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ABSTRACT 

Building material manufacturers have already started to develop new products to prepare for 

the nearly zero energy performance requirements. These new requirements have serious effects 

on the masonry industry, which started developing and introducing new and reinvented 

products in the recent years and started to produce masonry blocks filled with thermal insulation 

material to increase the thermal resistance of bricks, and to sell insulation together with the 

masonry blocks. These blocks are used in new constructions across Central-Europe with 

different geometry and fillers; however, many of their properties, such as hygrothermal 

behavior is not yet researched in details neither as individual blocks, nor in the form of building 

constructions. In my PhD thesis, I deal with the hygrothermal behavior and performance of 

such modern blocks. 

In the first chapter, I dealt with reviewing thermal and hygrothermal modeling of building 

constructions and the available scientific literature about thermal and hygrothermal 

performance of hollow and filled modern masonry blocks. Based on this review, I formulated 

research questions to seek answers during my PhD research. The second chapter of the PhD 

thesis is about the materials and methods I have used during the research. I present hygrothermal 

laboratory experiments as well as steady-state and dynamic hygrothermal numerical simulation 

methods.  

In the third chapter, I performed analysis in three approaches on differently shaped hollow or 

filled masonry blocks filled to determine their equivalent thermal conductivity. A new 

laboratory measurement supported numerical modelling method is described and presented on 

three selected masonry blocks, which method I validated using different simulation and 

measurement techniques. Thereafter 4 different hollow building blocks with 5 different fillings 

were tested and compared using numerical simulations. A systematic parametric study of the 

effect of material properties on the thermal conductivity of the most common shaped filled 

masonry block was also conducted. 

In the fourth chapter, three distinct analyses were showed, each of them based on hygrothermal 

simulations. Firstly, thermal transmittance of walls and linear thermal transmittance of wall 

corner joints were evaluated by using steady-state multidimensional hygrothermal simulations 

and the results were compared to thermal simulations. Thermal transmittance of differently 

filled masonry walls were also tested by using dynamic time-dependent hygrothermal 

simulations, in which the effect of the environment (orientation and climate) was studied in 

details. Secondly, I presented a new approach to evaluate the moisture performance of building 
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constructions using stead-state hygrothermal simulations by calculating moisture transmittance, 

linear moisture transmittance and effective water vapor diffusion resistance factor. In this 

section, I also defined the concept of moisture bridges, and showed its difference from thermal 

bridges. In the third distinct part of this chapter, I investigated the freeze-thaw cycles in 

insulation filled masonry blocks in climate of Budapest. I performed steady-state calculations 

of a vertical wall section made of 44 cm mineral wool filled blocks according to the 

standardized grafoanalytical Glaser method. Then I compared the results to steady-state 

simulation results. Thereafter, I have analyzed how many freeze-thaw cycles are expected in 

the outermost layer in case of different thermal insulations during their service life of 50 years 

by using dynamic orientation-dependent hygrothermal simulations. 

In the fifth chapter, derivative-free constrained COBYLA optimization was performed on 

mineral wool filled masonry blocks with the aid of hygrothermal finite element simulations to 

design better thermal insulation filled masonry blocks than the selected reference block. 

The results presented in this PhD thesis can help architects, engineers and masonry designer 

professionals in deeper understanding of the hygrothermal behavior of thermal insulation filled 

modern masonry blocks and their performance limitations. 
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ÖSSZEFOGLALÓ 

Az építőanyaggyártók már elkezdtek felkészülni a közel nulla energetikai követelmények 

teljesítésére. Az új követelmények komoly hatást fognak gyakorolni a falazóblokk iparra is, 

amely új termékek kifejlesztésével, valamint régi megoldások újrafelfedezésével bevezette a 

hőszigeteléssel töltött falazóblokkokat a téglák hővezetési ellenállásának növelése végett, és 

hogy a hőszigetelőanyagot együtt ők adhassák el. E blokkokat eltérő geometriával és 

hőszigetelőanyag töltettel mára széles körben forgalmazzák Közép-Európában, azonban a 

higrotermikus teljesítőképességüket nem kutatták számottevően eddig, sem a falazóblokkok, 

sem pedig az épületszerkezetek szintjén. Dolgozatomban ezért a korszerű falazóblokkok 

higrotermikus viselkedésével és teljesítőképességével foglalkozom.  

Az első fejezetben az épületszerkezetek hőtechnikai és higrotermikus modellezésének, továbbá 

az üreges illetve töltött modern falazóblokkok hőtechnikai és higrotermikus 

teljesítőképességéről szóló szakirodalmat tekintettem át. Az irodalomkutatás alapján kérdéseket 

fogalmaztam meg, melyekre a doktori kutatásom során kerestem válaszokat. A második fejezet 

a felhasznált anyagokról és módszerekről szól. Bemutatom a laboratóriumi kísérleteket, 

valamint állandósult állapotbéli és dinamikus higrotermikus szimulációs módszereket is. 

A harmadik fejezetben háromféle megközelítést alkalmaztam különböző alakú, üreges vagy 

töltött falazóblokkok egyenértékű hővezetési tényezőjének meghatározására. Egy új, 

laboratóriumi méréssel támogatott numerikus modellezési eljárást hoztam létre, melyet három 

kiválasztott falazóblokk példájával mutatok be. A módszert szimulációs és mérési technikákkal 

validáltam. Ezt követően négyféle vázkerámia falazóblokkot ötféle hőszigetelőanyagtöltettel 

vizsgálatam és hasonlítottam össze numerikus szimulációval. Ezután szisztematikus 

paramétervizsgálatot végeztem a leggyakoribb formájú, hőszigetelőanyaggal töltött 

falazóblokk anyagtulajdonságainak hővezető képességre gyakorolt hatásáról. 

A negyedik fejezetben három kutatást mutatok be, melyek higrotermikus szimulációval 

készültek. Először falak hőátbocsátási, és falsarkok vonalmenti hőátbocsátási tényezőjét 

határoztam meg állandósult állapotbéli higrotermikus szimulációkkal, majd hőtechnikai 

szimulációkkal hasonlítottam össze. Az eltérő töltettel ellátott falazóblokkokból készített 

falakat dinamikus, időfüggő higrotermikus szimulációval is vizsgáltam, mely során részletesen 

tanulmányoztam a környezet (tájolás és éghajlat) hatását a hőátbocsátási tényezőre. Másodszor, 

új megközelítést alkalmaztam az épületszerkezetek nedvességtechnikai értékelésére állandósult 

állapotbéli higrotermikus szimulációkkal, melyek során meghatároztam a nedvességátbocsátási 

tényezőket, vonalmenti nedvességátbocsátási tényezőket és az egyenértékű páradiffúziós 
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ellenállási számokat is. E fejezetben definiáltam a nedvességhidak fogalmát és bemutattam 

eltérő viselkedésüket a hőhidakhoz hasonlítva őket. A harmadik alfejezetben budapesti 

éghajlatot feltételezve vizsgáltam a töltött falazóblokkok külső szélső hőszigetelőrétegében 

várható fagyási-olvadási ciklusok számát. A vizsgálat során először szabványos számítást 

végeztem a grafoanalitikus Glaser módszer alapján 44 cm vastagságú ásványgyapottal töltött 

blokkokból épített falszerkezetek függőleges metszetét figyelembe véve, majd ezt állandósult 

állapotbéli higrotermikus szimulációval hasonlítottam össze. Ezután dinamikus, égtáj-függő 

higrotermikus szimuláció alkalmazásával elemeztem, hogy az 50 éves várható élettartam során 

hány fagyási-olvadási ciklus előfordulása várható a külső szélső hőszigetelő rétegben 

különböző hőszigetelőanyag töltetek esetén. 

Az ötödik fejezetben higrotermikus szimuláción alapuló, derivált-mentes korlátos COBYLA 

optimalizálást végeztem egy választott ásványgyapottal töltött falazóblokk esetén, hogy a 

kiválasztott referencia blokknál jobb hőszigeteléssel töltött falazati blokkokat tervezzek. 

A PhD értekezésemben bemutatott eredmények hozzájárulhatnak ahhoz, hogy mind az építész, 

mérnök és falazattervező szakemberek mélyebben megértsék a hőszigetelőanyagokkal töltött 

falazóblokkok higrotermikus viselkedését és teljesítőképességük határait. 
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1. INTRODUCTION 

1.1. Motivation 

The Building sector (residential and commercial buildings) represents 30% the of the total 

energy use worldwide, and was responsible for almost 40% of the total direct and indirect CO2 

emissions in 2017 [1]. Beside this, constructions are responsible for additional 6% of total 

energy use. Furthermore, energy consumption in buildings worldwide is predicted to be 

increased by an average of 1.5%/year from 2012 to 2040 [2]. Therefore, thermal insulation of 

new and existing buildings is an extremely important field in this sector, since it helps reduce 

the energy demand and decrease carbon emissions [3]. According to EU’s  long-term goal the 

greenhouse gas emissions should be reduced by 80-95% by 2050, compared to the level of 

1990, [4]. This ambitious plan requires strict building regulations. According to the Energy 

Performance Building Directive (EPBD), member states of the EU must apply minimum 

requirements regarding the energy performance of new and existing buildings, and implement 

them into their building energy certifications [5]. A comprehensive review on energy policies 

can be found in [6].  

The new legislation was introduced in 2006 in Hungary [7]. There are three levels of the key 

requirements: first one is the thermal transmittance (U value) of the building envelope, the 

second one is the specific heat loss coefficient (q value), and third one is the primary energy 

use of the building (Ep). The former two requirements depend only on the design and 

construction of the building and the quality of the thermal envelope. In recent years, there have 

been many changes in the field of building energetics, partly due to technical developments and 

partly to the change of the directives and regulations [8]. The requirements of energy 

performance certifications (EPC) of buildings have been constantly tightened in the EU [9] and 

also in Hungary [10], [11] in the past years, since the introduction of the recasted EPBD [12]; 

however this has not had significant effects yet on people’s mind in the domestic property 

market yet. Most of the people do not care about the energy performance of their buildings and 

they see EPC as a new expression of bureaucracy [13], although, due to the performance 

evaluation of buildings [14] it is clearly visible, that people mostly live in buildings that need 

energy efficiency and performance improving refurbishments. In the Hungarian residential real 

estate market, almost one thing matters only, besides location: whether it is a panel or a brick 

building, how real estate firms typify the whole building sector [15]. The advantage of the 

stricter requirements is that they make thermal insulation of new and existing buildings 

inevitable, and push the industry toward energy efficiency.  
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Current mandatory level of energy performance is called “cost-optimized” in Hungary and 

made according to the revised EPBD based on cost-optimum calculation of some typical 

Hungarian residential and non-residential buildings [16], [17]. These “cost-optimized” 

requirements are above “cost-optimum”, mostly because of today’s economic environment 

[18]; however, it still helps reduce CO2 emission more, than previous requirements. In near 

future, when nearly zero energy buildings (NZEB) will be the new mandatory standard, the 

requirements will continue to be tighten; however, the domestic legislation made simpler 

choices possible than researchers, like Szalay and Zöld, whose proposals are based on large 

building samples [19], [20]. A comprehensive review of the cost-optimum analysis for NZEBs 

is presented by Ferrara et al [21] showing that the cost-optimized approach is an effective 

method for determining the future of NZEB planning across the EU. Speaking of Europe, it is 

inevitable to think about different climates when considering the energy requirements. Ahmed 

et al [22] presented a new method in contrast to NZEB requirements in different climates and 

countries. Countries like Greece have different climate zones for energy performance 

calculation, and researchers [23] showed that the energy efficiency measures of buildings 

should vary according to the four climate zones. Hungarian regulation considers the whole 

country as one climate zone, although it was shown previously that there could be more than 

10% difference in climate related data [24].  

In accordance with the above mentioned upcoming mandatory NZEB requirements, building 

materials, elements and constructions have been being developed significantly in the past few 

years. In the future, we can expect not only the high-tech, but conventional techniques to be 

improved with the use of environmentally-friendly materials and energy efficient technology 

[25]. Building material manufacturers have already started to develop new products to prepare 

for these requirements of near future. To achieve significant heat loss reduction of buildings, 

the demand is increased particularly for new insulations and development of new technical 

solutions. These new requirements have serious effects on the Hungarian masonry industry 

[26], which started developing and introducing new and reinvented products in the recent years 

[27], [28]. Brick manufacturers started to produce masonry blocks filled with thermal insulation 

material to increase the thermal resistance of bricks, and to sell insulation together with the 

masonry blocks. These blocks are used in new constructions across Central-Europe with 

different geometry and fillers; however, many of their properties, such as hygrothermal 

behavior is not yet researched in details neither the blocks, nor in building constructions based 

on the literature review presented in Annex A. 
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Numerical simulation techniques developed amazingly in the past 30 years [29], in these days 

almost everything can be modeled and analyzed with computers. Hundreds of building energy 

software have been developed or enhanced in the last decades [30], among them there are also 

tools that are capable to perform hygrothermal analysis. The performance of hygrothermal 

analysis depends immensely on the sophistication of mathematical models used, and also on 

the degree to which the model takes the dimensions, type of flow and quality of input data into 

consideration [31]. It is evident, that a multidimensional model is more accurate, than a one-

dimensional one, and a dynamic model gives more sophisticated results than a steady-state one. 

However, without accurate input data, as material properties and boundary conditions, the 

results of numerical simulations will never approach the real behavior. It is also obvious, that 

dynamic and multidimensional modeling is not always necessary, there are certain situations 

(e.g. EPC), when simplified models should be used in order to be compatible with the existing, 

simplified calculation methods. Therefore, it is useful to define equivalent values that can be 

used in simplified calculations. 

In my PhD research, because of the above mentioned reasons, I investigated modern, insulation 

filled masonry blocks to understand their hygrothermal behavior in details, and its effects on 

their energy performance, and to help masonry producers develop better products. I used 

detailed FEM based thermal and conjugated heat and moisture transport (HAM) modeling 

supported by laboratory measurements, in order to evaluate the performance of these blocks, 

and also to understand the hygrothermal behavior of walls and building constructions made of 

these blocks. I conducted steady state and dynamic simulations, and created new techniques 

and measures to analyze the conjugated heat and moisture behavior of these masonry products. 

I was very interested how considering hygrothermal approach effects impact thermal and 

moisture transmittance and how these properties depend on climate. 

1.2. Research questions  

I made comprehensive reviews on the available scientific literature presented in Annex A in 

the topics of thermal and hygrothermal modelling of building constructions, including the brief 

history of heat and moisture transport, numerical tools for thermal and hygrothermal 

simulations and thermal and hygrothermal modeling of construction joints. I reviewed the 

available scientific literature about the thermal and hygrothermal performance of modern 

hollow and filled masonry blocks, too. I also covered the topic of optimization studies of 

masonry block geometries. After reviewing the available literature, it showed that the topic I 

researched during my PhD studies far exceeds the possible, and limited scope of a single thesis. 
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I had to declare also, that during the research presented in this thesis, mechanical aspects of the 

masonry blocks have not been examined in details, because it is out of the scope. 

The main objective of my research is to get a better understanding of the thermal and 

hygrothermal behavior of modern, thermal insulation filled masonry blocks. This interest of 

examining masonry blocks, among other things, is due to the fact that during my PhD research 

I was able to take part in a number of industrial work within the Laboratory of Building Physics 

that I had to deal with such masonry blocks. Other driving force was the money and 

infrastructure, or more specifically, its absence. Our laboratory is now in developing stage, and 

we have limited resources; however, I would like to be able to compete with research institutes 

that have been operating for a long time and with significantly higher financial resources. 

Therefore, as it will be seen in the following pages of this thesis, many of the measurements are 

performed according to the standards but with crafted equipment.  

The following questions emerged before, and during my PhD research: 

 Can I measure the thermal conductivity of building elements without having a full hot box 

apparatus or climate chambers, only with a guarded hot plate device?  

 Can I extend the measurements with numerical simulations? 

 Can I construct testing equipment capable to measure all the necessary material properties 

to conduct a thermal or a hygrothermal simulation? 

 How filled masonry blocks behave regarding to different thermal insulation fillers? 

 What are the limitations of these blocks in term of their achievable thermal performance? 

 Can we increase the hygrothermal performance of a masonry block by using optimization?  

 How much will the thermal transmittance of a building construction made of filled masonry 

blocks change, if we consider hygrothermal analysis instead of thermal simulations? 

 Does the orientation matter of such a wall? 

 Does it matter whether we build up that wall in Hungary, or different places around Europe, 

such as Finland or Portugal? Do U value depends on the environment? 

 Can we evaluate the moisture performance similarly to thermal performance? 

 How can it be possible that all domestically marketed thermal insulation filled masonry 

block currently has the same water vapor diffusion resistance factor on their data sheet 

regardless of whether the filler is mineral wool or expanded polystyrene? 

 If thermal bridges exist and we can quantify them, why there is no methodology to examine 

moisture transport in building construction joints, too? 
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 If we use internal thermal insulation on a masonry wall, we risk that the external side of the 

wall will freeze in winter in certain depth and deteriorate over time. How freezing and 

thawing happens when the case is the internally insulated masonry blocks? 

In my PhD thesis, I seek the answers for the above mentioned questions and to many more. 

1.3. Research plan 

The selected topics and the schematics of the research plan based on the selected topics is 

summarized in Fig. 1. During the investigations, three main techniques were used: laboratory 

experiments, numerical simulations, which constituted most of the work, and optimization. The 

work is split to six chapters. In the Chapter 1, I presented my motivation, research questions 

and my research plan based on an extensive literature review presented in Annex A. In Chapter 

2, I detailed the materials and methods used during my research which is expanded in Annex 

B, Annex C and Annex D. Chapter 3 deals with researches on the thermal conductivity of 

masonry blocks. The Chapter 4 includes selected topics of thermal, moisture and durability 

questions of masonry constructions. In Chapter 5, a numerical optimization method is used on 

a selected block to increase its hygrothermal performance. Finally, in Chapter 6, I present the 

new scientific results of the PhD thesis and the possible applications and further perspectives. 

 

Fig. 1 Schematic of the research plan 
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2. MATERIALS AND METHODS 

2.1. Materials of modern masonry structures 

Parts of modern building blocks and masonry can be categorized in three main material groups. 

Fired clay, as the structure of the blocks, thermal insulation fillers, and mortar and plasters. As 

there is great number of possibilities for the selection of materials, in this PhD thesis, it was 

necessary to limit the scope of investigated materials. 

2.1.1. Fired clay 

Fired clay gives the load bearing structure of the hollow masonry blocks. Its hygrothermal 

properties play a key role in the behavior of blocks. The thermal properties of fired clay depend 

heavily on the mineralogical and physical properties of the raw materials [32], [33], but the 

general properties can be improved by adding or replacing components in the raw mixtures 

[34], or adding waste materials to improve its original properties [35]. As previously mentioned, 

one of the most commonly used method to improve the thermal properties of the fired clay brick 

is to decrease the bulk density by adding pores to its structure [36]. It can be achieved by adding 

different type pore-forming agents made of plant or waste materials, such as ashes, coffee 

grounds, rice husk, sawdust, slags, wheat straw [37]–[41]. Not only the amount of pores, but 

also the pore-size distribution plays important role in thermal properties [41]; and pore 

formation depends on the degree of firing. During my PhD studies, I examined numerous fired 

clay samples and bricks in the Laboratory of Building Physics for industrial customers, 

manufactured in different Hungarian fired clay factories (e.g. Balatonszentgyörgy, 

Tiszavasvári). From these measured samples, which were cut-out from masonry blocks and 

sanded down (see Fig. 2 and Fig. 3), I selected the most common and therefore representative 

samples and used their measured and averaged values to evaluate the Hungarian fired clay.  

  

Fig. 2 Cut-out fired clay tile sample from Hungary  Fig. 3 Sanded fired clay tiles from Hungary  



9 

 

2.1.2. Thermal insulations 

In the building sector, there are many conventional [42]–[45], unconventional and sustainable 

[46][47] or high-tech [48]–[50] thermal insulation available Thermal properties of insulating 

materials show great variability even within their own material group [51], therefore selecting 

suitable materials to fill into masonry blocks was not obvious. Since 2014, I measured and 

analyzed more than 30 different insulations in the Laboratory of Building Physics [52], [53], 

primarily in relation to their thermal conductivity and hygrothermal properties. These examined 

materials were mostly conventional and widely used thermal insulations, such as different types 

of expanded and extruded polystyrenes, mineral wools made of glass or stone, foamed cellular 

glass, expanded perlite and polyurethane foams. However, I also examined different types of 

sustainable insulation materials, such as cellulose, geopolymer, hemp, feather, recycled PET, 

sheep wool, textile waste, wheat straw or wood based products. Besides these, I also measured 

different types of aerogel products, both particles and blankets. Fig. 4 shows some thermal 

insulations under microscope, illustrating the diversity of the structures of thermal insulation 

materials. From the examined thermal insulations, I selected five materials for my research 

based on their hygrothermal properties. The main criterions were their thermal conductivity and 

sorption behavior. In Chapter 3, I used mineral wool made of basalt, as general filler for 

masonry blocks provided by industrial partners. I also examined the blocks without fillers, with 

aerogel, polyurethane foam as well as expanded perlite. However, later in my research, I 

skipped the unfilled masonry blocks due to their low thermal performance, and added expanded 

polystyrene filler instead, and also improved the mineral wool filled masonry blocks by using 

a different type of mineral wool, because of its better thermal and moisture performance. A 

brief introduction of the used thermal insulation materials can be found in Annex B. 

 

Fig. 4 Thermal insulations under microscope, from top left: expanded perlite, extruded polystyrene, expanded 

polystyrene with graphite, glass mineral wool, cellulose, rock mineral wool, aerogel blanket, polyurethane 

foam, expanded polystyrene and fire-resistant polyurethane foam   
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2.1.3. Dryfix, mortar and plasters 

When masonry walls made of modern thermal insulation filled fired clay building blocks are 

considered, applying plaster on both sides of the wall is essential. The external plaster is usually 

advised to be an insulating plaster, while the internal one is usually a lime-cement or gypsum 

based product. Choosing the right external plaster is important for protecting the wall against 

driving rain and freezing. Insulating plasters are usually made by adding light weight 

aggregates, such as cork, clay, perlite, expanded polystyrene beads, cellular glass or vermiculite 

[54], [55], [56], and in recent years, researchers also published papers about aerogel based 

plasters [57]–[59]. In my research, 2 cm thick expanded perlite enhanced and fiber reinforced 

insulating external plaster were applied to the external side of the masonry blocks, while 1.5 

cm gypsum plaster was applied to the internal side.  

Masonry walls can be constructed by using either mortar, or dryfix, which is a one-component 

moisture-curing polyurethane-based adhesive creating only about 1 mm – 2 mm thick layer 

between the bonded masonry blocks, therefore its hygrothermal effects on the energy 

performance of the masonry wall are almost negligible. 

2.2. Hygrothermal laboratory experiments 

To obtain the hygrothermal building physical properties of the materials that I used during my 

research presented in Chapter 3 to Chapter 5, I performed measurements in the Laboratory of 

Building Physics. I measured thermal conductivity, moisture storage curve, water vapor 

permeability, liquid transport coefficient and volumetric heat capacity of materials and also 

measured thermal transmittance to validate numerical results in Chapter 3 with a self-made 

experimental box setup. The methodology of the experiments is presented in Annex C. 

2.3. Numerical methods 

2.3.1. Hygrothermal modeling 

The schematic flow chart of the hygrothermal numerical modeling process is illustrated in Fig. 

5. In the hygrothermal modeling, the mathematical equations are based on the conservation of 

energy and moisture. The equations used during the modelling process is presented in Annex 

D. In the modeling process, some assumptions had to be made, which assumption met the MSZ 

EN 15026 [60] standard’s assumptions, i.e. the geometry is constant, there is no swelling or 

shrinkage due to temperature or moisture; there is no changes in the material properties due to 

its damage or ageing; no chemical reactions occur due to temperature or moisture; the latent 
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heat of sorption is equal to the latent heat of condensation or evaporation; there is no hysteresis 

effect taken into account in the moisture storage function and its dependence on temperature is 

also neglected; and finally, vapor diffusion and liquid transport only depend on the relative 

humidity of the materials. In the simulations, two or three dimensional geometry models are 

used depending on the studied task. Material properties are based on the previously described 

laboratory measurements and standards. The initial conditions are configured to minimize the 

required run time of the models, so basically the average of the internal and external temperature 

and relative humidity were used in steady-state simulations, and preliminary results from 

steady-state simulations were used in dynamic simulations. Boundary conditions were set 

according to standards in steady-state simulations. In dynamic simulations, besides standards-

based boundary conditions, some built-in boundary conditions of WUFI software (e.g. driving 

rain, explicit radiation balance at exterior surfaces) were also used. Boundary conditions were 

presented in Annex D in details. The finite element mesh used for the simulations will be 

detailed in Chapter 4. During simulations, convergence criteria is set to 5·10-4, which means 

conjugated simulations had run again and again for a time step until two consecutive runs 

resulted in less difference than the criteria. Time steps in dynamic simulations were hourly 

based. I have run the dynamic simulations for several years (2-5 years), but only the last year 

was used to evaluate the results. After performing the simulations, the results were written into 

csv files and then evaluated by using external tools described later in this chapter. 

 

Fig. 5 Schematic flow chart of the hygrothermal modeling process  
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2.3.2. Optimization 

COMSOL Multiphysics is capable of implementing constrained gradient-free or gradient-based 

optimization processes [61], which schematics are illustrated in Fig. 6. Gradient-free 

optimization can find the constrained design variables that have the minimal or maximal 

objective function without knowing the gradient of the objective function. It should be used, 

when the objective function and/or the constraints are scalar and non-differentiable, and in case 

of geometry optimization, which needs re-meshing. The disadvantage of the gradient-free 

methods is that the number of variables could increase the optimization time exponentially. In 

this case, searching for an optimum internal geometry needs re-meshing in each optimization 

step, therefore gradient-free methods provide possible options only.  

There are several different gradient-free solvers available, such as Monte-Carlo method [62], 

which randomly chooses the design variables between the given bounds, and evaluates the 

results; however, with this method, the global optimum can be found only with very dense 

statistical sampling, resulting in long optimization time. 1st order approximate gradient methods 

are Nelder-Mead [63] and constrained optimization by linear approximation (COBYLA) [64] 

methods. Both can take the constraints into consideration. Nelder-Mead method constructs a 

simplex and improves the worst point, while COBYLA constructs a linear approximant, by 

using a unique linear polynomial, to the objective function.  

Powell [65] presented, that Nelder-Mead algorithm can find the least value of a function 

incorrectly in case of convex objective function. Therefore, in the research, presented in 

Chapter 5, gradient-free optimization method called COBYLA was used to perform geometry 

optimisation of a selected thermal insulation filled masonry block. The source code of the 

COBYLA was written originally in Fortran, but fortunately an algorithm in C is uploaded to 

Github in 2015 by Thiébaut [66]. 

 

Fig. 6 Schematic flow chart of the optimization process  
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2.3.3. Results data processing 

2.3.3.1. Interpolation 

To determine values between obtained data, Kriging interpolation method was applied, which 

is a geostatistical interpolation technique that considers both the distance and the degree of 

variation between known data points when estimating values in unknown areas [67] illustrated 

by Fig. 7. In the Figure, red squares indicate the location of the data, and Kriging interpolation 

is shown in red, which runs along the means of the normally distributed confidence intervals 

shown in gray. The dashed blue curve shows a spline that is smooth, but departs significantly 

from the expected intermediate values given by those means. In multidimensional use, Kriging 

can be seen as a point interpolation which requires a point map as input and results in a raster 

map with estimations as output. Radial basis function (RBF) is also used in some cases, where 

Kriging interpolation provided solutions loaded with errors along the edges of the graphs. RBF 

approximates multivariable functions by linear combinations of terms based on a single 

univariate function [68], which gave better results; however, consumed significantly more time 

to run. Interpolated graphs in this PhD thesis were made by using Surfer [69]. 

  

Fig. 7 Example of kriging interpolation in 1D [70] Fig. 8 Box and whisker plot  

2.3.3.2. Box and whisker plot 

In exploratory data analysis by Tukey [71], box and whisker plot is a method for graphically 

depicting groups of numerical data through their quartiles, which also have whisker lines 

vertically from the boxes indicating variability outside the upper and lower quartiles [72]. In a 

box and whisker plot, several data can be represented as illustrated by Fig. 8, where median 

value of the numerical data is shown between the lower and upper quartile, which are set to 25th 

(Q1) and 75th (Q3) percentile. In the calculation of Q1 and Q3, I included the median value. 
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Between the lower and upper quartile lies the interquartile range (IQR), which also called the 

middle 50%. Lower and upper extremes are set to the local minimum and maximum values, 

respectively. Mean value are marked as X, and outliers are marked with O. A data point is called 

an outlier, if it lies in the outlier region, which is defined by the region over the value of 1.5 · 

IQR added to the Q3 quartile or the region below the value of 1.5 · IQR subtracted from Q1 

quartile. Box and whisker plots are made by using Excel [73]. 

2.3.3.3. Thermal transmittance 

Thermal transmittance (U value [W/m2K]) shows how much heat, 𝑄 [W=J/s], could flow 

through an 𝐴 =1 m2 of internal surface of the building element in case of ∆𝑇 = 1 K temperature 

difference as defined by Eq. (6). Heat flow through a unit surface is called 𝑞 heat flux [W/m2], 

which can also be used to calculate U value, presented also by Eq. (1):  

U =
Q

A∙∆𝑇
=

𝑞

∆𝑇
.                    (1) 

In Hungary, in building energy calculations, internal surfaces are used according to the 

definition in MSZ EN ISO 13789 [74], therefore heat flow and heat flux is obtained from the 

internal surface of the building constructions. Thermal bridges of building structures are 

characterized by calculating linear thermal transmittance, ψ value [W/mK], which shows how 

much heat could flow additionally due to multidimensional heat flow comparing to surface 

thermal transmittance.  Based on MSZ EN ISO 10211 [75], the linear thermal transmittance 

can be calculated from the thermal coupling coefficient L2𝐷 of the building element separating 

two spaces (e.g. internal and external space),the 𝑈𝑗 thermal transmittance and the 𝑙𝑗 internal 

length of the joining building elements according to Eq. (2): 

ψ = L2𝐷 − ∑ 𝑈𝑗 ∙ 𝑙𝑗𝑗 .                         (2) 

Thermal coupling coefficient in Eq. (2) can be defined as the ratio of 𝑄 internal surface heat 

flow and the temperature difference multiplied by 𝑙 internal length, presented in Eq. (3): 

L2𝐷 =
𝑄

𝑙∙∆𝑇
.                              (3) 

2.3.3.4. Moisture transmittance 

To characterize the moisture behavior of a building element, we can introduce and define M 

[kg/m2sPa] moisture transmittance value. M value can be calculated according to the formula 
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presented by Eq. (4), as the ratio of 𝐺 internal surface moisture flow through 1 m2 of internal 

surface of the building element and Δp water vapor pressure difference, or by the ratio of 𝑔 

moisture flux and the water vapor pressure difference: 

M =
𝐺

𝐴∙∆𝑝
 =

𝑔

∆𝑝
.                 (4) 

 If a building element can be simplified to one layer and considered homogeneous, and if it does 

not consist of any capillary active material, then moisture transmittance, presented by Eq. (4), 

equals to the vapor permeability multiplied by 1 m length. From this, effective water vapor 

diffusion resistance factor can be easily defined, as dividing vapor permeability of air by the 

building element specific value. Calculation of the moisture transmittance of complex, 

inhomogeneous building elements could only have carried out effectively by using conjugated 

heat and moisture transport numerical simulation. For characterization of moisture bridges, 

introduction of the linear moisture transmittance is necessary, which is designated as Greek 

letter ν, and can be determined in a similar way to the linear thermal transmittance, see Eq. (5). 

This factor shows how many kilograms of additional moisture can flow through one running 

meter of a construction joint within a second in addition to the moisture transmittance of the 

connecting building elements measured at the internal length:  

ν = 𝐺/(𝑙 ∙ ∆𝑝)  − ∑ 𝑀𝑗 ∙ 𝑙𝑗𝑗  .                (5) 

Based on Eq. (4) and Eq. (5), it can be seen that for the calculation of the moisture 

transmittances, 𝐺 moisture flow on the internal surface of the building structure, caused by the 

Δp water vapor pressure difference, has to be determined. The water vapor pressure difference 

can be calculated by Eq. (6) from θ air temperature [°C] and φ relative humidity of the separated 

spaces and water vapor pressures of saturated air can be obtained by MSZ EN ISO 13788 [76] 

illustrated by Fig. D.1 in Annex D. 

∆𝑝 = φ𝑖 ∙ 𝑝𝑠𝑎𝑡(𝜃𝑖) − φ𝑒 ∙ 𝑝𝑠𝑎𝑡(𝜃𝑒).            (6) 

2.3.3.5. Number of freeze-thaw cycles in the outermost insulation layer of walls 

Freeze-thaw cycles have a major impact on the durability and service life of building 

constructions made of advanced clay bricks [77]. From the temperature and RH results obtained 

by dynamic simulations, the number of freeze-thaw cycles can be determined. Freezing 
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temperature depends on the porosity of construction materials, water in differently sized 

capillary pores freezes between 0 °C and -20 °C [78], [79]. 

According to Vrána [80], in mineral wools the border between frozen and condensate is where 

temperature passes 0 °C. Therefore, I assumed that freezing occurs in the outermost thermal 

insulation layer if its temperature drops below 0 °C.  

Grunewald and Ruisinger [81] in their “Feuchteatlas” evaluated the hygrothermal behavior of 

many internally insulated building constructions, walls and wall corner joints. In their approach, 

they also evaluated the number of freeze-thaw cycles in the section of the structures.  

Kočí et al. [82] showed that in the case of highly perforated fired clay bricks, three years of 

weathering resulted in increased porosity of the fired clay material, led to increase in moisture 

transport parameters and slight decrease thermal conductivity.  

In my PhD thesis, I focus on the freeze-thaw cycles of the thermal insulation materials inside 

the masonry blocks, especially the outermost layer and the temperature and RH distribution. 
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3. EQUIVALENT THERMAL CONDUCTIVITY OF MASONRY 
BLOCKS 

3.1. Simulation methodology supported by laboratory measurements 

In 2014, one of our industrial partners wanted to know the thermal conductivity of their masonry 

blocks. They already had one value in their technical catalogue for each of their commercially 

available blocks based on full size wall measurements preformed in a foreign accredited 

laboratory according to MSZ EN 1745 [83]; however, they wanted to know how the 

performance changes, if bricks are produced in different factories, or with improved geometry 

or with different thermal insulation fillers. We have seen that thermal conductivity of fired clay, 

the base material of bricks depends on many things. It is obvious that factories in different 

locations can produce fired clay with different compositions, consequently with different 

thermal properties. Additionally, and this caused the challenge, the manufacturer wanted to 

obtain thermal conductivity of a masonry block from only one prototype sample, i.e. there was 

no opportunity to build a sample wall and perform a full-scale model experiment. A solution 

based on pure numerical simulation was not acceptable, since our industrial partner required a 

more realistic and tangible solution based on measurements. In addition, laboratory 

measurement supported modeling can actually get closer results to real behavior, taking effects, 

such as manufacturing irregularities, material defects, deterioration of the insulation filler due 

to non-uniform filling technology, etc. into consideration; however, it is not possible yet in case 

of a purely numerical model. Therefore, I had to come up with a methodology, how to obtain 

thermal conductivity of a masonry block based on laboratory experiments.  

3.1.1. Methodology of the experiment 

The laboratory measurement supported numerical simulation methodology can be divided into 

four distinct parts which follow each other. The first step is to cut the whole prototype masonry 

blocks into sections, which can be measured in the Laboratory of Building Physics. From the 

selected masonry blocks, we need to cut at least three representative sections, with the thickness 

under 10 cm. This size is a practical limit of our Taurus TLP 300 DTX thermal conductivity 

measuring device, and steady-state conditions can be achieved through the measured area 

without any complications. It is important to keep the sections and its fillers intact, because we 

need to measure the samples as produced and have to keep the fillers in the hollows with their 

original density. These three sections are cut as represented in Fig. 9. The first section contains 

only about 2 cm from the side of the block, section 2 contains a periodically repeating section 
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from the middle part of the block, and the third section is about 8-9 cm from the another side 

of the block. It is very important not to damage the sections while cutting. The loss of filler as 

a form of damage can also be seen in the figure. Damaged samples cannot be measured, it had 

to be replaced. After the cutting process, the cut surface of the blocks needs to be sanded, 

because the sensors of the measuring device should perfectly fit the measured product. 

        

Fig. 9 Three representative sections out of a prototype masonry block 

The second step is to measure the thermal conductivity of the samples. Since the selected 

masonry blocks have a height and width of around 25 cm, the cut sections have to be placed 

into a thermal insulation frame, since the thermal conductivity measuring device accepts 30 cm 

x 30 cm samples. The frame is made of extruded polystyrene or mineral wool and sealed with 

aluminum tape to ensure its air and moisture tightness. During measurement, the internal 5 cm 

x 5 cm area is measured, therefore positioning the samples in the device according to sensors 

is essential to get useable results.  Before measurements, sections have to be stored under 

laboratory conditions (23 °C, 50% RH) until reaching equilibrium mass. The thermal 

conductivity is tested at around 10 °C, 20 °C and 30 °C mean temperature with 10 K temperature 

difference. The intermediate measurement process of sample (called “T44-MW3”), which was 

a bottom 3rd section of a T44 masonry block filled with mineral wool is demonstrated in Fig. 

10. Besides the temperature of the bottom cold surface and the upper warm surface, the device 

also records the temperature of the guard room. This temperature has to be under 25 °C to obtain 

results without errors causing by laboratory air temperature and its fluctuations during the 

measuring process. A measurement usually takes 24 hours. An intermediate result is recorded 

at every 30 minutes during measurement. A temperature step ends, when the difference between 

the last three consecutive thermal conductivity differ not more than 1.0 %.  
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Fig. 10 Intermediate measurement results of sample T44-MW3 

FEM based thermal simulation of the masonry block sections is the third step in the process. 

After measuring the geometry of the masonry block and its hollows by using calibrated digital 

caliper gauge, a 3D CAD model is prepared with AutoCAD [84] from 2D CAD drawings 

obtained from the industrial partner. Geometry has to be slightly revised according to 

measurements, because blocks shrink during firing process. Three cut sections, “K44-1”, “T44-

MW2” and “K44-EXP3”, and their 3D model are shown demonstratively in Fig. 11, Fig. 12 

and Fig. 13. 

 

 

 

 

 

 

Fig. 11 Cut 1st section and its 3D 

model of a hollow K44 block 

Fig. 12 Cut 2nd section and its 3D 

model of a MW filled T44 block 

Fig. 13 Cut 3rd section and its 3D 

model of an EXP filled K44 block 
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The numerical simulations and the parametric calibration process within the simulations are 

performed by using the capabilities of Ansys Workbench [85], and its mechanical module for 

steady-state thermal simulations. Schematics of the simulation process is demonstrated in Fig. 

14. In all simulations, the boundary conditions were set to simulate the measuring process with 

the guarded hot plate device, because the measured values of the sections are compared to the 

results of the numerical models to calibrate their material properties. Therefore, the bottom of 

the block sections was set to 5 °C and the top was set to 15 °C which gave the same 10 K 

temperature difference. On the sides of the blocks, frame was modeled and on its sides, guard 

temperature from the measurements was applied. During the laboratory measurements, despite 

the guard of the measuring device, the sides of the samples are exposed to near laboratory air 

conditions, i.e. between 23-25 °C temperature during measurements, as showed by orange line 

in Fig. 10. To obtain comparable results, reaction probes were put on the same position in the 

models as the sensors were located in the laboratory experiments. Reaction surface probes 

recorded the heat flux on the warm side in a 5 cm x 5 cm area of the sections. 

  

Fig. 14 Schematics of the 

simulation process 

Fig. 15 3D models of whole masonry blocks and their tongue-and-groove 

connections 

During the simulation process, at first run, the sections were modeled with initial material 

properties. In this steady-state approach, thermal conductivity was the only material property, 

which needed to be set. As previously said, this process is made to be able to include the effects 

of the irregularities in the geometry (i.e. cracks, ruptures, etc.) or in the material (i.e. uneven 

filling, compression of the filler, etc.) and also be able to include the contact resistance between 

different materials in the complex geometry. A visible example of these irregularities can be 

seen in Fig. 12, where the fired clay is cracked a bit and the MW filler does not fill the cavity 

completely. These effect are neglected in an idealized model, but can be taken into account 

when material properties are not constant during the modelling process, but parametrized. In 
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the numerical simulation of the masonry block sections, there are only two materials present. 

One is the fired clay, and the other one is either a thermal insulation filler, or air. Since the 

thermal simulation is performed on the basis of solids, unfilled hollows have to be modelled 

with their equivalent thermal conductivity. Same approach was used as Koci et al. [86] who 

published his study in the same year when my experiments were performed; and the air in the 

cavities was considered by an equivalent thickness and its thermal conductivity is calculated 

according to MSZ EN ISO 6946 [87]. During the calibration process, two material properties 

had to be optimized to obtain the same thermal conductivity from the simulation as measured. 

It facilitates the process if the range of the thermal conductivity of materials is known, e. g. the 

fired clay used for the production of blocks should be between 0.3 W/mK and 0.4 W/mK, based 

of its density and previous laboratory measurements. The thermal conductivity ranges of 

thermal insulation fillers depend on their density that are also known. Through the simulation 

and calibration process, the material properties are iterated until the simulated thermal 

conductivity of the block section differs only maximum 1.0 % compared to measured results at 

the same iteration step for all three sections.  After obtaining the calibrated thermal conductivity 

of materials, the simulation process of whole masonry block and a tongue-groove connected 

model is performed (see Fig. 15) using these properties as the final step. The whole process of 

laboratory measurement supported numerical simulation modeling of masonry blocks to obtain 

its thermal conductivities is summarized in Fig. 16. 

 

Fig. 16 Process of the laboratory measurement supported simulation modeling  

3.1.2. Demonstration of the method with 3 selected masonry blocks 

To demonstrate the capability of the presented method, thermal conductivity assessment of 

three selected masonry block are detailed in this section. One of them is called “S38” and has 

only small rectangular hollows shown in Fig. 17. This block is a prototype, with improved 

internal geometry. The external dimensions of the block are around 38 cm x 25 cm x 24.9 cm. 

The unfilled cavities are averagely 6.9 mm thick, while the fired clay walls between the cavities 
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are 4 mm thick. There are 35 lines of cavities within the brick. The second block is called “K44-

EXP” and its triangular and rectangular hollows are filled with expanded perlite, but the density 

of the filler is not known before the measurement. It was also a prototype; however, the fired 

clay base block was marketed in Hungary. The thickness of the rectangular filled cavities was 

averagely 7.2 mm, while the height of the triangles was measured to 9.3 mm. These cavity 

dimensions are considered narrow. 13 lines of rectangular cavities are located within the 

masonry block. Between the rectangular cavities 28 lines of triangular cavities can be found 

facing to each other. The outer measures of the block are around 44 cm x 25 cm x 24.9 cm. The 

3D CAD model of the “K44-EXP” masonry block is shown in Fig. 18. The third block is called 

“T44-MW” and shown in Fig. 19. It was marketed in Hungary at the time when the study was 

performed. Since then, it was improved by its manufacturer. It has large, approximately 38 mm 

x 97.2 mm and 40 mm x 126.8 mm cavities filled with mineral wool blocks. The internal fired 

clay walls between the filled cavities are around 20 mm, between them, 7 lines of thermal 

insulation were placed. The thick internal fired clay structure makes this block very massive. 

The outer dimensions are 44 cm x 24.8 cm x 24.9 cm; however, this block had only 3 tongue-

and-groove connection on its sides, while the previously mentioned blocks had 5 and 6 ones. 

   

Fig. 17 S38 unfilled masonry 

block with small rectangular 

hollows 

Fig. 18 K44-EXP filled masonry 

block with triangular and 

rectangular hollows 

Fig. 19 T44-MW filled masonry 

block with large rectangular 

hollows 

3.1.2.1. Thermal conductivity of materials 

As an initial step, fired clay and thermal insulation samples were measured by guarded hot plate 

device to obtain the initial material properties in order to perform numerical simulations. The 

measurements performed on laboratory conditioned samples. In Table 1, thermal conductivity 

values of fired clay tiles are summarized. The table also contains a comparison between the 

measured results and values according to MSZ EN 1745 [83]. This standard provides tabulated 

thermal conductivity values of fired clay based on density. Comparing the measured results and 
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the values from the standard, it is observable that measured fired clay thermal conductivities 

are smaller by 3.8% to 8.1%. This can be explained by the fact that the measured fired clay tiles 

had better material composition and pore structure than the fired clay in the standard. 

Furthermore, standardized values are usually higher because they are likely on the safe side. 

Table 1 Thermal conductivity of fired clay conditioned in laboratory 

Sample A11 A21 A31 A41 

Thickness, d [mm] 8.04 7.96 7.60 7.95 

Density, ρ [kg/m3] 1457.1 1464.0 1552.2 1492.0 

Thermal conductivity, λ10,lab [W/mK] 0.339 0.330 0.369 0.354 

Thermal conductivity, λEN 1745 [W/mK] 0.357 0.359 0.391 0.368 

Difference [%] 5.2 8.1 5.5 3.8 

Table 2 shows the thermal conductivity measurement results of mineral wool thermal insulation 

boards and expanded perlite loose filled thermal insulation. These materials, along with fired 

clay tiles, were provided by our industrial partner. Evaluating the results, the density 

dependence of the thermal insulation samples is clearly visible. To achieve 111 kg/m3 as well 

as 163 kg/m3 density with the expanded perlite filler, the loose filled material is compressed 

into its frame. It is also visible, that the thickness of the mineral wool samples was 38 mm or 

less, which means that when it is filled into the blocks, discrepancies and air gaps may occur.  

Table 2 Thermal conductivity of MW and EXP conditioned in laboratory 

Sample MW-1 MW-2 MW-3 EXP-1 EXP-2 EXP-3 

Thickness, d [mm] 37.7 37.1 38.0 19.1 19.1 19.1 

Density, ρ [kg/m3] 75.5 73.2 77.7 163 111 90 

Thermal conductivity, λ10,lab [W/mK] 0.032 0.033 0.032 0.059 0.053 0.050 

3.1.2.2. Thermal conductivity of masonry block sections 

Thermal conductivities of the measured and simulated masonry block sections are summarized 

in Table 3 for “S38”, Table 4 for “K38-EXP” and Table 5 for “T44-MW”. In each table, the 

results of the three sections can be found. It is seen from the results, that the numerical 

simulations approached the measured thermal conductivities fairly well, the difference between 

the simulated and measured values were below 1% in each presented case. 

Table 3 Thermal conductivity of measured and simulated sections of S38 

Sample S38-1 S38-2 S38-3 

Thickness, d [mm] 19.30 28.95 38.0 

Density, ρ [kg/m3] 1204.2 798.1 824.0 

Thermal conductivity, λ10,lab [W/mK] 0.203 0.104 0.105 

Thermal conductivity, λ10,sim [W/mK] 0.2041 0.1037 0.1040 

Difference [%] 0.54 0.26 0.93 
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Table 4 Thermal conductivity of measured and simulated sections of K38 with EXP filler 

Sample K44-EXP1 K44-EXP2 K44-EXP3 

Thickness, d [mm] 19.33 56.87 89.41 

Density, ρ [kg/m3] 1245.9 880.7 881.0 

Thermal conductivity, λ10,lab [W/mK] 0.177 0.107 0.098 

Thermal conductivity, λ10,sim [W/mK] 0.1781 0.1067 0.0981 

Difference [%] 0.65 0.25 0.02 

 

Table 5 Thermal conductivity of measured and simulated sections of T44 with MW filler 

Sample T44-MW1 T44-MW2 T44-MW3 

Thickness, d [mm] 19.29 78.35 79.24 

Density, ρ [kg/m3] 1598.1 904.9 925.9 

Thermal conductivity, λ10,lab [W/mK] 0.363 0.100 0.117 

Thermal conductivity, λ10,sim [W/mK] 0.36 0.1003 0.1171 

Difference [%] 0.83 0.26 0.04 

3.1.2.3. Thermal conductivity of masonry blocks 

To obtain the calibrated simulation results presented in the previous section, thermal 

conductivities were used as listed in Table 6. In terms of results, it can be stated that there is 

no significant difference between the equivalent thermal conductivity unfilled and EXP filled 

masonry blocks. The tested blocks have different geometry, however their λblock,sim are close to 

each other. Fired clay material λfc,sim were the set to same, 0.35 W/mK, which is slightly lower 

compared to the measured fired clay tiles. This is probably because of the small cracks, which 

slightly increased its thermal resistance. Evaluating the fillers of S38 and K44-EXP, there is 

almost no difference between the calibrated values of air and the expanded perlite. Both fillers 

are set to lower thermal conductivity than its standardized or measured values, thermal 

conductivity of a 7.2 mm thick air layer is 0.055 W/mK according to the standard [87], while 

lowest measured EXP result was 0.050 W/mK. The difference between air and EXP was 6.25%. 

Table 6 Thermal conductivity of measured and simulated sections of T44 with MW filler 

Sample S38 K44-EXP T44-MW 

Thermal conductivity, λfc,sim [W/mK] 0.35 0.35 0.36 

Thermal conductivity, λfiller,sim [W/mK] 0.051 0.048 0.033 

Thermal conductivity, λblock,sim [W/mK] 0.107 0.103 0.087 

Filling a masonry block, especially in narrow and small hollows require expensive technology 

investment for the production factory, and it also increase the manufacturing costs of the 

masonry block. It seems, that expanded perlite filled blocks in reality cannot bring the expected 

performance increase reported by [88], [89]. Considering the same K44 geometry filled and 

unfilled, the difference is even less, which will be demonstrated in the next section of this 
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chapter. In case of T44-MW, both the thermal conductivity of fired clay and MW had to be 

increased due to discrepancies affecting their measured thermal conductivity. Improving 

production technology of these blocks can lead to slightly lower thermal conductivities for sure. 

Our industrial partner had a measured thermal conductivity value of their MW filled blocks 

which was 0.084 W/mK, therefore the difference between large-scale measurement and my 

approach was only 3.5%. Due to low difference, I considered it sufficiently accurate to use this 

new method to test masonry blocks. The costs and time of investigation in case of the new 

method is significantly less than performing a large-scale test, and only one masonry block is 

needed. Mesh of the selected masonry blocks are shown in Fig. 20, Fig. 23 and Fig. 26. 

Temperature distribution are demonstrated in Fig. 21, Fig. 24 and Fig. 27. Heat flux magnitudes 

are visible in Fig. 22, Fig. 25 and Fig. 28. The latter figure group shows the main path of heat 

flow, which shows whether the geometry is optimized or could be improved by optimizing it. 

   

Fig. 20 FE mesh of S38 unfilled 

masonry block  

Fig. 21 Temperature distribution in 

S38 unfilled masonry block  

Fig. 22 Heat flux magnitudes in 

S38 unfilled masonry block 

   

Fig. 23 FE mesh of K44-EXP 

filled masonry block  

Fig. 24 Temperature distribution in 

K44-EXP filled masonry block  

Fig. 25 Heat flux magnitudes in 

K44-EXP filled masonry block 

   

Fig. 26 FE mesh of T44-MW 

filled masonry block  

Fig. 27 Temperature distribution in 

T44-MW filled masonry block  

Fig. 28 Heat flux magnitudes in 

T44-MW filled masonry block  
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3.2. Validation of a measured masonry block section 

In 2016 due to a successful application to NTP-NFTÖ-16 grant, an Ahlborn U value measuring 

system was purchased [90]. The system is based on an Ahlborn Almemo 2890-9 data logger, 

which has 9 electrically isolated measuring inputs, increased accuracy and stability, and it can 

store 100 000 measured values in its EEPROM and also has a USB interface for data readout. 

With this device, a measurement setup was devised to test the thermal conductivity of selected 

masonry block section shown in Fig. 29. By using heat flux sensor, the measurements 

performed by using the guarded-hot plate device were validated. The setup was introduced 

briefly in Annex C. It is based on the Ahlborn Almemo system and our “Goliath” temperature 

chamber shown in Fig. 30. The most important sensor is the Ahlborn FQAD18TSI silicon 

substrate based digital heat flow plate (see Fig. 31). Its dimensions are 120 mm x 120 mm x 3 

mm; however, the measuring zone is only 100 mm x 100 mm. The heat flow sensor has 

calibrated accuracy of 5% at 23 °C and its temperature coefficient is -0.17/K. This sensor is 

capable to correct the heat flow plate’s temperature coefficient automatically by using a 

miniature NTC sensor integrated in the heat flow plate for the purpose of measuring the mean 

temperature of the plate. This temperature sensor has the accuracy of ±0.5 K at the range of 0 

°C - +80 °C. The sensor was placed differently than the sensors of the guarded hot plate, to 

avoid the internal fired clay wall parallel to the heat flow. Therefore, the measured λ using this 

heat flow plate is expected to be smaller than the measured results by the guarded hot plate. 

The two measured results can be compared using numerical simulation detailed later. The 

temperature and relative humidity values were measured using Ahlborn FHAD460 digital 

capacitive temperature and relative humidity sensor. The field of application is between -20 °C 

and +80 °C with ±0.3 K accuracy at 25 °C and ±1.8% RH in the range of 20% - 80% RH at 

nominal temperature. Both sensors have Almemo D6 digital plugs to connect with the data 

logger. The surface temperature of the sample from the side of the measuring setup is measured 

by using an Alhborn FTA3900 glass fiber covered NiCr-Ni thermocouple with Almemo 

connector (see Fig. 32), which is capable to measure temperature between -25 °C and 400 °C.  

   

Fig. 29 T44-MW2 section Fig. 30 Temperature chamber  Fig. 31 Position of heat flow plate 
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Fig. 32 Surface temperature sensor Fig. 33 Box side Aquant value Fig. 34 Lab side Aquant value 

The surface temperature from the side of the laboratory, during the measurement and after the 

removal of the heat flux plate was recorded by using a Testo 885-2 thermal imager [91]. This 

has a thermal sensitivity of 30 mK and a resolution of 320 x 240 pixels. Before the measuring 

session, the sample placed in its position and preconditioned for two weeks. The temperature 

in the chamber was set to 5 °C while the temperature of the laboratory was around 25 °C. In the 

chamber, NaCl salt solution was placed which creates 76% RH, while RH range in the 

laboratory was quite low (the measurements were performed in summer), between 30% and 

40%. To test the moisture equilibrium to determine whether the measurement period could start, 

a Protimeter MMS2 [92] was used. This device is a handheld non-invasive instrument capable 

of measuring “Aquant” values (shown in Fig. 33 and Fig. 34) which are relative to the moisture 

content of the material. During this procedure, this was sufficient enough, since I wanted to test 

only if this value changes or not at the chamber and lab side surface to check that an equilibrium 

is reached. At start, heat flow plate and temperature sensor were applied and the block section 

is placed back to its position and the measurement was started.  

The measurement period lasted for a week. Internal and external temperatures, from which ∆𝑇 

temperature difference is calculated, internal and external RH values and 𝑞 heat flux [W/m2] 

were recorded in 5 minute intervals. From the recorded data and the known 𝑑 thickness (78.35 

mm) of the sample, 𝜆ℎ𝑓,𝑙𝑎𝑏 could have been calculated using the general formulas of heat 

transfer shown below, where heat flux based (Eq. (7)), surface temperature based (Eq. (8)) and 

calculation based (Eq. (9)) formulas should give the same result in steady-state conditions: 

𝑈 =
𝑞

𝑇𝑙𝑎𝑏−𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟
,                          (7) 

𝑈 =
ℎ𝑠,𝑐ℎ𝑎𝑚𝑏𝑒𝑟∙(𝜃𝑐ℎ𝑎𝑚𝑏𝑒𝑟−𝜃𝑠,𝑐ℎ𝑎𝑚𝑏𝑒𝑟)

𝜃𝑙𝑎𝑏−𝜃𝑐ℎ𝑎𝑚𝑏𝑒𝑟
,                         (8) 

𝑈 =
1

1

ℎ𝑠,𝑙𝑎𝑏
+

𝑑

𝜆ℎ𝑓,𝑙𝑎𝑏
+

1

ℎ𝑠,𝑐ℎ𝑎𝑚𝑏𝑒𝑟

.                                (9) 
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Calculating Eq. (9) with the data presented in Table 5 without the heat transfer coefficients, the 

undisturbed equivalent thermal conductivity through the insulated core of the masonry block 

section should be measured as 0.06 W/mK. This value is purely ideal, since during the 

measurement, thermal bridging effect of the fired clay internal structures parallel to the heat 

flow affects the measured equivalent thermal conductivity. The calculated thermal conductivity 

based on the measurements was shown in Fig. 35. For the final averaged value, 72 h of 

measured data were used. The thermal transmittance of the measured area of T44-MW2 section 

was U = 0.8914 W/m2K, from which the thermal conductivity is 𝜆ℎ𝑓,𝑙𝑎𝑏 = 0.0867 W/mK. This 

is calculated from the measured U value by subtracting the averaged heat transfer coefficients, 

which were ℎ𝑠,𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = 20.91 W/m2K and ℎ𝑠,𝑙𝑎𝑏 = 5.85 W/mK. These values are below the 

standard’s ones, probably due to the airflow around the surfaces was lower than expected. To 

calculate these surface transfer coefficients, equations presented in ANNEX C are used with 

the surface temperatures measured on the block’s surface and the air temperature in the chamber 

and in the laboratory. Fig. 36 shows surface temperatures, giving 𝜃𝐴𝑉1= 22.6 °C on the surface 

facing to the lab, while the average surface temperature of the chamber side of the block was 

based on the measurements performed by the NiCr-Ni thermowire and it resulted in 

𝜃𝑠,𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = 6.64 °C. The temperature and relative humidity averages were the following: 𝜃𝑙𝑎𝑏= 

25.63 °C,  𝜃𝑐ℎ𝑎𝑚𝑏𝑒𝑟= 5.79 °C, 𝜑𝑙𝑎𝑏 = 35.42% and 𝜑𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = 76.72%. The measured 𝜆ℎ𝑓,𝑙𝑎𝑏 

is lower (0.0866 W/mK), than the value measured by Taurus TLP 300 DTX (0.1 W/mK), 

because the heat flux sensor was positioned differently to try to measure mostly the core of an 

insulation filled cavity and reduce the effect of the internal fired clay wall, while during the 

guarded hot plate measurements, its sensors were placed to the center of the surface. However, 

there is still huge and significant impact appearing, because of the fired clay wall still influenced 

the heat flux based results; it was 44.5% higher, than the idealized calculation.  

  

Fig. 35  Measured 𝝀𝒉𝒇,𝒍𝒂𝒃 of T44-MW2 section Fig. 36 Thermal image of setup after measurement  
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To validate the measurements by guarded hot plate, numerical simulation is needed. If the 

simulation provides the same surface temperature, U value and thermal conductivity results as 

measured using the measured boundary conditions, both approach can be called validated. 

The 3D steady-state numerical simulation to reproduce the measured result was conducted by 

using COMSOL Multiphysics, i.e. a steady-state HAM model (see Annex D) was implemented 

to perform the validation. This implementation can handle the relative humidity distribution in 

the masonry block section, unlike thermal only approach presented before. This can also show, 

how the thermal conductivity increases within the masonry block section due to temperature 

and moisture differences. The hygrothermal material properties of FC and MW were set 

according to the values presented in Chapter 4. The boundary conditions were set as calculated 

described previously. The geometry was modelled in 3D using AutoCAD, the model contained 

the masonry block section and its polystyrene frame. The sensor was also modeled and placed 

onto the model to locate the area where heat flux needs to be retrieved. The model geometry is 

shown in Fig. 37. The simulated surface temperature distribution viewed from the lab side is 

shown in Fig. 38. This figure can be compared to Fig. 36, and shows good agreement with the 

temperature distribution measured using a thermal imager. Fig. 39. illustrates the U value if it 

is calculated in each point of the surface from the surface heat flux data and the internal and 

external temperature differences.  

   

Fig. 37 Geometry model of the 

T44-MW2 section in its stocks 

Fig. 38 Simulated surface 

temperature distribution  

Fig. 39 Simulated distribution of 

the U value at surface 

The simulated equivalent U value of the same surface of the tested block was U = 0.9096 

W/m2K, and thermal conductivity of the same surface of the block was 𝜆ℎ𝑓,𝑠𝑖𝑚 = 0.08898 

W/mK. The simulated thermal transmittance was slightly larger, but differed only by 2%. The 

equivalent thermal conductivity showed 2.5% relative error from the measured value, which I 

considered acceptable, because it is smaller than the error from guarded hot plate 

measurements, without any calibration of the material properties. The numerical simulation 
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showed that the average RH and temperature in the MW domain was 51.65% RH and 14.86 

°C, while in the fired clay domain, 56.63 % RH and 14.46 °C occurred. These values indicate, 

that their thermal conductivity increased from their 𝜆10,𝑑𝑟𝑦 value to averagely 0.0325 W/mK 

and 0.3589 W/mK, respectively. The surface temperature of the chamber side of the block was 

6.57 °C and the lab side was 22.9 °C. These also show good agreement with the measurements. 

3.3. Thermal conductivity considering different fillers 

To get a deeper understanding of the thermal conductivity of hollow and filled modern masonry 

blocks, a numerical simulation study was made considering the same individual blocks and 

their tongue-and-groove connected versions presented in Fig. 15 earlier. In this study, the 

calibration procedure was not used, therefore the geometry and materials remained in their 

individually measured conditions. For achieving the best possible results, material properties 

were used with their dry measured values instead of laboratory conditioned properties. Besides 

air, MW and EXP, PUR foam and aerogel were introduced as filler. The thermal conductivity 

of the fired clay and fillers considered in this study to the following: λclay,10,dry = 0.35 W/mK, 

λAerogel,10,dry = 0.012 W/mK, λPUR,10,dry = 0.024 W/mK, λMW,10,dry = 0.031 W/mK and λperlite,10,dry 

= 0.050 W/mK. Air was considered according to MSZ EN ISO 6946 [87], i.e. thermal 

conductivity of a 40 mm thick air layer was set to 0.22 W/mK. The steady-state simulation 

process of the 40 models were performed by using Ansys [85] is shown by Fig. 40. 

 

Fig. 40 Schematic of the parametric simulation process in Ansys  

Knowing the results shown in Fig. 41, it can be stated that in every case, the filled building 

blocks have lower thermal conductivities and large air voids in building blocks are the worst in 

terms of thermal performance and must be avoided. Comparing individual block and tongue-

and-groove connected block’s values, in almost every case the individual blocks had smaller 

thermal conductivities (except the building block with large rectangular hollows), therefore the 

tongue-and-groove connected values should be used for a safer design, and the manufacturers 
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should optimise not only the interior structure of the building blocks but the connection of the 

blocks as well. Blocks containing aerogel has the lowest equivalent thermal conductivities as 

expected, and the values are almost the same for every blocks. The internal structure of blocks 

becomes more important, when the fillings have higher thermal conductivities.  

 

Fig. 41 Equivalent thermal conductivity of four different masonry blocks with different fillers 

Nowadays, most of the blocks with small hollows have well-optimised structures. Using 

expanded perlite for filling is worth only for large hollows since in smaller rhombus, triangular 

or rectangular hollows, this material has almost the same values as an air gap. PUR foam can 

significantly increase the insulation capabilities of a building block and it has better results than 

mineral wool fillings; however, its hygrothermal performance is a question needed to be 

answered. The results also show that in case of modern filled masonry blocks, large rectangular 

filled hollows have the best performance.  

3.4. Parametric study on material properties 

A parametric numerical study was made using the same simulation technique described in the 

previous section. In the thesis, I included the parametric study of the T44 material geometry, 

because this was the best performing filled modern masonry block and also this type is the most 

common. In this case, instead of using prescribed material properties, both fired clay and filler 

material is changed according to a systematic approach.  

The range for the thermal conductivity of the fired clay was set to be between 𝜆𝑐𝑙𝑎𝑦 = 0.2 W/mK 

and 𝜆𝑐𝑙𝑎𝑦= 0.8 W/mK, in steps of 0.025 W/mK. This resulted in 25 steps. This range was 

selected, because in MSZ EN 1745 [83] thermal conductivity of fired clay is tabulated 
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according to its net dry density, and these are the lowest and highest values, the former belongs 

to 1000 kg/m3, the latter one to 2400 kg/m3. However, it is worth to note that due to mechanical 

aspects, density of the fired clay used for producing hollow or filled masonry blocks in Hungary 

is usually above 1400 kg/m3 and thermal conductivity is above 0.3 W/mK. This limitation of 

the density results from the need to to provide the necessary mechanical strength. 

The range of the thermal conductivity of the filler material was set to be between 𝜆𝑓𝑖𝑙𝑙𝑒𝑟 = 0.01 

W/mK and 𝜆𝑓𝑖𝑙𝑙𝑒𝑟 = 0.07 W/mK, in steps changed of 0.0025 W/mK. This range was selected, 

to model the possible solid or loose filled materials available nowadays from aerogel to 

expanded perlite. This also led to 25 steps, therefore in total, 625 simulations were performed 

to obtain 𝜆𝑇44 values depending on 𝜆𝑐𝑙𝑎𝑦 and 𝜆𝑓𝑖𝑙𝑙𝑒𝑟. The results of numerical simulations were 

indicated in a contour map, which could be handled and understood easily. Data contouring 

process was performed by using Surfer [69]. Firstly, an interpolated grid was made by using 

Kriging interpolation. Between each simulated result, 40 interpolated data points were 

considered; therefore, the size of the grid became 1000 rows and 1000 columns. After the grid 

was calculated, it could be visualized as 2D contour map, showed in Fig. 42. While evaluating 

the contour map shown by Fig. 42, it turned out, that in this case Kriging interpolation gave 

results with significant errors at border zones of the map. It is not possible to significantly widen 

the range of simulated results, since we cannot implement zero or negative thermal conductivity 

for filler materials to run numerical simulations. Therefore, a different approach, radial basis 

function based interpolation technique was used for the creation of the final contour map. 

Creating it took longer time; however, the results shown by Fig. 43 were more accurate. 

  

Fig. 42 Thermal conductivity of T44 by parametric 

study and Kriging interpolation 

Fig. 43 Thermal conductivity of T44 by parametric 

study and Radial basis function interpolation 
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An approximate function for calculating 𝜆𝑇44 thermal conductivity of a 44 cm thick thermal 

insulation filled masonry block using 𝜆𝑐𝑙𝑎𝑦 thermal conductivity of fired clay and 𝜆𝑓𝑖𝑙𝑙𝑒𝑟 thermal 

conductivity of the filler was also created. In the process, firstly a linear approximate function 

is fitted to the results simulated by using 𝜆𝑓𝑖𝑙𝑙𝑒𝑟 = 0.01 W/mK. This function presented by Eq. 

(10) only depends on the thermal conductivity of the fired clay, and gave the following linear 

correlation with R2 = 1.0 between the range of 𝜆𝑐𝑙𝑎𝑦 = 0.2 − 0.8: 

𝜆𝑇44 = 𝑎 ∙ 𝜆𝑐𝑙𝑎𝑦 + 𝑏 = 0.12 ∙ 𝜆𝑐𝑙𝑎𝑦 + 0.0134.                              (10) 

In Eq. (10), the value of 𝑏 is representing the additional thermal conductivity factor due to filler 

material, therefore an approximate function can be found to describe its effects. This value 

changes due to the thermal conductivity of the filler. Therefore, to obtain 𝑏, an approximate 

function needs to be created based on 𝜆𝑓𝑖𝑙𝑙𝑒𝑟. 2nd order polynomial correlations can be found 

between  𝜆𝑓𝑖𝑙𝑙𝑒𝑟 and the additional thermal conductivity factor due to filler. Since this time 𝜆𝑐𝑙𝑎𝑦 

was set to a constant value, individual correlations could be found representing only one value 

obtained by for a 𝜆𝑐𝑙𝑎𝑦 value. These correlations were represented in Fig. 44. In the figure, y is  

𝑏, while x is 𝜆𝑓𝑖𝑙𝑙𝑒𝑟. These correlations, since all of them are 2nd order polynomial, can be further 

parametrized. In the following Eq. (11), the 2nd order approximate function of the additional 

thermal conductivity factor due to filler can be seen. 

𝑏 = 𝑐 ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟
2 + 𝑑 ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟 + 𝑒,                    (11)  

where 𝑐, 𝑑, 𝑒 are constants for each individual 𝜆𝑐𝑙𝑎𝑦 based 𝑏, although it is turned out that a 

correlation can be found for them based on 𝜆𝑐𝑙𝑎𝑦. Fitting 2nd order polynomial function to the 

values of 𝑐 and d both depending on 𝜆𝑐𝑙𝑎𝑦 gave reassuringly good approximations with R2 = 

0.97 and R2 = 0.99, respectively. The values of 𝑒 is very small, therefore I neglected from the 

further investigation. The approximant of 𝑐 and 𝑑 is shown by Eq. (12) and Eq. (13): 

𝑐 = −5.2913 · 𝜆𝑐𝑙𝑎𝑦
2 + 8.2341 · 𝜆𝑐𝑙𝑎𝑦 − 4.2216,                 (12)  

𝑑 = −0.169 · 𝜆𝑐𝑙𝑎𝑦
2 + 0.2312 · 𝜆𝑐𝑙𝑎𝑦 + 1.2963.                 (13)  

Using Eq. (10) – Eq. (13), we can construct the approximate function of 𝜆𝑇44, which now 

depends only on 𝜆𝑐𝑙𝑎𝑦 and 𝜆𝑓𝑖𝑙𝑙𝑒𝑟, and shown by Eq. (14): 
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𝜆𝑇44 = 0.12 ∙ 𝜆𝑐𝑙𝑎𝑦 + (−5.2913 · 𝜆𝑐𝑙𝑎𝑦
2 + 8.2341 · 𝜆𝑐𝑙𝑎𝑦 − 4.2216) ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟

2 + (−0.169 ·

𝜆𝑐𝑙𝑎𝑦
2 + 0.2312 · 𝜆𝑐𝑙𝑎𝑦 + 1.2963) ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟.                              (14) 

Eq. (14) can be expanded into the form shown by Eq. (15) below, which gives us the final 

correlation. Eq. (15) can be used to obtain the thermal conductivity of a 44 cm thick thermal 

insulation filled masonry block with T44 shaped geometry, if 𝜆𝑐𝑙𝑎𝑦 and 𝜆𝑓𝑖𝑙𝑙𝑒𝑟 are known:  

𝜆𝑇44 =  −5.2913 · 𝜆𝑐𝑙𝑎𝑦
2 · 𝜆𝑓𝑖𝑙𝑙𝑒𝑟

2 − 0.169 · 𝜆𝑐𝑙𝑎𝑦
2 ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟 + 8.2341 ∙ 𝜆𝑐𝑙𝑎𝑦 · 𝜆𝑓𝑖𝑙𝑙𝑒𝑟

2 +

0.2312 ∙ 𝜆𝑐𝑙𝑎𝑦 ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟 + 0.12 ∙ 𝜆𝑐𝑙𝑎𝑦 − 4.2216 · 𝜆𝑓𝑖𝑙𝑙𝑒𝑟
2 + 1.2963 ∙  𝜆𝑓𝑖𝑙𝑙𝑒𝑟                           (15) 

To test the correlation presented by Eq. (15), I calculated 𝜆𝑇44 values for each 625 simulated 

results, and concluded that in each case, the approximated 𝜆𝑇44 values compared to the results 

obtained by numerical simulations were under ± 1 % relative error. The relative error for the  

whole range is shown on a 3D map in Fig. 45. 

  

Fig. 44 Additional thermal conductivity factor due to 

filler and its correlations depending on 𝝀𝒄𝒍𝒂𝒚 

Fig. 45 Relative error between approximated and 

simulated 𝝀𝑻𝟒𝟒 results 

To obtain the thermal conductivity of a T44 filled masonry block is presented by using the 

contour map in Fig. 43 or using Eq. (15). With currently available best domestic fired clay 

material (𝜆𝑐𝑙𝑎𝑦= 0.3 W/mK) and aerogel blanket thermal insulation filler (𝜆𝑎𝑒𝑟𝑜𝑔𝑒𝑙= 0.012 

W/mK), the best achievable thermal conductivity for an insulation filled fired clay building 

block shaped as the most commonly used geometry (T44) is 0.05 W/mK. 

3.5. Conclusions 

In this chapter, a new laboratory measurement supported numerical modelling method is 

described and presented on three selected masonry blocks. Two of them were prototypes. Based 

on the results presented in this study, the expanded perlite filled prototype masonry block with 
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triangular and rectangular narrow cavities were never introduced to the market due to its 

unconvincing thermal performance. The third sample was a common mineral wool filled 

masonry block with large rectangular hollows. The results of this block showed that the 

equivalent thermal conductivity of a masonry block can be determined using the new laboratory 

measurement method, which is supported by laboratory experiments. Using this method can 

significantly reduce the design costs and time to the building block manufacturers and can lead 

to more efficient, thermally optimised products. Thereafter 4 different hollow building blocks 

with 5 different fillings were tested and compared using numerical simulations. The results have 

shown, that in every case, filled blocks have lower equivalent thermal conductivities, and the 

masonry blocks with large rectangular hollows has the lowest thermal conductivities. This study 

has also proved that expanded perlite is not a considerable option against unfilled blocks, if the 

blocks has narrow (< 1 cm thick) cavities. Only the T44 masonry block was recommended to 

use with expanded perlite filler, and this block type had the lowest results. Hereinafter, I will 

include and analyse this type of block in the major part of rest of this PhD thesis. A systematic 

parametric study of the effect of material properties on the thermal conductivity of the most 

common (T44) shaped filled masonry block was also conducted. The results were visualized in 

a contour map by using RBF as interpolation technique and an approximate function was also 

created. This parametric study showed the achievable thermal conductivity of the examined 

masonry blocks and its limitations.  
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4. HYGROTHERMAL PERFORMANCE OF MASONRY CONST-
RUCTIONS 

4.1. Input data 

4.1.1. Geometry models 

One of the key relevance of this chapter is to show how the geometry of modern masonry 

constructions is handled during the numerical hygrothermal simulations. Commonly, in wall 

constructions, masonry blocks are assumed to be one equivalent layer or their vertical section 

is modeled with 1D HAM approach. In this study, wall constructions are handled with their 

complex geometries, which contain their inner structures as well. This detailed modeling makes 

it possible to analyze the building constructions in their depths and get deeper understanding 

about their hygrothermal behavior. Detailed 2D geometry models of the evaluated building 

constructions, horizontal wall section and wall corner section, are shown in Fig. 46 and Fig. 

47. The multidimensional geometry models were constructed according to the technical 

guidance of the industry leading masonry block producer, the masonry block used was the same 

44 cm x 24.8 cm x 24.9 cm thermal insulation filled T44 shaped block as previously analyzed. 

As observable in Fig. 46, horizontal section of a masonry wall was modelled. In the wall 

construction, one full size block was modeled accompanied with two halved blocks over their 

symmetry axis on the sides for better numerical results. The internal structures of the blocks 

were modeled according to idealized geometry, therefore no irregularities have been taken into 

account. Between the blocks, in the horizontal joints, mortar was used, while the vertical joints 

were connected to each other with dry tongue-and-groove connection. 1.5 cm thick gypsum 

plaster was applied to the internal side and 2 cm thick layer of insulating plaster was assumed 

on the outside surface. In the wall corner presented in Fig. 47, the corner masonry block element 

is constructed by using a 2/3 and 1/2 cut masonry block and they are mortared together. 

  

Fig. 46 Model of the masonry wall Fig. 47 Model of masonry wall corner joint  
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Fig. 48 Heat flux magnitudes [W/m2] in a MW filled 

masonry wall corner by simplified geometry 

Fig. 49 Heat flux magnitudes [W/m2] in a MW filled 

masonry wall corner by detailed geometry 

  

Fig. 50 Moisture flux magnitudes [kg/m2s] in a MW 

filled masonry wall corner by simplified geometry 

Fig. 51 Moisture flux magnitudes [kg/m2s] in a MW 

filled masonry wall corner by detailed geometry 

Comparing Fig. 48 and Fig. 49 shows the difference in heat flux magnitudes between modeling 

a wall corner joint by its simplified geometry, where the masonry block wall considered as a 

single, homogeneous layer and modeled using the equivalent thermal conductivity, and detailed 

modeling, where each thermal insulation filled block is modeled individually considering all 

the materials making up the joint individually. If we only evaluate the average thermal 

transmittance based on the average of the internal surface heat flux, we may can obtain similar 

results, if all the parameters were set exactly to their equivalent values in the simplified model. 

However, if we want deeper analysis how the masonry wall reacts, the difference is obvious.  

In Fig. 48 only the thermal bridging effect caused by the corner geometry is visible, slightly. 

On the other hand, in Fig. 49, heat flow through the internal structure of the masonry blocks in 

the wall is clearly visible as well as its magnitudes, which show completely different rates. The 

average could be the same viewed from the internal side, but to obtain that, we need useable 

equivalent material data. The problem of missing equivalent material data emerges considering 

the moisture performance of modern masonry walls. Interstitial condensation risk assessments 

due to water vapor can be performed by simplified approach knowing the temperature 

distribution in the structure and the water vapor diffusion resistance factor of the homogeneous 

layers according to the MSZ EN ISO 13788 [76], although its performance is questionable. 
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However, neither the real temperature distribution can’t be calculated using simplified 

modeling, nor the equivalent μ value is available for these type of blocks.  Technical datasheets 

of masonry blocks nowadays give only an approximated μ for the blocks, according to MSZ 

EN 1745 [83], which is 5/10, regardless of what kind of thermal insulation filler is present in 

the blocks. This approximation is hard to believe. Furthermore, datasheets do not give any 

additional and detailed information necessary to perform a hygrothermal simulation, such as 

the temperature or moisture conversion coefficients, moisture storage curve, or liquid transport 

coefficient. The geometry and material property assumptions in moisture transport simulations 

led to differences illustrated by Fig. 50 and Fig. 51. Comparing the moisture flux magnitudes 

in a horizontal wall corner joint section made by using MW filled masonry blocks, it is obvious, 

that the results are completely different considering simplified or detailed modeling approach.  

In relation to both heat flux and moisture flux, it was visible that using simplified models can 

hide incidental design related problems or simply the effects of the connected masonry blocks.  

4.1.2. Material data 

In the numerical simulations presented in this thesis, since I used detailed modeling, all 

materials making up the masonry constructions are handled individually. The hollow masonry 

blocks were filled with 5 different thermal insulations (detailed in Annex B), such as aerogel 

blanket (AG), polyurethane foam (PUR), mineral wool (MW), expanded polystyrene (EPS) and 

expanded perlite (EXP). Material properties of the thermal insulations, fired clay (FC), internal 

plaster (IP) and external plaster (EP) are listed in Table 7, and were measured in laboratory 

(detailed in Annex C), such as λ10,dry thermal conductivity [W/mK] with addition of fT 

temperature and fψ moisture dependent conversion factors from MSZ EN ISO 10456 [93], ρcp 

volumetric heat capacity [J/m3K], μdry/wet water vapor resistance factor [1] and Dw,s liquid 

transport coefficients of suction at moisture content of 80% relative humidity [m2/s]. The 

materials used in this presented study were chosen primarily based on their thermal 

conductivity, the aim was to cover roughly evenly the range the thermal conductivity range of 

thermal insulation fillers between 0.012 W/mK and 0.05 W/mK. It was also an objective to 

select thermal insulations with different behavior against moisture. It is visible from the 

measured data, that PUR and EPS have higher moisture resistance compared to AG, MW and 

EXP. However, their hygrothermal performance was also affected by their moisture storage 

curve and conversion factors; therefore, it is a complex question to answer which filler performs 

the best in the numerical simulations. The insulating plaster chosen to the external side of the 

walls was an expanded perlite enhanced product.  
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Table 7 Hygrothermal material properties  

Material AG PUR MW EPS EXP FC IP EP 

Thermal conductivity, λ10,dry [W/mK] 0.012 0.024 0.031 0.037 0.05 0.35 0.4 0.09 

Temperature conversion factor, fT [1/K] 0.0015 0.0055 0.0045 0.0035 0.0035 0.001 0.001 0.001 

Moisture conversion factor, fψ [m3/m3] 3 6 4 4 3 10 3 8 

Volumetric heat capacity, ρcp [J/m3K] 120 49 75 22.5 81 1280 722.5 540 

Water vapor resistance factor, μdry/wet [1] 4.5 80/70 1.3 70/30 2 15/10 8.1 8.3 

Liquid transport coefficient, Dw,s,80% [m2/s] 1.7·10-14 5.5·10-21 4.6·10-13 2.4·10-20 1.0·10-13 2.3·10-9 3.0·10-9 1.3·10-13 

The moisture storage curves of the materials were also determined as shown separately for 

materials with different ranges of moisture content by Fig. 52, Fig. 53, and Fig. 54. It is 

observable in the figures, that aerogel blanket and expanded polystyrene are the most 

hygroscopic materials from the used thermal insulation fillers and mineral wool and expanded 

perlite do not take up much moisture when stored under 90% RH. The plasters and fired clay 

are also visualized in a different graph because of their significantly higher moisture storage 

capacity comparing to the thermal insulations, especially at measured values above 76% RH.  

   

Fig. 52 Moisture storage function 

of PUR, MW and EXP 

Fig. 53 Moisture storage function 

of AG and EPS 

Fig. 54 Moisture storage function 

of FC, IP and EP 

The measured and used values were compared to similar materials in WUFI database [94] 

before implementing them into the simulations, to check their validity. The differences in the 

values and trends of the hygrothermal material properties were not prominent, therefore the 

measured properties were considered useable in this study. 

4.1.3. Climate 

The boundary conditions (detailed in Annex D) used in the study presented in this chapter are 

based on weather files with hourly resolution of Budapest (Hungary), Espoo (Finland) and 

Lisbon (Portugal) generated by using Meteonorm [95]. The internal temperature and relative 

humidity is calculated on the basis of external temperatures. Hourly external and internal 

temperature and relative humidity values and its variations of the three analyzed cities are 

shown by Fig. 55, Fig. 56, Fig. 57 and Fig. 58. To make the comparison of values easier, I 
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included 168 hour (weekly) moving averages of the values. Analyzing the different climates, it 

is observable that the external temperatures in Budapest are more similar to Espoo at winter, 

but at summer, it shows similarity to Lisbon. The minimum temperatures are -11.7 °C, -20.1 

°C and 4.4 °C, the maximum temperatures are 34.8 °C, 28.5 °C and 37.6 °C, while the yearly 

averages are 12.4 °C, 7.2 °C and 17.6 °C in Budapest, Espoo and Lisbon, respectively. Since 

the internal temperatures were calculated on the basis of the external, these similarities occur 

in the internal conditions too. Internal temperatures, according to the standard [60], are between 

20 °C and 25 °C. Observing the external relative humidity values, it can be seen that excluding 

spring, when Lisbon has significantly higher RH than other cities, usually Espoo has the highest 

values. 

  

Fig. 55 External temperature Fig. 56 Internal temperature 

  

Fig. 57 External relative humidity Fig. 58 Internal relative humidity  

Although hourly based RH values show great variance in every week, in winter the values are 

usually higher than in summer. In spring and most of the summer, Budapest had the lowest RH 

values. The minimum relative humidity values are 21%, 28% and 32%, while the yearly 

averages are 65%, 72% and 67% in cases of Budapest, Espoo and Lisbon. Discussing about the 

maximum relative humidity values does not makes much sense, since 100% RH can occur 

during heavy rain showers. Internal relative humidity was set also according to the standard 
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[60] and it varies between 30% and 60% because moisture load was calculated assuming normal 

occupancy. Therefore, internal relative humidity values show correlation only with the external 

temperatures and not with external RH. Hourly data were used in dynamic simulations, while 

monthly averaged values of Budapest in Table 8 was used in steady-state cases. 

Table 8 Monthly average temperature and relative humidity data of Budapest, Hungary   

Month I. II. III. IV. V. VI. VII. VIII. IX. X. XI. XII. 

Temperature, θe [°C] 0.9 2.8 7.0 13.3 18.4 21.4 23.1 22.8 17.4 12.5 7.2 1.7 

Relative humidity, φe [1] 0.73 0.68 0.61 0.52 0.53 0.54 0.54 0.54 0.62 0.69 0.73 0.74 

Wind speed, v [m/s] 1.4 1.7 2.0 1.7 1.7 1.6 1.7 1.4 1.4 1.2 1.6 1.2 

Temperature, θi [°C] 20.0 20.0 20.0 21.7 24.2 25.0 25.0 25.0 23.7 21.3 20.0 20.0 

Relative humidity, φi [1] 0.41 0.43 0.47 0.53 0.58 0.60 0.60 0.60 0.57 0.53 0.47 0.42 

Analyzing the data in Table 8, is clear that city of Budapest has reached a subtropical climate 

(Cfa), since there is no monthly temperature under 0 °C in the coldest months and in the 

warmest month, external temperature exceeds 22 °C. Internal temperatures show that 20 °C is 

set between November and March, while between June and August, temperatures are limited 

to 25 °C. The table also shows, that the monthly averaged external relative humidity values are 

between 54% and 74%, while internal values are between 41% and 60%. 

In steady-state simulations, only temperature and relative humidity based boundary conditions 

were used; however, when dynamic simulations were performed with hourly time steps and the 

orientation of the structures were also evaluated, boundary fluxes based on explicit radiation 

balance and driving rain were also considered based on the climate dependent weather files. 

Global horizontal and diffuse radiations in the investigated cities are shown by Fig. 59. Using 

these data sets, normal short-wave radiation on the oriented surfaces as well as long-wave 

radiation can be calculated based on the previously demonstrated equations in Annex D. 

Normal short-wave radiation on the south façades and long-wave radiations are shown 

demonstratively by Fig. 61 and Fig. 63.  

Moisture fluxes on the basis of wind driven rain are calculated according to the wind speed and 

direction compared to the oriented façade and the amount of precipitation shown in Fig. 62. 

Wind speed and direction is illustrated by wind roses (see Fig. 60) for which the wind speed 

ranges were considered according to the Beaufort-scale [96]. These wind roses show that the 

dominant wind directions are west oriented in each examined city, west-northwest in Budapest 

and Espoo and west-southwest in Lisbon.  

Calculated driving rain moisture fluxes on south façades are shown demonstratively in Fig. 64. 

based on the equations presented in Annex D. 
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Fig. 59 Global horizontal and diffuse solar radiations Fig. 60 Wind roses 

  

Fig. 61 Normal short-wave radiations on south façades Fig. 62 Precipitations on horizontal surfaces 

  

Fig. 63 Normal long-wave radiations Fig. 64 Driving rain moisture fluxes on south façades 

4.1.4. Finite element mesh  

In order to determine the effect of the finite element mesh resolution, I carried out a mesh 

sensitivity analysis in which I investigated internal surface heat and moisture flux, and heat and 

moisture flux magnitudes in details depending on the resolution of the mesh based on steady-

state approach. I made five cases from an extra coarse to an extra fine mesh on consisting of 

triangular elements shown in Fig. 65. I performed the simulations on a workstation with dual 

Intel Xeon E5-2630 v3 CPUs, 64 GB of RAM and 1 TB of SSD. Statistics are summarized in 

Table 9. 

     

Fig. 65 Finite element mesh, from left to right: extra coarse, coarse, normal, fine, extra fine 
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Table 9 Monthly average temperature and relative humidity data of Budapest, Hungary   

Mesh statistics extra coarse coarse normal fine extra fine 

Number of elements 3053 5425 11593 19140 52074 

Mesh vertices 1570 2772 5867 9670 26235 

Quality of mesh (skewness) 0.689 0.7443 0.8053 0.8441 0.8905 

Runtime [s] 952 1094 1213 1284 1374 

After analyzing the results illustrated by Fig. 66 to Fig. 69, I concluded that using lower mesh 

resolution hides the peaks of the heat and moisture fluxes in details, while it seems that surface 

fluxes decrease using higher mesh resolution except extra coarse settings, which gave always 

lower values than coarse or fine mesh.  

On the runtime side, it is visible in Table 9 that higher quality of mesh helped keep running 

time, i.e. it did not increase drastically due to better convergence. The runtime showed 

logarithmic correlation with the number of elements, and linear with the quality of the mesh. In 

conclusion, I chose extra fine mesh. 

    

Fig. 66 Heat flux magnitudes of EXP filled block, 

BP, Jan. Left: extra coarse, right: extra fine 

Fig. 67 Moisture flux magnitudes of EXP filled 

block, BP, Jan. Left: extra coarse, right: extra fine 

  

Fig. 68 Heat flux depending on mesh resolution Fig. 69 Moisture flux depending on mesh resolution  

4.2. Thermal transmittance  

In this section, the thermal transmittance related results of the tested cases are summarized. To 

ensure the comparability of steady-state simulations based on monthly boundary conditions and 

dynamic simulations with hourly resolution, latter results were averaged to monthly values. 
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4.2.1. U value of walls 

Fig. 70 shows the results of the steady-state numerical simulations. From the results, it is clearly 

visible that U value of walls made of 44 cm thick thermal insulation filled ceramic masonry 

blocks increases in summer months due to the rising temperature and relative humidity, which 

led to increase of thermal conductivities of the materials. The U values show great variability 

depending on the thermal insulation filler. Walls made of EXP filled masonry blocks have 57% 

higher thermal transmittance in January compared to AG filler.  

In heating season (in this study, interpreted from November till the end of March), it is visible 

that there are substantial differences between the performance of fillers. AG performs best in 

all cases. The thermal transmittance of PUR foam filled masonry blocks are closer to MW than 

to AG, this can be explained by the temperature and moisture induced decrease of thermal 

conductivity. EPS showed similar behavior to PUR, while AG, MW and EXP also show similar 

monthly behavior. Fortunately, all thermal transmittance value remained under 0.024 W/m2K, 

which is now the limit of applicability in Hungary since 2018.  

In summer (in this study, interpreted from June till the end of August), the difference between 

MW and EPS filled blocks reduced, MW performed similarly to EPS, while the U value of EPS 

and PUR did not increase much compared to the heating season. Further analysis of results will 

be interesting only when they are compared with dynamic simulations, which show a bit of a 

different behavior especially in summer due to better time resolution of the study and its 

extended physics (i.e. taking into account heat and moisture capacity). 

  

Fig. 70 Monthly steady-state U values based on HAM 

simulations 

Fig. 71 Heating season averaged U values of thermal, 

HAM w/o evp, HAM and HAM w/vbc simulations 

Additionally, besides the conjugated heat and moisture transfer simulations, three different set 

of simulations were performed with different settings. The first case was a thermal simulation, 

where only heat transfer was considered with temperature dependent thermal conductivities. In 

the second case, I neglected the heat fluxes coming from evaporation fluxes (see Annex D), 
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and in the third case, temperature, RH and wind-dependent variable boundary conditions were 

used according to Annex D Eq. (D.3) - Eq. (D.6) instead of the simplified values [87], [60].  

It is visible in Fig. 71, showing averaged values over the heating season, that there is difference 

between thermal and hygrothermal simulations, but only slight differences are visible if 

evaporation fluxes are neglected and variable boundary conditions do not show differences. 

4.2.1.1. Effect of neglecting moisture transfer 

If we analyze the thermal only simulation results on a monthly basis presented in Fig. 72, we 

can see that the increase in the U value that occurs in case of hygrothermal simulations is almost 

gone. The slightly higher summer values can be explained purely by the increased average 

temperature of the constructions led to increase in the effective thermal conductivity.   

  

Fig. 72 Monthly steady-state U values based on 

thermal simulations 

Fig. 73 Difference between thermal and hygrothermal 

simulated monthly steady-state U vales 

Fig. 73 shows the difference between thermal and hygrothermal simulations. It is observable 

that in the heating season, neglecting heat transfer results in 3.9% to 8.7% lower values. 

Differences in the summer can reach -16.1%. The average difference considering all fillers and 

all months was -8.1%. Neglecting moisture transfer therefore leads to underestimating the 

thermal transmittance of the tested building constructions.  

4.2.1.2. Effect of neglecting evaporative heat flux 

Leaving out the heat fluxes from evaporation flux when performing HAM simulations in this 

case resulted in only small differences, especially in the heating season. The differences 

between neglecting evaporation flux and standard hygrothermal simulations are presented in 

Fig. 74.  It is also visible in the figure, that the differences are almost similar considering PUR 

and EPS, as well as AG and EXP, while the function of differences in case of MW show similar 

shape to AG and EXP but shifted upwards. 
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4.2.1.3. Effect of variable boundary conditions 

The differences between considering boundary conditions are shown by Fig. 75. According to 

this, we can conclude that in steady-state simulations, using simplified boundary conditions 

instead of monthly calculated values according to the changing environmental temperature, RH 

and wind, does not lead to significant error in thermal transmittance results.  

  

Fig. 74 Difference due to neglecting evaporation flux 

in hygrothermal U value simulations  

Fig. 75 Differences due to considering monthly 

changing boundary conditions due to environment 

4.2.2. 𝝍 value of wall corners 

Based on the wall corner joint model, the average thermal transmittances of the corner and the 

linear thermal transmittances were simulated. The results of the U values are shown in Fig. 76, 

in which 1 m of wall from the internal corner was taken into account in both directions.  It is 

visible comparing the results to the results of the wall model, that the average thermal 

transmittances of wall corners are higher, which is obvious due to geometrical thermal bridging 

effects. The monthly differences between the U value of the walls and wall corners are 19.1% 

(AG filler in January) and 32.8% (EXP filler in August). These differences indicate the 𝜓 values 

too. In Fig. 76 we can see, that AG, MW and EXP filler show greater increase in their average 

U values in the summer months, than PUR and EPS. Linear thermal transmittances of the 

examined constructions are shown in Fig. 77. The results show only slight differences if we 

consider the exact value. Each month, 𝜓 values do not differ more than 0.02 W/mK. The highest 

difference occurs between AG and EXP filled blocks it is 18.8%. A possible anomaly in PUR 

value can be seen in Fig. 77 at July, where the function shows a different trend. This value 

occurred, because the 𝜓 value show the additional heat loss occur at the wall corner joint 

compared to the adjoining walls. In the corner joint, not only the wall components, the masonry 

blocks, but their connection, i.e. the mortar between the blocks and the design of corner is also 

important. In July, the heat loss of the wall corner made of PUR filled blocks increased less 
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than in June or in August, comparing to the heat loss of the wall; and this is visible in the figure, 

i.e. it is not an anomaly. As for conclusion regarding the linear thermal transmittances of the 

masonry blocks, it can be said that there are significant differences between the values of blocks 

made with different fillers; however, 𝜓 values are quite small: in the heating season, with both 

alternatives it is under 0.1 W/mK. 

  

Fig. 76 Monthly steady-state average U values of wall 

corner joints based on HAM simulations 

Fig. 77 Linear thermal transmittances of wall corner 

joints based on HAM simulations 

4.2.2.1. Effect of neglecting moisture transfer 

If moisture transfer is neglected, the 𝜓 values show 2.8% to 12.9% lower results in the year, 

and up to 5.6% lower values in the heating season. EPS stands out in the heating season 

producing the highest difference, while other fillers produce only around 3% difference.  

  

Fig. 78 𝝍 values based on thermal simulations Fig. 79 Difference of thermal and HAM 𝝍 values 

4.3. Moisture transmittance  

4.3.1. Moisture transfer and moisture bridges 

Based on the reviewed scientific literature, there is no such method which provide easily 

comparable results to evaluate the moisture transport behavior of complex building elements 

and construction joints, besides analyzing their simulated moisture content or relative humidity, 

which is now the standard methodology in these evaluations (due to commercially available 
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software capable of HAM simulation provides these measures). Although, these analyses are 

only for dynamic simulations, which can be demanding to handle due to the increased need of 

computational efforts and necessary material properties. Therefore, in my approach, the method 

to analyze the moisture performance is similar to the method we use to deal with thermal 

problems and works by using steady-state approach. If a practicing designer wants to know the 

thermal performance of a building construction, usually a steady-state calculation is made, or 

in the case of detailed evaluation, a thermal simulation is performed to analyze the temperature 

distribution, and to obtain thermal and linear thermal transmittances. According to my 

approach, it is not only possible to analyze thermal bridges of constructions, but additionally 

the effect of moisture bridges. Moisture bridges are those part of the structure, where additional 

moisture loss occurs due to multidimensional moisture (both diffusion and capillary) fluxes. 

The question is whether it makes sense to separate moisture bridges from thermal (or 

hygrothermal) bridges, and analyze moisture bridges separately. Are the values and trends of 

the linear moisture transmittances different from the linear thermal transmittances? I answer the 

questions by an example, comparing two wall corner joints made of EPS or MW filled masonry 

blocks. During this example, I also show how the equivalent water vapor diffusion resistance 

of the masonry constructions developed, since in the available domestic technical datasheets of 

masonry blocks filled with either EPS or MW, it is given as 5/10, according to MSZ EN 1745 

[83]. This value does not seem appropriate at first glance. If it is correct, we should obtain the 

same moisture transmittance and linear moisture transmittance values in this study for both wall 

and wall corner joints. The study was carried out by using steady-state HAM simulations with 

boundary conditions in January, Budapest presented previously in Table 8.  

After performing the simulations, heat flux magnitudes in the horizontal cross-sections of the 

investigated constructions are visualized in Fig. 80. It is observable that major heat flows in the 

same path in both constructions, through the internal fired clay spacers and through the tongue-

and-groove connections. In the corner, geometrical thermal bridging effect is also visible. 

Furthermore, we can see increased heat flux magnitudes at the area where vertical mortar filling 

was applied to hold together the two adjoining walls and 2/3 and 1/2 cut blocks in the corner. 

Analyzing the graphical representation of the heat flux magnitudes also makes it clear how the 

corner design works in terms of thermal performance. Thermal transmittance of the walls was 

UT44-MW = 0.19 W/m2K in case of MW filled blocks and UT44-EPS = 0.22 W/m2K in case of EPS 

filled blocks. 12.5% difference occurred between MW and EPS filled walls. The simulations 

were also performed with considering only heat transfer. Thereby thermal transmittances were 
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0.18 W/m2K and 0.2 W/m2K. The difference is 5.5% in the case of MW and 10% when we 

compare walls made of EPS filled masonry blocks. I calculated the linear thermal transmittance 

for the wall corner joints, which were ψT44-MW = 0.091 W/mK and ψT44-EPS = 0.095 W/mK, 

respectively. The difference is 4.4%. If the moisture transfer is neglected, the 𝜓 values of the 

corners were 0.088 W/mK and 0.090 W/mK. From only these results, we hardly compare the 

moisture performance of the constructions, because the results of the walls and corners made 

of differently filled masonry blocks do not show great differences. 

  

Fig. 80 Heat flux magnitudes in wall corner joints 

made of EPS and MW filled masonry blocks 

Fig. 81 Moisture flux magnitudes in wall corner joints 

made of EPS and MW filled masonry blocks 

Visualizing the moisture flux magnitudes in the horizontal cross-section of the investigated 

constructions show immediately the differences, see Fig. 81. In the case of EPS, the highest 

moisture flux magnitudes are found in the fired clay parts, especially at the tongue-and-groove 

connections, internal fired clay spacers and in the internal corner. Therefore, we can say that 

major moisture flux in this case is somewhat similar to heat flux, fired clay parts lets trough the 

highest amount of moisture in the cross-section. On the other hand, in the case of masonry 

blocks filled with mineral wool, the migration of moisture occurs predominantly in the 

insulating fillings, and a zone with much higher moisture flux magnitudes can be found at the 

inner wall corner. Therefore, we can say, these two blocks show completely different moisture 

transfer behavior. In the case of the straight walls, the moisture transmittances were MT44-MW = 

22.8·10-12 kg/m2sPa and MT44-EPS = 5.87·10-12 kg/m2sPa. These values obviously cannot be 

produced solely by thermal analysis; therefore, only HAM simulated values exists. It can be 

seen that the masonry wall built of mineral wool filled blocks can pass about 3.88 times more 

moisture under unit time and pressure than EPS. From these results, we can further calculate 

the equivalent water vapor diffusion resistance factor of the walls, by dividing the water vapor 

permeability of air with the moisture transmittance of a one meter section of the wall. In this 

study, I used the formula of temperature dependent water vapor permeability of air, depending 

on the absolute average ambient temperature of the blocks, which gave δ  = 1.95·10-10 kg/msPa. 
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In the case of MW, we got μT44-MW = 8.5, while using EPS filler, the result is μT44-EPS = 33.4. 

On the basis of this results, we can see that in case of MW filler, the equivalent water vapor 

diffusion resistance is between 5/10, therefore it seems that it can be used in simplified 

calculations. However, in the case of EPS filled blocks, the equivalent μT44-EPS is more than 3 

times the wet cup value. Therefore in the case of this filler, using 5/10 as an assumed value 

leads to calculation errors. We can conclude, that the practice, when product manufacturers 

takes μ-value of fired clay from the standard as the water vapor diffusion resistance factor of 

masonry blocks may differ significantly from the value obtained by a proper hygrothermal 

simulation, and it definitely depends on the moisture behavior of the filler material. Evaluating 

the linear moisture transmittances, the results were νMW = 5.8·10-12 kg/msPa and νEPS = 1.4·10-

12 kg/msPa, respectively. In this case, the corner constructed of MW filled blocks also let 

through more than 3 times as much moisutre, as EPS.  

In this study, I demonstrated the importance of evaluating moisture transmittance of differently 

filled masonry blocks. While heat transfer was similar and showed only 5.5% to 10% difference 

between the blocks, moisture transmittance was one order of magnitude higher (more than 

300%) in the case of MW filled blocks compared to EPS. Furthermore, it can be observed that, 

in the case of linear moisture transmittances, its trends and differences are completely different 

than what obtained by analyzing linear thermal transmittances of the compared constructions. 

By calculating and analyzing the linear moisture transmittances, the excess moisture 

permeability of building construction joints can be examined and it can help reduce design 

failures in the constructions by pointing out extremes. Thereby, a building construction can no 

longer be tested only by its thermal performance, by its linear thermal transmittance or by the 

internal surface temperature measured on the own scale, but also by its moisture permeability. 

4.3.2. M value of walls and ν value of wall corners 

To further use the concept of moisture transmittance and linear moisture transmittance, I 

simulated the same wall and wall corner constructions showed previously in section 2 filled 

with the same fillers. Monthly variation of the moisture transmittances is shown by Fig. 82. It 

is visible that moisture transmittance values show greater variation and differences than thermal 

transmittances (see Fig. 70), and the order from lower to higher transmittances by filler 

materials changed. The values occurring in case of filler materials with low water vapor 

resistance factor (e.g. AG, MW and EXP) are considerably higher than the ones with high 

resistance against vapor (PUR and EPS). Walls constructed of MW filled masonry blocks let 

5.6 times more moisture through, than PUR filled bricks in January, and 4.5 times more in July. 
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The performance trend of the masonry walls in terms of moisture transmittance shows inverse 

relationship with the water vapor resistance factors of the filler materials; the filler material is 

substantially more dominant, than the fired clay of the construction. Therefore, substituting the 

moisture permeability of the masonry blocks with the values of fired clay according to MSZ 

EN 1745 [83] seems to be wrong practice. Evaluating the linear moisture transmittances shown 

in Fig. 83 the trend of the filled masonry walls remained the same. The differences between the 

fillers only slightly reduced, there is 5.2 times difference in January between the ν values of 

PUR and MW filled constructions, and there is 3.5 times difference in July. 

  

Fig. 82 Moisture transmittance of walls made of 

masonry blocks filled with thermal insulations 

Fig. 83 Linear moisture transmittance of wall corner 

joints 

4.3.3. Effective water vapor diffusion resistance factor of walls and wall corners 

Effective water vapor diffusion resistance factor of walls and wall corner joints were also 

evaluated, the results are summarized in Fig. 84 and Fig. 85. It is visible that walls and corners 

made of PUR and EPS filled blocks in the heating season have much higher resistance against 

vapor, than AG, MW or EXP masonry. It can be stated, if the vapor permeability of the filler 

material is higher than the fired clay shell, then using the values of fired clay could be 

acceptable. However, if the permeability of the filler is lower, therefore resistance is higher, 

using the values of fired clay as substitution leads to miscalculations in the heating season.  

  

Fig. 84 Effective water vapor diffusion resistance 

factor of wall constructions 

Fig. 85 Effective water vapor diffusion resistance 

factor of wall corner joints 
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4.4. Environmental dependence of the U value of walls 

Environment dependent U values were examined using time dependent simulations with 

climate dependent boundary conditions. In dynamic simulations, effective hourly based U value 

shows the amount of heat loss or heat gain per internal unit surface according to the temperature 

difference. This value also shows the direction of heat flow on the internal surface, positive 

value means heat loss and negative is connected to heat gain. The monthly averaged dynamic 

U values are presented in Fig. 86 for all four different façade orientations in Budapest.  

 

Fig. 86 Dynamic U values of walls made of 44 cm thick insulation filled blocks depending on the orientation 

Analyzing Fig. 86, it can be concluded that thermal transmittance of a masonry wall constructed 

of using 44 cm insulation filled blocks distinctly different towards different orientations. It also 

observable, that the monthly trends of the thermal transmittance are similar. U value of the 

south oriented façade was lowest, while north oriented was the highest. In between, west 

oriented walls performed with higher thermal transmittance than east oriented ones. Thinking 

of the boundary conditions, it means that because south oriented walls received the highest 

amount of solar radiation, this contributes to their low thermal transmittance values. North 

façades got the lowest amount of incident solar radiation, which can answer why it has the 

highest U values. The difference between west and east oriented façades cannot be explained 

simply with solar radiation, since with isotropic sky model, they received the same amount of 

radiation, the only difference was that east façades got direct (normal short-wave) radiation in 

the morning, while west façades got it in the afternoon. The key element in the difference is the 

amount of driving rain, which is derived from the wind direction and wind speed. Because the 

dominant wind direction in Budapest is north-northwest oriented, this indicates that west 

oriented walls receive more wind driven rain to their surface than east oriented walls. A greater 

amount of driving rain on the surface contributes to higher relative humidity in the outer region 

of the construction, and increasing relative humidity results in increasing thermal conductivity 

of the outermost layers of the wall constructions. This effect can be seen in Fig. 87, which 

shows the average relative humidity and temperature distribution hourly in the EPS insulation 

filler of differently oriented walls. North oriented wall shows the highest values, then west, east 
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and south oriented ones. In Fig. 88, the yearly average increase is shown depending on the type 

of filler and the orientation of the façade walls. We can clearly see that change of the thermal 

conductivity of the filler is related to the orientation, and it depends substantially on the type of 

the filler. Thermal conductivity of EPS increased the most, while MW and EXP showed the 

lowest increment. 

  

Fig. 87 Average hourly temperature and relative 

humidity distribution in MW filled masonry walls  

Fig. 88 Yearly average of increase of filler thermal 

conductivity in differently oriented masonry walls 

There is one conspicuous phenomenon in Fig. 88, while AG, PUR and EPS both show the same 

tendency, i.e. that higher relative humidity results in higher λ value, but MW and EXP does not 

behave in such way. Average thermal conductivity of these two filler material decreases from 

north to south, in which an another effect plays a role, temperature. While MW and EXP filled 

constructions also show the same trend in the temperature and RH distribution demonstrated in 

Fig. 89, their thermal conductivity change depends more on the temperature than relative 

humidity. Fig. 90 shows proof, that while yearly average thermal conductivity of EPS filler has 

distinct differences at same temperatures, which is due to RH, MW shows almost undetectable 

thermal conductivity change due to moisture, while the increase of its λ value shows linear 

correlation with increasing temperature. Therefore, MW and EXP filler is more sensitive to 

temperature than to RH in the examined cases, where RH of the thermal insulations remained 

in the hygroscopic range.  

  

Fig. 89 Average temperature and RH of MW filler Fig. 90 λ over temperature of MW and EPS filler 
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There is one more step left behind to understand the values presented in Fig. 88. We need to 

compare the temperature across the wall sections to make sure, south facing wall constructions 

has not only higher surface temperatures (which is quite obvious due to solar radiation), but 

higher internal temperatures too.  

Fig. 91 shows the yearly average temperature in the thermal insulation fillers depending on the 

orientation, while  Fig. 92 shows the results averaged to the heating season. It is undoubtedly 

visible in the figures that the average temperatures are higher in south oriented walls than in 

other orientations, and the trend is also observable that west oriented façades have slightly lower 

temperatures than east oriented ones. This can be explained also with driving rain and wind, 

which has little, but detectable effect on the temperature. The values shown by Fig. 92 are 

interesting from different aspects as well. In another research, with Szagri and Bakonyi [97], 

[98] we reported in-situ monitoring measurements of a thermal insulated building in Hungary. 

In that research, we showed that the average temperature during the heating season in a south-

east oriented MW based ETICS layer was 12.5 °C, which is very similar to the temperature 

now occurred in the insulation layers within the wall construction.  

  

Fig. 91 Yearly averaged temperature of fillers Fig. 92 Average heating season temperature of fillers  

  

Fig. 93 Yearly averaged U values Fig. 94 Heating season averaged U values  

After the explanation of the monthly results, we can move towards to the yearly and heating 

season averaged U values shown Fig. 93 and Fig. 94. Comparing the figures, it is observable 
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that yearly averaged values are higher than heating season averaged ones. The trends remained 

the same, as north oriented walls have higher thermal transmittance than south oriented walls. 

Yearly averaged U values show 16.1% to 18.3% difference between the orientations and filler 

material, while heating season averaged values differ between 10.0% to 11.8%. The difference 

comes from the U values of summer months. Fig. 86 showed that from March, U value starts 

to increase, then drops to near zero in June, then increase a bit in July. Then in August, U values 

show negative number indicating that the heat balance through the wall is negative, which 

simply means that more heat comes in, than what goes out. In the transitional period between 

summer and winter, in September and October, U value rises again.  

From these results, it is visible that for summer evaluation of a building, analyzing the thermal 

transmittance of the building envelope based on yearly average or heating season average 

values can lead to false statements; and it is also visible that in summer transmission losses 

through this type of wall probably are not the most important part of the heat balance, and air 

change or solar gains through transparent elements could play more important role in summer 

overheating. 

After a statistical analysis performed on the monthly and averaged U values, the results were 

summarized in box and whisker charts shown in Fig. 95 and Fig. 96. The analyses showed that 

the U values of June and August were outliers in all cases, while U values of July were outliers 

only in some cases, i.e. south oriented PUR, EPS and EXP filled walls. Yearly average values 

were always below 25th percentile. At heating season, average U values were around the 

median, and no outliers were found. The IQR showed decreasing trend from north to south, as 

visible in Fig. 96. The local maximums of north and west oriented PUR filled walls reached the 

local minimums of MW filled walls. The same can be concluded with EPS and EXP.  

  

Fig. 95 Box and whisker plot of monthly averaged 

dynamic U values 

Fig. 96 Box and whisker plot of dynamic U values in 

heating season 
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4.4.1. Dynamic U value of walls compared to steady-state 

Comparing the dynamic U values to the steady-state results leads to a very interesting 

conclusion. The results of the comparison is summarized in Fig. 97, Fig. 98 and Fig. 99.  

In the months of the heating season, the difference between dynamic and steady-state results 

are positive, which means that dynamic simulations gave higher U values. However, in summer, 

differences show very big negative differences. Similar trend were found in case of ultra-

lightweight concrete panels [99] before. I.e. if we average the values of the year, the dynamic 

U value results are smaller than steady-state results as shown by Fig. 97 (There is only one 

exception: in case of north oriented EPS filled wall it is 1.4% higher). If we average the whole 

year of hourly based dynamic results, it creates the illusion that a south oriented MW filled wall 

can achieve 0.16 W/mK U value (which may coincidently the current catalogue value in case 

of this block). However, if we analyze the results only for the heating season shown by Fig. 98, 

it is clearly visible, that dynamic simulated results are always higher than steady-state. South 

oriented walls show the differences, between 0.5% and 5.0%. Therefore, it seems that it can be 

acceptable to use steady-state simulation instead of dynamic in this case. However, differently 

oriented façades show greater differences, a dynamic simulated average U value in the heating 

season north facing wall can differ up to 16.9% compared to steady-state. The differences are 

big enough to show the necessity of handling the U values of the building envelope separated 

by their orientations.  

Fig. 100 shows the differences between U values obtained by dynamic HAM simulations and 

steady-state thermal simulations averaged in the heating season. The trends are similar as 

discussed before, but the differences are even higher, in the case of EPS filled north oriented 

walls, it can reach 28%, and even the south oriented values show differences between 6.5% and 

15%. This leads to the conclusion that thermal performance of wall constructions made of 44 

cm thick thermal insulation filled masonry blocks should be calculated by using orientation-

dependent dynamic hygrothermal simulations. 

 

Fig. 97 Difference of dynamic and steady-state U values depending on the orientation 
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Fig. 98 Yearly averaged U value 

differences dynamic HAM and 

steady-state HAM simulations 

Fig. 99 Heating season averaged U 

value differences of dynamic HAM 

and steady-state HAM simulations  

Fig. 100 Heating season averaged 

differences of dynamic HAM and 

steady-state U values 

4.4.2. Effect of different climates (Espoo and Lisbon) 

The same numerical simulation process was performed on the oriented wall models by using 

Espoo and Lisbon climate data as the basis of boundary conditions. The monthly averaged U 

value results are summarized in Fig. 101 for Espoo and Fig. 102 for Lisbon. The monthly 

variation of results compared to Budapest (see Fig. 86) are different in both cases. The 

transitional periods are in different position, and in Espoo, the heating season seems at least two 

months longer than in Budapest, while in Lisbon, it is shorter. In both climates, there are no 

negative values in the summer, however, in Espoo, similar drop in the U values are observable. 

 

Fig. 101 Dynamic simulated and monthly averaged U values of oriented walls considering Espoo climate 

 

Fig. 102 Dynamic simulated and monthly averaged U values of oriented walls considering Lisbon climate 

The differences between yearly averaged results of Espoo and Budapest, as well as Lisbon and 

Budapest are shown by Fig. 103 and Fig. 104. In both climates, yearly average thermal 

transmittances are higher than in Budapest. In Espoo, the values show that the differences are 

up to 30.4% and even the smallest difference is greater than 21.3%, while in Lisbon, U value 

differences are between 3.8% and 14.5%. It is also visible, that eastern walls show higher 
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differences than western ones, since U values also show dependence on orientation in these 

climates. In Fig. 105 and Fig. 106, the differences between the average values of the heating 

season are summarized. In these cases, heating season considered also between November and 

March for the sake of comparability. These two figures show similarity in the heating season in 

Budapest and Espoo, since the differences remain under 5.6% and in some cases, Budapest U 

values are higher by up to 3.3%. On the other hand, U values in Lisbon differ by from 3.7% up 

to 20.1%. After the evaluation of these results, we can conclude that the U values of insulation 

filled blocks are different due to different environment. However, there is only small differences 

between the values in the heating season in Espoo and Budapest, but there are considerably 

large differences occur between Lisbon and Budapest. Therefore, in technical datasheets, 

different U values might be provided for different climates in case of the same wall. 

  

Fig. 103 Yearly differences of Espoo and Budapest Fig. 104 Yearly differences of Lisbon and Budapest  

  

Fig. 105 Heating season U value differences  Fig. 106 Heating season U value differences 

4.5. Number of freeze-thaw cycles in the outermost insulation layer of walls  

In this section, vapor condensation potential and possible freeze-thaw cycles in the outermost 

thermal insulation layer within a filled, 44 cm thick masonry block were investigated under 

Budapest conditions. Firstly, a MW filled block was tested using different methods, then all 

five fillers were included. I have analyzed how many freeze-thaw cycles are expected in the 

outermost layer in case of different thermal insulations during their service life of 50 years. 
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4.5.1. Steady-state methods 

In everyday design practice, durability investigation of building elements is based on 1D steady-

state calculations according to MSZ EN ISO 13788 [76], for which design boundary conditions 

are applied from MSZ 24140 [100]. For the investigation of internal condensation, the latter 

standard requires 𝜃𝑒 = -2 °C and 𝜑𝑒 = 90% for the external side and 𝜃𝑖 = 20 °C and 𝜑𝑖 = 65% 

for the internal side. These values are the design values of January defined by the standard. 

Monthly design values are summarized in Table 10 below. It is visible if we compare the values 

to Table 8, the design temperatures and RHs are different than the values from the Budapest 

weather file made by Meteonorm 7 [95]. External temperatures in winter are lower and in 

summer are higher, and internal temperatures are also higher in summer. Relative humidity 

values are higher in each month.  

Table 10 Monthly design temperature and relative humidity data of MSZ 24140 [100]   

Month I. II. III. IV. V. VI. VII. VIII. IX. X. XI. XII. 

Temperature, θe [°C] -2 0 5 13 19 22 25 23 18 12 5 0 

Relative humidity, φe [%] 90 85 74 73 70 70 63 67 73 80 86 91 

Temperature, θi [°C] 20 20 20 20 22 24 26 24 22 20 20 20 

Relative humidity, φi [%] 65 65 65 65 70 70 70 70 70 65 65 65 

Using the boundary conditions of the standard, in everyday practice, two approaches can be 

presented based on how the geometry is handled. Usually, the entire masonry block is 

considered as a homogeneous and isotropic layer, i.e. we cannot isolate the insulation and fired 

clay in the blocks. It is easy to see that the building physical properties of these two materials 

differ significantly, so their combined and averaged model cannot result in realistic internal 

temperature or vapor pressure distribution. It may be used for evaluating surface condensation, 

but this is out of the current scope. Therefore, another approach was selected, the vertical cut 

section of the masonry block was modeled with separated fired clay and insulating layers inside 

to perform the 1D based calculations. In this case, the shortcoming of the model is that we must 

leave out the tongue-and-groove connection between the joining blocks and also we neglect the 

effect of the inner spacers walls, which are not visible in the section. The calculation was carried 

out by using Auricon Energetic [101] (and I also take part in the development of the software). 

Observing Fig. 107, in the outermost insulation layer of the block the relative humidity reaches 

100% between December and February, and vapor condensation occurs.  

On the basis of monthly results, it can be concluded that during winter, condensation is expected 

in the outermost thermal insulation layer. The study shows that the moisture accumulated in the 

outer thermal insulation layer from December till February is expected to dry out completely 
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until May. Condensation in the winter months, however, can divert designers from the use of 

building blocks filled with thermal insulating material, and they choose proven and safe 

conventional solutions. Simplified methods described above can approximate the reality and 

the moisture-related behavior of the building blocks only with serious limitations. Analyzing 

the frost penetration depth in the blocks, Fig. 108 shows a comparison between the temperature 

distribution obtained by using 1D thermal calculation of the vertical section and 3D 

hygrothermal simulation, where the temperatures were averaged along the symmetry axis.  

 

 

Fig. 107 1D calculation according to MSZ EN ISO 

13788 showing: (a) saturation and partial vapour 

pressure in January (design) and (b) monthly based 

moisture accumulation in outermost MW layer 

Fig. 108 Comparison of 1D thermal approach and 3D 

hygrothermal approach on the temperature distribution 

within T44-MW filled masonry block showing depth 

of frost penetration 

In Fig. 108, both 1D calculation and 3D simulation is based on steady-state conditions and 

design boundary conditions of January month were used. However, in the numerical simulation, 

temperature and moisture dependent behavior of the materials were taken into account. This is 

one thing that makes a difference and the other thing is that the 3D model included the effect 

of fired clay spacers into the averaged values along its symmetry axis. The difference between 

the obtained depth of frost penetration is astonishing, 1D calculation shows 53 mm of frost 

penetration from the external side, i.e. only a small part of the outermost insulation layer can 

freeze during winter, while 3D steady-state calculation shows that the frost penetration depth 

can reach 153 mm deep, which means that not only one, but two layer of thermal insulation 

from the external side can freeze during winter. This analysis also shows, that in January, while 

vapor condensation occurs in the outermost insulation layer, the condensate can freeze, which 

makes the situation even worse. Therefore, it is necessary to continue the investigation with the 

use of dynamic conjugated heat and moisture transport modeling to find out whether 

condensation can occur during the winter months using Budapest weather based boundary 

conditions, instead of the standard based ones.  
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4.5.2. Dynamic simulation approach 

Dynamic simulations are also required to be performed, because if we analyze the temperature 

and RH distribution based on steady-state 2D hygrothermal simulations using monthly 

averaged Budapest weather, there is no external temperatures under 0 °C, therefore there is no 

freezing at all, see Fig. 109. With hourly based dynamic simulations, both physics and boundary 

conditions can be taken into account more realistically. Heat and moisture storage capacity can 

be taken into account and the results can be evaluated on an hourly basis.  

 
 

Fig. 109 2D temperature (a) and relative humidity (b) 

distribution based on steady-state HAM simulation 

considering BC based on January monthly averages 

Fig. 110 Temperature and RH distribution under 5°C 

in the outermost MW layer of a 44 cm masonry block 

depending on the orientation in Budapest 

In Fig. 110, temperature and relative humidity distribution in the outermost MW insulation 

layer of a 44 cm thick masonry block is shown depending on the orientation. It is visible, that 

both temperature and RH depends on the orientation of the wall, north and west oriented walls 

produce the lowest temperatures and highest relative humidity, while the values of south 

oriented walls are the most favorable. While there is no huge difference between the minimum 

temperatures, south orientation shows significantly lower relative humidity values, than east 

and west facades. Furthermore, it can be seen that the minimum temperature of the outer thermal 

insulating layer inside the wall is between -5.8 °C and -6.4 °C, therefore the outermost 

insulation layer definitely can freeze during winter months.  

However, the maximum relative humidity in this case is always under 84% in the outermost 

insulation layer, which means that no condensation occurs and if the moisture content of the 

insulation material freezes, the ice has room to expand towards the unsaturated capillaries. The 

number of freezing-thaw cycles is 20 in the case of north orientation, 19 in the east and west, 

and 18 in the southern orientation for one examined year. At the moment of freezing, the 

moisture content of the thermal insulation is not critical, because the relative humidity is still in 

the hygroscopic regime. Therefore, no significant deterioration effect of the masonry block 

should occur beyond the increase of thermal conductivity and effective thermal transmittance  
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However, it should be noted, that in case of mineral wool insulations, there could be 

deterioration in the thermal or mechanical properties [102]–[104] due to high relative humidity, 

when there are quality issues with the insulation. Therefore, the conformity of the bonding is 

very important and the manufacturers have to pay particular attention to e.g. avoid lack of 

polymerization, because when the insulation is integrated into the masonry wall, there is no 

solution to exchange the deteriorated insulation boards within the walls structures. 

For further demonstration of the differences regarding orientations, temperature and relative 

humidity distribution was analyzed through the whole section by visualizing it in 3D maps 

created by using Kriging interpolation on internal probe measured values. Boundary probes 

were put to each boundary layer during the simulations, therefore the temperature and relative 

humidity between two different materials were recorded in every simulated hour. To create the 

figures, the results of the last simulated year was used. In between recorded probe data, Kriging 

interpolation was used to provide smooth, but correct transitions. The interpolated grid consists 

of 49 rows and 8761 columns. The temperature distributions are shown by Fig. 111, Fig. 113, 

Fig. 115 and Fig. 117, while the relative humidity distributions are shown by Fig. 112, Fig. 

114, Fig. 116 and Fig. 118. Temperature and relative humidity distributions of the section of 

walls with different orientations show that in the outer third of the masonry block filled with 

mineral wool, the temperature and, most importantly, the relative humidity can be significantly 

different according to the orientation. In areas close to the outer surface, in case of north 

orientation, slightly higher relative humidity and lower temperatures are formed, since such 

orientated surfaces are not subjected to direct sunlight which warms up and dries the structure. 

West oriented façade wall is more similar to north, while east oriented is more similar to south. 

This can be explained with the boundary conditions. In case of Budapest, the prevailing wind 

direction is west-northwest, i.e. the heat transfer coefficient of the surfaces is more significant 

in this direction (since the heat transfer coefficient also increases with wind speed, but moisture 

transfer coefficient decreases), and it is also more exposed to the driving rain. It can also be 

observed, that in winter the relative humidity can be between 80% and 85% in the outer third 

of the masonry blocks. As for temperatures, it can be seen in the figures that in winter 

temperatures in the outer third of the blocks can be lower than 0 °C, therefore the depth of 

freezing is somewhat similar to what was obtained with steady-state hygrothermal analysis.  

This means that, besides the fired clay and the external plaster, the two outermost thermal 

insulation layers within the masonry blocks have to withstand serious freezes during each 

winter, and their durability is key in the service life of masonry blocks.  
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Fig. 111 Temperature distribution in north facing 

façade wall made of T44-MW filled masonry blocks 

Fig. 112 Relative humidity distribution in north facing 

façade wall made of T44-MW filled masonry blocks 

  

Fig. 113 Temperature distribution in west facing 

façade wall made of T44-MW filled masonry blocks 

Fig. 114 Relative humidity distribution in west facing 

façade wall made of T44-MW filled masonry blocks 

  

Fig. 115 Temperature distribution in east facing façade 

wall made of T44-MW filled masonry blocks 

Fig. 116 Relative humidity distribution in east facing 

façade wall made of T44-MW filled masonry blocks 

  

Fig. 117 Temperature distribution in south facing 

façade wall made of T44-MW filled masonry blocks 

Fig. 118 Relative humidity distribution in south facing 

façade wall made of T44-MW filled masonry blocks 
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The numerical simulations of masonry block walls with MW filler showed in the previous pages 

were also performed for the cases of other four filler type (AG, PUR, EPS and EXP). The results 

are summarized in Fig. 119, Fig. 120, Fig. 121 and Fig. 122. 

Fig. 119 shows the minimum temperatures in the outermost filler layer. It can be seen, that AG 

filler produces the lowest temperatures, while EXP produces the highest. I.e. there is inverse 

correlation between the temperature of the outermost layer and the thermal conductivity of the 

filler. It can also be seen, that southern temperatures are higher, and the lowest temperatures 

are obtained in north facing façades.  

Maximum relative humidity in the outermost insulation layer is shown by Fig. 120. It is 

observable that MW and EXP have the highest RH, and PUR and EPS have the lowest. 

Therefore, it can be stated, that RH of the outermost layer shows correlation with the moisture 

transfer properties of the filler materials. Relative humidity also shows dependence on the 

orientation.  

The number of freeze-thaw cycles in a single year are summarized in Fig. 121. The highest 

number is produced by a west oriented wall with AG filler. It is interesting, that north facing 

walls with EPS and EXP has the lowest values. The reason can be that there are less thaws since 

these façades are not exposed to direct solar radiation. During a 50 year designed service life 

of these type of blocks, the outermost insulating layer in PUR, EPS and EXP filled blocks has 

  

Fig. 119 Min. temperature in outermost filler layer  Fig. 120 Max. RH in outermost filler layer  

  

Fig. 121 Number of freeze-thaws in a single year  Fig. 122 Hours under zero degree Celsius temperature  
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to withstand at least 900, MW has to withstand at least 1000, and AG has to withstand at least 

1100 freeze-thaw cycles. ISO 20394 [105] deals with the laboratory test of freeze-thaw 

resistance of thermal insulations. In the standardized process, thermal insulations are tested with 

only 300 cycles. However, during the standardized tests, each sample is wetted after thawing, 

and only mechanical properties are tested. Therefore, the standardized method does not test 

what happens in the internal insulation cores, which has maximum 85% RH, and its temperature 

does not go below -7 °C in climate of Budapest.   

The number of hours when the outermost insulation layer is 0 °C is summarized by Fig. 122. 

North oriented masonry walls with AG filler have the highest values, while south facing walls 

with EXP have the lowest. The dependency on orientation is clearly visible. In a north oriented 

façade, the outermost thermal insulation layer spends up to 27.5% more time in freezing 

conditions than in south oriented walls.  

4.6. Conclusions 

In this chapter, three distinct analyses were showed. Firstly, thermal transmittance of walls and 

linear thermal transmittance of wall corner joints were evaluated by using steady-state 

multidimensional hygrothermal simulations and the results were compared to thermal 

simulations. The conclusion was that neglecting moisture transfer in steady-state simulations 

leads to underestimating the thermal transmittance of the tested building constructions, since in 

the heating season, thermal simulations resulted in 3.9% to 8.7% lower U values depending on 

the filler compared to hygrothermal simulation results. The effect of neglecting evaporation 

fluxes or using detailed boundary conditions were not significant in steady-state simulations. 

Thermal transmittance of differently filled masonry walls were also tested by using dynamic 

time-dependent hygrothermal simulations, in which the effect of the environment (orientation 

and climate) was studied in details. The results of dynamic simulations were also compared to 

steady-state values. Yearly averaged U values obtained by dynamic simulation using Budapest 

city climate showed 16.1% - 18.3% difference between the orientations and filler materials, 

while heating season averaged values differ between 10.0% and 11.8%. Yearly averaged 

dynamic U values were smaller, than steady-state simulated thermal transmittances. This was 

due to low U values in the summer. Therefore, in energy performance calculation, when heating 

energy demand is required, using U values obtained by yearly averages of dynamic simulation 

results is strongly not recommended. In the heating season, south oriented walls in Budapest 

showed the least differences compared to steady-state results, between 0.5% and 5.0%, 

therefore in this case, it seems to be acceptable to use steady-state approach instead of dynamic 
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simulations. However, differently oriented façades showed greater differences, a dynamic 

simulated average U value of a north facing wall in the heating season can differ up to 16.9% 

comparing to steady-state results. This leads to the conclusion that thermal performance of wall 

constructions should be calculated by using orientation-dependent dynamic hygrothermal 

simulations. Analyzing the dependence of U value on climate, similarity was showed in the 

heating season of Budapest and Espoo, since the differences remained under 5.6% and in some 

cases, Budapest U values are higher by up to 3.3%. However, U values of walls made of 

insulation filled masonry blocks in Lisbon differ between 3.7% and 20.1%. There are small 

differences between the values in the heating season in Espoo and Budapest, but there are 

considerably larger differences between Lisbon and Budapest. Therefore, in technical 

datasheets, different U values might be provided depending on the climates for the same wall. 

Secondly, I showed a new approach to evaluate the moisture performance of building 

constructions using stead-state hygrothermal simulations by calculating moisture transmittance 

and linear moisture transmittance. I demonstrated the importance of evaluating moisture 

transmittance of differently filled masonry blocks. While heat transfer was similar and showed 

only 5.5% to 10% difference between the blocks, moisture transmittance was one order of 

magnitude higher (more than 300%) in the case of MW filled blocks compared to EPS.  Using 

moisture transmittance, I calculated the monthly averaged effective water vapor diffusion 

resistance of five differently filled masonry blocks. I have also concluded that in case of thermal 

insulation filled masonry blocks, if the vapor permeability of the filler material is higher than 

the fired clay shell, then using the values of fired clay could be acceptable. However, if the 

permeability of the filler is lower, therefore resistance is higher, using the values of fired clay 

as substitution leads to miscalculations in the heating season. In this study, I also defined the 

concept of moisture bridges, and also showed its difference from thermal bridges. While the 

linear thermal transmittance mainly depends on the effective thermal conductivity and show 

only small differences considering different fillers and months, linear moisture transmittance 

mainly depends on the water vapor permeability in the hygroscopic regime, and show great 

differences between different fillers and months. Moisture bridges also affect heat transfer in 

building constructions, therefore could increase thermal bridging effects. By calculating and 

analyzing the linear moisture transmittances, the excess moisture permeability of building 

construction joints can be examined and it can help reduce design failures in the constructions. 

In the third distinct part of this chapter, I investigated the freeze-thaw cycles in insulation filled 

masonry blocks in climate of Budapest. Firstly, I performed steady-state calculations of a 
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vertical wall section made of MW filled blocks according to MSZ EN ISO 13788 [76] based 

on the grafoanalytical Glaser method. Then I compared the results to numerical simulation 

results. The standardized method showed condensation risk in the outermost thermal insulation 

layer; however, the depth of freezing was underestimated by 100 mm comparing to the 

hygrothermal simulated result of the same block. Thereafter, I have analyzed how many freeze-

thaw cycles are expected in the outermost layer in case of different thermal insulations during 

their service life of 50 years. I showed, that the number of freeze-thaw cycles depend on the 

types of the thermal insulation as well as the orientation of the façade. According to the dynamic 

simulation results, during a 50 year designed service life of these type of blocks, the outermost 

insulating layer in PUR, EPS and EXP filled blocks has to withstand at least 900, MW has to 

withstand at least 1000, and AG has to withstand minimum 1100 freeze-thaw cycles; and there 

can be 348 and 500 hours frozen each year, depending on the insulation filler and orientation.  
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5. NUMERICAL OPTIMIZATION OF MASONRY BLOCKS 

5.1. Optimization by the geometry of a selected insulation filled block 

Nowadays, the design of new masonry blocks is based mostly on manual drawings by the 

masonry producers or parametric studies by the researchers. The thermal performance of 

prototype masonry blocks is then usually tested in laboratory or evaluated by thermal 

simulations one by one, and then compared together to see which newly designed geometry 

alternative performs the best. As revealed by the scientific literature review, there is no useful 

and algorithm based masonry block design and optimization method published yet. Therefore, 

I constructed a new method, which based on hygrothermal numerical simulations and 

derivative-free constrained numerical optimization is used to find a better geometry, which 

results in lower thermal transmittance compared to the existing insulation filled masonry block.  

5.1.1. The selected masonry block 

The optimized masonry block is based on a mineral wool filled masonry block used as a starter 

block [106]. The thickness of the block is 26 cm, it contains four rows with 40 mm thick and 

68 or 114 mm wide rectangular shaped mineral wool insulated holes. Between insulation filled 

holes, horizontally there are 18 mm thick, and vertically there are 20 mm thick ceramic walls. 

The block is 50 cm wide and 24.9 cm high, i.e. this block is twice as long as the usual masonry 

blocks in the market. This special masonry block is usually used in footings of buildings, and 

it is selected for research because of its special structure (4 filled hollows in each of the 4 rows). 

Standard 44 cm thick masonry blocks only have two filled hollows, which are quite easy to 

optimize even manually, and have odd number of rows (7), which makes unpleasant to find a 

matching pattern during the optimization process. It is also in favor of the chosen geometry that 

it is not available in the domestic market. The geometry is shown in Fig. 123. The simulation 

model was simplified by neglecting the one tongue-and-groove connection on the sides.  

 

Fig. 123 Selected masonry block geometry 
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5.1.2. Optimization parameters 

The goal was to minimize the solution, and the objective function was the heat flux magnitude 

measured by a boundary probe on the internal surface of the plastered masonry block. The 

variables were the horizontal dimensions of the insulation filled hollows, as shown by Fig. 124,  

while the thickness of the insulations were constant 40 mm, assuming that the MW insulation 

is cut from 40 mm thick boards. In this study, the simplified model had 20 mm insulating plaster 

on the external side and 15 mm gypsum plaster on its internal side. There are 64 variables (A1 

to H4) describing the lengths of the insulation fillers’ sides perpendicular to the heat source. 

However, these variables are set to be identical to each other in patterns to reduce the number 

of variables to 8, because COBYLA optimization is reasonable only under 9 variables according 

to Powell [65]. In the presented study, material properties were set according to Table 6 to 

provide continuity between the chapters of the thesis. Boundary conditions were set based to 

heating season averages in Budapest. The  heat and moisture transfer coefficients are based on 

MSZ EN 15026 [60]. The external temperature was 𝜃𝑒 = 3.92 °C and the relative humidity was 

𝜑𝑒 = 70% and the internal temperature was set to 𝜃𝑖 = 20 °C and the internal relative humidity 

was 𝜑𝑖 = 44%. The wind speed was set to 1.58 m/s to obtain the moisture transfer coefficient 

of the external surface. 

 

Fig. 124 Simplified masonry block geometry for optimization with marked variables 

The constraints were set to prevent the sum of the variables in one line of insulation, including 

the ceramic parts, from exceeding the width of the masonry block (500 mm); furthermore, at 

least 18 mm thick ceramic part had to be horizontally between the edges of insulations. In first 

case the bounds were set to minimum 60 mm and maximum 120 mm, which is close to the 

original geometry (68 mm and 114 mm), and on the other cases, they were set to the minimum 

60 mm and maximum 180 mm. The presented cases are summarized in Table 11. 
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Table 11 Variables and bounds of the presented optimization cases  

Case name Variables Bounds 

1-ABAB 
A1=C4=E1=G4, A2=C3=E2=G3, A3=C2=E3=G2, A4=C1=E4=G1 

B1=D4=F1=H4, B2=D3=F2=H3, B3=D2=F3=H2, B4=D1=F4=H1 

min: 40 

max: 120 

2-ABAB 
A1=C4=E1=G4, A2=C3=E2=G3, A3=C2=E3=G2, A4=C1=E4=G1 

B1=D4=F1=H4, B2=D3=F2=H3, B3=D2=F3=H2, B4=D1=F4=H1 

min: 50 

max: 150 

3-ABAB 
A1=C4=E1=G4, A2=C3=E2=G3, A3=C2=E3=G2, A4=C1=E4=G1 

B1=D4=F1=H4, B2=D3=F2=H3, B3=D2=F3=H2, B4=D1=F4=H1 

min: 60 

max: 180 

4-ABBA 
A1=D4=E1=H4, A2=D3=E2=H3, A3=D2=E3=H2, A4=D1=E4=H1 

B1=C4=F1=G4, B2=C3=F2=G3, B3=C2=F3=G2, B4=C1=F4=G1 

min: 40 

max: 120 

5-ABBA 
A1=D4=E1=H4, A2=D3=E2=H3, A3=D2=E3=H2, A4=D1=E4=H1 

B1=C4=F1=G4, B2=C3=F2=G3, B3=C2=F3=G2, B4=C1=F4=G1 

min: 50 

max: 150 

6-ABBA 
A1=D4=E1=H4, A2=D3=E2=H3, A3=D2=E3=H2, A4=D1=E4=H1 

B1=C4=F1=G4, B2=C3=F2=G3, B3=C2=F3=G2, B4=C1=F4=G1 

min: 60  

max: 180 

5.1.3. Hygrothermal results with the initial geometry 

Before the optimization process started, a steady-state conjugated heat and moisture transfer 

simulation with the initial geometry was performed. Only rectangular MW filled hollows were 

in the initial geometry, the filled hollows were either 68 mm x 40 mm or 114 mm x 40 mm. 

The initial finite element mesh consisted of 15756 triangle elements, 8038 mesh vertices with 

the average element quality of 0.9089.  

The initial hygrothermal simulation results are presented in Fig. 125, Fig. 126, Fig. 127 and 

Fig. 128. The temperature distribution and heat flux magnitudes in the masonry block shows 

that the ceramic structure, which is perpendicular to the internal (and external) side of the wall 

construction and parallel to the inward heat flux are the key in the hygrothermal evaluation of 

the blocks. Heat flux magnitudes are significantly larger in these parts of the blocks. Relative 

humidity is between 40% and 80% in the construction. It is visible, that in the external sides of 

the insulation filler, higher relative humidity occurs than in the filler at the internal side. Fired 

clay is a capillary active material, but also has significantly higher water vapor diffusion 

resistance factor, than mineral wool.  

  

Fig. 125 Temperature distribution in initial geometry Fig. 126 RH distribution in initial geometry 
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Fig. 127 Heat flux magnitudes in initial geometry Fig. 128 Moisture flux magnitudes in initial geometry 

The distribution of moisture flux magnitudes shows an interesting pattern. Moisture flux is 

higher in the insulation fillings and fired clay parts between them (which are perpendicular to 

the boundary flows). Observing moisture flux magnitude rather than relative humidity, the 

moisture bridges within the structure are becoming much more visible. Moisture in materials 

increases their thermal conductivity, therefore analyzing the moisture transfer in the masonry 

blocks could lead to better masonry design. The U value of the initial block with Table 7 

material properties is U = 0.240 W/mK. 

5.1.4. Hygrothermal results of optimized masonry blocks 

The optimization process was fully automated; the stepping was controlled by the COBYLA 

algorithm. In each step, a hygrothermal simulation was performed. The results of each 

simulation is then compared to the results of the previous step, until the updated parameters 

does not resulted in lower thermal transmittances anymore and the process met with the 

optimality tolerance of 0.01. Fig. 129 shows in four steps how a result is developed from the 

initial geometry through the optimization steps. 

    

Fig. 129 Heat flux magnitudes of the initial, two intermediate and result geometry during optimization process 

Fig. 130 and Fig. 133 shows the results of the optimization process, when the lowest bound 

was set to 40 mm and the highest bound was set to 120 mm. The internal geometry of the MW 

insulations in the masonry block is now trapezoid and parallelogram shape, depending on the 

variable set showed in Table 9. It is visible, that the highest heat flux magnitudes occur in the 

non-optimized edges of the masonry blocks, therefore it is also worth dealing with the 
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optimization of this section in future research. Case 4-ABBA has the lowest heat flux value 

with 40/120 bounds, which results in U = 0.207 W/m2K. Compared to the initial, non-optimized 

hygrothermal model, the optimization process achieved more than 14% reduction of U value. 

Results of case 2-ABAB and Case 5-ABBA are shown in Fig. 131 and Fig. 134. However, the 

shape of the internal structure of masonry block is somewhat similar to the previous optimized 

versions, but the angles and the filler geometry are changed. Out of these two with 50/150 

bounds, 5-ABBA achieved 18.8% reduction in the U value by having U = 0.195 W/m2K thermal 

transmittance. Finally, two cases with 60/180 bounds are shown by Fig. 132 and Fig. 135. 

Although results are close to each other, the ABBA variable program won again by having U = 

0.193 W/mK which mean that the thermal transmittance of the initial block was improved by 

19.5%. Besides the main objective of decreasing thermal transmittance of the masonry blocks, 

there is also visible difference in the heat flux and moisture flux magnitudes across the sections 

of the optimized blocks compared to the initial one. It is visible, that in the thinner internal 

ceramic parts between the insulation fillers, the heat flux is lower than in case of the initial 

geometry showed in Fig. 127.  

Nevertheless, the moisture flux magnitudes in the slanted ceramic internal structures are 

increased slightly, especially in the outer side of the masonry blocks; however, in the horizontal 

ceramic internal structures between the MW fillers are reduced. 

    

Fig. 130 Temperature, relative humidity, heat flux and moisture flux magnitudes of 1-ABAB 

    

Fig. 131 Temperature, relative humidity, heat flux and moisture flux magnitudes of 2-ABAB 

    

Fig. 132 Temperature, relative humidity, heat flux and moisture flux magnitudes of 3-ABAB 
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Fig. 133 Temperature, relative humidity, heat flux and moisture flux magnitudes of 4-ABBA 

    

Fig. 134 Temperature, relative humidity, heat flux and moisture flux magnitudes of 5-ABBA 

    

Fig. 135 Temperature, relative humidity, heat flux and moisture flux magnitudes of 6-ABBA 

The presented results demonstrated that COBYLA algorithm is applicable to obtain lower U 

values of masonry blocks during an automatized optimization process. Fig. 136 shows how 

many steps of optimization the algorithm needed to find the optimum. It is clearly visible, that 

the selection of the variables and bounds has impact on the process time and number of 

optimization steps too. 

 

Fig. 136 Decrease of U value by COBYLA optimization steps 
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5.2. Conclusions 

In this study, derivative-free constrained optimization was performed on mineral wool filled 

ceramic masonry blocks with the aid of hygrothermal finite element simulations. With the 

COBYLA based internal geometry optimization of the insulation filler blocks with the selected 

bounds, up to 20% reduction was achieved in the U value compared to the initial geometry. 

Even better selection of bounds probably can result in even higher reductions; however, the 

manufacturability of masonry blocks limits the boundaries of the optimization process. 

Applying an optimization method and especially the presented methodology in masonry block 

design leads to more energy efficient structures, using the same or even less raw materials, 

without increasing the production cost. 
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6. NEW SCIENTIFIC RESULTS 

6.1. Theses 

Thesis 1: Analysis of the equivalent thermal conductivity of masonry blocks  

Related publications: [NB.1], [NB.2], [NB.3], [NB.4], [NB.11] 

I performed analysis on differently shaped hollow and thermal insulation filled masonry blocks 

to determine their equivalent thermal conductivity. 

1.1 I have developed a numerical thermal modeling procedure supported by laboratory 

measurements for testing the equivalent thermal conductivity of masonry blocks using only a 

single block during the process. I validated the method using different measurement techniques 

and hygrothermal numerical simulations. I found, that using the new method, the equivalent 

thermal conductivity of a hollow or filled masonry block can be determined accurately.  

1.2 Based on numerical simulations supported by laboratory measurements and additional 

simulation studies, I determined the equivalent thermal conductivity of four differently shaped 

masonry blocks filled with five different materials. I showed, that filling expanded perlite into 

masonry blocks with small and narrow cavities does not cause significant improvement in the 

equivalent thermal conductivity and should be avoided. 

1.3. Based on a systematic parametric numerical simulation study, I determined the values and 

limitations of the effective thermal conductivity of the most commonly used 44 cm thick 

thermal insulation filled masonry block. I visualized the results on a contour map and developed 

an approximate function to obtain the thermal conductivity of the filled masonry block 

depending on the thermal conductivity of its fired clay and thermal insulation filler components. 

Thesis 2: Thermal transmittance of insulation filled masonry constructions 

Related publications: [NB.7], [NB.9], [NB.10], [NB.11], [NB.12] 

I performed monthly based steady-state thermal and hygrothermal simulations of walls and wall 

corner joints, and environment dependent hourly based dynamic hygrothermal simulations of 

walls made of 44 cm thick, 5 different thermal insulation filled masonry blocks in three different 

climates (Budapest, Espoo, Lisbon) to analyze their thermal transmittance.  

2.1 I showed that although yearly averaged thermal transmittances obtained by dynamic 

simulations are lower than steady-state simulated results, heating season averaged thermal 
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transmittances show differences up to 17% depending on the filler material and the orientation 

of the wall. Therefore, thermal performance of a modern masonry construction should be 

calculated by using orientation dependent dynamic hygrothermal simulations. 

2.2 I showed that the hygrothermal performance of modern masonry constructions depends on 

the climate. I determined that while there are small differences between the heating season 

averaged thermal transmittances comparing Espoo and Budapest, but there are considerably 

larger differences between Lisbon and Budapest. Therefore, in technical datasheets, thermal 

transmittances should be given considering the effect of different climates. 

Thesis 3: Moisture transmittance of insulation filled masonry constructions 

Related publications: [NB.6], [NB.9], [NB.10], [NB.11], [NB.14] 

I introduced a new approach to evaluate the moisture performance of building constructions by 

using steady-state hygrothermal simulations by calculating moisture transmittance and linear 

moisture transmittance and the effective water vapor diffusion resistance factor. I performed 

monthly based steady-state hygrothermal simulations of walls and wall corner joints made of 

44 cm thick, 5 different thermal insulation filled masonry blocks in Budapest climate. 

3.1 I showed that the differences between thermal transmittances and linear thermal 

transmittances of walls and wall corner joints made of mineral wool and expanded polystyrene 

filled masonry blocks was under 10%, but the differences between moisture transmittances and 

linear moisture transmittances was one magnitude higher. 

3.2 I showed that if the vapor permeability of the filler material is higher than the fired clay 

shell, then using the values of fired clay could be acceptable, as the current standard indicates. 

However, if the permeability of the filler is lower, using the values of fired clay as substitution 

leads to significant errors in the heating season. 

3.3 I defined the term of a moisture bridge, and its measure of linear moisture transmittance. I 

showed that moisture bridges behaved differently than thermal bridges. While the linear thermal 

transmittance mainly depends on the effective thermal conductivity and showed only small 

differences considering different fillers and months, linear moisture transmittance mainly 

depends on the water vapor permeability in the hygroscopic regime, and showed great 

differences between different fillers and months. 
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Thesis 4: Number of freeze-thaw cycles in the outermost insulation layer of walls made of 

insulation filled masonry blocks 

Related publications: [NB.4], [NB.5], [NB.7], [NB.11], [NB.13] 

I performed hourly based dynamic hygrothermal simulations of walls made of 44 cm thick, 5 

different thermal insulation filled masonry blocks in Budapest climate. I assumed that freezing 

occurs in the outermost thermal insulation layer if its temperature drops below 0 °C. 

4. I showed that the number of freeze-thaw cycles depends on the type of thermal insulation 

filler and on the orientation of the façade. I determined that the outermost insulating layer in 

PUR foam, expanded polystyrene and expanded perlite filled blocks have to withstand at least 

900, mineral wool has to withstand at least 1000, and aerogel blanket has to withstand at least 

1100 freeze-thaw cycles during their 50 year designed service life. 

Thesis 5: Optimization based design of insulation filled masonry blocks 

Related publications: [NB.8], [NB.11] 

I constructed an automated design method, which based on hygrothermal numerical simulations 

and derivative-free constrained optimization by linear approximation (COBYLA) to obtain new 

masonry block geometries with lower thermal transmittances than the initial geometry. I have 

designed thermal insulation filled masonry blocks based on a 26 cm thick and 50 cm wide initial 

block by using a newly constructed automated design method. 

5. I showed that the masonry blocks designed by using the method achieved up to 20% lower 

thermal transmittance than the initial block. The optimization process decreased the thermal 

transmittance by changing the internal geometry of the block, the initial rectangular shaped 

insulated cavities became trapezoidal at the sides and parallelograms in the middle of the 

masonry blocks after the process.  

6.2. Possible applications of the new scientific results and future perspectives 

The newly developed numerical thermal modeling procedure supported by laboratory 

measurements is able to test the equivalent thermal conductivity of masonry blocks with using 

only a single masonry block, which makes the testing and development of masonry blocks faster 

and less expensive. The additional studies on the equivalent thermal conductivity of filled 

masonry blocks showed which directions should masonry producers follow in the development 

of their products. The presented studies on the thermal and moisture transmittance of insulation 



78 

 

filled masonry constructions showed how masonry producers and even architect and engineer 

designer should handle these type of modern building constructions. The hygrothermal 

modeling process in the future could be further developed to a full hygro-thermo-mechanical 

model, which can deal with mechanical aspects too. The laboratory measurement of moisture 

transfer properties could also be improved and extended in the future, e.g. by setting up a 

moisture retention measurement process or dealing with the temperature dependence and 

hysteresis properties. By defining the expected number of freeze-thaw cycles that the thermal 

insulations have to withstand in a certain climate during its designed service life, masonry 

producers could prepare to use materials that match the criteria and designers could verify if 

the chosen masonry blocks are suitable for application. However, this method now using 

assumptions on the freezing temperature of thermal insulations and the level of deterioration of 

the different thermal insulations during their service life is not known yet. Therefore, in future 

research, I would like to extend the modeling process and research on the durability of the 

thermal insulations in these type of conditions. The optimization based design method could be 

also further researched and developed. I would like to improve the geometry optimization, 

introduce multi-objective studies and add life-cycle analysis (LCA) indicators to the process. 

6.3. List of publications related to the theses  

[NB.1] B. Nagy and M. Orosz, “Optimized Thermal Performance Design of Filled Ceramic 

Masonry Blocks,” Applied Mechanics and Materials, vol. 797, pp. 174–181, 2015. 

[NB.2] B. Nagy and E. Tóth, “Hőszigetelő anyagokkal töltött falazóblokkok többdimenziós 

kapcsolt hő - és nedvességtranszport vizsgálata,” in XX. Nemzetközi Építéstudományi 

Konferencia: ÉPKO 2016, pp. 182–185, 2016. 

[NB.3] B. Nagy, “Hőszigeteléssel töltött falazóblokkok laborvizsgálatokkal támogatott 

komplex modellezése,” Megtérülő Épületenergetika, vol. 3, no. 3, pp. 22–26, 2016. 

[NB.4] B. Nagy and E. Tóth, “Hygrothermal behaviour of hollow and filled ceramic masonry 

blocks,” in International RILEM Conference on Materials, Systems and Structures in 

Civil Engineering 2016, Moisture in Materials and Structures, vol. 112, pp. 279–288, 

2016. 

[NB.5] B. Nagy, “Hygrothermal modelling of masonry blocks filled with thermal insulation,” 

in MATEC Web of Conferences, vol. 163, pp. 1-8, 2018. 

[NB.6] B. Nagy and G. Stocker, “Nedvességhidak az épületszerkezetekben,” Magyar 

Építőipar, vol. 2018.5–6, pp. 168–171, 2018. 
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[NB.10] B. Nagy, “Multidimensional Hygrothermal Analysis of Complex Building 
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deterioration,” Engineering Failure Analysis, vol. 103, pp. 144-157, 2019. 
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ANNEX A 

A.1. Thermal and hygrothermal modelling of building constructions 

A.1.1. A very brief history of heat and moisture transport 

By the early 19th century, thermodynamics [A.1] and the subject of heat transfer was on the 

horizon of building physics. Studying vapor diffusion gained interest first in the late 1930s, 

when Teesdale released a study on condensation in walls and attics in 1937 [A.2]. Glaser in 

1958 [A.3] published a grafoanalytical calculation method designed to examine the 

condensation by water vapor diffusion in walls of cold storages, which was an updated version 

of Cammerer’s approach [A.4]. Glaser’s method has been widely used since then, as the basic 

of the current standardized method for calculating hygrothermal performance of building 

components and elements to avoid critical surface temperature, humidity and interstitial 

condensation [A.5]. In 1957, Philip and De Vries presented their work on conjugated heat and 

moisture transfer in soils [A.6], and a year after that De Vries published the generalized 

equations [A.7]. Since then, in the past 30 years, many researchers contributed with major 

scientific publications, findings and innovation to the field of HAM transport, among others, 

Rode [A.8], Künzel [A.9], Grunewald [A.10], Hagentoft [A.11], de Wit [A.12], Van Schijndel 

[A.13] and Hens [A.14]. The current standard on the assessment of moisture transfer by 

numerical simulations [A.15] is based mainly on Rode and Künzel’s results. 

A.1.2. Numerical tools for thermal and HAM simulations 

Nowadays many software tools are capable to perform thermal simulations [A.16], including 

Ansys Mechanical [A.17], which is one of the most popular software used in civil engineering 

practice. Many of the thermal simulation tools are based on Finite Difference Method (FDM), 

which cannot handle complex geometry of building constructions efficiently [A.18]. Other 

software tools based on Finite Element Method (FEM), e.g. Therm [A.19] or Ansys Mechanical 

can handle not only rectangular shaped domains. To perform thermal calculations presented in 

Chapter 3, Ansys has been selected due to its parametric simulation capabilities. Unfortunately, 

Ansys Mechanical cannot solve moisture transport, and HAM approach cannot be implemented 

manually. Most of the building energy calculation software tools are capable to evaluate the 

critical surface temperatures and humidity by using the Glaser method. In Hungary, Winwatt 

[A.20] applies the method only as described in MSZ 24140 national standard [A.21]. However; 

Auricon EnergetiC [A.22], besides several advantages compared to WinWatt, incorporates both 
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MSZ EN ISO 13788 [A.5] and the also the previously mentioned national standard. For this 

reasons (and because I am also part of the developer team of the software), Auricon EnergetiC 

has been selected to perform vapor diffusion calculations for comparison in Chapter 4. 

Comprehensive collection of HAM tools can be found in [A.23] and [A.24] for simulating 

HAM transport of one-dimensional, multidimensional or whole building cases. Among many 

tools, WUFI [A.25] and Delphin [A.26] are the most commonly used in the practice today, 

preceding is for combined heat and moisture, while the latter one also includes air transport. 

For the sake of completeness, it is worth mentioning,  that Bakonyi, a Hungarian researcher has 

started to develop a Finite Volume Method-based HAM simulation tool, as WUFI or Delphin, 

called EPICAC FVM in the past years [A.27]. However, the previously mentioned FVM-based 

tools allow to input rectangular elements in the geometry of building constructions only, which 

is great limitation in my case. Therefore, a multiphysics FEM-based tool, COMSOL 

Multiphysics [A.28] has been selected to perform HAM simulations described in Chapter 4 and 

Chapter 5. The basics of implementing partial differential equations (PDE) of conjugated heat 

and moisture transport in FEM solver FEMLAB (which later became COMSOL Multiphyisics) 

are presented first in 2003 by Van Schijndel [A.29], and they were later demonstrated in several 

publications [A.30]–[A.32]. To understand the implementation of HAM transport PDEs, the 

scientific contributions of Janetti [A.33]–[A.35] were also appreciated. 

A.1.3. Thermal modelling of construction joints 

In the field of building physics and building energetics, thermal modeling of building 

constructions and details have been widely used for a long time. Most of the building 

construction joints, that are responsible for thermal bridging, are still analyzed by using thermal 

only approach. Direct heat transfer coefficient (Hd) between the heated or cooled spaces and 

the exterior can be calculated as the sum of the  thermal transmittances of planar elements of 

the building envelope and the linear as well as the point thermal transmittances of  joints 

responsible for two- and three-dimensional (point)thermal bridges according to the MSZ EN 

ISO 13789 [A.36]. This principle prevails in EPCs; however, the Hungarian official 

methodology neglects the three-dimensional thermal bridges. Furthermore, in the Hungarian 

EPC process, detailed methods [A.37] is mandatory only for energy efficient buildings certified  

as “AA - Better than the requirements of NZEB” or better than this category, and this method 

includes the evaluation of thermal bridges by using numerical thermal simulations according to 

MSZ EN ISO 10211 [A.38]. The process of simulation in case of construction details is shown 

by Fig. A.1. 
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Other EU member states either use similar methods or different approaches in their EPC to take 

the effect of thermal bridges into account, such as tabulated values, basic verification rules or 

mean U values [A.39], [A.40]. When simplified method is applied in the domestic EPC, the 

effect of thermal bridges is incorporated into an effective thermal transmittance value with 

thermal bridge correction factors. These factors are tabulated in the regulation [A.41], and they 

were improved by Bakonyi and Dobszay in their research for building constructions interfaced 

with air [A.42], [A.43], and myself for ground-contact structures [A.44], [A.45]. Orosz and 

Csanaky proposed new methodology based on artificial neural network to handle thermal 

bridges [A.46]. 

Thermal bridges are that parts of a building construction, where multidimensional heat flow 

occurs and heat flow density changes within the structure. Heat flow density can vary within a 

structure, among others, because of changes of materials, geometry or boundary conditions. 

The effect of a thermal bridge is expressed by the linear thermal transmittance (ψ value), which 

shows the difference in heat loss of one linear meters of building construction joint comparing 

to the sum of adjoining building elements [A.47]. It has to be noted, that the ψ-value can be 

calculated on the basis of different reference dimensions according to MSZ EN ISO 13789 

[A.36]. For example, in domestic calculations internal dimensions have to be considered, but 

external dimensions are used in Germany. Thermal bridges in planar building elements, as 

walls, usually occur because of inhomogeneity (e.g. mortar joint between masonry), and their 

contribution to heat losses could be significant [A.48]. Although these type of thermal bridges 

are considered in the U value of the building elements according to MSZ EN ISO 6946 [A.49]. 

 

Fig. A.1 Steps of numerical thermal bridge simulations demonstrated using different software on each step 

[A.16] 
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In buildings, an intensive analysis of thermal bridges showed that the ratio of linear thermal 

transmittance in the energy demand of buildings can vary from 5% (in the case of retrofitting 

the exterior of the building envelope) up to 40% (in well insulated single family houses without 

proper thermal bridge treatment) [A.50]. The importance and weight of thermal bridges in the 

transmission heat losses are increased significantly in the previous decades [A.51]. The effect 

of thermal bridges can be reduced by using thermal breaks [A.52], [A.53] or careful design 

[A.54], [A.55]. When the design of a building also covers the attentive reduction of the effect 

of thermal bridges, the ratio of linear thermal transmittance can be reduced under 10% [A.56]. 

A.1.4. HAM modelling of construction joints 

HAM modelling of building construction joints is much less common in the scientific literature, 

yet many papers deal with this phenomenon. We have to note that, in many cases, the 

abbreviation “HAM” means not Heat And Moisture, but Heat And Mass or Heat-, Air and 

Moisture transport. Therefore, in some papers, air transport through building constructions 

using different air leakage models [A.57], insulated (mainly with permeable thermal 

insulations) or lightweight dry constructions are also studied [83], [84], and in these cases the 

effects of air permeability on thermal bridges can be substantial [85], [86]. However, there 

should be no significant effect of air permeability on thermal transmittance, when air tight 

masonry constructions are examined [A.62]. In recent years, researchers have examined mainly 

planar structures with homogeneous layers [A.63], such as solid masonry walls [A.64]–[A.67] 

or prefab panels [A.68], [A.69], masonry or concrete walls with different type of insulations 

placed on internal or external surfaces [A.70]–[A.75], lightweight timber framed walls [A.76]–

[A.78], different cladding constructions [A.79], or lightweight concrete walls [A.80]–[A.82]. 

Although it is no exaggeration to say that hygrothermal simulations of building elements and 

planar building constructions are common, modeling of construction joints and thermal bridges 

are still in the developing phase. For example, out of 322 publications listed on the website of 

WUFI today, there is only 20 ones dealing with 2D analysis of building constructions (in 

English). The possibility of creating multidimensional simulations by using commercial 

software started in 2000, when the Fraunhofer institute presented the WUFI 2D [A.83]. In 2011, 

authors of WUFI presented their validated whole building simulation software [A.84], and in 

2013 they demonstrated the possibility of coupling multidimensional thermal bridge simulation 

with a whole building simulation model [A.85]; however, in many cases, moisture transport is 

turned off by the researchers when simulating thermal bridges [A.86]. Full hygrothermal 
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modelling of thermal bridges and buildings conducted by WUFI tools can be found in papers 

of mine co-authored with Szagri (e.g. [A.87]–[A.89]) or Orosz [A.81]. Researches in which 

Comsol is used to model the hygrothermal behavior of building constructions, even more 

modest, basically almost only Van Schijndel and Janetti made these type of multidimensional 

numerical simulations with their co-authors. Simplified building constructions demonstrating 

the capabilities of this software (e.g. [A.30]–[A.35]) are shown in Fig. A.2. 

 

Fig. A.2 Hygrothermal simulation of a construction joint: relative humidity (left) and temperature (right) 

distribution across sections [A.34] 

A few additional papers deal with simulations of wall and slab connections in 2D [A.90], or in 

3D with different concrete structures to examine the effect of different materials [A.91] or 

inhomogeneity [A.92]. The window construction joints were also evaluated by using detailed 

multidimensional hygrothermal simulation implemented in COMSOL by me and Tömböly 

[A.93].  

A.2. Modern masonry blocks  

A.2.1. Brief history of modern masonry blocks 

By the 19th century, because of the mechanized form of mass production, bricks became the 

most popular building material of industrial and commercial buildings. In the 1870s and 1880s 

there were attempts to lighten the weight and upgrade the thermal insulation ability of ceramic 

brick elements [A.94]. The first attempt was the Bischweiler’s brick [A.95]. This masonry 

element consisted of two parts. The lower part was hollow and filled with ash and the upper 

part was made of solid fired clay. Although this masonry block does not have good thermal 

insulation capability and mechanical strength yet. In the 20th century, new manufacturing 

procedures and new brick products have been developed, such as lightweight bricks. The mass 
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of bricks can be reduced by adding pores to the ceramic. In these process, clay was fired together 

with coal-dust or tuff. These additives burnt out during the firing process, and left small pores 

in the bricks resulting in homogeneity and better mechanical quality. This technology is still 

used today, but with sawdust or plastic granulate. During the manufacturing process the clay 

that is mixed with water is forced through an opening, which called a “die” and it results in 

continuous formed brick ribbon called “column” [A.96]. The cut bricks are hardened by drying 

at 50 to 150°C, and then fired. The die is also suitable to create perforations into the clay bricks. 

These hollows reduce the volume of clay needed, and also increases the thermal performance. 

The first hollow bricks were created also early in the 20th century, but the first products were 

not successful. They had weak strength and bad insulating capabilities. After several years, the 

quality of hollow bricks has been improved significantly. Hollow masonry blocks are produced 

in huge quantities nowadays. Hollow bricks are lighter, therefore it is easier to handle them, 

and they are usually used in single-wall constructions with finishes applied on the interior and 

exterior surfaces. At the beginning of the 20th century there were hollow bricks filled with 

diatomaceous earth [A.97]. K.A. Watt made a broad review on the prevalence of hollow bricks 

in the building history and their development [A.98].  

The first European building energy standards appeared after the oil crisis in 1973 – 1976. 

Consequently, the development of bricks had two directions, increasing the amount of hollows 

while increasing the size of the blocks, or applying more porous materials [A.99]. Two types 

of densely perforated bricks were manufactured in Hungary, the “twin”-type and the “small-

size” ones as shown by Fig. A.3. Their sizes were compatible with the commonly used small 

size bricks (6.5 x 12 x 25 cm), allowing to create mixed structure. The vertical holes with a 

minimum volume of 25% made the firing process more efficient and also resulted in a better 

thermal performance [A.100]. 

   

Fig. A.3 Densely perforated bricks: 

“Twin” and “Small-size” [A.100] 

Fig. A.4 Hungarian hollow fired 

clay building blocks (B25, B30) 

[A.100] 

Fig. A.5 Development idea of the 

perforated bricks [A.100] 
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Through the years, many different types of hollow fired clay building blocks were introduced 

in Hungary, such as B25, B30 blocks illustrated in Fig. A.4. In case of perforated bricks, the 

location of holes has an effect on the thermal performance. For example a zigzag design results 

in a longer route for the heat transfer, therefore increases the thermal resistance illustrated by 

Fig. A.5. Beside the location, the different shapes of hollows also influence the heat transfer, 

therefore it is worth investigating. 

Nowadays, the energy performance requirements are more and more rigorous, and a simple 

wall construction usually needs additional external thermal insulating layers, if the building 

block is not extremely thick and well optimized. Building block manufacturers addressed the 

problem, that people rather buy smaller blocks and insulate it from the external side, than buy 

thicker, heavier and more expensive bricks. Therefore, manufacturers increased the thermal 

resistance of masonry blocks with different insulation fillers in the holes, following the heritage 

of Thermoton blocks, which had hollows in which additional EPS insulation was placed. In 

these filled blocks, if the holes are wider than 4 mm and perpendicular to the heat flow, since 

air can move in empty holes, most of solid insulating materials have higher thermal resistance 

than the equivalent value of moving air based on MSZ EN ISO 6946 [A.49]. Due to 

manufacturability and the above mentioned reasons, the internal structure of most insulation 

filled masonry blocks is simplified to mostly large rectangular holes. The most famous 

manufacturer of this type of modern bricks is the Austrian Wienerberger [A.101]. However, the 

European patent of the first filled hollow block made of concrete was submitted in 1981 

[A.102], shown by Fig. 6. In recent years, the concrete hollow block is reinvented made of fired 

clay, and a patent [A.103] is submitted by Knauf on perlite filled blocks in 2004, and then 

Rockwool and Mein Ziegelhaus [A.104] together from Germany submitted their patent [A.105] 

in 2006 for mineral wool filled blocks shown by Fig. 7.  

       

Fig. 6 Patented filled hollow concrete block [A.102] Fig. 7 Patented mineral wool filled fired clay block 

[A.105]   
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In the past few years, insulating fillers were improved, and some manufacturer started filling 

smaller designed holes as well (5-10 mm thick gaps), among others, the Austrian Eder [A.106], 

the Czech Heluz [A.107] the German Poroton [A.108] and Unipor [A.109].  

There are two options to improve the thermal resistance of modern masonry blocks. The first is 

to improve the material properties of the masonry blocks. In case of hollow blocks, it means 

that the thermal properties of fired clay should be improved, while in case of thermal insulation 

filled blocks, both the fired clay and the insulation filler should be optimized as shown in Fig. 

A.8. An alternative is to improve the geometric design of blocks, mainly the internal structure 

or the connection of bricks. As for improved geometric design, there is much room for 

development of insulation filled masonry blocks with large filled holes, see Fig. A.9. using “K” 

shaped zig-zags. It is visible, that the “path of heat” as the shortest route from the internal side 

of the block to the external side is less optimized in the thermal insulation filled masonry blocks 

compared to the latest hollow masonry blocks. 

 

 

Fig. A.8 Masonry blocks filled with 

different thermal insulating materials 

(mineral wool [A.110] and polystyrene 

with graphite particles [A.111]) 

Fig. A.9 “Path of heat” comparing two 30 cm thick hollow 

masonry blocks with small rectangular and rectangular and 

triangular internal hollows [A.110] 

1.1.1. Thermal performance of hollow masonry blocks 

In the scientific literature of the 1990s, the main question was to calculate or simulate the 

thermal conductivity of hollow bricks. Lorente et al. [A.112], [A.113] worked on the simplified 

analytical modeling of the vertical aligned hollows in masonry blocks. French researchers 

compared their theory to experimental results and found good agreement. Then they examined 

blocks with differently shaped rectangular cavities, and pointed out that in case of fixed 

temperature conditions it is better to increase the height of bricks than the thickness of cavities 

perpendicular to the heat flow.  

Sait Soylemez [A.114] in 1998 published a paper about the effective thermal conductivity of 

building bricks. He developed an interactive numerical simulation model based on FDM, his 
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model was based on Patankar’s general finite difference solution method for heat and fluid flow 

problems [A.115]. Sait Soylemez added radiation onto the cavity surfaces, which were 

evaluated numerically by using contour integration method. Then he compared the numerical 

results to values measured by using an experimental setup, and he found similar results. From 

the correlations, he presented practical formulas to calculate the effective thermal conductivity 

of the examined simple hollow masonry blocks. He also showed that the porosity of the clay 

should be increased as much as possible to obtain a lower effective thermal conductivity.  

Lacarriere et al. [A.116] studied the assembly of vertically perforated bricks. In their numerical 

study, they examined blocks with vertical perforations within manufacturing constraints 

(hollows were broad enough for homogeneous firing) and the thermal insulating properties of 

walls. (Hollows were not too wide in order to prevent convection.) At the mortar connection of 

two masonry blocks thermal bridging occurs. Therefore, in these days, joints are made of mortar 

strips and the air between them. Ruptures between masonry strips allows hollow cells to 

communicate, creating tall cavities that may go through the entire wall. They showed that when 

masonry block is bedded with several strips of mortar, it does not diminish the insulation 

capability of blocks. However, the effect of convection in the ruptures cannot be neglected since 

it increases the heat transfer, because ruptures create zones with weaker equivalent thermal 

conductivity than mortar conductivity.  

Ghazi Wakili and Tanner in 2003 [A.117] compared the different measurements and calculation 

methods described in EN 1745 [A.118] to obtain the U value of a dried wall made of perforated 

porous clay bricks. They performed calibrated hot box measurements according to the EN ISO 

8990 [A.119] and two simple numerical calculations based on the EN ISO 6946 [A.49]. They 

concluded that the numerical calculation results were more advantageous than the measured 

results. This result was against the general policy of the European standards which requires for 

the calculated values to be on the safer side and not to compete the measured values. In 

numerical modeling, the mortar penetration into the empty cavities is usually neglected. To take 

this effect into account, Ghazi Wakili and Tanner proposed a correction in the numerical 

calculation, which can model the areas where mortar is penetrated into the cavities. Using their 

refined model, the numerical calculations gave 3-5% higher results, than the measured ones, 

and the researchers were satisfied with it.  

In 2006, del Coz Díaz et al. [A.120] made thermal analysis of light concrete hollow brick walls 

by using FEM and validated their results by experiments. Their numerical simulations showed 

good agreement with the experimental results, the difference was smaller than 2.6% and they 
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concluded that FEM had been shown as suitable tool in the modeling and analysis of complex 

heat transfer phenomena in structures like hollow brick walls.  

Sala et al. [A.121] made experimental and numerical analysis of the static and dynamic 

performance of a hollow brick wall in 2008. For measurements, they used a calibrated guarded 

hot box unit, and for numerical modeling Fluent software was selected, which is capable to 

perform computational fluid dynamics (CFD). They obtained the thermal resistance of the wall 

by measurement as well as numerical simulation, and the results showed only 3.4% difference 

(CFD results gave the smaller values). Then they compared the dynamic behavior of the walls 

by using the thermal response factor method [A.122]. Therefore, they measured the surface 

temperatures of the wall, and determined the thermal resistance of the interior and exterior 

layers. They calculated the thermal response by using equivalent homogeneous wall model, and 

demonstrated that although a homogeneous solid model of a wall simulates the real 

heterogeneous wall with some degree of accuracy, certain differences are presented in respect 

to the response speed of the wall, which can lead to important errors in walls where this inertia 

is significant, or when the temperature difference between the exterior and interior is small. 

In 2009, Chinese researchers made numerical simulations of concrete hollow bricks by using 

also the FVM based CFD software Fluent [A.123], and their results are shown in Fig. A.10. 

They studied how the number of cavities and its width and length affect the equivalent thermal 

conductivity of bricks. They concluded that equivalent thermal conductivity of a brick strongly 

depends on the combined effect of the heat conduction in concrete material, the natural 

convection within the cavity and the radiation on the inner surface. With increasing the number 

of cavities in width direction, the natural convection and the surface radiation will be weakened 

as a result of increased thermal radiation shields and space limitation to the sufficient 

development of natural convection. On the contrary with increasing number of cavities in length 

direction, effective thermal conductivity of the brick increases.  

In the same year, Al-Hadhrami and Ahmad [A.124], [A.125] assessed the thermal performance 

of many clay, concrete and lightweight Saud Arabian masonry bricks by using thermal 

conductivity measurements with guarded hot plate apparatus on 61x61 cm test wall samples. 

Vivancos et al. [A.126] in the same year measured solid, perforated, horizontally and vertically 

hollow Spanish masonry blocks by using guarded hot plate. Arsenovic et al. [A.127] studied 

Serbian hollow clay blocks, and thermal properties were accompanied by material and wall 

thermal conductivity coefficients. Characterization of block properties was done on the basis of 

volume mass, water absorption, void fraction and wall thickness. 
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The next year, Antar [A.128] and Al-Hazmy [A.129] also presented numerical researches about 

the effect of cavity formation. The latter research showed, that inserting folded sheets into the 

cavities increases the thermal resistance of bricks, since the inclined partitions changed the 

square shaped voids to a series of triangular enclosures, which acted favorably. Al-Hazmy also 

showed that increasing the number of inclined partitions decreases the thermal conductivity.  

In 2010, Svoboda and Kubr [A.130] published a CFD analysis of the heat transfer through 

hollow bricks in vertical direction, illustrated in Fig. A.11. They showed that in case of 300 

mm thick hollow masonry bricks with small rectangular hollows, when the equivalent thermal 

conductivity is 0.259 W/mK in the horizontal direction, it increases to 0.565 W/mK or 0.561 

W/mK when upward or downward heat flow is considered, respectively. This means, that if 

vertical heat flow occurs, the thermal conductivity of hollow bricks dramatically decreases. 

Morales et al. [A.131]–[A.133] published papers studying the effects of internal geometry and 

tongue and groove connections on the thermal  performance of hollow masonry blocks, shown 

by Fig. A.12 and Fig. A.13. They concluded that non-rectangular geometric forms within 

rectangles provide greater resistance for heat flow, and therefore result in lower equivalent 

thermal conductivity of the bricks. They also showed that more breaks in the tongue and groove 

connections result in better thermal performance and the best system is their “single tongue and 

groove” called system presented in Fig. A.13. 

  

Fig. A.10 Temperature and velocity field of a hollow 

concrete brick section [A.123] 

Fig. A.11 Temperature distribution and velocity 

contours in a 300 mm thick masonry depending 

on the direction of the heat flow [A.130] 

 

 
  

Fig. A.12 Thermal simulation of Thermoarcilla Brick 

29 ECO with rectangular hollows [A.131] 

Fig. A.13 Cross section of bricks and heat flux 

densities with different tongue and groove systems 

[A.132] 
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Antoniadis et al. [A.134] in 2012 improved the design of Greek hollow clay bricks, and for the 

steady-state thermal simulations, they used COMSOL Multiphyisics. Hollow clay brick 

represents the typical building material in Greece and in many other Mediterranean countries 

(and in Hungary as well), but its design is completely empirical. In their paper, they presented 

thermally designed bricks by changing the internal geometry. For the simulations, they 

measured the necessary thermal conductivity of the solid fired clay by using transient hot wire 

method. They showed that with some suggested improvements, thermal performance of Greek 

hollow clay bricks can be improved by up to 24%. Additionally, there are more papers from 

recent years showing manual optimization of the internal geometry and numerical simulation 

of hollow masonry blocks and walls made of hollow masonry blocks[A.135]–[A.140].  

Also in 2012, Pavlík et al. [A.141] published an experimental assessment of the thermal 

conductivity of hollow fired clay bricks by using a semi-scale device. This device was 

developed by Pavlík et al. [A.142] and it is capable of performing hygrothermal measurements, 

although in the experiment, they did not use its hygrothermal capabilities, only thermal 

measurements were performed with temperature and heat flux sensors.  

Koci et al. in 2015 [A.143] published a fast computational method for determining thermal 

properties of hollow bricks with complex internal geometry. In their method, they simplified 

the air in the cavities by calculating their apparent thermal conductivity, which includes the 

conduction, convection as well as the radiation part. For calculating these thermal conductivity 

components, rhomboid or cylindrical shape cavities were taken into account as rectangles with 

equivalent thicknesses. To simplify the computational solution, they divided the brick into 10 

segments, and used characteristic convective and radiative thermal conductivity components. 

The  masonry blocks were simulated by using FEM, and then the results were compared to 

Pavlík’s experimental results [A.141], showing that the simulated values were slightly higher 

than the experimental ones. 

In 2016, Li et al. [A.144] developed a simplified heat transfer model by using FEM in frequency 

domain for obtaining the frequency thermal characteristic of hollow concrete blocks, such as 

amplitude and phase lag. Laaroussi et al. [A.145] compared CFD simulations of hollow bricks 

to calculations made according to EN ISO 6946 [A.49] in 2017. From their detailed 

comparisons we can conclude that the approximate 1D-approach of the standard is rather 

inaccurate and overestimates the thermal performance of the brick. The main reason is the use 

of inappropriate correlations for natural convection heat transfer within the cavities. Depending 

of cavity aspect ratio, the simplified form of the radiative heat flux calculation may also be 
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inaccurate. Therefore, numerical simulation of the hollow bricks is advised, since nowadays 

any building element shape can be numerically considered without major change in the 

mathematical model.  

Alghamdi and Alharthi [A.146] presented a multiscale FEM based method to simulate the 

thermal conductivity of hollow brick walls, where they simulated the brick model, then 

homogenized the results, and created a wall unit cell which is built from the homogenized 

blocks and mortar. The effects of brick-cavity shape, brick length, mortar, and double wall on 

thermal insulation were investigated by the Saudi researchers. In conclusion, their adopted 

multiscale finite-element modeling strategy accurately predicted the effective thermal 

conductivity of brick walls, and the study has showed that mortar has a significant effect on the 

heat transfer.  

In 2017, Idan and Feldman [A.147] applied “smart” porous passive thermal insulation implants 

into hollow concrete blocks to improve the thermal properties by decreasing the convective heat 

flux through the air filled cavities.  

A.2.2. Thermal performance of modern filled masonry blocks 

In 2005, Al-Hazmy [A.148] from Saudi Arabia dealt with analyzing the coupled natural 

convection and conduction effects on the heat transport of hollow blocks. He examined different 

cases of hollow blocks, and also compared the performance of air filled cavities with cases 

when he filled the cavities with solid and hollow polystyrene blocks. He performed the 

numerical simulations in Ansys Fluent. He showed that polystyrene filled cavities reduced the 

heat flow rate in blocks by a maximum of 36% compared to empty cavities. 

In 2007 Alawahdi [A.149] in his numerical study filled phase change material (PCM) into the 

cylindrical holes of a building brick and investigated whether the PCM filled blocks are capable 

of reducing the heat gain in buildings. He showed that heat flux at the internal surface of the 

blocks is reduced by 18% by using the filled blocks. In 2011, C. Zhang et al. [A.150] also 

evaluated bricks filled with PCM, and they also concluded that the use of PCM in brick walls 

is beneficial for the thermal insulation capability, temperature hysteresis and thermal comfort 

for occupancy. Another Chinese research group led by Y. Zhang also analyzed the thermal 

performance of PCM filled hollow block walls [A.151]. Principi and Fioretti [A.152] increased 

the thermal performance of hollow masonry blocks by using PCM or low emissivity coating on 

the internal surface of the empty cavities. Coating the surfaces of the empty cavities resulted in 

between 6% and 30% reduction in the thermal transmittance of blocks. 
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Back in 2007, Topcu and Isikdag [A.153] published a study about perlite containing clay bricks; 

however, in their study, they mixed different amount of perlite with clay and formed the bricks 

from these mixtures. They showed that increasing the perlite ratio leads to decreasing the unit 

weight and thermal conductivity; however, it leads to weaker compressive strength as well as 

increased shrinkage ratio.  

Bouchair [A.154] proposed a theoretical model to study steady-state thermal behavior of hollow 

bricks, and in his paper, he also examined the addition of cork and expanded polystyrene into 

the hollows. He showed, that despite the lower thermal conductivity of polystyrene over cork, 

the thermal resistance of the eps filled wall was not improved significantly compared to cork 

filled since the fired clay structure remained the same; but adding thermal insulation into the 

hollows resulted in significant improvement. 

Zukowski and Haese [A.155] in 2010 measured and simulated perlite filled ceramic bricks. The 

experimental and numerically simulated results, for which they used Fluent, differed only by 

2.5%, they obtained 0.094 W/mK. The examined 30 cm thick wall had 0.29 W/m2K thermal 

transmittance. They also addressed the problem, that the perlite insulation has often been 

damaged on the construction site because of the handling of blocks, which easily leads to 

thermal performance degradation.  

Zach et al. from Brno presented papers [A.156], [A.157] dealing with the thermal conductivity 

assessment of hemp, linen and textile fiber filled masonry blocks by finite element based 

numerical simulation. They achieved 0.07 W/mK equivalent thermal conductivity on 50 cm 

thick masonry products made of fired clay with 0.275 W/mK and textile insulation with 0.0348 

W/mK thermal conductivity. 

In 2012 J. Koci et al. [A.158] published the experimental verification of the computational 

modeling of the effective thermal conductivity of modern hollow and filled bricks. They used 

hollow masonry blocks with rhomboid shaped internal cavities (see Fig. A.14), and filled it 

with ordinary polystyrene and mineral wool fillers. They used a semi-scale measuring device 

which consisted of two climatic chambers for simulation of the internal and external climatic 

conditions and a connecting tunnel for placing the sample in, shown by Fig. A.15. This device 

was developed by Pavlík et al. [A.142] and it is capable of performing hygrothermal 

measurements, however in the mentioned research, relative humidity was set to 30% in both 

chambers during the measurement; the external temperature was set to 30 °C and the internal 

temperature was set to 15 °C. J. Koci et al. measured the heat flux by using Ahlborn FQA020C 

sensors and also placed temperature measuring points into the blocks.  
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Fig. A.14 Meshed brick body including rhomboid 

shaped cavities [A.158] 

Fig. A.15 Semi-scale non-stationary hygrothermal 

device [A.158] 

Analyzing the results comparing measurements to simulation, the difference was between 0.1 

% to 3.7 %. Based on results presented in their paper, it can be concluded that the current trend 

of building block development, i.e. using thermal insulation filled cavities, is convincing, as the 

equivalent thermal conductivity of the examined blocks were around 0.08 W/mK. 

V. Koci et al. [A.159] determined the equivalent thermal conductivities of hydrophilic mineral 

wool and recycled polyurethane foam filled masonry blocks with the same geometry as J. Koci 

et al. used before [A.158], by using guarded hot plate device accompanied with numerical 

simulations to evaluate the experimental results. Their measuring procedure consisted of three 

consecutive steps. First step was the calibration of the system by using a material with known 

thermal conductivity and the same dimensions as the investigated specimen. In this way, the 

heat transfer coefficient for the chosen laboratory configuration was obtained. Then, in the main 

experiment, steady-state values of temperatures of the heating plate, cooling plate and the 

surrounding air, together with heat fluxes on the surface of the heating and cooling plates were 

measured. Finally, the equivalent thermal conductivity was determined in an iterative 

procedure, by utilizing the results of the laboratory experiment as input data of the 

computational model. In their next research, they added polystyrene filler and compared its 

thermal performance with mineral wool and polyurethane foam [A.160]. Their comparison 

showed that the best results were achieved in case of mineral wool with small rhomboid shaped 

filled hollows (It is not surprisingly occurred since mineral wool has the lowest thermal 

conductivity from the considered fillers). 

Fantucci and Serra [A.161] presented their work about the numerical thermal analysis of hollow 

bricks coated with low emissivity coatings and filled with thermal insulation. Their results about 

the thermal resistance of the blocks are shown by Fig. A.16. This figure shows that filling the 

cavities can improve the thermal resistance of blocks, and low-e coatings works better with an 
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optimum cavity size. It is also visible that untreated (ε=0.9) cavities are performed worse, than 

filled ones. They reported that a block with 10 mm perlite filled cavities can have 12% better 

thermal resistance, than the same block with unfilled cavities, therefore it seems a considerable 

solution to improve the masonry blocks.  

  

Fig. A.16 Comparison of empty cavities with low-e 

treatment and insulation filled cavities [A.161] 

Fig. A.17 Aerogel compound filled masonry blocks 

[A.162] 

Arici et al. [A.163] from Turkey investigated the thermal insulation performance of perlite filled 

fired clay blocks with differently shaped filled hollows. Some of the examined rectangular, 

rhomboid and cylindrical shaped hollows were filled and some of them remained empty in their 

study, and for the numerical simulation they used Fluent. They reported that blocks with 

expanded perlite filled cavities can have 26.8% reduction in their effective thermal 

conductivity. However, both papers dealt with idealized geometries only. 

Zervaki [A.164] presented the project called LEEMA in 2015, which is an abbreviation of Low 

Embodied Energy Insulation Materials. The project was funded by the EU and dealt with the 

development of a new generation of inorganic insulation materials and building insulation 

masonry components, which have lower embodied energy and can be manufactured for lower 

costs compared to expanded perlite. They achieved 0.09 W/mK equivalent thermal conductivity 

with estimated 10-15% embodied energy reduction.  

Bassiouny et al. [A.165] from Egypt examined cylindrical hollowed masonry blocks filled with 

cement, cork, polyurethane foam and rubber. Talanaki Puttaranga Setty and Shaik [A.166] from 

India filled rectangular hollows with asbestos fiber and foam glass insulation in 2016.  

In 2017, Zach and Novák [A.167] studied mineral wool filled masonry blocks integrated with 

vacuum insulation panels, while Wernery et al. [A.162] made aerogel compound filled masonry 

blocks, shown in Fig. A.17. They both achieved low thermal transmittances with very high 

costs. 
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Cianfrini et al. [A.168] published an article about the dynamic thermal features of insulated 

blocks in 2017, and they studied mineral wool, perlite and polystyrene filled masonry blocks to 

obtain time lag and decrement factor of the structures. They proved the influence of front mass 

on time lag, and also found that the common expressions such as “heavy walls” and “light 

walls” used to describe building performance in the literature, is not correct. On the contrary, 

for some blocks, a lower front mass leads to a higher time lag. They also showed that there is a 

straight correlation between time lag and the reciprocal of equivalent thermal diffusivity of the 

blocks.  

In the same year, both Li et al. [A.169] and Chaoping et al. [A.170] studied the effect of different 

polystyrene filling ratio on the thermal performance of sintered hollow bricks.  

A.2.3. Hygrothermal performance of modern hollow and filled masonry blocks 

Compared to thermal performance studies, the number of scientific papers dealing with 

hygrothermal approach on hollow and filled masonry blocks is very limited.  

The first study was made by Vasile et al. [A.171] in 1998, using a 2D numerical code named 

HYGRO on one-hollowed and two-hollowed bricks. Their calculations showed that heat flux 

through hollow bricks is very sensitive to moisture level of surrounding environment, and in 

consequence, heat flux can vary by 25% to 35% depending on the level of humidity.  

In  2000, Katsman and Becker [A.172] analyzed the moisture content in masonry walls made 

of masonry bricks with mortar joints and renderings, and occasional air-voids. They showed 

how mortar with high moisture diffusivity effects the moisture content of the masonry wall. 

Their model, however, neglected the effects of rain and solar radiation.  

In 2009, dos Santos and Mendes [A.173] presented a combined heat, air and moisture transfer 

approach on unsaturated hollow porous blocks in two-dimensional models. They performed 

simulations to evaluate the hygrothermal performance of solid, hollow and insulating bricks. 

They added temperature and vapor pressure as sinusoidal functions on the external side, while 

the internal ones have been kept constant. They compared the bricks in terms of heat and vapor 

fluxes at the internal boundary, showing the thermal capacity, mass transport and two-

dimensionality aspect effects on the sensible, latent and total heat transfer through the bricks. 

Great variations among the results have been attributed to the evaporation load at the internal 

brick boundary, indicating the impact of modeling moisture on the energy balance. Results have 

also shown that neglecting the multidimensional nature of heat, air and moisture transport 

through hollow bricks may cause great discrepancy on the prediction of energy and 

hygrothermal performance of a building.  
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Fig. A.18 Temperature field of textile based 

insulation filled masonry block calculated by WUFI 

[A.174] 

Fig. A.19 Relative humidity field of textile based 

insulation filled masonry block calculated by WUFI 

[A.174] 

For insulation filled masonry blocks, Zach et al. [A.174] presented a study of the hygrothermal 

behavior of textile based insulation filled masonry blocks in 2013. They evaluated the 

temperature and relative humidity fields of the filled blocks by using WUFI 2D software, 

illustrated in Fig. A.18 and Fig. A.19, respectively. 

In 2015, Pavlík et al. [A.175] performed an experiment with their semi-scale device [A.142] on 

mineral wool filled masonry blocks. The studied brick block (same as in Fig. A.14) was exposed 

to different hygrothermal climatic conditions. On the exterior side winter conditions 

corresponding to the reference climatic year of Prague, Czech Republic were applied, while on 

the interior side the conditions of a residential house were simulated. Based on the temperature 

and relative humidity profiles monitored across the studied brick sample having the real 

thickness of a single-layer building envelope, they concluded that the hygrothermal 

performance of the blocks filled with mineral wool is satisfactory. 

In 2017, Hou et al. [A.176] presented a coupled heat and moisture transfer analysis of hollow 

concrete blocks filled with compressed straw bricks. They built a controllable heat and moisture 

testing device, which was similar to Pavlík’s one [A.142]. After they performed measurements 

on the filled blocks and analyzed the collected temperature and relative humidity data measured 

by sensors across a section, they developed HMCT 1.0, a one-dimensional hygrothermal 

software that was capable of coupled heat and moisture transfer simulation, and implemented 

the tested cross section into it. The simulations showed good agreement with the experiments. 

Madera et al. [A.177] published their hygrothermal approach on the well-studied insulation 

filled masonry block (see Fig. A.14 again) by using Künzel’s model [A.9] with a small 

modification of introducing the global moisture transport function, which incorporates both 
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vapor and liquid transports. They handled the hygrothermal simulations with decomposed 

geometry, which resulted shorter simulation time.  

Krejcí et al. [A.178] also published research about numerical analysis of coupled heat and 

moisture transport in masonry. Their work, among others, contained a 2D hygrothermal 

analysis of thermal insulation filled masonry blocks, which had the same geometry as 

researched by Koci et al. and Madera et al. in their previous studies. Krejcí et al. compared three 

simulation approaches, a classical finite element solution, a domain decomposition method with 

20 subdomains, and the processor farm method also with 20 subdomains. They performed 1800 

time steps on the models, and compared the simulation times by using a DELL precision T5600 

simulation workstation equipped with two 8 core XEON processors and 16 GB of RAM. The 

FEM based approach needed the longest time to solve the problem, 4 days. The two subdomain 

using methods ended the task after “only” 10 hours and 15 hours, respectively. This study 

showed that parallelization of calculation processes is very important, and for solving 

hygrothermal problems, strong workstation is needed. 

A.2.4. Geometry optimization of modern hollow and filled masonry blocks 

Despite significant progress in increasing the insulating properties of hollow blocks achieved 

over the recent decade, the state of the art research in this area relies mostly on heuristic rather 

than on systematic methodology [A.147]. Many publications claiming that an optimization of 

the geometry of hollow or filled masonry blocks is performed, these optimizations are usually 

done manually by the authors, and on few samples of bricks only. Among others, Morales et al. 

[A.131], [A.133], del Coz Díaz et al. [A.120], [A.179], Costa [A.180] or Li et al. [A.181], 

[A.182] and Arendt et al. [A.183] all presented such results. Algorithm based numerical 

optimization is rarely found in the scientific literature.  

In 2010, Sun et al. [A.184] used hybrid genetic algorithm combined with artificial neural 

network to optimize the geometry of concrete hollow bricks. They used Fluent to simulate 

steady-state thermal transfer in bricks. With their two-step method, they achieved almost 22% 

reduction in the equivalent thermal conductivity, compared to the reference block.  

Topological optimization of internal geometry of building blocks was presented by Sousa et al. 

[A.185], who used genetic algorithms, and lightweight concrete blocks were optimized by 

minimizing their thermal transmittance by determining the optimum values of a finite number 

of parameters that define the position, the size and the spacing of the holes within the block. 

The holes were assumed to be rectangular and arranged in a regular mesh, either aligned or 

staggered.  
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After their work, in 2013 Bruggi and Taliercio [A.186] presented a topology optimization 

approach of the internal geometry of masonry blocks, resulted in non-trivial brick layouts. 

These layouts depended strongly on the design constraints, and most of the result cases were 

hardly constructible because the walls between holes were very thin, or the internal holes were 

too narrow in some places to fill them with additional thermal insulations. Topological 

optimization is used mainly early in the design phase, when lots of analyses are needed and the 

final design is not yet constrained by any parameters.  
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ANNEX B 

B.1. Aerogel 

Aerogel (abbreviated as AG) is a solid material with very low density, derived from a gel, in 

which the liquid component is replaced with a gaseous material. The first aerogels were silica 

gels, since then several other types were produced, e.g. organic, carbon or metal-oxide aerogels. 

Aerogel is very light, and gives the impression of a solid foam. Pressing softly, it behaves 

flexible, however excessive pressure results in breaking its structure. In spite of this fact, 

aerogel is structurally very strong. It has a dendritic microstructure in which spherical particles 

with an average size of 2 – 5 nm create a very porous structure with pores under 100 nm. Among 

solids, aerogels have the best thermal insulation capability. Aerogels are often used in the 

building industry integrated into blankets [B.1], incorporated into fibrous materials and then 

used as blown-in insulation [B.2] or as granule particles [B.3], [B.4] to be filled into different 

structures or mixed into mortar [B.5], concrete [B.6] or plasters [B.7], or used in gypsum or 

fiberboards [B.8]. Thermal conductivities of aerogel blankets are usually lies between 0.012 

W/mK and 0.02 W/mK. Both aerogel particles and blankets can adsorb moisture from humid 

air, which decreases its thermal performance [B.9], [B.10]. The amount of adsorbed moisture 

depends on the type of blanket, some of them do not take up much moisture, while others can 

take up relatively large amounts [B.11], compared to other insulating materials, and 

consequently the thermal conductivity can increase by 20% – 40%.  

B.2. Polyurethane foam 

Polyurethane foam (abbreviated as PUR) is a foamed polymer in which the organic units are 

joined by urethane links. PUR polymers are usually produced by the reaction of di- or 

polyisocyanate and apolyol, and nowadays can be manufactured from natural oil [B.12] or 

pyrolysis oil of wood and straw [B.13]. Thermosetting and thermoplastic polyurethanes can be 

differentiated, however, most of them are thermosetting. Thermosetting urethanes do not melt 

while heated [B.14]. There are two main types of PUR foams: closed or open cell. In case of 

closed cell foam, the original cells remain intact, consequently they do not allow moist air to 

flow through the material. Rigid closed cell foams are applicable to thermal insulation [B.15]. 

One of the disadvantage of PUR foams is, that they cannot withstand high temperatures and 

they are age and deteriorate in the presence of UV light. For increasing its resistance against 

heat, flame retardants can be added during the manufacturing process [B.16]. If the PUR is 

produced with aromatic isocyanates, and it is exposed to visible light, it discolors. Moreover, 
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UV radiation results in chemical reactions, leading to the deterioration of PUR foams [B.17]. 

However, these bad features do not occur when it is put into masonry. Polyurethane foams are 

often used in the building industry as rigid insulation boards [B.18], sealants and gap fillers for 

spaces around doors and windows [B.19], or sprayed on site to surfaces [B.20], [B.21].  Thermal 

conductivity of rigid polyurethane foams is usually between 0.02 W/mK and 0.035 W/mK, 

while spray foams have usually higher values, up to 0.05 W/mK. PUR foams can absorb only 

low amounts of moisture due to their closed cell structures, its moisture content remains usually 

below 2% – 4% in the hygroscopic regime [B.22].  

B.3. Mineral wool 

Mineral wool (abbreviated as MW) can be made of stone (usually basalt) or glass. The process 

is very similar in both cases [B.23], the raw material is taken into a furnace, where it is heated 

to high temperature, around 1300 °C – 1500 °C. From the furnace the liquid mineral is 

introduced into a space with high-speed spinning heads that crush the mineral, creating fibers. 

Afterwards the fibers are cooled down, and collected in a settling chamber. During the 

formation of fibers, binders are added. There are also materials in which non-woven technique 

is used to create fiber mats [B.24]. Then the mat is compressed, and taken into the 

polymerization chamber with a temperature of about 200 °C, where the added binders are 

polymerized. At the end of the production line, the mineral wool product is cut into pieces with 

specified sizes, or granulated.  Mineral wool has an excellent thermal insulation capability even 

in case of high temperature or if exposed to moisture [B.25]. The polymerization process is 

very important, and the manufacturers have to pay particular attention to it, because improper 

process can result in deterioration of thermal [B.26] or mechanical properties [B.27]. Due to 

high relative humidity, when there are quality issues with the insulation, slight changes in 

hygrothermal and mechanical behavior can be examined under normal use of the material 

because of aging [B.28]. Stone wool is also fire resistant, therefore often used for passive fire 

protection [B.29]. Thermal conductivity of stone mineral wools is between 0.03 W/mK and 

0.045 W/mK, while mineral wools made of glass can have lower, 0.029 W/mK but also higher, 

0.05 W/mK values, depending on their composition and densities. 

B.4. Expanded polystyrene 

Expanded polystyrene (abbreviated as EPS) is a rigid closed-cell foam made of pre-expanded 

polystyrene beads [B.30]. During the manufacturing process the polystyrene granules are 

heated up with the presence of water vapor and pentane gas as foaming agent, and because of 
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the temperature and the effect of pentane, the granule expands to 20 – 50 times of its original 

volume incorporating closed cells inside of its structure [B.31]. It is possible to fill these 

expanded polystyrene beads into building structures or use it as an aggregate in lightweight 

concretes [B.32]. From pre-expanded polystyrene beads, rigid blocks can be made, by steaming 

the beads in a closed mold without additional binding material. EPS board is the most common 

type of insulation boards, although they do not provide any resistance against high temperature. 

Thermal conductivity of expanded polystyrenes does not depend on their thickness [B.33] 

unlike extruded polystyrenes, and their thermal conductivity decreases with higher density 

[B.34]. If expanded polystyrene is enhanced with graphite powder additive, its thermal 

conductivity decreases significantly [B.35], [B.36]. EPS can take up moisture from humid air 

which can increase its thermal conductivity, depending on its density[B.37].  

B.5. Expanded perlite 

Expanded perlite (abbreviated as EXP) is made of perlite, which is a volcanic glass with a 

relatively high water content [B.38]. It has a specific characteristic that in case of heating it 

greatly expands. During the manufacturing process, the perlite is milled and heated up to 760 – 

1100 °C. At this temperature the surface of the perlite softens, and the water trapped in the 

material becomes steam and escapes. Consequently, the volume of the material increases up to 

4 – 20 times of its original volume. Expanded perlite, therefore, is highly porous material. 

Expanded perlite is widely used as an aggregate in lightweight plasters [B.39], concretes 

and mortars [B.40], [B.41], in geopolymers [B.42] or as loose-filled or compacted 

insulation [B.43]. Thermal conductivity of expanded perlite usually lies between 0.045 W/mK 

and 0.07 W/mK depending on their bulk density. 
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ANNEX C 

C.1. Thermal conductivity 

In building physical calculations, the most important material property is the thermal 

conductivity, which tells us how much energy can pass through a unit surface (one square 

meter) of material with a unit thickness (one meter) over a second of time as a result of a kelvin 

temperature difference. Thermal conductivity can be written by the following units: 

𝐽/𝑠𝑚2𝐾/𝑚, or by its usual simplified form as W/mK. From thermal conductivity, thermal 

resistance of a homogeneous product (see Eq. (C.1)) can be calculated as:  

R =
𝑑

𝜆
,  (C.1) 

where 𝑑 is the thickness of the product. Determining the effective thermal resistance of 

inhomogeneous products is more complicated, however an approximated method is described 

in MSZ EN ISO 6946 [C.1]. 

Laboratory measurement methods have been developed in the past 100 years for measuring 

thermal conductivity, and these distinct methods have different level of accuracy and 

applicability on diverse materials, depending on the consistency, size, thermal conductivity, 

temperature and humidity of the materials. Measurement techniques can be grouped based on 

the measuring conditions, there are steady-state (e.g. guarded hot plate, heat flow meter) or 

transient methods (e.g. hot wire, plane source, laser flash). The main difference is that steady-

state methods can measure thermal conductivity directly, but transient methods measure 

thermal diffusivity, which can be expressed by Eq. (C.2): 

a =
𝜆

𝜌𝑐𝑝
,  (C.2) 

where 𝜌𝑐𝑝 is the volumetric heat capacity, which is the density multiplied by the specific heat 

capacity of the material. Therefore, to obtain thermal conductivity of a material from transient 

measurement, volumetric heat capacity is necessary to be known. Steady-state methods are 

usually takes more time to perform, but more accurate. Overviews on measurement methods 

can be found in literature [C.2], [C.3]. 

Hungarian standards regulate the thermal conductivity measurement procedures of building 

materials. The MSZ EN 12664 [C.4] standard is used to measure the dry and wet building 

products with medium and low thermal resistance (but not less than R = 0.1 m2K/W). Building 
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products with high and medium thermal resistance (at least R = 0.5 m2K/W) should be tested 

according to MSZ EN 12667 [C.5]. In addition, MSZ EN 12939 [C.6] defines the thermal 

conductivity tests of thick products. The common in all mentioned standards is that they define 

two different measurement procedures, one with using a guarded hot plate device (see Fig. C.1) 

and one with using a heat flow meter. With these devices, it is possible to perform accurate and 

reliable measurements directly on solid materials up to a thermal conductivity of 2 W/mK. The 

capabilities of these devices can be broaden by various measurement techniques, either for 

thermal analysis of materials with higher thermal conductivity, thin or inhomogeneous samples, 

loose filled or compacted granular materials (see expanded perlite in Fig. C.2) or for testing 

products with variable moisture content. 

  

Fig. C.1 Taurus TLP 300 DTX guarded hot plate Fig. C.2 Measurement of compacted expanded perlite  

In the Laboratory of Building Physics of Department of Construction Materials and 

Technologies, for thermal conductivity and thermal resistance testing we use guarded hot plate 

method performed by Taurus TLP 300 DTX single guarded hot plate device. Thermal 

conductivity of a building product can be calculated after equilibrium established by Eq. (C.3): 

𝜆 =
𝑉∙𝐼∙𝑑

𝐴∙∆𝑇
 ,                        (C.3) 

where V is the voltage of the heating plate in [V], I is the current of the heating plate in [A], d 

is the sample thickness in [m], A is the measured area in [m2], which is 0.0025 m2 because of 

the sensors of the Taurus instrument and ΔT is the temperature difference between the cooled 

and the heated surface in [K], usually set as 10 K.  

Thermal conductivity of building materials depends on its temperature, moisture content and 

age [C.7]–[C.10], the effects that can be taken into account by correction factors according to 

MSZ EN ISO 10456 [C.11]. Besides this standard, a technical report from Technical University 

of Denmark (DTU) contains many more temperature and moisture conversion factors [C.12]. 
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C.2. Moisture storage curve 

The moisture storage curve of a material shows how much moisture it can adsorb at different 

relative humidity levels, or suction pressure. In building physical applications, representing 

moisture content against relative humidity (RH) is the most common form, therefore I use this 

type of representation in my study. Moisture storage curve is composed of different 

measurements, which can represent the whole RH range (see Fig. C.3), and should not to be 

confused with hygroscopic adsorption isotherms, or simply “sorption isotherms”. Those curves 

show the moisture storage against relative humidity only in the hygroscopic regime of materials, 

when the material can take up moisture from moist air, i.e. RH is usually between 0 – 95 % 

[C.13]. In this regime, the moisture storage curve can be measured according to MSZ EN ISO 

12571 [C.14] or with using a dynamic vapor sorption device (DVS) [C.15], [C.16]. In the 

Laboratory of Building Physics, we measure sorption isotherms according to the previously 

mentioned standard in self-made chambers by using salt solutions and an internal air circulation 

system to reduce the surface moisture transfer resistance and therefore, fasten the measurement. 

These chambers are shown in Fig. C.4.  

 

 

Fig. C.3 Hygroscopic and capillary regime of a porous 

building material’s moisture storage curve [C.17] 

Fig. C.4 Measuring hygroscopic adsorption of 

crushed fired clay and mortar samples  

Before measurements, we dry the samples until equilibrium mass according to MSZ EN ISO 

12570 [C.18] and its two amendments [C.19], [C.20]. Then we put the samples into the 

chambers, from low to high relative humidity. The following salt solutions are used in the 

chambers: 33% RH, Magnesium chloride; 53% RH, Magnesium nitrate; 75% RH Sodium 

chloride; 85% RH, Potassium chloride; and 97% RH, Potassium sulfate. After the samples 

reached equilibrium mass, the difference between the moist and dry mass gave us the moisture 

content. For composing moisture storage curves, adsorption isotherms of the materials were 

used. In the capillary regime, unbound liquid water can be found in the porous materials. The 
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moisture content is usually measured in this regime by the use of moisture retention curve 

determined by pressure plate extractors [C.21]–[C.23], but unfortunately we did not have these 

devices yet. Luckily, capillary regime has two distinct measures, wf free water saturation and 

wmax maximum water content [C.13]. The free water saturation can be measured by immersing 

the samples into water at normal pressure and measuring them until equilibrium mass. 

Although, free water saturation represents almost 100% RH in the moisture storage curve, but 

to achieve the maximum water content, we need to supersaturate the samples. This can be 

achieved by immersing the samples into water in an evacuation vessel with the same technique 

as measuring its open porosity and apparent density described in MSZ EN 1936 [C.24]. Using 

this method, we can obtain a moisture content near to the maximum value. 

C.3. Water vapor permeability 

Water vapor permeability of materials can be measured by using the cup method according to 

MSZ EN ISO 12572 [C.25]. This method can be extended to measure lightweight or highly 

permeable materials [C.26], [C.27] and also measurements at high temperatures [C.28]. As 

water vapor permeability could depend on the temperature and relative humidity [C.7], both 

wet and dry cup measurements were performed in the Laboratory of Building Physics, showing 

that permeability of fibrous materials (such as mineral wools) usually does not show 

dependence on the relative humidity; however, polyurethane foam or expanded polystyrene 

does. The water vapor permeability tests were performed in a self-made chamber (see Fig. C.5), 

in which we set 53% RH by using magnesium nitrate salt solution. In the chamber, there were 

two calibrated precision lab scales, which were separated from the upper space, and the 

specimen holder cups reached the lab scales only through drilled holes. Specimens were 

measured by using two self-made cups. One is for wet and one is for dry cup measurements. If 

the relative humidity difference between the two sides of the specimen during the measurement 

is greater than 70% RH, then it is called a wet cup test, while less than 70% RH indicates that 

it was a dry cup test. The wet cup contains a glass jar with distilled water creating around 99% 

RH. The dry cup contains silica gel. Although the standard claims that silica gel creates 0% RH 

in a sealed container, it is not stable [C.29]. Based on my experience, during dry cup 

measurements, silica gel creates relative humidity between 0% and 30% depending on its 

moisture content, thus I used humidity indicator silica gels shown in Fig. C.6, and measure its 

performance against different moisture contents before use. During the measurement, silica gel 

is adsorbing moisture through the sample, therefore gaining mass, while wet cup loses mass 

because of the distilled water evaporates and diffuse through the sample. The mass changes of 



C.V 

 

the measuring cups are recorded by the scales in each second, and using the measurement 

results, the following Eq. (C.4) can be used to determine the water vapor permeability: 

𝛿 =
𝑑∙|

𝑚2−𝑚1
𝑡2−𝑡1

|

𝐴∙|𝑝𝑐ℎ𝑎𝑚𝑏𝑒𝑟−𝑝𝑐𝑢𝑝|
 ,                      (C.4) 

where d thickness of the sample in [m], m2 - m1 is the mass difference in the measured interval 

in [kg], t2 - t1 is the period of time in [s], A is the free surface of the sample [m2], pchamber is the 

water vapor pressure in the test chamber [Pa] and pcup is the pressure in the measuring cup [Pa]. 

From the water vapor permeability, we can calculate the μ water vapor resistance factor, which 

is the ratio of the water vapor permeability of moist air and the tested permeability of the tested 

material. Sd equivalent vapor diffusion thickness [m] is also often used, which can be calculated 

by multiplying the thickness of the material with its water vapor resistance factor. 

  

Fig. C.5 Measuring water vapor permeability of 

mineral wool samples 

Fig. C.6 Humidity indicator silica gel samples with 

0-10-20-30 m/m% moisture content  

C.4. Liquid transport coefficient 

There is no standardized method available for measuring liquid transport coefficient of building 

materials in laboratory conditions. The determination can be performed by using various, but 

time-consuming and expensive methods, such as scanning neutron radiography [C.30], nuclear 

magnetic resonance [C.31], neutron transmission analysis [C.32], X-ray absorption [C.33], 

[C.34], time domain reflectometry [C.35] and with electromagnetic microwave radiation 

[C.36]. Fortunatelly, Krus and Holm [C.37] presented a simpler method to approximate liquid 

transport coefficient for suction. Suction value shall be used, when the material is under wetting 

condition. When the material is drying, a different and smaller liquid transport coefficient can 

be used, called redistribution value, which is approximated to be 10 times smaller at free water 

saturation than suction.  
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To obtain the approximate formula presented in Eq. (C.5), Krus and Holm measured many 

building materials by using nuclear magnetic resonance:  

𝐷𝑤𝑠(𝑤) = 3.8 ∙ (
𝐴𝑤

𝑤𝑓
)

2

∙ 1000
(

𝑤

𝑤𝑓
−1)

 ,       (C.5) 

where 𝐴𝑤 is the water absorption coefficient [kg/m2s1/2] and 𝑤 is the moisture content [kg/m3] 

depending on the relative humidity, specified by the moisture storage curve. 

Measurement of the water absorption coefficient can be performed according to MSZ EN ISO 

15148 [C.38] and its amendment [C.39] by partial immersion of the building materials into 

water and short term water absorption of thermal insulation materials by partial immersion is 

described in MSZ EN 1609 [C.40] shown by Fig. C.7. The water absorption coefficient can be 

determined as the quotient of the water absorbed through the surface of the specimen between 

the first and last measurements and the square root of tf test period using Eq. (C.6): 

𝐴𝑤 =
∆𝑚𝑡𝑓

′ −∆𝑚0
′

√𝑡𝑓
,             (C.6) 

where ∆𝑚𝑡𝑓
′  is the mass gain per face area after tf time [kg/m2] and ∆𝑚0

′  is the mass gain per 

face area value from graphic evaluation of tf - ∆𝑚𝑡 curve according to the standard [C.38]. If it 

is not possible, because the graph of the measured ∆𝑚𝑡 values over the square root of time does 

not give a straight line, but a curve of some form, the measurement should last for 24 hours and 

the water absorption coefficient can be calculated by dividing ∆𝑚𝑡𝑓 with √86400𝑠. 

   

Fig. C.7 Measuring water absorption coefficient of 

expanded polystyrene 

Fig. C.8 Measuring specific heat capacity of mortar 
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C.5. Volumetric heat capacity 

The volumetric heat capacity can be obtained by multiplying 𝜌 density [kg/m3] of the material 

with its 𝑐𝑝 specific heat capacity at constant pressure [J/kgK]. Dry density of building materials 

can be measured according to MSZ EN ISO 12570 [C.18], while density of thermal insulation 

materials can be measured by using MSZ EN 1602 [C.41]. There is no standardized 

measurement method available for measuring specific heat capacity of construction materials; 

however, there are some methods published in this topic earlier [C.42]–[C.45]. In the 

Laboratory of Building physics, we use mixing calorimetry [C.46] for determining the specific 

heat capacity of materials shown in Fig. C.8. The principle is very simple, cold samples are 

placed into hot water in a vacuum flask (calorimeter) or we put heated samples into cold water. 

We measure both 𝑚𝑤 mass of water [kg] and 𝑚 mass of sample [kg] and their temperature 

before mixing them together. The heat loss coefficient and the specific heat capacity of the 

calorimeter is also measured and known. Measuring the temperature change of the water with 

the sample, and knowing the temperature dependent 𝑐𝑤 specific heat capacity of the water 

[J/kgK], we can determine 𝑇𝑐 common equilibrium temperature [K]. From these, using Eq. 

(C.7) gives the specific heat capacity of the sample: 

𝑐𝑝 =
𝑐𝑤∙𝑚𝑤∙(𝑇𝑐−𝑇𝑖)

𝑚∙(𝑇−𝑇𝑐)
.                          (C.7) 

Volumetric heat capacity of moist materials can be calculated adding together the volumetric 

heat capacity of dry materials and its moisture content multiplied by the specific heat capacity 

of water.  

C.6. Thermal transmittance 

To be able to measure U value of masonry blocks sections, I designed and built an experimental 

box setup shown by Fig. C.9 and Fig. C.10. Unlike Pavlík’s semi-scale device [C.47], which 

used two climate chambers, my setup consists of only one temperature chamber in which the 

relative humidity can be controlled by salt solutions and a valve that can be opened at certain 

relative humidity levels. The other side of the tested specimen contacts with the laboratory air, 

which temperature and humidity is controlled. The chamber contains a black painted box made 

of cardboard, in which the internal cold or hot humid air is circulated by using ventilators, 

whose speed is controllable in order to change surface resistance. In this box, temperature, 

relative humidity and pressure are measured by using an Ahlborn system [C.48]. The specimen 
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is placed into thermal insulation frame to cover the opening. A heat flux sensor is placed on the 

external surface of the specimen, while the laboratory air temperature, relative humidity and 

pressure are also measured. Measurements with my device are detailed further in Chapter 4. 

  

Fig. C.9 Experimental box setup with adjustable 

speed air circulation system and measuring sensors  

Fig. C.10 Measuring thermal transmittance of a 

masonry block section  
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ANNEX D 

D.1. Steady-state HAM simulations 

D.1.1. Equations 

In this thesis, monthly based steady-state conjugated heat and moisture transfer (HAM) 

simulations were carried out besides dynamic simulations. Steady-state equations are time-

independent, and cannot take the heat and moisture capacity of the materials into account; 

however, they have the advantage that their runtime is significantly shorter.  

The partial differential equation (PDE) of steady-state heat transfer is shown by Eq. (D.1), in 

which the first member represents heat fluxes from heat conduction and the second part shows 

heat fluxes from evaporation flux. If only heat transfer is considered in the numerical model, 

then only the first member was used for the simulation.  

In Eq. (D.1), ∇= (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
,

𝜕

𝜕𝑧
) is nabla vectorial differential operator, 𝐪 is heat flux [W/m2], 

𝜆𝑒𝑓𝑓 = 𝜆10,𝑑𝑟𝑦 ∙ 𝑒𝑓𝑇(𝑇2−10°𝐶) ∙ 𝑒𝑓𝜓(𝑢2) is temperature and volumetric moisture content 

dependent effective thermal conductivity [W/mK], based on MSZ EN ISO 10456 [D.1]. 𝑇 is 

temperature [K], 𝐿𝑣 is latent heat of evaporation of water [J/kg], 𝛿𝑝 =  𝛿𝑎/𝜇 is vapor 

permeability [kg/msPa], in which 𝛿𝑎 is the vapor permeability of still air depending on air 

temperature and 𝜇 is the vapor resistance factor [1], 𝜑 is relative humidity [1] and 𝑝𝑠𝑎𝑡 is the 

saturation pressure of water vapor [Pa], depending on temperature: 

∇𝐪 = ∇[𝜆𝑒𝑓𝑓∇𝑇 + 𝐿𝑣𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡(𝑇))] = 0.           (D.1) 

The PDE of steady-state moisture transfer is defined by Eq. (D.2), in which the first member of 

the equation represents the liquid transport of moisture fluxes, while the second part is 

responsible for moisture fluxes from vapor transport: 

∇𝐠 = ∇[ξ𝐷𝑤∇𝜑 + 𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡(𝑇))] = 0.            (D.2) 

In Eq. (D.2), 𝐠 is moisture flux [kg/m2s], ξ =  
∂w

∂φ
 is differential moisture capacity [kg/m3], 

which can be represented as the slope of the moisture storage function between different relative 

humidity values, where w is the moisture content [kg/m3] according to the moisture storage 

function of the materials. 𝐷𝑤 is the liquid transport coefficient [m2/s]. Steady-state simulation 

was chosen in some cases instead of performing time-dependent hourly based simulations in 
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Chapter 4, since the main goal of the research was to compare thermal and moisture 

transmittances and linear thermal- and moisture transmittances of the building constructions 

considering monthly design conditions, and also to evaluate the effect of neglecting moisture 

transfer. For evaluating linear thermal transmittances of building construction, usually thermal 

only approach is considered nowadays [D.2]; however, considering conjugated moisture 

transport would increase the heat losses of components.  

The partial differential equations shown by Eq. (D.1) and Eq. (D.2) were implemented into 

COMSOL Multiphysics software [D.3], where parametric sweep was used for the monthly 

different boundary conditions and material sweep to study the different insulation fillers. For 

performing thermal simulations described in Chapter 3, Ansys Mechanical [D.4] was used. 

C.1.2. Boundary conditions 

In steady-state simulations, boundary conditions are not time-dependent functions and 

commonly, design values according to standards, or yearly or seasonal averages are used. 

However, in my approach, for the steady-state simulations, I used monthly averaged values 

from weather files. In steady-state simulations, only temperature and relative humidity were 

taken into account as the basis of the boundary conditions, because solar radiation or 

precipitation on surface (driving rain) are highly dynamic parameters and monthly averages 

cannot represent their variability and effect. The hourly based  multi-year (1991-2010) averaged 

weather file of Budapest were obtained from Meteonorm 7 [D.5]. Although Meteonorm can 

take some corrections on the weather data into account depending on its situation, and I used 

city situated weather files, microclimate or the effect of vegetation, such as wind-field around 

the buildings [D.6], or the local environment [D.7] haven’t studied in details in this thesis, 

therefore they were not considered. From the created hourly based weather files, monthly 

averages were calculated and used for the basis of external boundary conditions. As shown 

later, there is no 80% or higher external relative humidity in the average monthly values, 

therefore in steady-state simulations, liquid transport does not play role. 

Internal conditions of air, and equivalent vapor diffusion thicknesses of the boundary layers 

were set according to the MSZ EN 15026 [D.8], which uses the external temperature to define 

both internal temperature and internal relative humidity. In simulations, normal occupancy was 

considered. Surface heat transfer coefficients were set based on MSZ EN ISO 6946 [D.9]. The 

heat transfer coefficients were ℎ𝑠𝑖  = 7.69 W/m2K for internal and ℎ𝑠𝑒 = 25 W/m2K for external 

surfaces, and the equivalent vapor diffusion thickness of boundary layer was set to 𝑠𝑑,𝑠𝑖 = 0.008 
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m on the internal and 𝑠𝑑,𝑠𝑒 = 0.0023 m on the external surface according to MSZ EN 15026 

[D.8]. These values depend on the orientation and temperature of the surfaces as well as the 

wind speed. In simplified cases, wind speed is taken into account as 4 m/s. In cases, where 

average temperature- and wind speed-dependent boundary conditions were used to compare 

their effects on the heat and moisture fluxes, the heat fluxes on the internal surfaces are 

represented in Eq. (D.3) and external surfaces are presented by Eq. (D.4), while the moisture 

fluxes on internal surfaces shown by Eq. (D.5), and on external surfaces it is expressed by Eq. 

(D.6): 

−𝐧 ∙ 𝐪 = 𝑑𝑧(ℎ𝑐𝑖 + ε ∙ 4 ∙ σ ∙ 𝑇𝑚,𝑖
3),                 (D.3) 

−𝐧 ∙ 𝐪 = 𝑑𝑧(ℎ𝑐𝑒 + ε ∙ 4 ∙ σ ∙ 𝑇𝑚,𝑒
3),                             (D.4) 

−𝐧 ∙ 𝐠 = 𝑑𝑧[β𝑖(φ𝑖 ∙ 𝑝𝑠𝑎𝑡(𝑇𝑖) − φ𝑠𝑖 ∙ 𝑝𝑠𝑎𝑡(𝑇𝑠𝑖))],             (D.5) 

−𝐧 ∙ 𝐠 = 𝑑𝑧[β𝑒(φ𝑒 ∙ 𝑝𝑠𝑎𝑡(𝑇𝑒) − φ𝑠𝑖 ∙ 𝑝𝑠𝑎𝑡(𝑇𝑠𝑒))].             (D.6) 

In Eq. (D.3) – Eq. (D.6), 𝑑𝑧 representing the thickness of the examined building element (1 m), 

ℎ𝑐𝑖 is the internal convective surface heat transfer coefficient (2.5 W/m2K), ε is the longwave 

emissivity of the surface (0.9), σ is the Stefan-Boltzmann constant (5.67·10-8 W/m2K4) 

and 𝑇𝑚𝑖 =
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 +𝑇𝑎𝑖𝑟,𝑖

2
 is the mean thermodynamic temperature of the internal surface and 

its surroundings in Kelvin. In Eq. (D.4), ℎ𝑐𝑒 = 4 + 4 ∙ 𝑣, where 𝑣 is the wind speed in m/s and 

𝑇𝑚𝑒 =
𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑒 +𝑇𝑎𝑖𝑟,𝑒

2
 is the mean thermodynamic temperature of the external surface and its 

surroundings.  

In Eq. (D.5), β𝑖 = 𝛿𝑎/𝑠𝑑,𝑠𝑖 is the moisture transfer coefficient on the surfaces, φ𝑖, φ𝑠𝑖 and 𝑇𝑖, 

𝑇𝑠𝑖 are the internal air and surface relative humidity [1] and internal air and surface temperature 

[K]. In Eq. (D.6), β𝑒 = 𝛿𝑎/𝑠𝑑,𝑠𝑒, where 𝑠𝑑,𝑠𝑒 = 1/(67 + 90 ∙ 𝑣) and  φ𝑒, φ𝑠𝑒 and 𝑇𝑒, 𝑇𝑠𝑒 are 

the external air and surface relative humidity [1] and external air and surface temperature [K]. 

D.2. Dynamic HAM simulations 

D.2.1. Equations 

Dynamic hygrothermal simulations were based on time-dependent conjugated PDE’s of heat 

and moisture transfer. In dynamic simulations, heat and moisture capacity of the materials can 

be taken into account. The PDE of 2D time-dependent heat transfer is shown by Eq. (D.7): 

𝑑𝑧(ρc𝑝)
𝑒𝑓𝑓

∂T

∂t
= ∇𝑑𝑧[𝜆𝑒𝑓𝑓∇𝑇 + 𝐿𝑣𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡(𝑇))],                 (7) 
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where (ρc𝑝)
𝑒𝑓𝑓

= 𝜌𝑠𝑜𝑙𝑖𝑑𝑐𝑝,𝑠𝑜𝑙𝑖𝑑 + 𝑤𝑐𝑝,𝑤 is the effective volumetric heat capacity [J/m3K], 

which depends on the temperature and moisture content of the materials. In Künzel’s approach 

[D.10], (ρc𝑝)
𝑒𝑓𝑓

 is written as 
𝜕𝐻

𝜕𝑇
, where 𝐻 is representing the enthalpy of the materials. The 

PDE of 2D time dependent moisture transfer is shown by Eq. (D.8): 

𝑑𝑧𝜉
∂𝜑

∂t
= ∇𝑑𝑧[ξ𝐷𝑤∇𝜑 + 𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡(𝑇))]            (D.8) 

D.2.2. Boundary conditions 

Boundary conditions plays a crucial role in the investigation of the energy performance of 

building elements. MSZ EN ISO 13786 [D.11] standard describing dynamic thermal 

characteristics of building components indicates that the external boundary conditions can be 

represented by sinusoidal functions of time; however, Fokaides et al. [D.12] have showed that 

this simplified approach is inaccurate. In time dependent dynamic hygrothermal simulations, I 

used boundary conditions based on hourly weather obtained from Meteonorm 7. In Chapter 4, 

besides Budapest (Hungary), Lisbon (Portugal) and Espoo (Finland) weather files were used 

and compared. I chose these cities because of their different climates shown by the Köppen-

Geiger climate classification for Europe [D.13]. Budapest is situated in a temperate climate 

zone called subtropical climate without dry seasons and with hot summers (Köppen-Geiger 

climate classification: Cfa) [D.14], [D.15]. I have to note that many publications and websites 

lists the climate of Budapest differently (i.e. Dfb or Cfb), but those classifications are incorrect 

with regard to today’s weather. Lisbon is located in subtropical-mediterranean climate 

(Köppen-Geiger climate classification: Csa), while Espoo located near to Helsinki and situated 

in warm summer continental or hemiboreal climate (Köppen-Geiger climate classification: 

Dfb) [D.16]. However, based on their weather data obtained from Meteonorm 7, their prevailing 

wind direction is quite similar, resulting in comparable results for each of the different 

orientations and regions. To take internal and external temperature and relative humidity into 

account, Eq. (D.5) – Eq. (D.6) were used; however, boundary conditions changed with each 

time step. Additionally, in dynamic cases, explicit radiation balance and driving rain were also 

considered on the external surface of the building constructions, depending on the orientation. 

Explicit radiation balance model is based on WUFI’s radiation model [D.17], and the balanced 

net radiation as 𝑞𝐼 heat flux [W/m2] at the surface is shown by Eq. (D.9): 

𝑞𝐼 =  𝛼 ∙ 𝐼𝑠 + 휀 ∙ 𝐼𝑙 − 𝐼𝑒,           (D.9) 
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where 𝛼 is the short-wave absorption coefficient of surface set to 0.4 as it is a representative 

value for bright plasters in normal condition based on [D.18], 𝐼𝑠 is the short-wave solar radiation 

incident onto the surface [W/m2], 휀 is the long-wave emission and absorption coefficient of the 

surface set to 0.9 based on [D.18], 𝐼𝑙 is the normal long-wave radiation incident onto the surface 

[W/m2] and 𝐼𝑒 is the long-wave radiation of the surface [W/m2].  

To calculate the radiation on inclined surfaces, there are many estimation methods available in 

the scientific literature. Good reviews of them are published by Yang [D.19] and Maleki et al. 

[D.20]. In my approach, I assumed an isotropic sky model described by Duffie and Beckman 

[D.21]. Normal short-wave solar radiation on inclined surfaces is calculated by using Eq. (D.10) 

on all surfaces oriented to east, west, north and south: 

𝐼𝑠 =  𝐼𝑏 ∙ 𝑅𝑏 + 𝐼𝑑 (
1+cos 𝛽

2
) + 𝐼 ∙ 𝜌𝑔,𝑠 (

1−cos 𝛽

2
),                (D.10) 

where 𝐼𝑏 is the beam radiation [W/m2], 𝑅𝑏 is a geometric factor representing the ratio of beam 

radiation on inclined surface to that on a horizontal surface, 𝐼𝑑 is diffuse radiation on a 

horizontal surface [W/m2], 𝛽 is the slope of the inclined surface (90°), 𝐼 is the global radiation 

[W/m2] and 𝜌𝑔,𝑠 is the diffuse short-wave reflectance of the ground set to 0.2. In Eq. (D.10), 𝐼𝑏, 

𝐼𝑑 and 𝐼 are coming from the weather file on hourly resolution. 𝑅𝑏 needs to be calculated by 

using Eq. (D.11):  

𝑅𝑏 =
cos 𝜃

cos 𝜃𝑧
,                     (D.11) 

where 𝜃 is the incident angle and its cosine can be calculated by cos 𝜃 =  − sin 𝛿 ∙ cos 𝜙 ∙

cos 𝛾 + cos 𝛿 ∙ sin 𝜙 ∙ cos 𝛾 ∙ cos 𝜔 + cos 𝛿 ∙ sin 𝛾 ∙ sin 𝛿 ∙ sin 𝜔, and 𝜃𝑧 is the zenith angle and 

its cosine can be calculated as cos 𝜃𝑧 = cos 𝜙 ∙ cos 𝛿 ∙ cos 𝜔 +  sin 𝜙 ∙ sin 𝛿. In these formulas, 

𝛿 is the declination [°], which is the angular position of the solar noon with respect to the plane 

of the equator, north is positive and 𝛿 ≤ 23.45°. Declination is calculated by using Gassel’s 

advanced formula [D.22] shown by Eq. (D.12): 

𝛿 = 0.7896 − 23.2559 ∙ cos (
2𝜋𝑛

365
+ 0.1582) − 0.3915 ∙ cos (

4𝜋𝑛

365
+ 0.0934) − 0.1764 ∙

cos (
6𝜋𝑛

365
+ 0.4539),                   (D.12) 

where 𝑛 is the number of the day in the year. 𝜙 ≤ 90° is the latitude, which is the angular 

location of the examined city, north to the equator. 𝛾 is the surface azimuth angle showing the 
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deviation of the projection on a horizontal plane of the normal to the surface from the local 

meridian, it’s zero due south, east is negative while west is positive, −180° ≤ 𝛾 ≤ 180°. 𝜔 is 

the hour angle, the angular displacement of the sun east or west of the local meridian due to 

rotation of the Earth around its axis at 15° per hour. The hour angle is negative in the morning 

and positive in the afternoon, and it should be calculated by using the solar time instead of local 

standard time. Eq. (D.11) can be used when the time is away from sunrise or sunset hours, but 

it gives false values near to sunrise or sunset hours. Therefore an improved formula of 𝑅𝑏 is 

used instead of neglecting these hours shown by Eq. (D.13): 

𝑅𝑏 =
𝑎

𝑏
,                     (D.13) 

where 𝑎 can be calculated by using Eq. (D.14), while b can be calculated by using Eq. (D.15): 

𝑎 = (sin 𝛿 ∙ sin 𝜙 ∙ cos 𝛽 − sin 𝛿 ∙ cos 𝜙 ∙ sin 𝛽 ∙ cos 𝛾) ∙
(𝜔2 − 𝜔1)𝜋

180
+ 

(cos 𝛿 ∙ cos 𝜙 ∙ cos 𝛽 + cos 𝛿 ∙ sin 𝜙 ∙ sin 𝛽 ∙ cos 𝛾) ∙ (sin 𝜔2 − sin 𝜔1) − 

(cos 𝛿 ∙ sin 𝛽 ∙ sin 𝛾) ∙  (cos 𝜔2 − cos 𝜔1),                            (D.14)         

𝑏 = (cos 𝜙 ∙ cos 𝛿) ∙ (sin 𝜔2 − sin 𝜔1) + (sin 𝜙 ∙ sin 𝛿) ∙
(𝜔2−𝜔1)𝜋

180
.             (D.15) 

The normal long-wave radiation is calculated using Eq. (D.16): 

 𝐼𝑙 =  𝐼𝑙,𝑎𝑡𝑚 (
1+cos 𝛽

2
) + (𝐼𝑙,𝑎𝑡𝑚 ∙ 𝜌𝑔,𝑙 + 𝐼𝑙,𝑡𝑒𝑟𝑟) (

1−cos 𝛽

2
),                          (D.16) 

where 𝐼𝑙,𝑎𝑡𝑚 is the atmospheric long-wave counter radiation [W/m2], 𝐼𝑙,𝑡𝑒𝑟𝑟 is the terrestrial 

long-wave counter radiation [W/m2] and 𝜌𝑔,𝑙 is the diffuse long-wave reflectance of the ground 

set to 0.1. The atmospheric long-wave counter radiation can be expressed by the following 

formula Eq. (D.17): 

𝐼𝑙,𝑎𝑡𝑚 = 𝐶𝐼 ∙ 𝜎 ∙ 𝑇𝐷
4 + (1 − 𝐶𝐼) ∙ 𝜎 ∙ 𝑇𝑎

4 ∙ (0.79 − 0.147 ∙ 10−0.041∙𝑝),               (D. 17) 

where 𝐶𝐼 is the cloud index, 𝑇𝐷 is the dew point temperature [K] and 𝑇𝑎 is the air temperature 

on hourly basis obtained from Meteonorm 7. 𝑝 =  𝜑 ∙ 𝑝𝑠𝑎𝑡(𝜃) is the vapor pressure, obtained 

using hourly based relative humidity and saturation vapor pressure calculated by using the 

formulas presented in MSZ EN ISO 13788 [D.23] depending on 𝜃 air temperature in [°C], 

shown by Fig. D.1.   
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Fig. D.1 Saturation vapor pressure as a function of temperature according to MSZ EN ISO 13788 

Terrestrial long-wave counter radiation can be calculated using by Eq. (D.18): 

𝐼𝑙,𝑡𝑒𝑟𝑟 =  휀𝑔 ∙ 𝜎 ∙  𝑇𝑔,𝑠
4 ,                     (D.18) 

where 휀𝑔 is the long-wave emissivity of the ground surface set to 0.9 and 𝑇𝑔,𝑠 ground surface 

temperature [K], and it is assumed to be equal to air temperature due to lack of data. 

Long-wave radiation of the surface is calculated using by Eq. (D.19): 

𝐼𝑒 =  휀 ∙ 𝜎 ∙  𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑒
4 .                     (D.19) 

Wind driven rain, or simply “driving rain” can have a detectable effect on the moisture content 

of thermal envelope of buildings as researchers showed this for solid brick walls [D.24] and 

wood frame walls [D.25] using by WUFI software. There is a standardized calculation method 

of the driving rain index for vertical surfaces from hourly wind and rain data in MSZ EN 15927-

3 [D.26]; however, Nath et al. [D.27] and Juras and Jakubcik [D.28] both presented comparative 

analyses of the driving rain index according to the standard with experimental measurements. 

They showed that the standard overestimates the driving rain index; However, by using WUFI’s 

approach [D.29], the measured values can be approximated fairly well. Therefore, I used the 

latter one to calculate 𝑔𝑤𝑑𝑟 driving rain moisture flux [kg/m2s], shown by Eq. (D.20): 

𝑔𝑤𝑑𝑟 =
𝑅ℎ

3600[𝑠]
(𝑅1 + 𝑅2 ∙ 𝑣 ∙ cos 𝜃𝑣) ,                   (D.20) 

where 𝑅ℎ is the precipitation on horizontal surface [mm/h], 𝑅1 is a coefficient which depends 

on the inclination of the studied surface and for vertical surfaces it is set to 0, 𝑅2 is a coefficient  

which depends on the height of the building [s/m], I set to 0.07 s/m representing short buildings, 

and 𝜃𝑣 is the angle between wind direction and the normal to the façade [°]. 
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