete wall panels in Hungary was conducted 

at the Department of Construction Materials (BME). The strength of concrete, the influencing 

factors as well as the technology of production were investigated [Balázs, 1996]. Several panel 

variations were investigated, and finally they found a sandwich structure (3. in Figure 2.3) 

suitable for production [Balázs et. al, 1975]. 

 

Figure 2.3.  Polystyrene concrete panel variations for experiments [Balázs et. al, 1975] 
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 In Hungary in the 1980s expanded polystyrene bead aggregate was manufactured with 

different diameters under the name of HUNGAROCELL, and this product was applied in 

different thermal insulating concretes (e.g. “RASTRA”) as well as in thermal insulating plasters 

(e.g. “HŐSTOP”). The density was 400 – 800 kg/m3, the thermal conductivity varied between 

0.12-0.18 W/mK. [Orbán, 2010].  

 Nowadays expanded polystyrene is still often used in lightweight concrete due to its good 

thermal insulation properties and low weight. However, mixing light polystyrene beads with 

concrete often caused difficulties [Orbán, 2010]. For solving this problem, several methods 

have been developed, e.g. adding aqueous polymer emulsion to the concrete or surface 

treatment of EPS beads [Bánhegyi, 2008]. In case of SBR (styrene-butadiene rubber) 

modification, besides the increased adhesion between the cement matrix and EPS beads, SBR 

also improves the flexural and compressive strength [Chen and Liu, 2007] Surface treatment is 

e.g. pre-coating of polystyrene beads with cement mortar. The “BauMix ÖKOCELL Drazsír” 

is an example for this solution [Orbán, 2010]. 

 

2.1.3. Applicability of polystyrene aggregate concrete 

 

 The polystyrene concrete can be applied for floors, roofs as well as wall structures, utilizing 

its good thermal and acoustical insulation capability, low weight and better fire resistance 

[Sayadi et al., 2016]. The low density can result in smaller cross-sections of load-bearing 

elements and possible reduction of foundation sizes [Babu and Babu, 2003]. Its higher 

strength/weight ratio [Sayadi et al., 2016] is advantageous especially in case of slab structures. 

Moreover, the EPS concrete is resistant to biological degradation [Lublóy et al., 2014]. 

 A newer building technology is the Löglen (Figure 2.4), which is the combination of 

polystyrene concrete and steel or wood frame construction. Its 41 cm thick wall provides 0.21 

W/m2K thermal transmittance [http://www.loglen.info/hu/].  
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Figure 2.4.  Combination of polystyrene concrete and steel frame construction 

[http://www.wywblock.hu/hu/references/, 2017] 

 

 An Austrian company, the Prottelith Produktionsgesellschaft mbH manufactures lightweight 

concrete from cement coated EPS recycled granulate (Figure 2.5). Recycling of EPS is also 

advantageous from environmental aspect, since it can contribute to a lower embodied energy 

and carbon emission [Dissanayake et al., 2017]. The Prottelith insulating panel is manufactured 

with thickness of 5-30 cm, the lightweight wall panels are 55 cm thick, with a standard height 

of 300 cm; they also produce slope concrete for roof/balcony constructions 

[http://prottelith.org/]. 

 

Figure 2.5.  Polystyrene concrete lightweight wall [http://prottelith.org/, 2017] 

 

 Polystyrene concrete can also be applied as a bracing material in cold-formed steel structures 

[Hegyi and Dunai, 2016a], which can be a reasonable alternative of steel frame houses [Tuca 

et al., 2012]. There was newer research of load-bearing ultra-lightweight concrete as well, 

which performs also as thermal insulation [Yu et al., 2015]. Furthermore, Xu et al. investigated 

new EPS lightweight concrete hollow bricks [Xu et al., 2012].  
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2.1.4. Properties of polystyrene aggregate concrete 

2.1.4.1. Mechanical properties 

 The mechanical properties of polystyrene concrete was investigated by several researchers. 

Lublóy et al. investigated mixtures with different aggregate sizes (diameter of 2 and 4 mm) and 

aggregate ratios (500-1200 l/m3) (Table 2.1) [Lublóy et al., 2014]. They found, that higher 

density results in higher compressive as well as the bending strength. Their results are 

summarized in Figure 2.6. 

 

Table 2.1. Concrete mixes with different types of polystyrene aggregate  

[Lublóy et al., 2014] 

 A B C 

cement 170 kg/m3 133 kg/m3 170 kg/m3 

water 170 kg/m3 133 kg/m3 170 kg/m3 

admixture 1 12 kg/m3 9.43 kg/m3 12 kg/m3 

admixture 2 4 kg/m3 3.14 kg/m3 4 kg/m3 

admixture 3 0.5 kg/m3 0.39 kg/m3 0.5 kg/m3 

polystyrene  
1000 l/m3 

2-4 mm 

1000 l/m3 

 

1200 l/m3 

4 mm 

 

           

Figure 2.6.  Density and strength values as the function of mixture [Lublóy et al., 2014]  

 

 They also found, that, the highest flexural strength occurred in case of aggregate with 

diameter of 2 mm and with the addition of alkali silicate based admixture. The lowest density 

as well as the lowest compressive strength was observed with 4 mm aggregates. The research 

also demonstrated that alkali silicate based admixture increased the strength values. 
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 As part of a comprehensive research of ultra-lightweight-concrete encased cold-formed steel 

structures, Hegyi and Dunai also investigated the compressive and bending strength of 

polystyrene aggregate concrete (Figure 2.7.) [Hegyi and Dunai, 2016a]. They found, that under 

compression the middle zone of the specimen remained in the elastic range, and the failure 

occurred at the load introduction zone.  As for the flexural tests, in the tensile regime the 

material behavior was elastic until the fracture [Hegyi and Dunai, 2016a]. They measured 

similar value for the compressive as well as the bending strength.  

 

 

Figure 2.7.  Stress-deformation behavior of EPS concrete  

in case of compression and bending [Hegyi and Dunai, 2016a] 

 

 Laukaitis et. al investigated the compressive as well as the bending stress of the polystyrene 

concrete with different density and different aggregates (fine, large, crumbled). They found 

exponential connection between the density and the compressive strength, and also found that 

fine aggregates result in the highest strength. (Figure 2.8.). As for bending strength, in case of 

fine granules, they found linear relationship with the density [Laukaitis et al., 2005]. 

 

 

Figure 2.8. Compressive and bending strength as a function of density [Laukaitis et al., 2005] 
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2.1.4.2. Hygrothermal properties 

 The thermal conductivity of polystyrene concrete depends on mainly the type of granules 

and the density [Laukaitis et. al, 2005; Lublóy et al., 2014]. Increasing the ratio of polystyrene, 

i.e. decreasing the density of material results in lower thermal conductivity [Chikhi et al. 2016; 

Laukaitis et. al, 2005; Sayadi et al., 2016; Yu et al., 2015]. This phenomenon is similar to the 

behavior of cornstalk natural insulation [Bozsaky, 2011]. Laukaitis et. al. reached the thermal 

conductivity of 0.06 W/mK at the ratio of cement to fine polystyrene granules 1:3, i.e. 167.8 

kg/m3 density [Laukaitis et. al, 2005]. They approximated the relationship between the density 

and the thermal conductivity by a linear function (Figure 2.9). 

 

Figure 2.9. Thermal conductivity as a function of density [Laukaitis et al., 2005] 

 

 Hoefer in his study determined a slightly exponential connection between the density of 

polystyrene concrete and thermal conductivity [Kovács, 2008]. He measured about 0.06 W/mK 

at 150-200 kg/m3 density. 

 As for hygric properties, Krus conducted a comprehensive study for porous materials. He 

distinguished three regions of moisture storage [Krus, 1996]:  

 the region of sorption;  

 the capillary water region; and  

 the region of super-saturation.  

 He demonstrated that the sorption-desorption isotherms often show hysteresis, because of 

different wetting characteristics for sorption and desorption, or pore space geometry; however, 

in most cases, applying the sorption isotherm during hygrothermal calculations is accurate 

enough.  
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 He also found that the lower part of sorption isotherm (up to about 15% RH) is characterized 

by a monomolecular coating; above this relative humidity level a multi-molecular coating is 

developed, and this region ends at about 50% RH. (Figure 2.10.)  The sorption characteristic is 

also temperature dependent, and it is necessary to be taken into account for hygrothermal 

simulations [Le at al., 2015]. 

 

Figure 2.10. Schematic representation of a typical sorption isotherm for 

a hygroscopic porous building material [Krus, 1996] 

 In porous materials the moisture transport has three mechanisms: vapor diffusion, surface 

diffusion and capillary condensation [Krejčí et al., 2015]. In usual case vapor and surface 

diffusion transfer moisture in the opposite directions [Horn and Dudás, 2014]; however, they 

can be combined by employing the water vapor resistance factor (𝜇) [Künzel, 1995]. The water 

vapor resistance factor can be measured by “dry-cup”/“wet-cup” method [Csanaky, 2014; 

Nagy, 2015]. The difference between the results of the two tests is due to the surface diffusion, 

and it can be used for calculating the liquid conduction coefficient [Künzel, 1995]. During 

capillary condensation the driving force is the capillary tension that corresponds to relative 

humidity [WUFI Manual, 2016]. 

 The thermal conductivity is moisture dependent. According to measurements, the thermal 

conductivity of concrete increases linearly with moisture content, however the thermal 

conductivity of polystyrene foam shows an exponential increase [WUFI Manual, 2016]. The 

MSZ EN ISO 10456:2008 standard describes an exponential approximation for moisture 

conversion in case of every building material.  

 Thermal conductivity is also temperature dependent; however, the hygric conditions usually 

do not depend sensitively on thermal conductivity values. Therefore, in most cases, linear 

approximation of temperature dependency is sufficient enough [Bourdot et. al, 2016]; however, 

in standard the temperature conversion is described by an exponential function [Orosz, 2015]. 
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2.1.5. Ultra-lightweight-concrete encased cold-formed steel structures 

 The extensive research of cold-formed steel (CFS) element started in the 20th century to 

develop cost efficient structures, and nowadays it is widely used in industrial as well as in 

residential buildings. However, a disadvantage of CFS, that building physical requirements 

(thermal insulation capability, vapor and air barrier) must be handled separately from the 

loadbearing structure. This problem can be solved by a composite system of EPS concrete and 

CFS. Although polystyrene concrete has rigid material behavior, i.e. it cannot be a primary 

loadbearing material, it can provide bracing for the CFS structure. [Hegyi and Dunai, 2016a]. 

 Hegyi and Dunai carried out 48 tests with two types of cross-sections to investigate the 

behavior of polystyrene aggregate concrete encased cold-formed steel elements subjected to 

bending; and they also performed 57 tests to study the effect of axial load. The research proved, 

that polystyrene concrete was able to restrain the global and distortional buckling modes of 

steel elements, and also increased load-bearing capacity by 30-190% in case of bending, and 

10-110% in case of axial load (Figure 2.11. and Figure 2.12.) [Hegyi and Dunai, 2016a].  

     

Figure 2.11.  Load–deflection curve in case of bending (left)  

and web crippling of the specimen (right) [Hegyi and Dunai, 2016a] 

                

Figure 2.12. Axial load–displacement curves of C140-15 specimens (left),  

local failure mode of the braced steel column (right) [Hegyi and Dunai, 2016b] 
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2.2. Conjugated heat and moisture simulation 

2.2.1. Hygrothermal loads of building constructions 

 Hygrothermal loads of a building envelope can be classified as exterior and interior loads 

(Figure 2.13). Exterior loads as air temperature and relative humidity varies greatly; however, 

it has less impact on the interior surface of building constructions [Nagy et al., 2017]. Solar 

radiation heats the exterior surface, and it triggers vapor transfer toward to interior side. The 

building envelope is also exposed to rain, and –in case of ground contact structures– soil 

moisture. The interior loads, temperature and relative humidity highly depend on function and 

use of the building/room, and its impact on the interior surface can be me more notable. 

Furthermore, the built-in moisture can also result in hygrothermal problems, if there is no 

sufficient time for drying-out. However; most of building materials are hydrophilic, i.e. they 

adsorbs moisture on their surface, while their moisture content is increasing. After adsorption, 

the moisture accumulates in the porous and capillary tubes. [Nagy et al., 2017] 

 

Figure 2.13. Hygrothermal loads of building envelope [Nagy et al., 2017] 

2.2.2. Validation of simulation models 

 The validation of a hygrothermal simulation model can be occurred in different ways 

[Nagy et al., 2017]: 

1) Simulation results are compared with analytical solutions.  (MSZ EN 15026:2007  

- Annex A) 

2) Simulation results are compared with laboratory measurements (well-defined 

material properties and boundary conditions) 

3) Simulation results are compared with in-situ measurements. (The simulations are 

carried out according to the real indoor-outdoor conditions.) 
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 The validation does not ensure that the results are correct in case of every building 

construction and set of boundary conditions; however the model can estimate the real behavior 

accurately if they are similar to the investigated case. 

 Künzel in his dissertation compared simulation results to measured values. A 25 cm thick 

natural stone wall was investigated with western orientation, and it was found, that the 

calculated values approximated the moisture content of three natural stone prism samples 

during an observation period of 80 days with high accuracy (Figure 2.14). The good correlation 

was achieved with a driving rain absorptivity of 0.7; however, the result was not very sensitive 

to this parameter [Künzel, 1995]. 

 

Figure 2.14. Simulated and measured water content of natural stone wall [Künzel, 1995] 

 

 Mundt-Petersen and Harderup investigated wood-frame buildings, and the hygrothermal 

simulations carried out by WUFI software were validated based on 3-year long (2008-2011) in-

situ measurements [Mundt-Petersen and Harderup, 2013]. The simulations were conducted by 

a blind method in order to avoid any possible adjustments of the calculated values. The 

temperature and relative humidity sensors were put at different parts and in different depth from 

the exterior surface of investigated walls. The measurements carried out in 5 wood-frame 

buildings at 85 points, in four different cities in Sweden. The measured data were recorded in 

every hour. The simulated and measured values showed a good correlation (Figure 2.15); the 

reason for any deviation was the difference in real and simulated temperature values. 
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Figure 2.15. Measured and calculated relative humidity and temperature values  

in a wall construction [Mundt-Petersen and Harderup, 2013] 

 

 Zirkelbach, Holm and Künzel investigated the hygrothermal loads of an Exterior Thermal 

Insulation Composite System (ETICS) on a 24 cm thick lime silica brick wall in three different 

climates: Holzkirchen (Germany), Espoo (Finland) and Lisbon (Portugal), by applying WUFI 

software [Zirkelbach et. al, 2005]. The results were compared with a field test conducted in 

Holzkirchen in 1998 (Figure 2.16). The difference between calculated and measured values 

(greater variations in case of simulation) could have been explained by the approximated (not 

measured) liquid transport coefficients of external plaster as well as the hourly steps of 

calculation. However, the correlation between simulated and measured values were considered 

acceptable, and the calculations were extended for longer periods [Zirkelbach et. al, 2005]. 

 

Figure 2.16. Simulated (left) and measured (right) temperature – relative humidity values  

in a mineral wool thermal insulation, 1 cm beneath the exterior surface  

(West façade, Holzkirchen) [Zirkelbach et. al, 2005] 
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3. LABORATORY MEASURMENTS 

3.1.  Chemical properties 

 The investigated material is newly developed ultra-lightweight polystyrene concrete. It is 

cement-based, containing 14% portlandite and 19% CaCO3 (Figure 3.1). The mixture includes 

170 kg/m3 cement, 170 kg/m3 water and 1200 l/m3 EPS pearls with diameter of 4 mm. The 

density of the material is 166 kg/m3. 

 

  

Figure 3.1.  EPS concrete samples and its derivatogram 

 

3.2.  Thermal conductivity 

 16 dried-out samples were investigated at a temperature of 15, 25, and 35 °C. The 

measurements were carried out by a Taurus TLP 300 DTX thermal conductivity measuring 

instrument with guarded hot plate (Figure 3.2). The Taurus instrument was placed under 

laboratory conditions (23 ± 2 °C, 50% ± 5% relative humidity). The size of samples were 

15x15x10 cm, and they were edge protected by a 7.5 cm wide Extruded PolyStyrene (EPS) 

frame (Figure 3.2.) to avoid the influence of temperature and relative humidity of ambient 

environment. (It prevents humidity migration into/from the sample during measurement.) 

Based on results, the declared value was calculated at a temperature of 10 °C, furthermore the 

temperature and moisture conversion coefficients were also determined. 
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Figure 3.2. TLP-300 DXT thermal conductivity measuring instrument with guarded hot plate  

(left and middle), and a 15x15x10 cm sample in EPS frame (right) 

 

 The declared thermal conductivity was determined based on the MSZ EN ISO 10456:2008 

standard, i.e. the test can be conducted under the following conditions: 10 °C or 23 °C on 

samples that are dried-out, or conditioned in climate chamber at a relative humidity of 50% 

until reaching constant weight. The measurements were conducted on dried-out samples at a 10 

°C reference temperature. The results of measurements are summarized in Table 3.1. 

 

Table 3.1. Measured thermal conductivities (dried-out samples, 10 °C) [W/mK] 

SAMPLE 1. 2. 3. 4. 5. 6. 7. 8. 

λ 0.0564 0.0538 0.0560 0.0555 0.0549 0.0559 0.0540 0.0552 

SAMPLE 9. 10. 11. 12. 13. 14. 15. 16. 

λ 0.0536 0.0540 0.0533 0.0538 0.0528 0.0528 0.0542 0.0547 

  

Calculation of the declared value is summarized in Table 3.2. 

 

Table 3.2. Calculation of declared thermal conductivity (10 °C) 

 Mean thermal conductivity (10°C, dry) [W/mK] 0.0544 

 Number of samples (n) 16 

 k2,16 coefficient (p=90%) 1.84 

 k2,16 coefficient (p=50%) 0.34 

 Estimators of the standard deviation (s) 0.0011265 

 Declared thermal conductivity (10°C), dry (p= 90 %) 0.057 

 Declared thermal conductivity (10°C), dry (p= 50 %) 0.055 
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3.3.  Sorption and desorption isotherms 

 The sorption and desorption isotherms of test samples were determined with a Labmaster 

AW water activity measuring instrument and a precision scale with dryer (Figure 3.3) [Nagy, 

2015a]. The laboratory measurements were carried out with different salt solutions according 

to the MSZ EN ISO 12571:2013 standard. The dimensions of the cylinders shape samples were 

the following, diameter: 3 cm, thickness: 1 cm. The sorption and desorption isotherms generated 

from the measured data are shown in Figure 3.4. 

 

Figure 3.3.  Labmaster AW water activity measuring instrument (left), 

and precision scale with dryer (right) 

  

Figure 3.4.  Sorption-desorption isotherms (left),  

and temperature dependency of sorption curves (right) 

 The sorption/desorption curves depend on the temperature. However, the temperature has an 

impact mainly on desorption: the lower the temperature, the higher the moisture content at a 

certain relative humidity level. 
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3.4. Water absorption 

 The water absorption was measured according to the MSZ EN ISO 15148:2003 standard, 

the water absorption coefficient was calculated by the following formula: 

f

tf

w
t

mm
A

0


         (3.1) 

where, Aw [kg/m2s1/2] is the water absorption coefficient; Δm’tf [kg/m2] is the amount of 

absorbed water at tf time; Δm’0 [kg/m2] is the amount of absorbed water at t0 time, ft  [ s ] is 

the square root of the time period. 

 The results of measurement for the first 10 minutes (24.49 s1/2) are plotted in Figure 3.5. The 

water absorption coefficient is Aw=0.038 kg/m2s1/2, and the free water saturation is wf =249.5 

kg/m3. 

 

 

Figure 3.5. Water absorption (above), measured samples (below) 
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The liquid transport coefficient for suction as well as redistribution that are also necessary 

for hygrothermal simulations were generated by the WUFI software based on the sorption 

isotherm, free water saturation and water absorption coefficient by the following approximate 

formula [WUFI Pro, 2016]: 

𝐷𝑤𝑠(𝑤) = 3,8 ⋅ (
𝐴𝑤

𝑤𝑓
)

2

⋅ 1000
(

𝑤

𝑤𝑓
−1)

   (3.2) 

where Dws [m2/s] is the liquid transport coefficient for suction, Aw [kg/m2s1/2]  is the water 

absorption coefficient, w [kg/m3] is the moisture content, wf [kg/m3] is the free water saturation.  

 

3.5.  Water vapor permeability 

 The building physical parameters describing the vapor permeability of this special 

lightweight concrete i.e. water vapor permeability, water vapor resistance factor and water 

vapor diffusion-equivalent air layer thickness - were investigated according to the MSZ EN 

ISO 12572:2001 standard [Nagy, 2015a]. 

 During the measurement (Figure 3.6), three aluminum bowls with a diameter of 145 mm, 

sealed by 30 mm thick specimens were taken onto high precision scales that were connected to 

a computer by a data logger. In the bowls, under specimens there was Magnesium nitrate salt 

solution providing constant relative humidity of 53% at the closed surface of specimens. The 

measurements were conducted under two different conditions: “Dry cup” and “Wet cup”. 

 

 

Figure 3.6. Measuring of vapor permeability 
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 During the “Dry cup” measurement 21% relative humidity and constant temperature were 

maintained in the climatic chamber. This constant relative humidity in the chamber was 

provided by Potassium acetate saturated salt solution. The salt solution in bowls lost weight, 

since it started drying out through the specimens. The decreasing weight of bowls was measured 

and recorded in every second, with a precision of 0.01 g. 

 During the “Wet cup” measurement, the process was inverse, since the climatic chamber 

was set to 97% relative humidity by distilled water taken into the chamber. The salt solution in 

the bowls absorbed humidity through the special lightweight specimens; therefore the weight 

of bowls was increasing. The measurements were continued after reaching the steady-state 

vapor flow for at least 3 consecutive days. 

 The building physical parameters describing the vapor permeability were calculated from 

the measured data. The water vapor permeability (δ) can be calculated according to (3.3), based 

on the change of weight (m2-m1); the change of time (t2-t1); the difference in pressures; the A is 

the area and d is the thickness of the specimen: 

d
ppA

tt

mm

bowlchamber









12

12

    (3.3) 

where m1 is the mass of the test assembly at time t1 [kg]; m2 is the mass of the test assembly at 

time t2 [kg]; t2, t1 are the successive times of measurements [s]; pchamber is the pressure in 

chamber [Pa]; pbowl: is the pressure in bowl [Pa]; A is the exposed area of the test specimen [m2]; 

d is the thickness of specimen [m]. 

The water vapor resistance factor (𝜇) can be calculated by the following formula: 




81.1

0

273

083.0















T

pTR

p

v    (3.4) 

where, Rv is the gas constant for water vapor, 462 Nm/kgK; po is the standard barometric 

pressure, 1013.25 hPa; T is the thermodynamic temperature [K]; p is the water vapor pressure 

[Pa]. 
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 Due to the low value of the water vapor diffusion-equivalent air layer thickness  

(sd < 0.2 m), the resistance of the air gap between the sample and the salt solution was taken 

into consideration according to the MSZ EN ISO 12572:2001 standard. 

 The building physical parameters describing the vapor permeability, based on laboratory 

measurements, are summarized in Table 3.3. 

 

Table 3.3. Building physical parameters describing the vapor permeability  

(“Dry cup”, “Wet cup”) 

Water vapor permeability (δ) [kg/(m*s*Pa)] 3.37E-11 3.59E-11 

Water vapor resistance factor (μ) [-] 5.72 5.53 

Water vapor diffusion-equivalent air layer thickness (sd) [m] 0.17 0.17 
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4. RESULTS OF LABORATORY MEASURMENTS 

4.1. Thermal conductivity conversion 

4.1.1. Temperature conversion 

 The temperature dependency of thermal conductivity is shown in Figure 4.1. The higher the 

temperature, the higher the thermal conductivity is. 

 According to the MSZ EN ISO 10456:2008 standard the temperature dependency is 

determined by the following formula: 

 12 TTf

T
TeF


    (4.1) 

where FT [-] is the temperature conversion factor; fT [K-1] is the temperature conversion 

coefficient; and T1, T2 [°C] are the temperature values. 

  

Figure 4.1. Temperature dependency of thermal conductivity (left), 

and approximation of temperature conversion (right)  

according to the MSZ EN ISO 10456:2008 (dashed line),  

and the linear approximate function (continuous line – overlapping) 

 The exponential approximation function factor is shown in Figure 4.1. The temperature 

conversion coefficient is fT =0.0010 K-1. This value complies with the values of lightweight 

concretes declared in the standard that is between 0.001-0.003 K-1 depending on thermal 

conductivity. However, the 0.001 K-1 value belongs to λ=0.40 W/mK thermal conductivity, 

which is significantly higher than the λ-value of the investigated ultra-lightweight concrete 

(λ=0.057 W/mK). Moreover, in case of λ=0.10 W/mK, the conversion coefficient is already 

0.003 K-1 (For λ < 0.10, the standard does not provide conversion coefficient.)  
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The thermal conversion coefficients of expanded polystyrene are between 0.0030 and 0.0044. 

In case of the investigated ultra-lightweight concrete the thermal conductivity as well as the 

thermal conversion coefficient is low. This thermal conversion coefficient equals to the value 

of dense concrete. 

 Since in most cases a linear approximation of temperature dependency is sufficient enough 

[WUFI Pro, 2016], a new linear approximation function is introduced (applicable between 10-

35 °C) (Figure 4.1):    

  0.1001.0 12  TTFT    (4.2) 

where FT [-] is the temperature conversion factor and T1, T2 [°C] are temperature values. 

 

4.1.2. Moisture conversion 

 The moisture dependency was investigated with 3 samples. Before measuring, the samples 

were taken into chambers with relative humidity of 33, 55, 74 as well as 97%. The conditions 

were made by different aqueous solutions and distilled water  

(33% - MgCl2; 55% - Mg(NO3)2·6H2O; 74% - NaCl; 97% - distilled water). 

 The measured thermal conductivity values at different moisture contents (mass by mass) are 

plotted in Figure 4.2. 

  

Figure 4.2. Moisture dependency of thermal conductivity (left);  

and the approximation of moisture conversation (right) according to the  

MSZ EN ISO 10456:2008 (dashed line), and the new approximate function (continuous line) 
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 According to the MSZ EN ISO 10456:2008 standard the moisture dependency can be 

determined by the following formula: 

 12 uuf

m
ueF


     (4.3) 

where Fm [-] is the moisture conversion factor; fu [kg/kg] is the moisture conversion coefficient 

mass by mass; u1, u2 [kg/kg] are the moisture content mass by mass. 

 The exponential approximation function factor is shown in Figure 4.2. The moisture 

conversion factor is fu = 0.0494 kg/kg. However, in case of this material exponential 

approximation does not estimate the thermal conductivity accurately (R2 = 0.16), therefore, a 

natural logarithm function (4.4) is introduced that approximates the moisture dependency of 

thermal conductivity with higher precision before capillary condensation phase, in case of 

minimum 0.12 m% moisture content (R2 =0.82).    

  1288.1ln0486.0  uFm    (4.4) 

where Fm [-] is the moisture conversion factor; u [m%] is the moisture content mass by mass. 

 Due to the physical meaning of moisture conversion factor, Fm  = 1 [-] only if u = 0 m%. 

However, the ln(.) function is not defined for zero, therefore it cannot express the moisture 

conversion factor if u = 0 m%. Thus, the recommended function can be applied only above 0.12 

m%, i.e. 1 % relative humidity. Since 0-1 RH% is a very narrow, almost theoretical interval, 

the recommended function is practically acceptable. 

 Based on measurements, in the capillary condensation phase (beginning at 67% RH) the 

recommended natural logarithm function (4.4) underestimates the moisture conversion factor 

(Figure 4.2); however, the limited number of measurements in this interval does not allow to 

provide a reliable approximation function. (It is possible topic of further research.) 

 Plotting the moisture conversion function along with the inverted sorption isotherm (Figure 

4.3), gives an opportunity to determine the moisture conversion factor for any relative humidity 

level before the capillary condensation phase. The inflexion points of the inverted sorption 

isotherm demonstrate the border of the three phases: monomolecular layer, multi-molecular 

layer (between 0.95 and 2.20 m% moisture content) and capillary condensation. 
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Figure 4.3. Moisture conversion function (continuous line) along with the inverted sorption 

isotherm (dashed line) 

 The multi-molecular layer is developed at about 24% RH, and at this relative humidity level 

the Fm moisture conversion factor is 1.13 [-]. The capillary condensation begins at about 67% 

relative humidity. At the beginning of the capillary condensation the Fm moisture conversion 

factor is 1.17 [-]. 

 

4.2.  Approximation of sorption and desorption isotherms 

 From the possible approximation functions the simplest one, polynomial functions were 

applied. The necessary degree was determined based on the geometrical shape and the physical 

meaning of a sorption isotherm. At the beginning of the capillary condensation phase, the slope 

of curve should suddenly increase, i.e., the sorption isotherm should have an inflection point. 

Consequently, the degree must be at least 3. Furthermore, the approximate function should be 

strictly increasing, since higher relative humidity is always associated with higher moisture 

content. Since this criterion is not met for the measured points in case of degree 3 and 4; 

however, it is met in case of degree 5, it is the minimum acceptable degree (R2 = 0.95).  
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Moreover, the inflection point of the fifth degree polynomial approximate function at u = 0.95 

m% moisture content may indicate the formation of multimolecular layer (Figure 4.3), therefore 

this function can also be justified by physical phenomena.  

 For the approximation of the desorption curve a third or fourth degree polynomial function 

can be sufficient (R2 = 0.88). However, for the comparability of the sorption and desorption 

isotherms, fifth degree polynomial function is suggested (R2 = 0.90). 

 The recommended approximate functions for sorption and desorption isotherms are the 

following (Figure 4.4): 

   149.00098.00003.0104102 234658

sorpu   (4.5) 

   2881.00166.00005.0105102 234658

desorpu   (4.6) 

where u [m%] is the water content; φ [%] is the relative humidity. 

 

Figure 4.4. Approximation of the sorption and desorption isotherms 

 The standard deviation of the measured moisture content [m%] values were determined in 

the monomolecular, multimolecular as well as in the capillary condensation phases. Figure 4.5. 

demonstrates, that the standard deviation is increasing at increasing relative humidity. 

Furthermore, it was found larger in case of desorption. In case of sorption, the standard 

deviation is 0.245 m% in the monomolecular, 0.371 m% in the multimolecular phase and 0.775 

m% during capillary condensation. In case of desorption these values are 0.684 m% in 

monomolecular, 0.746 m% in multimolecular, and 0.949 m% in the capillary condensation 

phase. 
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Figure 4.5. Standard deviation of measured moisture content 

 

4.3.   Discussion of water vapor permeability 

 The water vapor resistance factor (μ) [-] measured by the “wet cup” test (μwet = 5.53) is 

smaller than the value measured by the “dry cup” test (μdry =5.72); however, this difference is 

only 3.3%. The difference can be due to the surface diffusion, which is a liquid transport effect, 

and becomes noticeable at higher humidity level [Künzel, 1995]. The small difference of water 

vapor resistance factors demonstrates that in case of this material, the effect of surface diffusion 

is significantly lower than the effect of vapor diffusion.  

 However, the difference also can be due to measurement uncertainty. The drying/saturation 

process of salt solutions changes slightly the relative humidity in the chamber as well as in the 

cups during measurements, and the scales are also exposed to the relative humidity in the 

chamber.  

 In summary, the results demonstrate, that within the investigated range of relative humidity 

in samples (37-75% RH), there is no significant difference in water vapor resistance factors, 

they can be considered identical, i.e. the vapor resistance factor (μ) is independent from the 

relative humidity. 
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5. MODELS FOR HYGROTHERMAL SIMULATIONS 

 

 In the wall panel the columns are C140-0.9 steel elements that are placed at a distance of 

350 mm from each other. The concrete cover on steel elements should be at a minimum of 5 

cm on both sides [Dunai, Tóth, Hegyi et al., 2015]. The overall thickness of exterior wall is 40 

cm, i.e. the thickness of the light-weight concrete on the exterior side is 21 cm. The investigated 

part of the wall has a length of 1050 mm, containing 3 steel columns (Figure 5.1). 

 

  

Figure 5.1. Model of the wall panel (left) and wall panels during construction  

[Dunai, Tóth, Nagy, Orosz, 2015] (right) 

 

 In the roof panel C200-1.5 thin-walled steel beams are placed at a distance of 350 mm from 

each other. There is 50 mm concrete cover at the interior side, i.e. the total thickness of the 

loadbearing slab construction is 25 cm. On the roof construction additional thermal insulation 

is needed to achieve the required thermal performance, and to avoid the thermal bridges caused 

by steel beams (Figure 5.2). The model of roof construction was also 1050 mm containing 3 

steel beams. 
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Figure 5.2. Model of the roof panel (left), and thermal bridges caused by  

the steel beams in the roof construction (right) [Dunai, Tóth, Nagy, Orosz, 2015] 

 The applied building physical properties of the ultra-lightweight concrete and the steel 

elements are summarized in Table 5.1, other building materials were chosen from the built-in 

directory of the software. 

Table 5.1. Building physical properties of the EPS-concrete  

and the steel elements (dried-out samples, 10 °C) 

 ρ  

[kg/m3] 

cp  

[J/kgK] 

λ  

[W/mK] 

μ  

[-] 

wf   

[kg/m3] 

Aw 

[kg/m2s1/2] 

Ultra-lightweight 

concrete 
166.0 1000 0.055 6.0 249.5 0.038 

Steel [MSZ EN ISO 

10456:2008] 
7800 450 50 – – – 

 

 In Table 5.1. ρ is the bulk density; cp is the specific heat capacity; λ is the thermal 

conductivity; μ is the water vapor diffusion resistance factor; wf is the free water saturation; Aw 

is the water absorption coefficient. 

 The EPS concrete is capillary active and highly permeable, therefore, acrylic plaster is 

recommended on the exterior wall surface. Thus, the polystyrene concrete is not exposed to 

direct rain (i.e. no water is offered for capillary absorption), and it also ensures the air tightness. 

Without providing proper air tightness with internal and external plastering, the air transport 

through the porous ultra-lightweight concrete panels can influence the heat and moisture 

transport [Wójcik and Kosiński, 2015]. 
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 The steady-state simulations were conducted in two ways: heat transport without initial 

moisture content, then conjugated heat and moisture transport, with assumed initial moisture 

content at 80% relative humidity. The applied boundary conditions in case of steady-state 

simulation were set to 20 °C and 65% relative humidity inside, and +4 °C and 90% RH outside 

according to the  TNM 7/2006 (V.24.) Decree and the MSZ 24140:2015 standard. (The steady-

state simulation means constant boundary conditions over time, i.e. the difference between the 

results of two methods demonstrates the impact of moisture transport on thermal behavior.) 

 During dynamic simulations, the weather data of Budapest (Hungary) were applied [Nagy 

et al., 2016]. The weather file (.WAC) contained all the data needed for a detailed calculation 

for a 3 years long period between 2012 and 2014, including: air temperature [°C], relative 

humidity [%], air pressure [hPa], rain load [Ltr/m2h] (on horizontal surface), wind speed [m/s], 

wind direction [°], and diffuse as well as global solar radiation on horizontal surface [W/m2]. 

 During simulations south orientated wall panel was assumed in order to compare the results 

to in-situ measurements, since the southern and northern walls of the investigated model 

building (7. Validation of the simulation model) were equipped with sensors. However, at the 

northern façade diffuse solar radiation occurs only, but the simulation models also take the 

effect of direct solar radiation into account. Furthermore, the meteorological station was located 

at the southern façade, and the southeast wall corner was monitored by infrared camera inside. 

Moreover, the prevailing wind direction was south-southeast, and the wind has impact on 

surface resistance. In addition, there is significant indirect solar gain during summer, which also 

should be taken into consideration. 

 There is westward driving rain in Budapest. The driving rain is calculated as the normal rain 

load multiplied by the sum of R1 and R2 coefficient multiplied by the wind velocity that is 

perpendicular to the surface. The perpendicular component of the wind velocity is determined 

from the mean wind velocity and the wind direction. R1 and R2 coefficients depend on location 

on the building facade. For vertical surfaces: R1 = 0, R2 ~ 0.07 s/m were assumed (in the middle 

of the facade) [WUFI Pro 6.0, 2016]. The adhering fraction of the rain was set to 0.7 for vertical 

surface (wall); and 1.0 for horizontal surface (flat roof). In case of flat roof R1 = 1 and R2 = 0 

can be assumed, i.e. the driving rain load equals to normal rain; however, PVC waterproofing 

layer was applied, therefore, the rain did not have impact on the hygrothermal behavior of the 

roof construction. Furthermore, in case of walls, if acrylic exterior plaster is applied on the 

exterior surface, the effect of driving rain is not significant, therefore, investigation of the south 

wall was considered appropriate. During simulations normal-bright color plaster was assumed, 

i.e. the short-wave radation absorptivity was set to 0.4.  
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 The interior conditions were set according to the MSZ EN 15026:2007 standard, i.e. 20 °C 

indoor air temperature if outdoor air temperature is 10 °C or below, and 25 °C, if outdoor 

temperature equals or above 20 °C, and linear function of exterior air temperature in-between. 

Normal moisture load (30-60% RH depending on the outdoor air temperature) was assumed.  

 After the hygrothermal analysis of the ultra-lightweight panel construction in Budapest, the 

simulations were re-conducted with the weather data of Espoo (Finland) and Lisbon (Portugal) 

to investigate the impact of climate on results. 

 Three years (2012-2014) were investigated in each case, and the last two years were used to 

determine the building physical parameters. The first year was for the drying out process, since 

80% initial relative humidity was assumed in building materials. In case of the wall-ground 

connection 6 years were investigated, since the drying-out process is longer [Nagy and Szagri, 

2017]. The applied surface resistances were set according to the standard (Table 5.2). 

Table 5.2. Surface resistances [MSZ EN ISO 6946:2008] 

Surface resistance 

[m2K/W] 
Upwards Horizontal Downwards 

Rsi 0.10 0.13 0.17 

Rse 0.04 0.04 0.04 

 

 Figure 5.3 shows the investigated positive wall corner. 1.5 m of the interior surface was 

considered on both walls. The material properties and boundary conditions were identical to 

the ones applied for wall simulations. In case of this construction, providing adequate air 

tightness is inevitable. Therefore, the joints are filled with PUR foam. The thermal camera 

image (Figure 5.3) demonstrates the possible consequence of inadequate execution: thermal 

bridge at the joint of the wall and the polystyrene concrete corner element. 

 The simulated wall-ground and wall-roof connections are shown in Figure 5.4. If the floor 

and wall are thermally insulated (in this case the whole wall material behaves as thermal 

insulation) the effect of different soil types is not significant [Nagy and Szagri, 2017], therefore 

only one type of soil was assumed, i.e. sandy clay. The model contained the ground in 16 m 

depth, where constant 10 °C in Budapest (Hungary) [Nagy and Szagri, 2017], 7°C in Espoo 

(Finland) [Cervera, 2013] and 13 °C in Lisbon (Portugal) [Correia and Šafanda, 1999] were 

assumed; the relative humidity was set to 80%. The model contained 4 m of the interior floor 

and 16 m of the exterior ground. 
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Figure 5.3. Details: Positive wall corner (left) [Dunai, Tóth, Hegyi et al., 2015], and its 

thermal camera image (right) [Dunai, Tóth, Nagy, Orosz, 2015] 

 

  

Figure 5.4. Details: Wall – ground connection (left),  

Load-bearing wall – roof connection (right) [Dunai, Tóth, Hegyi et al., 2015] 
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6. RESULTS OF HYGROTHERMAL SIMULATION 

6.1.  Effective thermal transmittance 

 During dynamic, conjugated heat and moisture simulations – within the limits of WUFI 

software – realistic conditions were modeled. Many influencing factors including heat storage 

capacity, air temperature, relative humidity, driving rain, solar radiation, wind were taken into 

consideration, and the heat flux density values on the interior surface of construction were 

determined in every hour. Therefore, an evaluation technique originally developed for in-situ 

measurements was chosen and adopted for simulation results. Although, due to the limitations 

of WUFI software, some effects cannot be taken into consideration, e.g. air permeability of 

material, possible inhomogeneity; i.e. there is a certain degree of deviation from real conditions; 

the results can be considered as an acceptable approximation to real hygrothermal behavior. 

 Similarly to in-situ measurements the effective thermal transmittance (U*) [W/m2K] was 

calculated from simulation results by the following equation: 

𝑈∗ =
1

𝑛
∑

𝜙𝑞,𝑖

Δ𝑇𝑖

𝑛
𝑖=1    (6.1) 

where n [-] is the number of time steps (hours) within the investigated time period, ϕq,i [W/m2] 

is the heat flux density at the interior surface of construction, and ΔTi is the difference between 

the average exterior and interior air temperature values in the i time step (hour). 

 Figure 6.1. represents the degree days associated with the effective thermal transmittance 

calculated for the heating season, October and July in 2014. 

 According to the TNM 7/2006 (V.24.) Decree the limit temperature for heating is +12 °C, 

the indoor air temperature is 20 °C, and the exterior air temperature is +4 °C. In case of +20 °C 

indoor air temperature and +12 °C limit temperature the degree days are 72 000 hK/a (hatched 

area in Figure 6.1). 

 However, in case of the effective thermal transmittance (U*) the hourly determined and 

summarized degree days are calculated. Therefore, the degree days can be obtained for a certain 

period of time as the integral of area between the exterior and interior air temperature curves. 

Figure 6.1 graphically demonstrates that different degree days belong to Ustac and U*heating. 

Moreover, while in case of steady-state calculation, constant thermal conductivity and constant 

heat flux density are assumed; in case of U* the temperature and moisture dependence of 

thermal conductivity as well as the possible change of heat storage capacity due to moisture are 

taken into consideration.  
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The difference between the external and internal air temperature, and consequently the heat flux 

on the interior surface vary hour by hour. (Figure 6.1 demonstrates ΔTi temperature difference 

in (6.1) formula.) 

 The effective thermal transmittance (U*) for October can be used to determine the length of 

the heating season, since in Budapest (Hungary) the exterior air temperature falls below the 

limit temperature for heating (12°C) in October. 

 Calculation of the effective thermal transmittance (U*) for July is necessary to investigate 

the risk of overheating in summer. (In Budapest the average daily temperature is the highest in 

July.) 

 

 

Figure 6.1 Calculation of effective thermal transmittance from simulation results 
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6.1.1. Wall panel 

 In case of steady-state heat transport simulation, the thermal transmittance (Ustac) is 

0.154 W/m2K (with plaster: 0.155 W/m2K). If conjugated heat and moisture simulation was 

conducted, the Ustac-value is 0.181 W/m2K (regardless of the plaster). The difference between 

the results of the two calculation methods is 17.5%. However, even in the second case the 

thermal transmittance is smaller, than the “cost-optimized” and “nearly zero” value (0.240 

W/m2) required by the TNM 7/2006 (V.24.) Decree. 

 The results for the heating season (October-March), for October and also for July are 

summarized in Figure 6.2. In October the average U*-value is 0.186 W/ m2K, which is little 

less than the average U*-value in the heating season, 0.192 W/m2K. In July the small 

differences between the mean interior and exterior air temperatures result in erroneous U*-

value (0.225 W/m2K) [Hulme and Doran, 2014]. However, if hours with temperature difference 

less than 5 K are excluded from the calculation, the U*-value is only 0.038 W/m2K. This low 

U*-value is obtained as the average of the inward (daytime) and outward (nighttime) heat flows. 

In the heating season the average U*-value is higher, than the steady-state Ustac-value by 23.9%.  

    

Figure 6.2. Actual ϕq /ΔT values (5K<ΔT<15K) (left), and the U*-values [W/m2K] 

(right) of the wall panel (Budapest) (ϕq is the heat flux density [W/m2]) 

 Table 6.1 shows the minimum and maximum relative moisture content of each layer in case 

of plastered and unplastered wall panel. The total moisture content of plastered wall 

construction varies between 3.27 and 4.24 kg/m3. (The initial moisture content is 4.66 kg/m3.) 

However, if the wall panel is not plastered, the maximum total water content is about twice as 

high as in case of the plastered construction (8.08 kg/m3).  
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 The relative humidity on the interior surface varies between 31.4 and 60.8%; and the surface 

temperature – relative humidity values of each hour lie under the limiting isopleths (Appendix 

10), i.e. mold growth is not expected. (The interior surface temperature of the wall varies 

between 19.5 and 25.1 °C.) 

Table 6.1. Moisture content [m%] of wall construction 

Sensitivity analysis of U*-value of wall panel 

 The main reasons for the difference between the Ustac and U*-values of wall panel (i.e. 

different degree days, temperature and moisture dependent thermal conductivity, possible 

change in heat storage capacity due to moisture) are described above. However, a sensitivity 

analysis was conducted to investigate the impact of boundary conditions on results. In WUFI 

software many parameters including orientation, indoor climate (different standards), initial 

moisture content and temperature, driving rain, wind-dependent surface resistance, short-wave 

radiation absorptivity (e.g. normal bright, white, dark surface), capillary condensation, latent 

heat of evaporation, latent heat of fusion can be changed or turned on/off, therefore there is a 

total number of 49 152 possible combination. Table 6.2 contains the most important parameters 

and their impact on U*-value.  

 Simulations of wall panel with and without exterior and interior plasters gave the same 

results for every orientation as well as in case of driving rain. Therefore, the effect of other 

parameters were investigated on unplastered models with south orientation. Comparing the heat 

transport and the conjugated heat and moisture transport calculations, the difference is 5%. 

However, the initial moisture content (initial relative humidity in material layers) has 

substantial impact: in case of 0% RH, the U*-value is 21% smaller with both calculation 

methods. Exclusion of capillary conduction as well as the latent heat of fusion does not change 

the result. Exclusion of latent heat of evaporation increases the U*-value by 5%. The short-

wave radiation absorptivity of surface also modifies the result: a white (new) surface (0.2) 

increases the U*-value by 5%, while a darker (aged) surface (0.6) decreases it to the same 

degree.  

min. max. min. max.

Exterior plaster (Acrylic plaster) 0.14 3.45 ― ―

Wall panel (Ultra-lightweight concrete) 1.97 2.31 1.74 4.88

Interior plaster (Gypsum plaster) 0.29 0.56 ― ―

Moisture content [m%]

Plastered UnplasteredWall construction
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(Short-wave radiation absorptivity is set to 0.4 during simulations, which means a normal bright 

plaster surface.) The driving rain has no detectable impact on the effective thermal 

transmittance, the simulation resulted in the same 0.19 W/m2K. However, if the wind-dependent 

surface resistance is turned on, the result is smaller by 5%. This deviation is caused by the wind 

velocity. The external surface resistance declared by the MSZ EN ISO 6946:2008 standard 

(Table 5.2) was calculated for 4 m/s wind velocity; however the south-southeast wind in 

Budapest has a speed of 1-2 m/s according to in-situ measurements. The lower wind velocity 

results in higher surface resistance, thus it decreases the heat loss. 

Table 6.2. Sensitivity analysis of effective thermal transmittance of wall panel 

 

U* -value 

[W/m
2
K]

(heating season)

Difference

South 0.19
± 0 % 

(investigated panel)

North 0.20 + 5 %

West 0.19 ± 0 %

East 0.20 + 5%

Orientation: South

0 % initial relative 

humidity
0.15 - 21 %

80 % initial relative 

humidity
0.18 - 5 %

0 % initial relative 

humidity
0.15 - 21 %

80 % initial relative 

humidity
0.19

± 0 % 

(investigated panel)

Excluding capillary 

conduction
0.19 ± 0 %

Excluding latent heat of 

evaporation
0.20 + 5%

Excluding latent heat of 

fusion
0.19 ± 0 %

Normal bright: 0.4 0.19
± 0 % 

(investigated panel)

White (new): 0.2 0.20 + 5 %

Dark (aged): 0.6 0.18 - 5 %

Driving rain is turned on 0.19
± 0 % 

(investigated panel)

Driving rain is turned off 0.19 ± 0 %

Heat and moisture transport calculation:

Effect of wind-dependent surface 

resistance

Wind-dependent surface 

resistance is turned on
0.18 - 5 %

Orientation

- Heat and moisture transport calculation

- 80 % initial RH

- Driving rain 

- Normal bright surface (0.4)

Parameters

Heat and moisture transport calculation

(Normal bright surface (0.4))

Heat transport calculation

Heat and moisture transport calculation:

Effect of different short-wave radiation 

absorptivity

Heat and moisture transport calculation:

Driving rain
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6.1.2. Roof panel 

 The steady state U-value of the roof slab is 0.437 W/m2K, if heat transport is considered 

only. This is higher than the requirement (0.250 W/m2K; and 0.170 W/m2K in “cost-optimized” 

and “nearly zero” case) of the Hungarian regulation (TNM 7/2006 (V.24.) Decree). Moreover, 

the steel beams cause thermal bridges (Figure 5.2); therefore additional thermal insulation is 

necessary. A minimum of 15 cm EPS insulation above the ultra-lightweight concrete slab is 

recommended. In this case the thermal transmittance in steady state is 0.156 W/m2K, if only 

heat transfer is considered, and in case of conjugated heat and moisture transport U= 0.165 

W/m2K, that fulfills the “cost-optimized” and “nearly zero” requirement. 

 During dynamic simulation the ϕq /ΔT values change over time. The results are summarized 

in Figure 6.3. The tendency is the same as in case of the wall panel. In the heating season, the 

effective thermal transmittance (U*) is 0.167 W/m2K, which is higher, than in steady state by 

7,1 % , and in summer it is nearly zero, i.e. -0.026 W/m2K. (The negative value represents, that 

the direction of daily average heat flow is reversed.) In October, the U*-value is 0.142 W/m2K, 

which is lower than in steady state by 9.9%. 

  

Figure 6.3. Actual ϕq /ΔT values (5K<ΔT<15K) (left)  

and the U*-values [W/m2K](right) of the roof (Budapest) 

 Table 6.3 shows the minimum and maximum relative moisture content of layers of the roof 

construction. The total moisture content of roof varies between 2.10 and 2.43 kg/m3 (initial 

moisture content: 3.51 kg/m3).  The relative moisture content of the EPS thermal insulation is 

between 1.32 and 2.03 m% after the drying-out phase. 

 The relative humidity varies between 31.2 and 60.5% on the interior surface, while the 

interior surface temperature of the ceiling changes between 19.6 and 25.1 °C.  
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The surface temperature – relative humidity values of each hour lie under the limiting isopleths 

(Appendix 10), therefore there is no risk of mold growth.  

 

Table 6.3. Moisture content [m%] of roof construction 

 

 

 

6.2.  Effective linear thermal transmittance 

 Similarly to the effective thermal transmittance (U*), the effective linear thermal 

transmittance (Ψ*) was calculated for a certain time period by the following formula: 

𝛹∗ =
1

𝑛
∑

𝑙∙(𝜙𝑞,𝑡𝑜𝑡𝑎𝑙,𝑖− ∑ 𝜙𝑘
𝑗=1  𝑞,𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡,𝑗,𝑖)

Δ𝑇𝑖

𝑛
𝑖=1    (6.2) 

where n [-] is the number of time steps (hours) within the investigated time period; ϕq,total,i 

[W/m2] is sum of the heat flux densities at the interior surfaces of the structural connection (e.g. 

wall corner, wall-roof, wall-ground connection) in the i time step (hour); ΔTi  is the difference 

between the average exterior and interior air temperature values in the i time step (hour); k is 

the number of the structural components of the connection (e.g. it is two wall parts in case of a 

wall corner, or a wall and a roof part in case of the wall-roof connection); ϕq,component, j,i is the 

heat flux density at the interior surface of the j structural component in the i time step (hour); 

and l = 1 [m] is the length of the investigated thermal bridge. 

 

6.2.1. Wall corner 

 In steady state the linear thermal transmittance of the positive wall corner is 0.032 W/mK, if 

heat transfer is considered only, and 0.043 W/mK, if conjugated heat and moisture transport 

was applied with 80% initial relative humidity. 

 Considering dynamic simulation, the effective linear thermal transmittance (Ψ*-value) 

[W/mK] varies according to the investigated period (Figure 6.4). 

 

min. max.

EPS thermal insulation (15 cm) 1.32 2.03

Roof panel (Ultra-lightweight concrete) 1.84 2.15

Interior plaster (Gypsum plaster) 0.29 0.56

Moisture content [m%]
Roof construction
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Figure 6.4. l·(ϕq,total - ϕq,walls)/ΔT values (5K<ΔT<15K) (left), and the  

Ψ*-values [W/mK] (right) at wall corner (Budapest) (l: length of the thermal bridge) 

 In the heating season (October-March) the effective linear thermal transmittance is 0.027 

W/mK, which is lower than the steady-state value by 15.6%; in October the Ψ*-value is 

practically zero, and in July it is 0.043 W/mK, if hours with less than 5 K temperature 

differences are excluded from the calculation. (Without correction, the result is erroneous 

[Hulme and Doran, 2014].) 

 Comparing these results with the effective thermal transmittances, it can be concluded, that 

the U*-value in the heating season is higher than in steady state, and even though the effective 

linear thermal transmittance is lower in case of dynamic simulation, the overall transmission 

heat loss is higher. In case of the investigated 1.5 m x 1.5 m ultra-lightweight concrete wall 

corner the heat loss coefficients are the following: Hsteady-state, heating = 0.497 W/K and 

Hdin,heating=0.602 W/K, i.e. the heat loss coefficient in case of dynamic simulation is larger than 

in case of steady-state calculation by 21.1%.  

 The different tendency of Ψ* and U*-values can be explained by the inherent connection 

between the two metrics. An increase in U-value results in more heat transferring through the 

wall panel during a certain time period, and consequently less heat transfer at the connection of 

the two components (wall corner). (Heat loss at a thermal bridge equals to the difference 

between the total heat loss and the heat loss through surfaces.) 

 The minimum and maximum relative moisture content of layers of wall corner are 

represented in Table 6.4. The total moisture content of wall corner is between 3.35 and 4.25 

kg/m3, the initial moisture content is 4.76 kg/m3. 

 The relative humidity at the interior surface of the corner is between 35.2 and 65.1%; and 

the interior surface temperature varies between 17.7 and 25.0 °C.  
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However the surface temperature – relative humidity values of each hour lie under the limiting 

isopleths (Appendix 10), therefore there is no risk of mold growth.  

Table 6.4. Moisture content of wall corner 

 

 The temperature factor at the internal surface of the wall corner was also calculated in every 

hour by the following formula [MSZ EN ISO 13788:2013]: 

  𝑓𝑅𝑠𝑖
=  

𝑇𝑠−𝑇𝑒

𝑇𝑖−𝑇𝑒
         (6.3) 

where Ts is the internal surface temperature in the corner, Te is the external air temperature, and 

Ti is internal air temperature.  

 In case of in-situ investigation of mold growth risk, exterior and interior air temperature 

difference must be minimum 10 °C. In this case, according to a rule of thumb, the temperature 

factor at the internal surface should be higher, than 0.65 [Fischer et. al, 2015].  Considering the 

relevant hours, in case of the investigated wall corner, the calculated minimum temperature 

factor is 0.831 (0.817 during the drying out phase); i.e. it also confirms, that there is no risk of 

mold growth. 

 

6.2.2. Wall-roof connection 

 At the wall-roof connection, the linear thermal transmittance is 0.025 W/mK in steady state 

if heat transfer is considered only, and it is 0.033 W/mK in case of conjugated heat and moisture 

transport (80% initial relative humidity). The difference is 32.0%.  

 Considering dynamic simulation, the Ψ*-value varies according to the investigated period 

(Figure 6.5). In the heating season (October-March) the Ψ*-value is 0.027 W/mK, which is 

higher, than Ψstac by 8.0% ; in October it is 0.052 W/mK, and in July it is -0.020 W/mK, if the 

hours with small temperature differences are excluded from the calculation.  

 The result is similar to the wall corner, i.e. in case of dynamic simulation the overall heat 

loss at the investigated wall-roof connection is higher, than in steady state. In the heating 

season:  Hsteady-state, heating = 0.405 W/K and Hdin, heating = 0.469 W/mK, i.e. the heat loss coefficient 

in case of dynamic simulation is larger than in case of steady-state calculation by 15.8%.  

min. max.

Exterior plaster (Acrylic plaster) 0.12 2.79

Wall panel (Ultra-lightweight concrete) 1.97 2.29

Interior plaster (Gypsum plaster) 0.29 0.56

Wall corner
Moisture content [m%]
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Figure 6.5. l·(ϕq,total - ϕq,wall - ϕq,roof)/ΔT values (5K<ΔT<15K) (left)  

and Ψ*-values [W/mK] (right) at wall-roof connection (Budapest) 

 Table 6.5 shows the minimum and maximum relative moisture content of layers of the wall-

roof connection. The total moisture content of roof varies between 3.00 and 3.61 kg/m3 (initial 

moisture content: 4.45 kg/m3). The relative humidity varies between 36.1 and 62.8% at the 

interior surface of connection; while the interior surface temperature is between 16.5 and 

25.5°C. The surface temperature – relative humidity values of each hour lie under the limiting 

isopleths (Appendix 10), furthermore fRsi = 0.792 (0.754 during drying out phase) > 0.65; 

therefore there is no risk of mold growth [Fischer et. al, 2015]. 

Table 6.5. Moisture content [m%] of wall-roof connection 

 

6.2.3. Wall-ground connection 

 The heat loss through the floor was included in the linear thermal transmittance. Since 4 m 

of the floor (representing half of the building) was modeled during simulation, this assumption 

does not jeopardize a correct building energy calculation based on this value, and it is also 

compatible with the Hungarian regulation (TNM 7/2006 (V.24.) Decree) [Nagy, 2015b]. 

 With dynamic simulation 6 years were investigated. In the heating season the effective linear 

thermal transmittance (Ψ*) is 0.265 W/mK, that is only 40.0% of the steady-state value 

(Ψstac=0.662 W/mK) (Figure 6.6).  

min. max.

EPS thermal insulation 1.28 2.68

Wall/roof panel (Ultra-lightweight concrete) 1.96 2.24

Interior plaster (Gypsum plaster) 0.26 0.55

Exterior plaster (Acrylic plaster) 0.13 2.65

Wall - roof connection
Moisture content [m%]
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Moreover, in case of the investigated wall-ground connection, Hsteady-state, heating = 0.895 W/K 

and Hdin, heating = 0.552 W/K, i.e. the heat loss coefficient in case of dynamic simulation is 

smaller than in case of steady-state calculation by 38.3%. 

      

Figure 6.6. l·(ϕq,total - ϕq,wall)/ΔT values (5K<ΔT<15K) (left) and Ψ*-value in the heating 

season [W/mK] (right) at the wall-ground connection (Budapest) 

 

 Table 6.6 represents the minimum and maximum relative moisture content of layers in case 

of wall-ground connection. The relative humidity in the corner varies between 31.8 and 64.0%, 

and the interior surface temperature is between 19.1 and 24.6 °C.  The surface temperature – 

relative humidity values of each hour lie under the limiting isopleths (Appendix 10), 

furthermore fRsi = 0.937 (0.931 during drying out phase) > 0.65, therefore mold growth is not 

expected [Fischer et. al, 2015]. 

 

Table 6.6. Moisture content [m%] of wall-ground connection 

 

 

 

min. max.

Exterior plaster (Acrylic plaster) 0.14 3.29

Wall panel (Ultra-lightweight concrete) 1.97 2.33

Interior plaster (Gypsum plaster) 0.26 0.55

Ceramic tiles on floor 0.20 0.65

Concrete screed under ceramic tiles 1.28 1.86

EPS thermal insulation under concrete screed 1.37 2.44

XPS thermal ins. on ext. surface of foundation 3.75 4.43

Wall - ground connection
Moisture content [m%]
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6.3.  Impact of climate on hygrothermal behavior 

 

6.3.1. Investigated climates  

 The hygrothermal simulations were re-conducted by applying the weather data of Espoo 

(Finland), and Lisbon (Portugal). Espoo (Finland) is situated in humid continental climate zone 

according to the Köppen climate classifications, characterized by cold winters and warmer 

summers. The average temperature of the coldest month is below 0°C, and the average 

temperature of all months are below 22°C. Rainfall is significant and there is precipitation even 

in the driest months. Budapest (Hungary) is situated in temperate continental climate zone, with 

a higher mean temperature and lower average relative humidity. The warmest month is July, 

and the coolest month is January. Lisbon has mediterranean climate, characterized by mild and 

short winter and warm summer.  

 The minimum, maximum and mean temperature and relative humidity values of the 

investigated locations are summarized in Table 6.7. 

 

Table 6.7. Minimum, maximum and mean temperature 

and relative humidity values in the investigated locations 

 
Espoo Budapest Lisbon 

Mean temperature [°C] 5.5 11.8 15.6 

Max. temperature [°C] 28.4 37.2 37.0 

Min. temperature [°C] -25.2 -17.7 1.2 

Mean rel. humidity [%] 83 63 75 

Max. rel. humidity [%] 100 98 100 

Min. rel. humidity [%] 20 19 25 

 

 In case of Espoo and Lisbon, weather data of the reference year are available in the WUFI 

software. (Data of Espoo were provided by the VTT Technical Research Centre of Finland, and 

Lisbon weather data were determined by the Faculty of Engineering of the University of Porto. 
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6.3.2. Effective thermal transmittance in different climates 

Wall panel 

 The effective thermal transmittance (U*) values of the investigated ultra-lightweight wall 

panel in the three investigated locations are summarized in Figure 6.7. During the calculation, 

every hour within an investigated time period was taken into consideration, then the U*-values 

were also determined by exclusion of the hours with less than 5 K and 10 K differences between 

the exterior and interior air temperatures; since the small temperature differences can result in 

erroneous values in summer [Hulme and Doran, 2014]. 

 In the period of October-March (2013-2014) the U*-value is 0.176 W/m2K in Espoo 

(Finland), 0.192 W/m2K in Budapest (Hungary) and 0.143 W/m2K in Lisbon (Portugal). 

Comparing these values to the result of steady-state calculation, it is concluded, that in this 

period, the U*-value is higher in humid continental (Espoo, Finland) climate than the steady-

state Ustac -value (0.155 W/m2K) by 13.5 %. In temperature continental climate the difference 

is +23.9 %. However it is smaller in mediterranean climate (Lisbon, Portugal) by 17.4 % (Figure 

6.7). 

 After the drying-out phase the total moisture content of wall panel varies between 3.71 and 

4.90 kg/m3 in Espoo and 3.44 and 4.59 kg/m3 in Lisbon. (The relative moisture content of layers 

is shown in Appendix 8.) The relative humidity on the interior surface is between 31.3 and 

60.7% in Espoo, 45.6 and 60.5% in Lisbon; and the surface temperature – relative humidity 

values of each hour lie under the limiting isopleths (Appendix 10), i.e. mold growth is not 

expected. 

 

Figure 6.7. U*-values of the wall panel in different climatic conditions 
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Roof panel 

 In case of the investigated ultra-lightweight roof construction the effective thermal 

transmittance (U*) values in the period of October-March (2013-2014) are the following: 0.157 

W/m2K in Espoo (Finland), 0.167 W/m2K in Budapest (Hungary) and 0.123 W/m2K in Lisbon 

(Portugal). Comparing the results to the steady-state U-value (Ustac=0.156 W/m2K), similar 

phenomenon is experienced as in case of the wall panel: in this period, the U*-value is higher 

in the temperate continental climate (Budapest, Hungary) by +7.1 % than the steady-state value; 

it is almost equal to Ustac (higher by 0.6%) in cold climate (Espoo, Finland); however, it is 

smaller in mediterranean climate (Lisbon, Portugal) by 21.2 % (Figure 6.8). 

 After the drying-out phase the total moisture content of roof construction varies between 

2.13 and 2.46 kg/m3 in Espoo and 2.24 and 2.39 kg/m3 in Lisbon. (The relative moisture content 

of layers is shown in Appendix 8.) The relative humidity on the interior surface is between 31.1 

and 60.7% in Espoo and 31.1 and 60.4% in Lisbon; and the surface temperature – relative 

humidity values of each hour lie under the limiting isopleths (Appendix 10), i.e. mold growth 

is not expected. 

 

Figure 6.8. U*-values of the roof construction  

with 15 cm additional EPS thermal insulation in different climatic conditions 
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6.3.3. Effective linear thermal transmittance in different climates 

Wall corner 

 The effective linear thermal transmittance (Ψ*) values of the investigated ultra-lightweight 

wall corner in the three investigated locations are summarized in Figure 6.8. 

 In the period of October-March (2013-2014) the Ψ*-value is 0.025 W/mK in Espoo 

(Finland), 0.027 W/mK in Budapest (Hungary) and 0.003 W/mK in Lisbon (Portugal). 

Comparing these values to the result of steady-state calculation, it is concluded that the effective 

linear thermal transmittance (Ψ*) is smaller than the steady-state Ψstac-value (0.032 W/mK) in 

every investigated location. The difference is -21.9 % in Espoo, -15.6% in Budapest and -90.6% 

in Lisbon (In Lisbon the Ψ*-value is nearly zero.) 

 In October, the effective linear thermal transmittance is nearly zero in Espoo and Budapest 

(0.006 W/mK in Espoo and 0.001 W/mK in Budapest), and -0.049 W/mK in Lisbon; however, 

if the hours with small temperature differences are excluded, it is also nearly zero.  

 In July the Ψ*-values are unrealistically high if all the hours are considered (ΔT>0K); 

however it is very sensitive to the excluded temperature differences, decreasing substantially if 

hours with 5 and 10 K temperature differences are excluded from the calculation. 

 After the drying-out phase the total moisture content of wall corner varies between 3.87 and 

4.95 kg/m3 in Espoo and 3.52 and 4.55 kg/m3 in Lisbon. (The relative moisture content of layers 

is shown in Appendix 8.) 

 The minimum and maximum interior surface temperature and relative humidity values at the 

wall corner are summarized in Table 6.8. The surface temperature – relative humidity values of 

each hour lie under the limiting isopleths (Appendix 10) in each investigated location; therefore 

mold growth is not expected. 
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Figure 6.9. Ψ*-values at the wall corner in different climatic conditions 

 

Table 6.8. Minimum and maximum interior surface temperature [°C]  

and relative humidity [%] at the wall corner in different climates 

 

Wall-roof connection 

 The results of dynamic simulations for the loadbearing wall-roof connection are summarized 

in Figure 6.9. The Ψ*-values in the October-March period (2013-2014) are: 0.042 W/mK in 

Espoo (Finland), 0.027 W/mK in Budapest (Hungary) and 0.038 W/mK in Lisbon (Portugal), 

i.e. the effective linear thermal transmittance (Ψ*) values are higher than the steady-state value 

(Ψstac =0.025) in every investigated location; however, in Budapest it is almost equal to Ψstac. 

The difference is: +68.0% in Espoo, +8.0% in Budapest and +52.0% in Lisbon. 

 In October the Ψ*-values are larger than in the October-March period in every location. 

 In July the little temperature differences cause unrealistically high values. Therefore without 

appropriate data cleaning (eliminating the low temperature differences) accurate Ψ*-values 

cannot be determined. 

 After the drying-out phase the total moisture content of wall-roof connection varies between 

3.45 and 3.89 kg/m3 in Espoo and 3.17 and 3.57 kg/m3 in Lisbon. (The relative moisture content 

of layers is shown in Appendix 8.) 

min. max. min. max.

ESPOO (FINLAND) 16.5 24.5 34.4 63.9

BUDAPEST (HUNGARY) 17.7 25.0 35.2 65.1

LISBON (PORTUGAL) 18.9 25.1 48.1 62.9

Ts [°C] φ [%]
Wall corner
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 The minimum and maximum interior surface temperature and relative humidity values at the 

wall-roof connection are summarized in Table 6.9. The surface temperature – relative humidity 

values of each hour lie under the limiting isopleths (Appendix 10) in each investigated location; 

therefore there is no risk of mold growth. 

 

 

Figure 6.10. Ψ*-values at wall-roof connection in different climatic conditions 

 

Table 6.9. Minimum and maximum interior surface temperature [°C]  

and relative humidity [%] at the wall-roof connection in different climates 

 

 

Wall-ground connection 

 The wall-ground connection was investigated in the October-March period (2013-2014), and 

the results are summarized in Figure 6.11. 4 m long part of the floor was included in the 

simulation model, representing half of the building, i.e. the heat loss through the floor was 

included in the Ψ*-value.  

  

min. max. min. max.

ESPOO (FINLAND) 16.0 24.9 35.8 62.1

BUDAPEST (HUNGARY) 16.5 25.5 36.1 62.8

LISBON (PORTUGAL) 18.8 25.5 48.1 61.4

Wall-roof connection
Ts [°C] φ [%]
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 The effective linear thermal transmittance values in the investigated period are: 0.221 W/mK 

in Espoo (Finland), 0.265 W/mK in Budapest (Hungary) and 0.222 W/mK in Lisbon (Portugal), 

i.e. the Ψ*- values are significantly lower than the result of steady-state calculation (Ψstac=0.662 

W/mK) in every investigated location (its 33% in Espoo, 40% in Budapest and 34% in Lisbon). 

 The minimum and maximum interior surface temperature and relative humidity values at the 

wall-ground connection are summarized in Table 6.10. The surface temperature – relative 

humidity values of each hour lie under the limiting isopleths (Appendix 10) in each investigated 

location; therefore mold growth is not expected at this connection. (The relative moisture 

content of layers is shown in Appendix 8.) 

 

Figure 6.11. Ψ*-values (including the heat loss through the floor)  

at the wall-ground connection (October-March) in different climatic conditions 

 

Table 6.10. Minimum and maximum interior surface temperature [°C] 

and relative humidity [%]  at the wall-ground connection in different climates 

 

 

 Considering all the hours in the period of October-March (2013-2014), the Ψ*-value in 

Budapest (0.265 W/mK) is higher than in Espoo (0.221 W/mK) by 19.9%, even though the 

average air temperature in Espoo is -0.22 °C, and in Budapest it is  +6.56 °C.  This phenomenon 

can be originated from the different boundary conditions inside.  

min. max. min. max.

ESPOO (FINLAND) 18.8 24.4 31.8 63.8

BUDAPEST (HUNGARY) 19.1 24.6 31.8 64.0

LISBON (PORTUGAL) 19.7 24.8 45.4 62.9

Wall-ground connection
Ts [°C] φ [%]
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 According to the MSZ EN 15026:2007 standard the interior air temperature depends on the 

exterior air temperature (Figure 6.12). Since in Espoo the exterior air temperature in this period 

is mainly below 10 °C, the interior temperature is 20.0 °C. However, in Budapest the heating 

season is warmer, therefore the interior temperature is also higher with an average value of 

20.5°C.  

 

   

Figure 6.12. WUFI 2D model of the wall-ground connection (left), and the interior boundary 

conditions in Budapest (2012-2014) with normal moisture load [WUFI 2D 3.4](right) 

 To investigate the effect of the interior boundary condition, the Pearson-correlation 

coefficient was applied. The R(ϕq, T) [-] heat flux density – temperature correlation coefficient 

expresses the strength of the relationship between the air temperature (interior, exterior 

temperature values as well as temperature differences) and the heat flux density [W/m2] at an 

interior surface (floor or wall) of the wall-ground connection. 

 If ϕq={ϕq,1,...,ϕq,n} and T={T1,...,Tn} are two data sets of heat flux density and temperature 

values, where n is the number of time steps (hours) during simulation, the R(ϕq,T) correlation 

coefficient can be calculated by the following formula:  

𝑅(𝜙𝑞, 𝑇) =
∑ (𝜙𝑖−�̅�)(𝑇𝑖−�̅�)𝑛

𝑖=1

√∑ (𝜙𝑖−�̅�)
2𝑛

𝑖=1 √∑ (𝑇𝑖−�̅�)2𝑛
𝑖=1

   (6.4) 

where �̅� and �̅� are the sample means. The interpretation of heat flux density – temperature 

correlation coefficient is shown in Table 6.11. 
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Table 6.11. The interpretation of the R(ϕq,T) heat flux density – temperature  

correlation coefficient [Guilford, 1956] 

R(ϕq,T) Interpretation 

< 0.20 slight; almost negligible relationship 

0.20 – 0.40 low correlation; definite but small relationship 

0.40 – 0.70 moderate correlation; substantial relationship 

0.70 – 0.90 high correlation; marked relationship 

> 0.90 very high correlation; very dependable relationship 

  

Comparing the heat flux – temperature correlation coefficients of the investigated wall-ground 

connection in Budapest (Hungary), Espoo (Finland) and Lisbon (Portugal) (Table 6.12), it is 

concluded that in Budapest there is a definite relationship between the heat flux at the floor 

surface and the interior temperature (R(ϕq, Ti)= 0.26); however the relationship with the exterior 

temperature (0.11) as well as with the temperature difference (0.06) is almost negligible. 

Consequently, the interior temperature as a boundary condition has greater impact on the heat 

flux density at the floor, than the exterior temperature or the exterior-interior temperature 

difference.  Since 4 m long floor area is considered and 20 cm thermal insulation is mounted 

on the exterior surface of the foundation, which is significantly more effective than the a floor 

thermal insulation [Nagy and Szagri, 2017], the heat loss through the floor takes a larger part 

in the effective linear thermal transmittance, than the actual thermal bridge at the connection. 

Therefore, considering the heating period of 2013-2014, the Ψ*-value is higher in Budapest 

than in Espoo (Finland) due to the exterior air temperature dependent interior boundary 

condition. (The higher average exterior air temperature results in higher interior air temperature, 

than in Espoo, according to the MSZ EN 15026:2007 standard, that causes higher heat flux 

density values at the floor, which plays major role in the effective linear thermal transmittance.) 
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Table 6.12. R(ϕq,T) [-] correlation coefficients in different climates  

in the period of October-March 

Correlation coefficients Espoo Budapest Lisbon 

R(ϕq, floor, Ti) 0.22 0.26 0.30 

R(ϕq, floor, Te) 0.74 0.11 0.30 

R(ϕq, floor, ΔT) 0.74 0.06 0.29 

R(ϕq, wall, Ti) 0.26 0.42 0.38 

R(ϕq, wall, Te) 0.89 0.75 0.42 

R(ϕq, wall, ΔT) 0.89 0.77 0.43 

 

 In case of colder climate (Espoo, Finland) the correlation coefficient is higher with the 

exterior temperature (0,74) and the exterior-interior temperature difference (0,74) and lower 

with the interior temperature (0.22). In case of Lisbon (Portugal) the interior and exterior 

temperature as well as the temperature difference correlate with the heat flux at the floor surface 

to the same degree (0.30, 0.30 and 0.29). 

 Considering the wall part of the connection, in Budapest (Hungary) and Espoo (Finland) the 

correlation is the largest with the exterior temperature and the exterior-interior temperature 

difference. In Lisbon (Portugal) these correlations are lower, but still larger than with the 

interior temperature. 
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6.3.4. Heat loss at the structural connections 

 In the period of October-March (2013-2014) at the wall corner as well as at the wall-roof 

connection the heat loss coefficients resulted from dynamic simulations are larger than in case 

of the steady-state calculation both in Espoo and in Budapest (Figure 6.13). The difference at 

the wall corner is 11.3% in Espoo and 21.1% in Budapest; while at the wall-roof connection it 

is 12.8% in Espoo and 15.8% in Budapest. In Lisbon, considering the same period, the heat loss 

coefficients are smaller than in steady-state value by 18.5% at the wall corner and 11.1% at the 

wall-roof connection. At the wall-ground connection, in the period of October - March (2013-

2014) the dynamic simulation results in significantly smaller heat loss than the steady-state 

calculation in every investigated location; the heat loss coefficient is smaller by 45.8% in Espoo 

(Finland), 38.3 % in Budapest (Hungary) and 61.6 % in Lisbon (Portugal), than in case of 

steady-state calculation. 

 

  

Figure 6.13. Heat loss coefficients (H [W/K]) at the structural connections  

in different climates in the period of October-March (2013-2014)  

 

 

 

 

 

 

 

 



Time-dependent changes in building energy performance   

of ultra-lightweight concrete panel constructions  Máté OROSZ 

79 
 

6.4. Moisture load of wall panel in different climates 

 The moisture content of the ultra-lightweight concrete wall panel was investigated with 

several combinations of exterior and interior plasters/surface in temperate continental 

(Budapest, Hungary), humid continental (Espoo, Finland), and mediterranean climate (Lisbon, 

Portugal). 

 

 The following types of exterior plaster were applied on the wall panel: 

 Exterior plaster with “high” sd-value 

Acrylic plaster (sd = 0.575 m) 

 
- 4 mm adhesive mortar (μ=50) for surface leveling and also as reinforcement 

coat with embedded glass fiber mesh (e.g. “Baumit ProfiContact”)  

sd = 0.200 m; water absorption coefficient: Aw = 0.057 kg/m2s1/2 

- 3 mm acrylic plaster (μ=125) (e.g. “Baumit GranoporTop”)  

sd = 0.375 m; Aw = 0.00083 kg/m2s1/2 

 

 Exterior plaster with “medium” sd-value 

Silicone plaster (sd = 0.300 m) 

 

- 4 mm adhesive mortar (μ=50) for surface leveling and also as reinforcement 

coat with embedded glass fiber mesh (e.g. “Baumit ProfiContact”)  

sd = 0.200 m; Aw = 0.057 kg/m2s1/2 

- 2 mm silicone exterior plaster (μ=50) (e.g. “Baumit SilikonTop”)  

sd = 0.100 m; Aw = 0.00016 kg/m2s1/2 

 

 Exterior plaster with “low” sd-value 

Vapor permeable plaster (sd = 0.122 m) 

 

- 4 mm vapor permeable adhesive mortar (μ=18)  

(e.g. “Baumit OpenContact”) 

sd = 0.072 m; Aw = 0.007 kg/m2s1/2 

- 2 mm vapor permeable plaster (μ=25) (e.g. “Baumit NanoporTop”) 

sd = 0.050 m; Aw = 0.0023 kg/m2s1/2 
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 The interior surface of the wall panel was modeled by applying the following solutions: 

 Interior plaster with “low” sd-value 

Gypsum plaster (sd = 0.100 m) 

 

- thickness: 10 mm (μ=10) (e.g. “Baumit GlättPutz”) 

- water absorption coefficient: Aw = 0.367 kg/m2s1/2 

 

 Interior plaster with “medium” sd-value 

Lime-cement plaster (sd = 0.375 m) 

 

- thickness: 15 mm (μ=25) (e.g. “Baumit MPI 25”) 

- water absorption coefficient: Aw = 0.0023 kg/m2s1/2 

 

 Interior surface with “high” sd-value 

Vapor barrier and gypsum boards on wood studs (sd = 100.150 m) 

 

- 3  mm adhesive mortar (μ=50) for surface leveling  

(e.g. “Baumit ProfiContact”), sd = 0.150 m; Aw = 0.057 kg/m2s1/2 

- vapor retarder, sd =100 m (e.g. “Ursa Seco Pro 100”) 

- 30 mm air layer between wood studs 

- 12.5 mm gypsum board (e.g. “Rigips RB 12.5”) 

 

 The recommended plasters should be applied according to the product specification. Primer 

(e.g. “Baumit UniPrimer” under “GranoporTop” and “SilikonTop” or “PremiumPrimer” under 

“NanoporTop”) is necessary to apply; however, its thickness during hygrothermal simulations 

is negligible. (Dispersion paint on interior surface is also not taken into consideration during 

simulations.) 

 Table 6.13 shows the investigated combinations of sd -values on the exterior and interior 

surfaces. 
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Table 6.13. Combinations of sd -values of the exterior and interior surfaces 

 

Water vapor diffusion-equivalent air layer 

thickness (sd)[m]  

Exterior surface Interior surface 

0 No plaster  No plaster 

1 0.575 0.100 

2 0.300 0.100 

3 0.122 0.100 

4 0.575 0.375 

5 0.300 0.375 

6 0.122 0.375 

7 0.575 100.150 

8 0.300 100.150 

9 0.122 100.150 

 

 

 The moisture content was simulated in each centimeter of the wall panel cross-section in 

every hour of the investigated period (2012-2014). Then the moisture content values between 

the 1 cm intervals were Kriging-interpolated using Surfer software to obtain a continuous 

surface chart. The grid was 391/8761; on the “x” axis, the values were determined in every 0.1 

cm and on the “y” axis 8760 hours (2014) were represented.  

 The Figure 6.14 shows the moisture contents of the ultra-lightweight concrete wall panel  

without exterior and interior plaster in Budapest (Hungary), Espoo (Finland) and Lisbon 

(Portugal). 
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  (FINLAND) 

 

 

 

 

 

 

 

 

 

 

  LISBON – L0 

  (PORTUGAL) 

 

 

 

Figure 6.14. Moisture content [m%] of the ultra-lightweight concrete wall panel  

without exterior and interior plasters 
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 The highest moisture content occurs at the exterior surface of the wall, showing that the air 

humidity has a high influence at near-surface points.  Chikhi et al. found the same phenomenon 

in case of polystyrene concretes [Chikhi et al., 2016], and it was demonstrated for concrete 

[Cho et al., 2017; Ryu et al., 2011] as well as for External Thermal Insulation Composite System 

(ETICS) [Orosz, 2012a, 2012b]. However, the lowest possible moisture content can be detected 

at the interior surface. 

 In Budapest at the exterior surface the moisture content is about 2 m% with periodical 5 m% 

peaks, in winter the moisture content rises periodically up to 20 m%  At the end of spring as 

well as in summer two extreme peaks can be observed with moisture content above 100 m%, 

indicating heavy rain events. The maximum moisture content is 102.3 m%. 

 In Espoo, the moisture content at the exterior surface is above 5 m% almost in the whole 

year. In winter there are longer periods above 60 m%, and there are also extreme peaks above 

100 m% (the maximum is 146.3 m%). In summer the moisture content is smaller, about 2-5 

m%; however, there are some higher peaks, even above 100 m%, indicating rain events.  

 In Lisbon the May-September period is distinct from the other parts of the year, since the 

moisture load is about 2 m% constantly without any extreme peaks, an there are some shorter 

periods, when it even falls under 2 m%. However, out of this period, the moisture content is 

above 80 m% constantly, with periodical extreme peaks above 100 m% (the maximum is 144.9 

m%). 

 At the interior surface in Budapest the moisture content is 1-2 m% during the whole year. It 

is higher (2 m%) in the summer and autumn. In Espoo the moisture content is mostly under 2 

m% and it rises up to 2 m% only in summer and early autumn. In Lisbon the moisture content 

at the interior surface is about 2 m% constantly during the year. 

 Comparing the moisture content within the whole cross-section of the wall panel in different 

climates, it is concluded that the moisture content starts increasing at the half of the cross-

section (20 cm) in Lisbon. In Espoo the elevated moisture content is observed in the outer 18 

cm of the wall panel; while in Budapest at 10 cm from the exterior surface the moisture content 

is already considered quasi-constant. 

 Comparing the three locations the wall panel performs the best in temperate continental 

climate (Budapest), since the moisture load is the smallest here with some high peaks of rain 

events. 

 To mitigate the impact of rain and high relative humidity at the exterior surface, plaster 

layers are recommended in every location. The impact of different exterior plasters in Budapest 

is analyzed in Figure 6.15. 
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BUDAPEST – B3 

 

Exterior: 

“low” sd  (0.122 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

 

BUDAPEST – B2 

 

Exterior: 

“medium” sd  (0.300 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

 

BUDAPEST – B1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

Figure 6.15. Moisture content [m%] of the ultra-lightweight concrete wall panel  

with different types of exterior plaster in Budapest (Hungary) 
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 Even if vapor-permeable exterior plaster (sd = 0.122 m) is applied (B3), the high moisture 

peaks of rain events in summer and spring are mitigated to 6 m%. The lowest moisture content 

(1-2 m%) at the exterior surface is detected in March and April as well as in June and July. The 

highest moisture load occurs in autumn and winter, with an average of about 5m%, the 

maximum value is 7.9 m%. If silicone exterior plaster (sd = 0.300 m) is applied (B2), the higher 

peaks in late spring and summer do not occur, the moisture load is about 2 m% from spring till 

autumn. In June-July it even falls down to 1 m%. The maximum moisture content (5.7 m%) 

happens at the end of December. In case of acrylic exterior plaster (B1) (sd = 0.575 m), the 

moisture content rises above 2 m% only in autumn and in winter; the maximum value is 4.4 

m%, which occurs at the end of December. Elevated moisture content is detected within the 

depth of 8 cm from the exterior surface in each case. 

 At the interior surface there is no significant difference between the moisture content 

distributions, the average moisture content is about 2 m% in every case, with periods under 2 

m% in winter. In the middle of the cross-section the moisture content is also about 2 m%. 

 Based on this investigation, it is concluded, that in temperate climate (Budapest), the acrylic 

exterior plaster (B1; sd = 0.575 m) results in the lowest maximum moisture content in the 

investigated ultra-lightweight concrete wall panel. 

 The different types of interior surfaces were also analyzed in Figure 6.16, by assuming 

acrylic plaster (sd = 0.575 m) on the exterior surface. The sd-value of the interior plaster does 

not influence significantly the maximum moisture content at the exterior surface of the wall 

panel. It is 4.4 m% in case of gypsum plaster (B1), 4.3 m% in case of lime-cement plaster (B4) 

and 4.1 m% if vapor barrier is applied on the interior side (B7). This result is consistent with 

the design recommendation according to which vapor diffusion resistance of layers should 

decrease from inside to outside [Tóth, 2012]. The highest moisture content at the exterior 

surface is detected in winter in every case. The average moisture content is about 2 m% in 

spring and summer, and in summer it even falls down to 1 m%.  

 The moisture content distribution at the interior surface is similar in case of the gypsum (B1) 

and lime-cement plaster (B4), i.e. it is about 2 m% during most of the year, and varies between 

1-2 m% in winter. However, if vapor barrier is applied (B7), the moisture content is 1% from 

the beginning of winter till the end of spring, while in summer as well as in autumn it is 1-2 

m%, Moreover, the vapor barrier decreases the moisture content in almost half of the cross-

section, while the interior plasters have impact only in depth of about 10 cm from the interior 

surface. 
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BUDAPEST – B1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

 

BUDAPEST – B4 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“medium” sd  (0.375 m) 

 

 

 

 

 

BUDAPEST – B7 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“high” sd  (100.150 m) 

  

 

Figure 6.16. Moisture content [m%] of the ultra-lightweight concrete wall panel  

with different types of interior surfaces in Budapest (Hungary) 
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 Based on this investigation, in temperate continental climate (Budapest, Hungary) the 

recommended exterior plaster for the ultra-lightweight concrete wall panel is acrylic plaster 

with high sd-value (sd  = 0.575 m). 

 In case of the interior surface, there is no detectable difference in the moisture content 

distribution between the gypsum and lime-cement plaster. However, due to practical reason 

(plastering technology), gypsum plaster is recommended. Although vapor barrier results in 

lower moisture content (1-2 m%) at the interior surface, and also in the inner part of the cross-

section, it does not decrease the maximum values occurring at the exterior surface; and the 

moisture content (2 m%) in case of interior plaster still does not jeopardize the durability. From 

other aspect, the lower moisture content results in lower thermal conductivity, but applying the 

equation (4.4) [Fm, 1 m% = 1.1288 and Fm, 2 m% = 1.1625; i.e. the difference is 0.0337], there is 

less than 3% increase in thermal conductivity. Moreover, the vapor barrier has impact mainly 

on the moisture content of the inner part of the cross-section, i.e. this solution is applicable, but 

not necessary. 

 The wall panel was investigated with the recommended plaster combination in humid 

continental (Espoo, Finland) as well as in mediterranean climate (Lisbon, Portugal), and the 

results are summarized in Figure 6.17. 

 In Espoo the moisture content at the exterior surface is above 5 m% from September until 

March. The maximum moisture content is 8.9 m%. However, in summer it is 2 m%, almost 

constantly. In Lisbon the moisture content at the exterior surface is about 2 m% constantly, 

slightly elevated moisture content can be observed from the middle of January till the middle 

of March. The maximum moisture content is 4.2 m%. 

 The distance from the exterior surface where the moisture content starts increasing is the 

largest in Espoo, 12 cm, it is about 8 cm in Budapest and Lisbon. 

 The moisture content at the interior surface is almost constant 2 m% in Lisbon, and varies 

between 1 and 2 m% in Budapest and in Espoo; however, in Espoo the period with lower 

moisture content is more extended: it rises up to 2 m% only in summer and early autumn. 
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BUDAPEST – B1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

 

 

ESPOO – E1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

 

 

LISBON – L1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

Figure 6.17. Moisture content [m%] of the ultra-lightweight concrete wall panel  

in different climates (sd, exterior = 0.575 m; sd, interior = 0.100 m) 
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 In humid continental climate (Espoo, Finland), applying silicone exterior plaster with 

“medium” sd-value (E2; sd = 0.300 m) results in lower maximum moisture content (6.2 m%) at 

the exterior surface of wall, than the acrylic plaster (E1) with “high” sd-value (8.9%); since the 

plaster layer with “high” sd -value behaves as a “vapor retarder” for vapor diffusing from inside 

to outside (Figure 6.18). However, the moisture contents at the interior surface are identical in 

the two cases. 

 Based on these results, in humid continental climate (Espoo, Finland) the recommended type 

of exterior plaster for the investigated ultra-lightweight concrete wall panel is silicone plaster 

with “medium” sd -value (sd = 0.300 m).  

 

 

ESPOO – E1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

 

 

ESPOO – E2 

Exterior: 

“medium” sd  (0.300 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

Figure 6.18. Moisture content [m%] of the ultra-lightweight concrete wall panel in Espoo  

in case of exterior plaster with “high” (above) and “medium” (below) sd-value 
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 In mediterranean climate (Lisbon) there is no significant difference between the moisture 

content distributions as well as the maximum relative moisture contents in case of acrylic plaster 

with “high” sd-value (max. 4.2 m%) and silicone plaster with “medium” sd-value (max. 4,7 

m%). And the average moisture content is about 2 m% almost in the whole year in both cases. 

Therefore both solutions are recommended. 

 However, vapor permeable exterior plaster with “low” sd -value is not recommended in any 

investigated locations, even in case of vapor barrier at the interior surface (Figure 6.19).  

 The results of additional combinations of sd-values of the exterior and interior surfaces are 

summarized in Appendix 11. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 6.19. Moisture content [m%] of the ultra-lightweight concrete wall panel  

in Budapest (B9) (left, above), Lisbon (L9) (left, below) and Espoo (E9) (right) with vapor 

permeable exterior plaster (sd = 0.122 m) and vapor barrier on interior surface 
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 The minimum and maximum moisture content [m%] values within the wall panel 

construction in case of different types of plasters / sd -values in different locations are shown in 

Figure 6.20, Figure 6.21 and Figure 6.22. The continuous lines represents the maximum, the 

dashed lines show the minimum moisture content; the wall panel without exterior and interior 

plaster is represented by dotdash lines. 

 

 

Figure 6.20.  Maximum and minimum moisture content in the wall panel  

in Budapest (Hungary) 

 

 

Figure 6.21. Maximum and minimum moisture content in the wall panel  

in Espoo (Finland) 
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Figure 6.22. Maximum and minimum moisture content in the wall panel  

in Lisbon (Portugal) 

Based on the type of exterior plaster the following three groups can be differentiated in the 

figures: 

 I. sd -value of the exterior plaster is “high” – acrylic plaster (sd  = 0.575 m) 

    (blue lines in figures) 

 II. sd -value of the exterior plaster is “medium” – silicone plaster (sd  = 0.300 m) 

    (green lines in figures) 

 III. sd -value of the exterior plaster is “low” – vapor permeable plaster (sd  = 0.122 m) 

     (grey lines in figures) 

 The figures also demonstrate that the maximum moisture content of wall panel does not 

depend significantly on the sd –value of the interior surface. (The different types of interior 

surfaces are indicated with different shades of colors.) 

 The maximum-minimum diagrams verify the recommended exterior plasters: 

 Temperate continental climate (Budapest, Hungary):  

Exterior plaster with “high” sd-value – 3 mm acrylic plaster (sd  = 0.575 m). 

 Humid continental climate (Espoo, Finland): 

Exterior plaster with “medium” sd -value – 2 mm silicone plaster (sd = 0.300 m) 

 Mediterranean climate (Lisbon, Portugal): 

Exterior plaster with “high” or “medium” sd-value – 3 mm acrylic (sd  = 0.575 m)  

or 2 mm silicone (sd = 0.300 m) plaster 
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7. VALIDATION OF SIMULATION MODELS 

7.1.  Validation of thermal transmittance 

 A model building was built, that consisted of two identical rooms (a heated and a 

manipulation room), with the size of 170 x 142 cm, separated by a 24 cm thick polystyrene 

concrete wall (Figure 7.1). The façade walls had a thickness of 40 cm, as in simulation models. 

The slab was also made of polystyrene concrete. Between the two rooms, as well as on the 

western façade of the building there was a door that was closed during measurements. The door 

opening between the heated and a manipulation room was air-tightly sealed by polystyrene 

foam. On the floor of the heated space 15 cm EPS thermal insulation was placed. 

 

Figure 7.1.  Floor plan of the investigated model building [Dunai, Tóth, Nagy, Orosz, 2015] 

 The measuring process took one week long between September 28th and October 4th in 

2015. Before and after measurements there were rainy days, therefore the model building was 

protected by agricultural film. The panels were made approximately one month before the 

measurement, and the model building was constructed after hardening of concrete. Initial 

moisture content was not measured, core sampling was not possible; therefore the initial 

moisture content can be estimated based on the calibration of 3D simulation (approximately 85 

kg/m3 in the wall and 100 kg/m3 in the roof panel). 

 Several measuring instruments and sensors were placed in and out of the building (Figure 

7.2), that measured the air temperature, surface temperature of walls, relative humidity inside 

and outside as well as the atmospheric air pressure and the rainfall. The weather station installed 

at the south-east corner was a Profi HP 1003 9223c9 instrument. It also measured the global 

solar radiation [W/m2] at every 10 minutes interval.  
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Figure 7.2. Saveris data collectors on the southern wall outside (left) and inside (right) 

measuring air and surface temperature, relative humidity [Dunai, Tóth, Nagy, Orosz, 2015] 

 The data collected by the weather station is shown in Figure 7.3. The relative humidity 

outside approached 100% at night hours, and decreased below 40% during daytime. The air 

temperature inside was 33-35 °C, 1.5 m above the floor, and it was 35-38 °C close to the ceiling. 

The goal was to maintain 15 K difference between the interior and exterior air temperature that 

varied between 10 and 20 K during measurements. The increased temperature accelerated the 

drying process that took 3 days. During this time the relative humidity was decreasing, and then 

it correlated with the air temperature outside. The data of the drying-out phase were not used 

for calculation. The surface temperatures inside were lower on every wall than the interior air 

temperature. 

 The thermal transmittance was calculated from the measured data by the following formula 

[MSZ EN ISO 6946:2008]: 
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where hci is the convective coefficient (2.5 W/m2K); hri is the radiative coefficient; Ti is the 

interior, Te is the exterior air temperature; Ts is the interior surface temperature; σ = 5.67.10-8 

W/m2K4 (Stefan-Boltzmann constant), ε = 0.9 is the hemispherical emissivity of the surface. 

(The thermal transmittance can be determined with greater precision with a heat flow meter, 

but the budget of the project did not allow the use of such device, and this alternative calculation 

method (7.1) provides applicable values for validation.) 
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Figure 7.3. Measured temperature and relative humidity data of the weather station 

 [Dunai, Tóth, Nagy, Orosz, 2015] 

 The calculated thermal transmittance values for 72 hours are shown in Figure 7.4. Based on 

these data, the average thermal transmittance is 0.140 W/m2K. The result of steady-state 

simulation was 0.154 W/m2K, which is only 10% higher, than the measured value.  

 

Figure 7.4. Calculated thermal transmittance values from measured data (72 hours) 
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The difference can be explained by the followings: 

 During simulation the steel elements were considered in the models; however, the 

measured points on the wall panel were between the steel elements; therefore 

the simulation of the wall panel was re-conducted without steel columns (Wufi 2D), and 

it resulted in 0.135 W/m2K, that equals to the measured value with high accuracy. 

 During simulation declared thermal properties of materials were applied; however, 

during measurements design values should be considered, and the physical properties 

depend on time and place; 

 The increased interior air temperature during measurements caused lower relative 

humidity inside. (The different boundary conditions result in different material 

properties, consequently a different U-value.) 

 

The in-situ measurement fulfilled the criteria declared by the standard [ISO 9869-1:2014], i.e. 

the investigated building structure (wall panel) is flat, not transparent and its plane is 

perpendicular to the direction of the heat flow. Furthermore, the accuracy of the temperature 

sensor (TESTO 635-2) is +/- 0,3°C, which also meets the standard. The requirements for the 

heat flow meter (accuracy ± 5%, calibration in the last 2 years) are irrelevant, since the U-value 

was calculated from measured surface and air temperature data according to MSZ EN ISO 

6946: 2008. 

 According to the standard [ISO 9869-1:2014], the U-value calculated from the measured 

values can be acceptable if the following three conditions are met: 

 Duration of the measurement is minimum 72 hours (3 days) 

   1. requirement is fulfilled. 

 The thermal resistance (R-value) calculated at the end of the measurement process does 

not deviate by more than ± 5% from the R-value calculated 24 hours before.  

R=1/U-Rsi-Rse,  

where Rsi = 0.13 m2K/W and Rse = 0.04 m2K/W (surface resistances) 

UEND=0.140 W/m2K 

REND=1/0.140-0.13-0.04 = 6,97286 m2K/W 

  24 hours before the end of investigated time period : U48h = 0.137 W/m2K 

  R48h= 1/0.137-0.13-0.04 = 7.12927 m2K/W 

  The deviation is 2.19% < 5%  2. requirement is fulfilled. 
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 The R-value calculated based on the first 2/3 of the measurement period does not deviate 

more than 5% from the R-value calculated based the last 2/3 of the measurement period. 

The measurement period was 3 days long. (3 days were considered during measurement.) 

Requirement: the R-value calculated based on the first two days does not deviate by more 

than 5% from the value calculated based on the last two days. 

U-value at the end of the first two days: Ufirst 2 days = U48h = 0.137 W/m2K 

U-value calculated based on the last two days: Ulast 2 days=0.143 W/m2K 

Rfirst 2 days= 1/0.137-0.13-0.04 = 7.129 m2K/W 

Rlast 2 days= 1/0.143-0.13-0.04 = 6,823 m2K/W 

  The deviation is 4.29 % < 5 %  3. requirement is fulfilled. 

Since all the conditions are fulfilled, the calculated U-value has stabilized, i.e. it is 

acceptable. Furthermore, the simulated and measured thermal transmittance values can be 

considered identical, therefore the hygrothermal simulations are validated. 

 

7.2.  Model building simulation 

 The simulation of the model building was conducted by WUFI Plus software. The WUFI 

Plus is a comprehensive heat and moisture simulation tool that is suitable for investigation of 

the hygrothermal behavior of building components as well as indoor environment and comfort. 

It also calculates the energy consumption. 

 

7.2.1. Definition of the geometry 

 The main geometry of the model building was created by the built-in “Building Wizard” of 

the software (Figure 7.5). The visualized geometry can be chosen as inner or outer. In this 

research, outer dimensions were visualized and the exact internal areas were given manually. 

The inner height was set to 2.65 m. (The thickness of the roof panel is 0.25 m.) 
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Figure 7.5. Defining the geometry of model building (WUFI Plus) 

By the building wizard only the perimeter walls and slabs can be created, the inner partition 

wall and the doors were added in the 3D editor of the software (Figure 7.6). 

      

Figure 7.6. Creating building components in the 3D editor (WUFI Plus) 

7.2.2. Climate data 

 Real weather data collected by the weather station on site were applied for the simulations. 

The data were collected during the whole measurement period, between September 28th and 

October 5th in 2015. The weather file contained the air temperature, the relative humidity, rain, 

wind speed, wind direction, and solar radiation in every hour of the investigated period. The 

solar radiation values were automatically converted to the vertical surfaces and for different 

orientations. The sun position was determined based on the actual time of measurement. The 

applied weather file format was WAC (Figure 7.7). 

 The soil temperature was approximated by a sinus function, with a mean value of 13 °C and 

an amplitude of 8 K. The relative humidity was assumed constant 90% [Szagri, 2017]. 
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Figure 7.7.  Providing measured climatic data from file (WUFI Plus) 

7.2.3. Simulation zones 

 The interior boundary conditions can be declared zone by zone, and also attached zones can 

be created. In the model the heated as well as the manipulation space was set as a simulated 

zone, since in this case the impact of manipulation space could also be taken into consideration. 

(Attached zones do not have impact on the simulation.) 

 
 Figure 7.8.  Defining simulation zones (WUFI Plus) 

 Based on the geometry of the building, the software assigns the components (walls, partition 

wall, floor, roof) to the zones automatically. The boundary conditions (temperature, moisture 

load, filtration, ventilation) of each zone can be set manually. 

7.2.4. Building components 

 The software determines the surface area, the orientation and the inclination of every 

building component based on the geometry. The material properties can be chosen from the 

software directory or given as a user-defined material. 

 The material of the wall and roof constructions was set to the investigated ultra-lightweight 

concrete. Since the steel columns and beams cannot be taken into consideration independently, 

the correction of thermal conductivity values was necessary. The floor structure under the 

heated space consisted of a 20 cm thick reinforced concrete slab with 15 cm additional EPS 

thermal insulation. The opening between the heated and manipulation space was air-tightly 

sealed by 24 cm thick polystyrene foam. However, there was no thermal insulation on the floor 

in the manipulation space. The outer door was made of Oriented Strand Board (OSB). 
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7.2.5. Design conditions 

The average temperature in the heated space was set to 33.6 °C and the relative humidity varied 

between 38 and 49% based on measurements. The initial conditions were set to 16 °C and 70% 

RH. The heating was provided in the heated space by a 2.5 kW radiator. 

 

7.2.6. Comparison of results to measured values 

The validation was based on the air temperature in the manipulation space and the 

relative humidity in heated space. The calibration occurred by the natural and the 

interzone filtration values as well as the initial moisture content. In the heated zone 0.2 

1/h natural infiltration and 2.0 1/h interzone filtration were set. In the manipulation space 

3 1/h natural infiltration was assumed, while the interzone filtration was set to 7 1/h. The 

initial moisture content was 85 kg/m3 in the ultra-lightweight wall, and 100 kg/m3 in the 

roof panel. (The roof was protected by an agricultural film that was also taken into 

consideration during simulation.)  

After calibration, simulated relative humidity approximated the measured values 

accurately, and also the air temperature in manipulation room was close to the measured 

temperature (Figure 7.9). However, the measured values show slightly greater 

amplitude, which can be explained by air filtration through construction, that cannot be 

taken into consideration by the applied software. (Air filtration can have impact on 

moisture transport as well as heat conductivity.) 

 

Figure 7.9.  Comparison of simulation results to measured values 
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8.  SUMMARY 

8.1.  PRINCIPAL SCIENTIFIC RESULTS (THESES) 

The new scientific results are written in bold, the explanations are written with normal 

characters. 

 

I. HYGROTHERMAL BEHAVIOR OF ULTRA-LIGHTWEIGHT CONCRETE 

 

Thesis I./1.   

According to the MSZ EN ISO 10456:2008 standard the temperature conversion of thermal 

conductivity of building materials should be determined by an exponential function. Based on 

laboratory measurements I introduced a linear approximation function to determine the 

temperature conversation factor of the investigated ultra-lightweight concrete, that gives 

as accurate estimation as the exponential function of the standard does in case of  

10-35 °C:    

  0.1001.0 12  TTFT    (8.1) 

where FT [-] is the temperature conversion factor and T1, T2 [°C] are temperature values. 

 

 

Figure 8.1. Approximation of temperature conversion according to the  

MSZ EN ISO 10456:2008 (dashed line) and the linear approximate function  

(continuous line – overlapping) 
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Thesis I./2.  

According to the MSZ EN ISO 10456:2008 standard the moisture conversion of thermal 

conductivity should be determined by an exponential function.  Based on laboratory 

measurements I demonstrated, than in case of the investigated ultra-lightweight concrete, 

the exponential approximation required by the standard does not estimate the moisture 

dependency of thermal conductivity accurately (R2 = 0.16), and I introduced a natural 

logarithm function that approximates it with higher precision before capillary 

condensation phase, in case of minimum 0.12 m% moisture content (R2 =0.82):  

  1288.1ln0486.0  uFm    (8.2) 

where Fm [-] is the moisture conversion factor; u [m%] is the moisture content mass by mass.  

 

Figure 8.2. Approximation of moisture conversation according to the  

MSZ EN ISO 10456:2008 standard (dashed line),  

and the new approximate function (continuous line) 

Applying this function along with the inverted sorption isotherm, I determined that the multi-

molecular layer is developed at 24% RH, and at this relative humidity level the Fm 

moisture conversion factor is 1.13 [-]. Furthermore, I determined that the capillary 

condensation begins at 67% RH, and at this relative humidity level the Fm moisture 

conversion factor is 1.17 [-]. 

 

I created a diagram (Figure 8.3) that allows to determine the moisture conversion factor of 

thermal conductivity of the investigated ultra-lightweight concrete at any relative humidity 

level before the capillary condensation phase (between 1% RH and 67 % RH). 
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Figure 8.3. Moisture conversion function (continuous line) along with the inverted sorption 

isotherm (dashed line) 

Thesis I./3. 

The sorption/desorption diagrams depend on temperature. However, based on laboratory 

measurements, I demonstrated, that in case of the investigated ultra-lightweight concrete, 

the temperature has an impact mainly on the shape of desorption diagram: the lower the 

temperature, the higher the moisture content at a certain relative humidity level. 

Based on laboratory measurements, I introduced fifth-degree polynomial functions to 

approximate the sorption as well as the desorption isotherms of the investigated ultra-

lightweight concrete with high precision at temperature of 23 °C (RS
2=0.95, RDS

2=0.90):  

   149.00098.00003.0104102 234658

sorpu   (8.3) 

   2881.00166.00005.0105102 234658

desorpu   (8.4) 

where u [m%] is the water content; φ [%] is the relative humidity. 

Applying these equations, comparing the monomolecular, multimolecular and capillary 

condensation phases, I demonstrated that the standard deviation of measured moisture 

content [m%] increases with increasing relative humidity. Moreover, I demonstrated that 

the standard deviation is higher in case of desorption. 
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Figure 8.4. Standard deviation of measured moisture content 
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II. ADAPTATION OF IN-SITU THERMAL TRANSMITTANCE 

MEASUREMENT FOR SIMULATION RESULTS 

 

Thesis II./1. 

I adapted the average method of in-situ measurement of thermal transmittance declared in the 

ISO 9869-1:2014 standard for results of dynamic conjugated heat and moisture transfer 

simulations. Applying my new method, I determined the effective thermal transmittance 

(U*) [W/m2K] values of the investigated ultra-lightweight concrete wall and roof 

constructions for three periods: the heating season, October and July (Figure 8.5); for 

humid continental (Espoo, Finland), temperate continental (Budapest, Hungary) and 

mediterranean (Lisbon, Portugal) climate, considering the 2012-2014 time period. 

I concluded that the U*-value of the investigated ultra-lightweight concrete wall panel in 

the period of October-March (2013-2014) is higher by 13.5% in humid continental 

climate, and 23.9% in temperate continental climate than the steady-state Ustac-value; 

however, it is smaller by 17.4% in mediterranean climate (Figure 6.7). 

I also concluded that the U*-value of the investigated ultra-lightweight concrete roof 

construction, in the period of October-March, is almost equal to the steady-state Ustac-

value in humid continental climate (higher by 0.6%); it is higher by 7.1% than Ustac in 

temperate continental climate, and it is smaller by 21.2% in mediterranean  climate 

(Figure 6.8). 

Based on my results, in case of detailed thermal examination of building constructions, the 

climate-dependent effective thermal transmittance (U*) determined by my new the method is 

suggested applying; since use of the steady-state Ustac -value often can result in an outcome, 

that is even significantly different from the actual behavior of the construction. 
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Figure 8.5. Calculation of effective thermal transmittance from simulation results 
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Thesis II./2. 

Applying my new method, I determined the effective linear thermal transmittance (Ψ*) 

[W/mK] values for the structural connections (wall corner, load-bearing wall-roof and 

wall-ground connections) of the investigated ultra-lightweight concrete construction for 

three periods: the heating season, October and July; for humid continental (Espoo, 

Finland), temperate continental (Budapest, Hungary) and mediterranean climate 

(Lisbon, Portugal), considering the 2012-2014 time period. 

I concluded that the Ψ*-value at the investigated ultra-lightweight concrete wall corner, 

in the period of October-March (2013-2014), is lower by 21.9% in humid continental 

climate, 15.6% in temperate continental climate, and 90.6% in mediterranean climate 

than the steady-state Ψstac-value (Figure 6.9). (In mediterranean climate it is nearly zero.)  

However, at the loadbearing wall - roof connection the Ψ*-value is higher than the steady-

state value in every investigated location: by 68.0% in humid continental, 8.0% in 

temperate continental, and 52.0% in mediterranean climate (Figure 6.10).   

At the wall - ground connection the Ψ*-value is significantly lower than steady-state value, 

its 33% in Espoo, 40% in Budapest, and 34% in Lisbon (Figure 6.11).   

Furthermore, in case of the investigated wall-ground connection, in the period of October 

- March (2013-2014) the dynamic simulation results in significantly smaller heat loss than 

the steady-state calculation; the heat loss coefficient is smaller by 45.8% in Espoo, 38.3 % 

in Budapest and 61.6 % in Lisbon (Figure 6.13). 

Based on my results, in case of detailed thermal examination of building constructions, the 

climate-dependent effective linear thermal transmittance (Ψ*) determined by my new method 

is suggested applying; since use of the steady-state Ψstac -value often can result in an outcome, 

that is even significantly different from the actual behavior of the construction. 
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III. MOISTURE LOAD OF ULTRA-LIGHTWEIGHT CONCRETE WALL PANEL 

 

Thesis III.  

Based on dynamic conjugated heat and moisture transfer simulations, I found that the 

maximum moisture content of the ultra-lightweight concrete wall panel – in humid 

continental (Espoo, Finland) and temperate continental (Budapest, Hungary) climate as 

well as in mediterranean climate (Lisbon, Portugal) – depends significantly on the sd-value 

of the exterior plaster, but it does not depend significantly on the sd-value of the interior 

surface. 

Based on the results of simulations, I recommend the following types of exterior plasters 

for the investigated ultra-lightweight concrete wall panel according to the climate: 

 

 Temperate continental climate (Budapest, Hungary):  

Exterior plaster with “high” sd-value – 3 mm acrylic plaster (sd  = 0.575 m) 

 Humid continental climate (Espoo, Finland): 

Exterior plaster with “medium” sd -value – 2 mm silicone plaster (sd = 0.300 m) 

 Mediterranean climate (Lisbon, Portugal): 

Exterior plaster with “high” or “medium” sd-value – 3 mm acrylic (sd  = 0.575 m) 

or 2 mm silicone (sd = 0.300 m) plaster 

 

On interior surface 1 cm thick gypsum plaster (sd = 0,100 m) or vapor barrier and gypsum 

boards on wood studs (sd = 100.150 m) is recommended. 

Under the acrylic and silicone plasters 4 mm thick adhesive mortar layer (μ=50) was assumed. 
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BUDAPEST – B1 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“low” sd  (0.100 m) 

 

 

 

BUDAPEST – B7 

Exterior: 

“high” sd  (0.575 m) 

 

Interior: 

“high” sd  (100.150 m) 

 

 

 

 

BUDAPEST – B9 

Exterior: 

“low” sd  (0.122 m) 

 

Interior: 

“high” sd  (100.150 m) 

  

 

 

Figure 8.6. Moisture content [m%] of the ultra-lightweight concrete wall panel  

with different types of exterior and interior surfaces in Budapest (Hungary) 
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8.2.  Utilization of results 

 

 The method presented in the dissertation can be used to calculate the specific heat loss 

coefficient more accurately in case of a building construction; furthermore to determine the 

length of heating season, and also to investigate the risk of overheating in summer. The 

advantage of this method comparing to a not simplified dynamic hygrothermal simulation is 

that if the effective heat transfer coefficient (U*) and the effective linear heat transfer coefficient 

(Ψ*) are determined for a given construction for a given period of time (e.g. heating season), 

the specific heat loss coefficient can be calculated without conducting expensive, time-

consuming and expertise-demanding dynamic simulations. 

 The effective thermal transmittance (U*) and the effective linear thermal transmittance (Ψ*) 

for the heating season is necessary to determine the specific heat loss coefficient (q) accurately. 

 According to the TNM 7/2006 (V.24.) Decree the specific heat loss coefficient can be 

calculated by the following formula: 

𝑞 =
1

𝑉
( ∑ 𝐴𝑈 + ∑ 𝑙𝛹 −

𝑄𝑠𝑑+𝑄𝑠𝑖𝑑

72
 )     [W/m3K]            (8.5) 

 

where A [m2] is the interior surface, U [W/m2K] is the thermal transmittance (Ustac); l [m] is the 

is the length of thermal bridge at a structural connection, Ψ [W/mK] is the linear thermal 

transmittance (Ψstac); Qsd [W] is the direct solar energy gain; Qsid [W] is the indirect solar energy 

gain, V [m3] is is the heated volume of the building. 

 According to the simplified calculation method, the heating season is between October 15th 

and April 15th. The U-value applied in the formula was determined for this period by steady-

state calculation (Ustac). This value is different from the effective thermal transmittance 

(U*heating) due to the following main reasons: 

 The Ustac and U*heating belongs to different degree days:  Ustac belongs to 72 000 [hK/a]; 

while in case of U*heating, the hourly calculated and summed degree days are considered. 

 The hygrothermal properties of the investigated building construction change according 

to the exterior and interior environmental conditions, and this is not considered while 

calculating Ustac. 
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 Calculation of the effective thermal transmittance (U*) for October is necessary to determine 

the length of the heating season. In Budapest (Hungary) the exterior air temperature falls below 

the limit temperature for heating (12°C) in October. To determine the length of the heating 

season, according to the detailed calculation method, this month should be investigated; 

however, the beginning of the heating season depends on the characteristics of the building, the 

solar heat gain, as well as the internal heat gain. 

 Calculation of the effective thermal transmittance (U*) for July is necessary to investigate 

the risk of overheating in summer, since in Budapest (Hungary) the average daily temperature 

is the highest in July. 

 The analysis of moisture load of ultra-lightweight concrete wall panel allows selecting the 

proper interior/exterior plasters, surface design according to the current climate, minimizing the 

risk of vapor condensation within the construction, and thus, increasing the durability.  

  

8.3. Further research opportunities 

 

 The accuracy of results can be increased by conducting 3D simulations of structural 

connections, and taking air filtration through construction into consideration. 

 There is little data available in literature about the air permeability of lightweight concrete. 

Investigation of permeability was out of the scope of this research. Air filtration through 

material presumably affects the heat and moisture transport, but its examination goes beyond 

the objectives of the research, and the WUFI software used for research is not applicable for 

this purpose. If the airtight plaster is damaged, there is a possible risk of additional moisture 

load due to convective moisture transfer, but its investigation requires further research. 

 Natural convection depends on permeability, thickness and temperature difference. The 

driving force of natural convection can be described by the modified Rayleigh number [MSZ 

EN ISO 10456:2008]. The permeability can be calculated from airflow resistivity of the 

material according to ISO 9053; however, due to lack of literary data, laboratory measurements 

should be conducted. 

 Currently there is no commonly accepted procedure to determine the acceptable convection 

within material. The standard provides the critical value of modified Rayleigh number, below 

which the thermal conductivity is not necessary to be corrected due to convection [MSZ EN 

ISO 10456]. Knowing the airflow resistivity, it would be possible to determine whether the 

thermal conductivity should be corrected by the effect of convection. 
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 Furthermore, in case of the moisture conversion of thermal conductivity, during the capillary 

condensation phase, the natural logarithm function recommended in the dissertation 

underestimates the moisture conversion factor; however, a more accurate approximation 

function could be found for this phase by further laboratory measurements. 

 During further research, the recommended method for calculation of effective thermal 

transmittance and the effective linear thermal transmittance could also be refined to take the 

delay effect of structure into consideration. 

 Considering the longer service life expectancy of this newly developed construction, 

possible corrosion of steel structural elements should also be investigated in a further research. 
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9. ÖSSZEFOGLALÁS 

 

9.1.  FŐ TUDOMÁNYOS EREDMÉNYEK (TÉZISEK) 

  A tézisek kiemelten, a rövid magyarázatok normál betűtípussal szerepelnek. 

I. AZ ULTRA-KÖNNYŰ BETON HIGROTERMIKUS VISELKEDÉSE 

 

Tézis I./1.  

A jelenleg hatályos MSZ EN ISO 10456:2008 szabvány szerint az építőanyagok hővezetésének 

hőmérsékleti konverzióját exponenciális függvénnyel kell közelíteni. Laboratóriumi 

mérésekre alapozva, a vizsgált ultra-könnyűbeton esetére bevezettem egy lineáris 

összefüggést, ami ugyanolyan pontosan közelíti a hőmérsékleti konverziós együtthatót 10-

35 °C között, mint a szabvány szerinti exponenciális függvény.    

  0.1001.0 12  TTFT    (9.1) 

ahol FT [-] a hőmérsékleti konverziós együttható, és T1, T2 [°C] a hőmérsékleti értékek.  

 

Tézis I./2.  

A jelenleg hatályos MSZ EN ISO 10456:2008 szabvány szerint az építőanyagok hővezetésének 

nedvesség konverzióját exponenciális függvénnyel kell közelíteni. Laboratóriumi 

mérésekkel kimutattam, hogy a vizsgált ultra-könnyűbeton esetére a szabvány által előírt 

exponenciális függvény pontatlanul közelíti a hővezetés értékét (R2 = 0.16), és bevezettem 

egy természetes alapú logaritmus függvényt, amely pontosabban közelíti a hővezetés 

nedvességfüggését a kapilláris kondenzációs fázis előtt, minimum 0.12% 

nedvességtartalom esetén (R2 =0.82):     

  1288.1ln0486.0  uFm     (9.2) 

ahol Fm [-] a nedvesség konverziós együttható; u [m%] a nedvességtartalom (tömegarányra). 

Felhasználva ezt a függvényt és az inverz szorpciós izotermát, meghatároztam, hogy a multi-

molekuláris réteg 24% relatív páratartalomnál alakul ki, és ezen relatív páratartalom 

esetén az Fm nedvességkonverziós együttható 1.13 [-]. Továbbá meghatároztam, hogy a 

kapilláris kondenzáció 67% relatív páratartalomnál kezdődik, és ekkor az Fm 

nedvességkonverziós együttható 1.17 [-]. 
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Létrehoztam egy diagramot (Figure 8.3), amelynek segítségével meghatározható a vizsgált 

ultra-könnyű beton hővezetési tényezőjének nedvesség konverziós együtthatója bármely relatív 

páratartalom esetén a kapilláris kondenzációs fázis előtt (1% és 67% relatív páratartalom 

között). 

 

Tézis I./3.  

A szorpciós/deszorpciós diagramok hőmérséklet-függők. Ugyanakkor, laboratóriumi 

mérésekkel kimutattam, hogy a vizsgált ultra-könnyűbeton esetében a hőmérsékletnek 

elsősorban a deszorpciós diagram alakjára van hatása: minél alacsonyabb a hőmérséklet, 

annál magasabb a nedvességtartalom adott relatív páratartalom mellett. 

Laboratóriumi mérések alapján, ötödfokú polinomiális függvényeket vezettem be a 

vizsgált ultra-könnyűbeton szorpciós és a deszorpciós izotermáinak pontos közelítésére 23 

°C esetén (RS
2=0.95, RDS

2=0.90): 

   149.00098.00003.0104102 234658

sorpu   (9.3) 

   2881.00166.00005.0105102 234658

desorpu   (9.4) 

ahol u [m%] a nedvességtartalom; φ [%] a relatív páratartalom. 

Alkalmazva ezeket az egyenleteket, a monomolekuláris, multimolekuláris és kapilláris 

kondenzációs fázisokat összehasonlítva kimutattam, hogy a mért nedvességtartalom 

[m%] értékek szórása a relatív páratartalom növekedésével növekszik. Továbbá 

kimutattam, hogy a szórás nagyobb deszorpció esetén (Figure 8.4). 
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II. HELYSZÍNI HŐÁTBOCSÁTÁSI TÉNYEZŐ MÉRÉS ADAPTÁCIÓJA 

SZIMULÁCIÓS EREDMÉNYEKRE 

 

Tézis II./1.  

Az ISO 9869-1:2014 szabvány szerinti helyszíni hőátbocsátási tényező mérésnél alkalmazott 

átlag módszert adaptáltam dinamikus kapcsolt hő- és nedvességtranszport szimulációk 

eredményire.  Az általam bevezetett módszert alkalmazva meghatároztam a vizsgált ultra-

könnyű beton fal- és tetőszerkezetre az effektív hőátbocsátási tényező (U*) [W/m2K] 

értékét három időszakra: a fűtési idényre, októberre és júliusra (Figure 8.5); nedves 

kontinentális (Espoo, Finnország) mérsékelt kontinentális (Budapest, Magyarország) és 

mediterrán (Lisszabon, Portugália) éghajlaton, a 2012-2014 éveket figyelembe véve. 

Megállapítottam, hogy a vizsgált ultra-könnyű beton falpanel U*-értéke az október-

márciusi időszakot (2013-2014) tekintve a nedves kontinentális éghajlaton 13.5%-kal, a 

mérsékelt kontinentális éghajlaton 23.9%-kal magasabb, mint az állandósult állapotra 

meghatározott Ustac-érték, ugyanakkor mediterrán éghajlaton 17.4%-kal alacsonyabb 

(Figure 6.7). 

Megállapítottam továbbá, hogy vizsgált ultra-könnyű beton tetőszerkezet U*-értéke az 

október-márciusi időszakot tekintve, a nedves kontinentális éghajlaton közel egyelő 

(0.6%-kal magasabb), a mérsékelt kontinentális éghajlaton 7.1%-kal magasabb, mint az 

állandósult állapotra meghatározott Ustac-érték, ugyanakkor mediterrán éghajlaton 

21.2%-kal alacsonyabb (Figure 6.8). 

Az eredményeim alapján, az épületszerkezetek részletes hőtechnikai vizsgálata során az általam 

javasolt módon meghatározható, és éghajlatonként is eltérő, effektív hőátbocsátási tényezőkkel 

(U*) célszerű számolni; ugyanis az állandósult állapotra meghatározott Ustac -érték 

alkalmazásával a szerkezet tényleges viselkedését sok esetben kevésbé közelítő, attól akár 

jelentősen eltérő eredményekre is juthatunk. 
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Tézis II./2. 

Az általam bevezetett módszert alkalmazva, a vizsgált ultra-könnyű betonból tervezett 

épületszerkezeti csomópontokra (falsarok, teherhordó fal-tetőszerkezet és fal-padló 

csatlakozás) meghatároztam az effektív vonalmenti hőátbocsátási tényező (Ψ*) [W/mK] 

értékét három időszakra: a fűtési idényre, októberre és júliusra; nedves kontinentális 

(Espoo, Finnország) mérsékelt kontinentális (Budapest, Magyarország) és mediterrán 

(Lisszabon, Portugália) éghajlaton, a 2012-2014 éveket figyelembe véve.  

Megállapítottam, hogy a vizsgált ultra-könnyű betonból tervezett falsarokhoz tartozó Ψ*-

érték az október-márciusi időszakot tekintve (2013-2014), a nedves kontinentális 

éghajlaton 21.9%-kal, a mérsékelt kontinentális éghajlaton 15.6%-kal, a mediterrán 

éghajlaton pedig 90.6%-kal alacsonyabb (közel nulla értékű), mint az állandósult állapotra 

meghatározott Ψstac-érték (Figure 6.9). 

Ugyanakkor a teherhordó fal - tetőszerkezet csomópont esetében a Ψ*-érték magasabb, 

mint állandósult állapotban mindhárom vizsgált helyszínen: nedves kontinentális 

éghajlaton 68.0%-kal, mérsékelt kontinentális ághajlaton 8.0%-kal, mediterrán 

éghajlaton pedig 52.0%-kal (Figure 6.10).   

A fal-padló csatlakozásnál a Ψ*-érték szignifikánsan alacsonyabb, mint az állandósult 

állapotbeli érték, Espooban annak 33%-a, Budapesten 40%-a, Lisszabonban 34%-a. 

(Figure 6.11). Továbbá, a vizsgált fal-padló csatlakozásnál az október-márciusi (2013-

2014) időszakot figyelembe véve, dinamikus szimulációval jelentősen kisebb hőveszteséget 

kapunk, mint stacioner számítással; a hőveszteség tényező Espooban 45.8%-kal, 

Budapesten 38.3%-kal és Lisszabonban 61.6%-kal kisebb (Figure 6.13). 

Az eredményeim alapján, az épületszerkezetek részletes hőtechnikai vizsgálata során az általam 

javasolt módon meghatározható, és éghajlatonként is eltérő, effektív vonalmenti hőátbocsátási 

tényezőkkel (Ψ*) célszerű számolni; ugyanis az állandósult állapotra meghatározott Ψstac -érték 

alkalmazásával a szerkezet tényleges viselkedését sok esetben kevésbé közelítő, attól akár 

jelentősen eltérő eredményekre is juthatunk. 
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III.  AZ ULTRA-KÖNNYŰ BETON FALPANEL NEDVESSÉGTERHELÉSE 

 

Tézis III. 

Dinamikus kapcsolt hő- és nedvességtranszport szimulációk alapján megállapítottam, 

hogy az ultra-könnyű beton falpanel maximális nedvességtartalma – mérsékelt 

kontinentális (Budapest, Magyarország), nedves kontinentális (Espoo, Finnország) és 

mediterrán éghajlaton (Lisszabon, Portugália) egyaránt – jelentősen függ a külső vakolat 

sd -értékétől, de nem függ jelentősen a belső felület sd -értékétől. 

 

A szimulációs eredmények alapján, a vizsgált ultra-könnyű beton falpanelre az 

éghajlatnak megfelelően az alábbi külső vakolattípusokat javaslom: 

 

 Mérsékelt kontinentális éghajlaton (Budapest, Magyarország): 

Kültéri vakolat „magas” sd -értékkel – 3 mm akril vakolat (sd = 0.575 m)  

 Nedves kontinentális éghajlaton (Espoo, Finnország):  

Kültéri vakolat „közepes” sd –értékkel – 2 mm szilikon vakolat (sd = 0.300 m)  

 Mediterrán éghajlaton (Lisszabon, Portugália): 

Kültéri vakolat „magas” vagy „közepes” sd –értékkel  

– 3 mm akril vakolat (sd = 0.575 m) vagy 2 mm szilikon vakolat (sd = 0.300 m) 

 

Belső felületképzésnek 1 cm vastagságú gipszes vakolatot (sd = 0.100 m) javaslok, vagy 

párazáró fóliát és gipszkarton burkolatot favázon (sd = 100.150 m). 

Az akril és szilikon vakolatok alatt 4 mm vastagságú ragasztóhabarcs réteget (μ=50) 

feltételeztem. 
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9.2.  Az eredmények hasznosíthatósága 

 

 A dolgozatban bemutatott módszer felhasználható a hőveszteség-tényező pontosabb 

meghatározásához egy adott épületszerkezet esetében, továbbá a fűtési idény hosszának 

meghatározásához, valamint a nyári túlmelegedés kockázatának vizsgálatához. E módszer 

előnye egy leegyszerűsítésmentes dinamikus, higrotermikus szimulációval szemben az, hogy 

meghatározva az adott szerkezetre jellemző effektív hőátbocsátási tényező és effektív 

vonalmenti hőátbocsátási tényező értékeket egy adott (pl. fűtési) időszakra, anélkül számítható 

ki a fajlagos hőveszteség tényező pontosabb értéke, hogy költségesebb, idő- és szakértelem-

igényes dinamikus szimulációkat kellene lefuttatni. 

 Az effektív hőátbocsátási tényező (U*) és az effektív lineáris hőátbocsátási tényező (Ψ*) 

fűtési idényre vonatkozó értékének maghatározása a fajlagos hőveszteségtényező (q) pontos 

meghatározásához szükséges.  

 A fajlagos hőveszteségtényező 7/2006. (V.24.) TNM rendelet szerint az alábbi 

összefüggéssel számítható. 

𝑞 =
1

𝑉
(∑ 𝐴𝑈 + ∑ 𝑙𝛹 −

𝑄𝑠𝑑+𝑄𝑠𝑖𝑑

72
)    [W/m3K]            (9.5) 

 

ahol A [m2] a belső felület; U [W/m2K] a hőátbocsátási tényező (Ustac); l [m] a csatlakozási élek 

hossza; Ψ [W/mK] a vonalmenti hőátbocsátási tényező (Ψstac); Qsd [W] a direkt sugárzási 

hőnyereség; Qsid [W] az indirekt sugárzási hőnyereség; V [m3] a fűtött térfogat, belméretek 

szerint számolva.  

 Az épületenergetikai rendelet egyszerűsített számítása szerint a fűtési idény: október 15. – 

április 15. A képletben alkalmazott U-érték erre az időszakra meghatározott állandósult 

állapotbeli hőátbocsátási tényező (Ustac), ami eltér az effektív hőátbocsátási tényezőtől 

(U*heating) az alábbi fő okokból: 

 Ustac és U*heating eltérő hőfokhidakra vonatkoznak: Ustac 72000 [hK/a] hőfokhídhozhoz 

tartozik, míg az U*heating esetében az óránként kiszámolt és összegzett hőfokhíddal 

számolunk. 

  A külső és belső környezet függvényében a vizsgált épületszerkezet anyagának 

higrotermikus tulajdonsága változik, amit az Ustac meghatározásakor nem veszünk 

figyelembe. 
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 Az effektív hőátbocsátási tényező októberi értékének megadása a fűtési idény hosszának 

meghatározásához szükséges. Budapesten (Magyarországon) a külső léghőmérséklet október 

hónapban esik a fűtési határhőmérséklet (12°C) alá. A fűtési idény hosszának pontos (részletes 

számítás szerinti) meghatározásához ezt a hónapot szükséges vizsgálni, ugyanakkor a fűtési 

idény kezdete függ: az épület jellemzőitől, a sugárzási hőnyereségtől, és a belső hőnyereségtől 

is. 

 Az effektív hőátbocsátási tényező júliusi értékének megadása a nyári túlmelegedés 

kockázatának ellenőrzése miatt szükséges, mivel Budapesten (Magyarországon) júliusban a 

legmagasabb a napi átlaghőmérséklet. 

 Az ultra-könnyű beton falpanel nedvességterhelésének vizsgálata lehetővé teszi a megfelelő 

külső/belső vakolat, felületi kialakítás kiválasztását az éghajlatnak megfelelően, minimálisra 

csökkentve ezzel a páralecsapódás szerkezeten belüli kockázatát, s növelve ezáltal az 

élettartamot. 

  

9.3. További kutatási lehetőségek 

 

 Az eredmények tovább pontosíthatók a szerkezeti csomópontok 3D-s szimulációival, 

valamint a levegő filtráció figyelembe vételével. 

 A könnyűbetonok légáteresztő képességére vonatkozóan kevés irodalmi adat áll 

rendelkezésre. A légáteresztés meghatározására e kutatás keretei között nem volt lehetőség. A 

szerkezeten keresztüli levegő filtráció feltehetőleg hatással van a hő-és nedvességtranszportra, 

de ennek vizsgálata túlmutat a kutatás keretein, valamint az alkalmazott WUFI szoftver ennek 

elvégzésére nem is alkalmas. Azaz, ha a légzáró vakolat sérül, akkor lehetséges, hogy fennáll a 

konvektív nedvességforrás okozta többletterhelés veszélye, de ennek kimutatása további 

kutatást igényel. 

  A természetes konvekció függ az anyag légáteresztő képességétől, a szerkezeti vastagságtól 

és a hőmérséklet különbségtől. A konvekció hajtóereje a módosított Rayleigh számmal írható 

le [MSZ EN ISO 10456:2008]. Ehhez meghatározandó az anyag légáteresztő képessége, ami 

számítható a légáteresztési ellenállásból az ISO 9053 szerint; ehhez azonban irodalmi adat 

hiányában laboratóriumi anyagvizsgálat szükséges. 
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 Jelenleg nincs általánosan elfogadott eljárás az anyagon belüli konvekció elfogható 

mértékének meghatározására. A szabvány megadja a módosított Rayleigh szám kritikus értékét, 

amely alatt a hővezetési tényezőt nem szükséges a konvekció miatt korrigálni [MSZ EN ISO 

10456]. Az anyag légáteresztési ellenállásának ismeretében meghatározható lenne, hogy a 

hővezetési tényező korrigálandó-e a konvekció hatásával. 

 Továbbá, a hővezetési tényező nedvességkonverziója esetén, a kapilláris kondenzációs 

fázisban, a disszertációban javasolt természetes alapú logaritmikus függvény alulbecsli az 

nedvességkonverziós együtthatót; azonban további laboratóriumi vizsgálatokkal erre a 

szakaszra is pontosabb közelítő függvényt lehetne meghatározni. 

 Ugyanakkor, további kutatással finomítani lehetne az effektív hőátbocsátási tényező és 

effektív vonalmenti hőátbocsátási tényező meghatározására javasolt módszert oly módon, hogy 

a szerkezet késleltető hatását is figyelembe vegye. 

 Tekintettel az új fejlesztésű épületszerkezet hosszabb élettartam igényére, az acél szerkezeti 

elemek esetleges korrózióját szintén célszerű lenne vizsgálni egy újabb kutatás keretei között. 
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MSZ EN ISO 12571:2013 Hygrothermal performance of building materials and products, 

Determination of hygroscopic sorption properties (ISO 12571:2013) 

 

MSZ EN ISO 12572:2001 Hygrothermal performance of building materials and products, 

Determination of water vapor transmission properties (ISO 12572:2001) 

 

MSZ EN ISO 13788:2013 Hygrothermal performance of building components and building 

elements. Internal surface temperature to avoid critical surface humidity and interstitial 

condensation. Calculation methods (ISO 13788:2012) 

 

MSZ EN 15026:2007 Hygrothermal performance of building components and building 

elements, Assessment of moisture transfer by numerical simulation 

 

MSZ EN ISO 15148:2003 Hygrothermal performance of building materials and products, 

Determination of water absorption coefficient by partial immersion (ISO 15148:2002) 

 

MSZ 24140:2015 Power engineering dimensioning calculuses of buildings and building 

envelope structures  

 

TNM 7/2006 (V.24.) Hungarian Government Decree on the Energy Performance of Buildings 
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Appendix 2. 

Results of sorption-desorption measurements 

 

 

 

 

 

 

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

Dry 0 1.235 0 0.00

11% 0.126 1.247 12.6 0.97

33% 0.335 1.255 33.5 1.62

58% 0.586 1.264 58.6 2.35

75% 0.759 1.277 75.9 3.40

84% 0.853 1.290 85.3 4.45

97% 0.986 1.356 98.6 9.80

1.000 100 210.37

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

1 100 210.37

97% 0.986 1.356 98.6 9.80

84% 0.858 1.320 85.8 6.88

75% 0.762 1.312 76.2 6.23

58% 0.585 1.297 58.5 5.02

33% 0.336 1.273 33.6 3.08

11% 0.125 1.263 12.5 2.27

Dry 0 1.235 0 0.00

SAMPLE_1 - 23 °C

D
es

o
rp

ti
o

n
So

rp
ti

o
n

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

Dry 0 1.285 0 0.00

11% 0.126 1.297 12.6 0.93

33% 0.337 1.302 33.7 1.32

58% 0.589 1.309 58.9 1.87

75% 0.765 1.321 76.5 2.80

84% 0.86 1.328 86 3.35

97% 0.985 1.394 98.5 8.48

1 100 210.37

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

1 100 210.37

97% 0.985 1.394 98.5 8.48

84% 0.862 1.375 86.2 7.00

75% 0.766 1.368 76.6 6.46

58% 0.585 1.355 58.5 5.45

33% 0.335 1.324 33.5 3.04

11% 0.126 1.314 12.6 2.26

Dry 0 1.285 0 0.00

SAMPLE_2 - 23 °C

D
es

o
rp

ti
o

n
So

rp
ti

o
n

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

Dry 0 1.343 0 0.00

11% 0.126 1.349 12.6 0.45

33% 0.333 1.355 33.3 0.89

58% 0.583 1.362 58.3 1.41

75% 0.761 1.370 76.1 2.01

84% 0.857 1.375 85.7 2.38

97% 0.979 1.443 97.9 7.45

1 100 210.37

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

1 100 210.37

97% 0.979 1.443 97.9 7.45

84% 0.858 1.406 85.8 4.69

75% 0.761 1.402 76.1 4.39

58% 0.582 1.391 58.2 3.57

33% 0.334 1.364 33.4 1.56

11% 0.127 1.354 12.7 0.82

Dry 0 1.343 0 0.00

D
es

o
rp

ti
o

n

SAMPLE_3 - 23 °C

So
rp

ti
o

n
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Appendix 3. 

Results of temperature-dependent sorption-desorption measurements 

 

 

 

 

 

 

 

 

 

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

Dry 0 1.233 0 0.00

11% 0.161 1.249 16.1 1.30

33% 0.354 1.251 35.4 1.46

58% 0.607 1.263 60.7 2.43

75% 0.777 1.270 77.7 3.00

84% 0.885 1.288 88.5 4.46

97% 0.998 1.360 99.8 10.30

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

97% 0.998 1.360 99.8 10.30

84% 0.882 1.340 88.2 8.68

75% 0.763 1.331 76.3 7.95

58% 0.621 1.318 62.1 6.89

33% 0.344 1.287 34.4 4.38

11% 0.139 1.268 13.9 2.84

Dry 0 1.233 0 0.00

So
rp

ti
o

n
 (

10
 °

C
)

D
es

o
rp

ti
o

n
 (

10
 °

C
)

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

Dry 0 1.235 0 0.00

11% 0.126 1.247 12.6 0.97

33% 0.335 1.255 33.5 1.62

58% 0.586 1.264 58.6 2.35

75% 0.759 1.277 75.9 3.40

84% 0.853 1.290 85.3 4.45

97% 0.986 1.356 98.6 9.80

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

97% 0.986 1.356 98.6 9.80

84% 0.858 1.320 85.8 6.88

75% 0.762 1.312 76.2 6.23

58% 0.585 1.297 58.5 5.02

33% 0.336 1.273 33.6 3.08

11% 0.125 1.263 12.5 2.27

Dry 0 1.235 0 0.00

So
rp

ti
o

n
 (

23
 °

C
)

D
es

o
rp

ti
o

n
 (

23
 °

C
)

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

Dry 0 1.237 0 0.00

11% 0.129 1.245 12.9 0.65

33% 0.334 1.255 33.4 1.46

58% 0.560 1.263 56 2.10

75% 0.752 1.276 75.2 3.15

84% 0.841 1.288 84.1 4.12

97% 0.976 1.356 97.6 9.62

Salt tablets aw Weight [g] Rel. humidity [%] w [m%]

97% 0.976 1.356 97.6 9.62

84% 0.847 1.307 84.7 5.66

75% 0.761 1.299 76.1 5.01

58% 0.569 1.286 56.9 3.96

33% 0.341 1.267 34.1 2.43

11% 0.132 1.259 13.2 1.78

Dry 0 1.237 0 0.00

So
rp

ti
o

n
 (

30
 °

C
)

D
es

o
rp

ti
o

n
 (

30
 °

C
)
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Appendix 4.  

Calculation of water vapor permeability based on laboratory measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample_1 Sample_2 Sample_3 Average Sample_1 Sample_2 Sample_3 Average

m1 g 546,64 522,34 552,31 553,52 524,21 550,98

m2 g 545,33 521,02 551 555,54 526,12 552,81

Δm g 1,31 1,32 1,31 2,02 1,91 1,83

Slope of the regression line G=Δm/Δt kg/s 1,5162E-08 1,5278E-08 1,5162E-08 2,338E-08 2,2106E-08 2,118E-08

Density of water vapour flow 

rate
g=G/A kg/(m2*s) 9,504E-07 9,5765E-07 9,504E-07

1,4655E-06 1,3857E-06 1,328E-06

Water vapour permeance W=G/(A*Δp) kg/(m2*s*Pa) 1,0578E-09 1,0658E-09 1,0578E-09 1,1862E-09 1,175E-09 1,182E-09

Water vapour resistance Z=1/W (m2*s*Pa)/kg 9,45E+08 9,38E+08 9,45E+08 843016293 851041199 845947796

Water vapour permeability δ=W*d kg/(m*s*Pa) 3,1733E-11 3,1975E-11 3,1733E-11 3,18E-11 3,5587E-11 3,5251E-11 3,546E-11 3,54E-11

Water vapour resistance 

factor
μ=δa/δ - 6,06825425 6,02228263 6,06825425 6,05 5,56277314 5,61572671 5,5821171 5,59

sd=δa*Z m 0,18204763 0,18066848 0,18204763 0,18 0,16688319 0,1684718 0,1674635 0,17

sd=μ*d m 0,18204763 0,18066848 0,18204763
< 0,2 --> 

Correction!
0,16688319 0,1684718 0,1674635

< 0,2 --> 

Correction!

Wc kg/(m2*s*Pa) 1,1192E-09 1,1283E-09 1,1192E-09 1,2618E-09 1,189E-09 1,136E-09

Zc=1/Wc (m2*s*Pa)/kg 8,93E+08 8,86E+08 8,93E+08 792500943 841051620 880027225

δc=Wc*d kg/(m*s*Pa) 3,3577E-11 3,3849E-11 3,3577E-11 3,37E-11 3,7855E-11 3,567E-11 3,409E-11 3,59E-11

μc=δa/δ - 5,73492092 5,6889493 5,73492092 5,72 5,2294398 5,54980894 5,8069955 5,53

sd,c=δa*Zc m 0,17204763 0,17066848 0,17204763 0,15688319 0,16649427 0,1742099

sd,c=μc*d m 0,17204763 0,17066848 0,17204763 0,15688319 0,16649427 0,1742099

"Drycup" "Wetcup"

Weight

Water vapour diffusion-

equivalent air layer thickness

Corrected values

0,17 0,17
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Appendix 5. 

Models and grids for dynamic conjugated heat and moisture simulations (WUFI 2D) 

 

 

 

 
Model Grid (Number of elements) 

Wall panel 

  
(x: 102; y: 102) 

(min.: 2; max.: 150) 

Roof panel 
  

(x: 100; y: 104) 

(min.: 2; max.: 150) 

Roof 

construction 

  

(x: 100; y: 104) 

(min.: 2; max.: 150) 
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Wall corner 

  

(x: 132; y: 130)  

(min.: 2; max.: 190) 

Wall-roof 

connection 

 
 

(x: 104; y: 104) 

(min.: 2; max.: 150) 

Wall-

ground 

connection 

  

(x: 141; y: 140) 

(min.: 2; max.: 200) 
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Appendix 6. 

Climate of the investigated locations 

 

 

Budapest (Hungary) [WUFI Pro 6] 

 

 

Espoo (Finland) [WUFI Pro 6] 

 

 

Lisbon (Portugal) [WUFI Pro 6] 
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Appendix 7. 

Heat loss coefficients (H [W/K]) at the structural connections in different climates in the 

period of October-March (2013-2014) 

 

H [W/K] 
Steady-

state 
ESPOO BUDAPEST LISBON 

Wall corner 0.497 
0.553 

(↑ 11.3%) 

0.602 

(↑ 21.1%) 

0.404 

(↓ 18.7%) 

Wall-roof connection 0.405 
0.457 

(↑ 12.8%) 

0.469 

(↑ 15.8%) 

0.360 

(↓ 11.1%) 

Wall-ground 

connection 
0.895 

0.485 

(↓ 45.8%) 

0.552 

(↓ 38.3%) 

0.344 

(↓ 61.6%) 
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Appendix 8. 

Relative moisture content in layers of panel constructions in humid continental (Espoo, 

Finland) and mediterranean (Lisbon, Portugal) climate 

 

 

 

 

 

 

 

 

 

 

min. max. min. max.

Exterior plaster (Acrylic plaster) 0.28 5.71 ― ―

Wall panel (Ultra-lightweight concrete) 2.19 2.51 1.88 9.76

Interior plaster (Gypsum plaster) 0.25 0.56 ― ―

Wall construction (Espoo)

Moisture content [m%]

Plastered Unplastered

min. max.

EPS thermal insulation (15 cm) 2.33 3.04

Roof panel (Ultra-lightweight concrete) 1.76 2.12

Interior plaster (Gypsum plaster) 0.26 0.55

Moisture content [m%]
Roof construction (Espoo)

min. max.

Exterior plaster (Acrylic plaster) 0.25 4.85

Wall panel (Ultra-lightweight concrete) 2.20 2.46

Interior plaster (Gypsum plaster) 0.27 0.56

Wall corner (Espoo)
Moisture content [m%]

min. max.

EPS thermal insulation 2.25 2.61

Wall/roof panel (Ultra-lightweight concrete) 2.16 2.36

Interior plaster (Gypsum plaster) 0.26 0.55

Exterior plaster (Acrylic plaster) 0.26 3.10

Wall - roof connection (Espoo)
Moisture content [m%]

min. max.

Exterior plaster (Acrylic plaster) 0.28 5.70

Wall panel (Ultra-lightweight concrete) 2.23 2.57

Interior plaster (Gypsum plaster) 0.26 0.55

Ceramic tiles on floor 0.19 0.65

Concrete screed under ceramic tiles 1.15 1.67

EPS thermal insulation under concrete screed 1.17 2.09

XPS thermal ins. on ext. surface of foundation 5.27 5.62

Wall - ground connection (Espoo)
Moisture content [m%]
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min. max. min. max.

Exterior plaster (Acrylic plaster) 0.18 4.62 ― ―

Wall panel (Ultra-lightweight concrete) 2.07 2.43 1.91 12.42

Interior plaster (Gypsum plaster) 0.39 0.56 ― ―

Wall construction (Lisbon)

Moisture content [m%]

Plastered Unplastered

min. max.

EPS thermal insulation (15 cm) 1.55 2.13

Roof panel (Ultra-lightweight concrete) 1.97 2.09

Interior plaster (Gypsum plaster) 0.38 0.55

Moisture content [m%]
Roof construction (Lisbon)

min. max.

Exterior plaster (Acrylic plaster) 0.17 3.75

Wall panel (Ultra-lightweight concrete) 2.06 2.40

Interior plaster (Gypsum plaster) 0.39 0.56

Wall corner (Lisbon)
Moisture content [m%]

min. max.

EPS thermal insulation 1.81 2.45

Wall/roof panel (Ultra-lightweight concrete) 2.05 2.21

Interior plaster (Gypsum plaster) 0.39 0.55

Exterior plaster (Acrylic plaster) 0.18 2.29

Wall - roof connection (Lisbon)
Moisture content [m%]

min. max.

Exterior plaster (Acrylic plaster) 0.18 4.52

Wall panel (Ultra-lightweight concrete) 2.07 2.45

Interior plaster (Gypsum plaster) 0.39 0.55

Ceramic tiles on floor 0.37 0.65

Concrete screed under ceramic tiles 1.54 1.87

EPS thermal insulation under concrete screed 1.70 2.42

XPS thermal ins. on ext. surface of foundation 4.39 5.01

Wall - ground connection (Lisbon)
Moisture content [m%]
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Appendix 9. 

Relative humidity in the 3 cm thick layer of the wall at the exterior surface,  

and in the thermal insulation of the floor (Budapest) 
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Appendix 10. 

Isopleths of wall and roof constructions as well as the structural connections 

 

BUDAPEST (HUNGARY) 

 

          

 Interior surface of wall construction                        Interior surface of roof construction 
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BUDAPEST (HUNGARY) 

             

           Wall corner                                                        Wall-roof connection 

 

 

   Wall-ground connection  
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ESPOO (FINLAND) 

 

          

 Interior surface of wall construction                        Interior surface of roof construction 
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ESPOO (FINLAND) 

            

           Wall corner                                                        Wall-roof connection 

 

 

   Wall-ground connection 
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LISBON (PORTUGAL) 

 

              

 Interior surface of wall construction                      Interior surface of roof construction 
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LISBON (PORTUGAL) 

            

           Wall corner                                                        Wall-roof connection 

 

 

   Wall-ground connection 
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Appendix 11. 

Moisture content [m%] of the ultra-lightweight concrete wall panel – additional 

combinations of sd-values of exterior and interior surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

   

 

 

 

 

 

BUDAPEST – B6 

sd, exterior =0.122 m, sd, interior =0.375 m 

BUDAPEST – B5 

sd, exterior =0.300 m, sd, interior =0.375 m 

BUDAPEST – B8 

sd, exterior =0.300 m, sd, interior =100.150 m 

ESPOO – E3 

sd, exterior =0.122 m, sd, interior =0.100 m 
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ESPOO – E4 

sd, exterior =0.575 m, sd, interior =0.375 m 

ESPOO – E6 

sd, exterior =0.122 m, sd, interior =0.375 m 

ESPOO – E7 

sd, exterior =0.575 m, sd, interior =100.150 m 

ESPOO – E5 

sd, exterior =0.300 m, sd, interior =0.375 m 
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ESPOO – E8 

sd, exterior =0.300 m, sd, interior =100.150 m 

LISBON – L2 

sd, exterior =0.300 m, sd, interior =0.100 m 

LISBON – L3 

sd, exterior =0.122 m, sd, interior =0.100 m 

LISBON – L4 

sd, exterior =0.575 m, sd, interior =0.375 m 
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LISBON – L5 

sd, exterior =0.300 m, sd, interior =0.375 m 

LISBON – L6 

sd, exterior =0.122 m, sd, interior =0.375 m 

LISBON – L7 

sd, exterior =0.575 m, sd, interior =100.150 m 

LISBON – L8 

sd, exterior =0.300 m, sd, interior =100.150 m 
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