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This research is done as a part of a larger scale project investigating hygrothermal properties of 

Cross Laminated Timber (CLT) panels in external wall assemblies, done in Tallinn University of 

Technology (TalTech), Estonia. During the research the author was assisted by Early Stage 

Researcher Villu Kukk and professor Jaan Kers, by a generous share of knowledge and time. 

The main aim of the research was to investigate the hygrothermal performance in CLT wall 

assemblies, by comparing walls with 3 different insulation types, different initial moisture 

contents of CLT and location eitheǊ ƻƴ {ƻǳǘƘŜǊƴ ƻǊ bƻǊǘƘŜǊƴ ŦŀœŀŘŜΦ .ȅ ƎŀƛƴƛƴƎ ŦƛŜƭŘ 

measurements, there were made computer simulation models of each wall, where the 

calculation results were compared with measured data and the model was calibrated 

accordingly. Measurements gave four parameters to analyse ς temperature (T), partial pressure 

(Pv), relative humidity (RH) and heat flux (q). Temperature and relative humidity in certain 

arrangement gives favourable conditions for mould growth. As the risk of mould growth is 

briefly analysed in the discussion part, these are only presumptions which need to be further 

investigated, by considering material sensitivity classes and exposure time.  

The first part of the thesis is a literature review, where the CLT is introduced as a material and 

is described its production process, followed by hygrothermal properties, where there are 

analysed thermal conductivity, moisture transmission and air permeability of plain wood and 

CLT as crucial factors influencing hygrothermal performance of whole wall assembly. A brief 

introduction of requirements for Nearly Zero Energy Building (NZEB) are given, mentioning how 

the CLT can be applied there and what insulation types can be used. In the end of this chapter, 

the main objectives and hypothesis of this thesis are given. 

Paragraph of Method describes used specimens, equipment, wall types and conditions of field 

measurements, followed by a short description of hygrothermal modelling. In results there are 

described final results of field measurements and calculated data of all wall types and all 

parameters, giving a brief comparison of average differences between calculated and measured 

results. 

Discussion part gives an insight of which wall types and which locations in the wall assembly are 

the most crucial, how these results relate to other studies, reasons for differences in calculated 

results and how a possible improvement of future research can be done. 

Conclusion summarizes the whole research and points out the answers on proposed research 

questions. 

Keywords: CLT, Hygrothermal modelling, Mould growth, Field measurements 
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List of abbreviations and symbols 

 

Symbols 

d ς thickness 

Pv ς water vapour partial pressure 

q ς Heat flux 

R ς Thermal resistance 

RH ς Relative humidity 

T ς Temperature 

U ς Heat transfer coefficient (thermal transmittance)  

˂ ς Thermal conductivity 

˃ ς Water vapour resistance factor 

ˊ ς Density 

 

m 

Pa 

[Wm2K] 

[m2K/W] 

[%] 

ώϲ/ϐ 

²κƳчY 

[W/mK] 

[-] 

[kg/m3] 

 

 

Abbreviations 

1C-PUR ς One component polyurethane 

CLT ς Cross laminated timber 

(E)MC ς (Equilibrium) moisture content 

EW ς External wall 

FSP ς Fibre saturation point 

NZEB ς Nearly zero energy building 

Wp - Short-term absorbability 

Wpl - Long-term absorbability 

UF ς Urea formaldehyde 

PVAc ς Polyvinyl acetate 

PIR - Polyisocyanurate 

EPI ς Emulsion polymer isocyanate 

MUF ς Melamine urea formaldehyde 

Ave. diff. ς Average difference 

Std. d. ς Standard deviation 
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1 Lb¢wh5¦/¢Lhb 

As the CLT is still a comparatively new building material in the industry, there a lot of fields to 

be investigated and tested. One of them is its behaviour in terms of moisture affection, where 

the current supply of researches done concerning moisture affection to CLT wall assemblies is 

not enough, and this hopefully would be a useful research paper to describe this topic. 

In the first part of this paper there is given a literature review of relevant topics and aims of this 

research, in chapter of method there are described specimens, conditions and hygrothermal 

modelling. In the final parts there is given an analysis of results, discussion and a conclusion. 

Additional appendices are attached to provide a better understanding of the experiment. 

1.1  CLT as a product 

1.1.1 Composition 

Cross laminated timber (CLT) is a laminated solid wood product for structural loadςbearing use, 

consisting of three, five or seven layers glued together crosswise (orthogonally) (Figure 1). Due 

to cross lamination, the properties of CLT compared to single wood board or a frame are 

improved. CLT main mechanical properties are good bending and shear strength. By cross 

lamination there is improved dimensional stability, which allows prefabrication of long and wide 

floor slabs and single storey walls. 

Performance of CLT in bending is very much affected by the grade of the outer layers and their 

strength and stiffness, thus CLT can be customized for different kinds of uses. As a strength 

graded timber must be used for panel production, commonly C24 grade is used for homogenous 

lay-up and in άŎƻƳōƛƴŜŘ /[¢έ /мсκ/му ƎǊŀŘŜǎ ŀǊŜ ǳǎŜŘ ŦƻǊ ǘǊŀƴǎǾŜǊǎŜ ƭŀȅŜǊǎ (Ansell, 2015). 

According to European standard EN 16351, wood based panels fulfilling requirements for use in 

service class 2 or 3 can be used, built up of at least 3 orthogonally bonded layers (at least 2 of 

them timber layers) and may have additional layers bonded parallel to grain (Estonian Centre 

for Standardisation, 2015). 
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This makes CLT a cost-competitive and sustainable wood-based solution which can complement 

or replace such currently used materials as concrete, masonry or steel, and can be a great 

addition to well-known light frame wooden structures. 

1.1.2 Raw material 

CLT is mostly made of softwood and the main species used is Norway spruce (Picea abies). Other 

species used are Scots Pine (Pinus sylsvestris), European Larch (Larix decidua), Douglas Fir 

(Pseudotsuga menziesii) and Swiss Stone Pine. Species are carefully arranged according to 

standards and requirements, often having better looking boards in outer layers. Use of 

hardwoods is also possible, however its use is still under research and development. (Ansell, 

2015) In order to comply with European standard CLT has to be made of coniferous species or 

poplar (Estonian Centre for Standardisation, 2015). 

Wood stores CO2, which is a major advantage compared to other building materials, especially 

concrete, which instead of storing carbon, makes a great amount of emissions while being 

produced, transported and installed. Timber materials are often a good choice also in terms of 

using a local material, specifically for Northern Europe, in this way encouraging local economy 

and reducing transportation costs. 

1.1.3 Manufacturing and technologies 

Manufacturing of CLT panels is usually done by the following steps: 

1) Board selection 

2) Board grouping 

3) Board planning 

Figure 1. Cross section of CLT. (Karacabeyli & Douglas, 2013) 
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4) Board or layer cutting to length 

5) Adhesive application 

6) Panel lay-up & pressing 

7) Product cutting 

8) Surface machining 

9) Marking & packaging 

 

The key of success for a full production is lumber quality and control of adhesive bond 

manufacture. Assembly process of one panel can take 15-60 minutes, depending on equipment 

and adhesive used. (Karacabeyli and Douglas, 2013) 

Boards used in production usually have MC of 12 % ҕ о %, which prevents dimensional variations 

and surface cracking (Karacabeyli and Douglas, 2013). However, a little vertical shrinkage of 

around 3mm per storey, when used in multi-storey buildings, have been observed (Espinoza et 

al., 2016). It is recommended that the max difference of MC between adjacent pieces to be 

joined together does not exceed 5 %. The temperature in manufacturing rooms may also affect 

some parameters of CLT panel during open assembly curing time. That is why it is recommended 

for it to be ŀǊƻǳƴŘ мр ϲ/. 

Board thickness varies from 4 mm veneers to 80 mm boards, however European standard sets 

different requirements - timber layers of 6-45 mm, except 60 mm for the inner layer of three-

layered CLT (Estonian Centre for Standardisation, 2015). Due to shear stresses between CLT 

layers, a minimum width of four times the thickness is recommended. 

Boards are graded in two major categories - construction grade and appearance grade ς where 

the latter one is used in outer layers of CLT providing specific visual characteristics. Grouping of 

lumbers is done according to MC level and visual characteristics. All panels in mayor strength 

direction will be required to have the same mechanical properties. Besides that, according to 

European standard each timber layer shall be made of boards of one strength class. (Estonian 

Centre for Standardisation, 2015) 

Prior to applying adhesives, planning is done in order to activate the wood and to reduce 

oxidation for improved gluing effectiveness. Adhesive application should be done shortly after 

planning. There are two main types of adhesives currently used in manufacturing ς melamine-

urea-formaldehyde (MUF) and one component polyurethane adhesives (1K-PUR) ς both of them 

being nearly colourless. Polyurethane adhesives (1K-PUR) are free from formaldehyde and due 

to swelling on curing, provide some internal pressure during bonding. The other adhesive, 

melamine-urea-formaldehyde (MUF), provides gap-filling properties and has a better 
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performance at higher temperatures. Parameters that have to be controlled during 

manufacturing are the applied quantity of adhesive, bonding pressure and curing procedures in 

order to keep good quality of material. These previously mentioned adhesive types are both 

approved by European standard, however there is another type of adhesive permitted ς 

emulsion polymer isocyanate (EPI), which is not that commonly used. (Karacabeyli and Douglas, 

2013) 

Boards are finger jointed in order to obtain greater lengths and quality of timber. The position 

of finger joints can be edgewise (fingers visible on the face) or flatwise (higher visual quality and 

increased airtightness), see Figure 2. 

Boards are then laid up side by side to be glued and pressed. Distance between boards cannot 

exceed 6mm to comply with European standard. However, for some manufacturers there is an 

intermediate stage of board edge-gluing, where they are glued by sides of each board into single 

lamellas. This has advantages such as lower pressure in bonding to adjacent panels and smaller 

board width to thickness ratios, but at the same time increasing production costs. Besides gluing, 

nails or wooden dowels can also be used to attach the layers, which also meets European 

standards. 

Lay-up of layers can be made homogenous where one layer follows another one layer 

orthogonally or can be made in symmetrical build up, where two layers have the same direction, 

but the structure is symmetrical, see Figure 3, which provides specific structural capacities. 

Pressing of layers is a critical point of manufacturing, which accounts for proper bound 

development and CLT quality. There are two types of pressing - hydraulic press and vacuum 

press. Bonding pressure is required to overcome roughness of the surface or warp/twist and 

achieve a complete wetting of the surface with adhesive. Hydraulic press is the most expensive 

and mostly used by bigger producers. With this method thicker lamellas can be used and an 

edge pressure can also be applied (to bond gaps in outer surfaces). Vacuum pressing is used by 

smaller producers, where boards are often placed manually and adhesive applied by a machine. 

Figure 2. Edgewise (left) and flatwise finger joints. (Brander, 2013) 
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On the contrary to hydraulic pressing, with this method curved or shaped CLT elements can be 

made. 

After sanding CLT is moved to Computer Numerical Control (CNC) machines, where precise 

openings for windows, doors and service channels can be cut. 

One of the advantages of CLT production is an efficient material use, where there are also used 

small boards from outer layers of a log which would be otherwise rejected. In this way now the 

use of the whole log is efficient. For CLT production there can be used also a lower quality 

juvenile wood which is usually less desired in the wood industry, bringing it to the inner layers 

of CLT, leaving higher quality boards for outer layers. However, according to European Standard, 

no reused timber or wood based panels can be used for CLT production. (Estonian Centre for 

Standardisation, 2015) 

Panels can be produced in lengths up to 22 m, with a width up to 3.5 m according to 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ Řŀǘŀ (KLH, Arcwood, Binderholz, StoraEnso). Dimensions, however, are often 

limited because of transportation limits. Thickness depends on a number of glued boards, with 

a 7-ply CLT it makes up to 400 mm thickness. According to European standard, the overall 

thickness of CLT can be up to 500 mm, witƘ ŀ ƳŀȄ ŘŜǾƛŀǘƛƻƴ ҕ н mm or 2 % of nominal thickness 

Figure 3. Lay-up of CLT. Upper ς homogenous lay-up, bottom ς five-layered symmetrical layer with 

double outer layers. (Brander, 2013) 
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(Estonian Centre for Standardisation, 2015). An advantage of CLT panels is that there can be cut 

very precise holes and openings using CNC machines. 

CLT has been found to be in compliance with European labelling programs in terms of Volatile 

organic compound (VOC) emissions (Bucur, 2011). What is more, thinking of future of CLT 

constructions, the panels are also recyclable. 

1.2 Hygrothermal properties 

Hygrothermal properties of wood are referred as heat, air and moisture transport in material. 

Moisture content, oxygen supply, temperature in certain arrangement is the environment for 

development of wood degrading organisms (Lebow and White, 2007). That is why a knowledge 

is required of how each of the parameters are mutually related in order to achieve conditions 

where wood degradation can be avoided.  

1.2.1 Thermal conductivity 

Thermal conductivity ˂,[W/mK], also called lambda value is a material property that states its 

steady-state ability to conduct heat. In other words, the value indicating a ƳŀǘŜǊƛŀƭΩǎ ƛƴǎǳƭŀǘƛƴƎ 

capacity ς the lower the value, better the material holds the heat. Thermal resistance R [m2K/W] 

is an inverse value of thermal conductivity (R=1/U), describing heat conductivity of a material 

per unit thickness. Thermal transmittance parameter is used to describe the insulating capacity 

of a building envelope, for example, external wall structure. 

According to Glass and Zelinka (2010). thermal conductivity of plain softwoods varies from 0.09 

to 0.17 W/mK, depending on their moisture content. .ȅ ƛƴŎǊŜŀǎƛƴƎ ǿƻƻŘΩǎ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘΣ 

density and temperature, thermal conductivity even increases. For example, according to 

AlSayegh (2012)Σ ŦƻǊ ŀ ŘǊȅ /[¢ ǇŀƴŜƭ όˊ Ϥ опл kg/m3), made of spruce wood, a measured thermal 

conductivity was 0.103-0.104 W/mK, which is lower than for regular CLT coming from a factory. 

According to manufacturer specifications (StoraEnso, KLH, Binderholz), thermal conductivity of 

CLT panels ranges from 0.11-0.13 W/mK.  

Although the CLT differs from a plain wood with an adhesive layer in between the lamellas, 

several authors (Raji et al., 2009; AlSayegh, 2012; Byttebier, 2018) have mentioned that glue 

does not have any effect on thermal conductivity. As the thickness of adhesive layer is only 

around 0.1mm, compared to the thickness of 10-14 cm of the whole CLT panel, the adhesive 

thermal properties are very insignificant (Byttebier, 2018). 
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1.2.2 Moisture transmission 

Wood is a hygroscopic material, where it gains or releases moisture like a sponge, depending on 

the surrounding environment. These processes are classified as either adsorption or desorption 

(Figure 4). Adsorption is a process, in which moisture is added or absorbed in a material until 

steady state is reached, whereas desorption is when moisture is released back into the air. While 

adsorbing or desorbing water, the wood is in a hygroscopic range, where these processes cause 

either swelling or shrinkage of wood and may affect mechanical performance. It is easier for 

wood to gain moisture than to lose it, which also affects the drying process of the whole 

assembly (Byttebier, 2018). 

 

Figure 4. Sorption curve resulting from the average adsorption and desorption isotherms for six species 

ƻŦ ǿƻƻŘ ŀǘ плϲ/ (Domone and Illston, 2010) 

Wood cells contain free and bound water. The free water is held in cell lumen and the bond 

water is located in the cell walls. Moisture content of wood is affected by the surrounding 

environment, especially the relative humidity. In general, as the air is more moist, wood gets 

more wet as well; however there is a point where the cell walls are completely saturated as a 

bound water, and there is no free water in cell lumen, which is called fibre saturation point (FSP). 

For wood, the FSP is typically at around 30 % MC (Wood and Moisture | The Wood Database). 

Relative humidity affects MC of wood only until the FSP is reached; afterwards, when the water 

is also in the cell lumen, the MC is not affected. The capillary (free) water has no dimensional 

impact on wood (Zillig, 2009).  
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Similar to thermal conductivity, the mass of glue lines between layers of CLT is insignificant 

towards the total panel weight, which makes it negligible in terms of water adsorption 

(Byttebier, 2018).  

On a surface of a large CLT panel, there may be variations in MC, as it is more affected by the 

surrounding environment, while the inner layers of CLT may respond to MC changes slower 

(Gagnon, Pirvu and FPInnovations (Institute), 2011).  

Moisture content, where wood neither gains nor loses the water as long as the temperature and 

relative humidity of surroundings are not changed, is called equilibrium moisture content (EMC). 

By raising the RH, the EMC of wood also increases, although the relation is not linear. A visual 

illustration of this relation can be seen in Figure 5, where above 85 % of RH, the line goes up 

more rapidly, which means the wood swells more. Isotherm stops at around 27 % of EMC, as 

that is almost the FSP, where the cell walls are saturated and the wood stops swelling.  

A moisture movement in up to 95 % RH is considered as water vapour transmission, which is 

called a diffusion, where water vapour under a pressure gradient moves from highly 

concentrated to low concentrated zones to achieve equilibrium. To describe diffusion there is a 

parameter of vapour permanence or vapour resistance, where the first is the materials ability 

to let through the air or vapour and accordingly resistance is ability to resist air or vapour flow 

through the material. (Byttebier, 2018) 

Figure 5. Softwood adsorption and sorption isotherms at ambient temperatures in literature (based on 

AlSayegh 2012)  
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The vapour diffusion resistance of a material decreases by increasing the moisture flow. When 

RH reaches above 95 % RH it is considered a liquid water transport, where the moisture 

movement through the material is affected by condensation (AlSayegh, 2012). Due to hydraulic 

pressure by the water and the negative suction pressure, moisture transport is faster (ISO 15148, 

2002). 

Vapour permeability in wood is higher in a longitudinal direction. Similarly, wood also absorbs 

moisture faster parallel to grain. That is why when considering CLT position in building, the 

longitudinal surface should not be exposed (AlSayegh, 2012).  

A relation for vapour resistance to RH for plain wood and CLT panels in tangential and radial 

direction is shown in Figure 6. By increasing RH, a ƳŀǘŜǊƛŀƭΩǎ ǇŜǊƳŜŀōƛƭƛǘȅ ƛƴŎǊŜŀǎŜǎ ŀƴŘ 

resistance decreases, as they are inverse values. In Figure 6 it can be noticed that the vapour 

resistance for a CLT, or wood with adhesive layers, is lower than for a plain spruce wood, which 

might mean that the addition of adhesive layers decreases the resistance to vapour diffusion. 

By higher RH, the results from CLT and plain wood even out.  

However, there are different opinions of adhesive presence hindering the vapour transmission 

or not. Volkmer et al. (2012) states that for a high RH, vapour diffusion resistance of PUR 

adhesive is larger than for other adhesives (UF, PVAc,, EPI, MUF), but the resistance value is 

rather unrelated to MC of wood. At the same time, several sources (Raji et al., 2009; 

Sonderegger et al., 2010) mention that the presence of an adhesive layer slows down the water 

transport, where the glue is acting as a seal, reducing the diffusion of moisture.  

Figure 6. Vapour diffusion resistance in literature (based on Byttebier, 2018) 
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1.2.3 Air permeability 

Air permeability can refer to air flow through the specimen at different pressure differentials 

across the specimen. The performance of the material can be described in air permeance 

(kg/m2Pa s). (AlSayegh, 2012) 

Apart from causing a negative effect on acoustical performance, fire safety and thermal comfort, 

air movement through a material also causes a movement of moisture and heat. Accordingly, 

the breathability of a material can affect its thermal performance. If the building envelope is not 

airtight, it also might not meet the energy requirements. 

Wu (2007) held measurements of various materials, including a spruce, where he concluded that 

spruce at large thickness in dry conditions can be considered airtight. As CLT is mostly made of 

spruce, also a composed panel of spruce boards and adhesives, where the panel thickness is 

around 100-140mm, can be considered airtight (Byttebier, 2018). Other experiments have found 

that adhesives only decrease permeability, however, again, the properties of adhesives 

compared to high thickness CLT board are almost insignificant (Raji et al., 2009). 

Nevertheless, attention must be paid to panel quality itself and the joints between the boards. 

In low-quality panels, there might be cracks even on the boards themselves, which obviously 

can be a cause of air movement through material. Louwet and Van Tricht  (2017) held a test of 

permeability of 3-, 5-, and 7-layered panels, where the CLT panels were initially airtight. After 

the oven-drying, the results showed that the CLT panel remained impermeable, but the air 

tightness decreased, which was most likely caused by wider gaps between the boards after the 

drying, because the wood shrinks and gaps between boards increase. This means that the joint 

quality and the glue continuity is important to consider for overall CLT panel airtightness 

properties. What is more, no less important is to properly seal the joints between the panels 

also on site, when installing elements in a building.  

1.3 Fields of application 

As CLT is called the building material of the 21st century and has obviously gained popularity in 

constructions for various purposes, more and more examples of successful buildings are 

discovered. There are several benefits of using CLT, but one of the most important is being 

environmentally friendly, which is an emerging issue nowadays. CLT is also preferred due to 

health comfort and the pleasant internal atmosphere it provides to its users in CLT buildings. 
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1.3.1 Buildings 

CLT can be a light-weight replacement of steel and concrete for mid-rise and high-rise building 

structures (Figure 7). The light weight factor, reducing the building weight by 60-70 %, may be 

also helpful in seismic zones, where it can easily absorb the impact of sudden shifts. What is 

more, lighter panels give opportunity to use smaller foundations, which accordingly means a use 

of smaller cranes, in this way also reducing construction costs.  

Easy handling during construction and high level of prefabrication leads to fast project 

completion. To ensure a smooth delivery and installation, elements have to be delivered in the 

correct sequence in order to be able to install elements directly from lorry to a place in the 

building. After installation, services, ceilings, wall finishes, insulation and cladding are fixed to 

CLT panels, usually using screws, which are also quicker and easier to fix compared to concrete 

structures. Usage of CLT provides also increased safety, less demand of skilled workers on site, 

less distribution to the surrounding environment and less waste, as the material is prefabricated 

and requires less installation work on site. 

Outer layers of CLT in walls are usually parallel to gravity loads in order to maximize a vertical 

load capacity of the wall. Likewise, in floor and roof systems outer layers run parallel to mayor 

span direction. At the same time, thanks to cross lamination, there will always be laminations 

which resist load in the perpendicular direction as well. To resist lateral loads from wind and 

earthquakes, CLT structures are made in wall and floor systems as shear walls and diaphragms. 

Figure 7. Proposal of 12-storey building of CLT panels, Portland, USA. (www.dezeen.com, 2017) 

http://www.dezeen.com/
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At the same time, no less important factors are proper fastener installation, shear strength of 

CLT panel initials and connections. 

Connections play an important role to maintain good properties of construction ς strength, 

stiffness, stability, ductility. Consequently, this requires detailed attention by designers to design 

proper solutions before the actual construction starts. Traditional systems of connections are 

dowels, wood screws and nails, however, there can be used joints where panels are connected 

themselves, using tongue and groove joints, and additionally fixed by metal screws and brackets. 

CLT can be jointed to any other material ς light wood frame, heavy timber, steel and concrete 

(Van De Kuilen et al., 2011). 

A well-known high-rise residential building using a combination of CLT panels, glulam and light 

weight frame is the 53m-tall Treet in Bergen, Norway. However, CLT is also known in Estonia, 

where the first net zero energy building was built in Pƿlva in the year 2013, using CLT as its main 

construction material (Reinberg et al., 2013). 

As the CLT panels provide some level of thermal insulation themselves, as mentioned in 

paragraph 1.2.1, heat is stored during the day and released during night-time. This means also 

lowering use of energy to cool or heat up the building. 

However, wood is a hygroscopic material and it is very much affected by moisture and water 

content both inside the structure and in surrounding environment. So are the CLT panels, 

however, they absorb and dry out the water much slower than light frame constructions. A key 

to a sustainable and durable construction is to reduce wetting and to promote drying. 

1.3.2 Minimum requirements and design for NZEB 

According to Minimum requirements for energy performance (2018) a nearly zero-energy 

building (NZEB) is characterized as a building that is built according to best possible construction 

practice, which uses energy efficient solutions and renewable energy technologies and whose 

total energy performance indicator meets class A requirements.  

According to European directive on the energy performance of buildings (2010), by December 

31st of 2020, all new buildings shall be NZEB (energy class A) and after 31 December 2018, new 

buildings occupied and owned by public authorities are NZEB. This makes architects and 

designers aware of demands to follow when designing a building envelope for residential, public, 

educational, health care buildings and offices. However, historical, religious, short-term usage, 

industrial buildings with no living premises and buildings with area up to 50m2 are not required 

to comply with these minimum energy performance requirements. (Republic of Estonia Ministry 

of Economic Affairs and Communications, 2015) 
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The current limit values for energy performance for NZEB are listed in Table 1.  

Table 1. Limit values for energy efficiency figures for NZEB (Republic of Estonia Ministry of Economic 

Affairs and Communications, 2018) 

 

When talking about the building envelopes, estimated thermal transmittance values for NZEB 

vary in a range of 0.08 ς 0.14 W/m2K, depending on architectural design and other energy 

performance measures. The values have been estimated in different regions, including Estonia, 

Southern Canada, Finland and for overall European climate. ό!ǊǳƳŅƎƛ ŀƴŘ YŀƭŀƳŜŜǎΣ нлмсΤ 

Asaee, Ugursal and Beausoleil-aƻǊǊƛǎƻƴΣ нлмфΤ 5Ω!Ǝƻǎǘino and Parker, 2019; Sankelo et al., 

2019) 

However, as the CLT panels alone do not meet the energy requirements for buildings, additional 

thermal insulation has to be added in order to improve the thermal resistance of whole 

construction. For example, the thermal transmittance (U) for CLT alone (d=100 ƳƳΣ ˂ҐлΦмн 

w/mK) is 1.2 W/m2K, whereas, when adding a 300 mm of a mineral wool ό˂ҐлΦлот ²κƳYύ, the 

overall thermal transmittance is decreased to 0.11 W/m2K, which is about 10 times lower and is 

sufficient to meet the energy requirements as it is in the range of estimated values mentioned 

before.  

No Building type 

Limit value for 
energy 

efficiency figure, 
kWh/m2a) 

1 {Ƴŀƭƭ ƘƻǳǎŜ ǿƛǘƘ ƘŜŀǘŜŘ ǎǳǊŦŀŎŜ ғмнлƳч 145 

2 
Small house with a heated surface of 120-ннл Ƴч ŀƴŘ ŀ ǘŜǊǊŀŎŜŘ 
house 120 

3 Small house with ƘŜŀǘŜŘ ǎǳǊŦŀŎŜҔ ннл Ƴч 100 

4 Apartment building 105 

5 Barracks 170 

6 Office building 100 

7 Accommodation building 145 

8 Commercial building 130 

9 Public building 135 

10 Commercial building and terminal 160 

11 Education building, Pre-school child care institution building 100 

12 A treatment building 100 

13 Warehouse 65 

14 Industrial building 110 

15 High energy building 820 
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There are several types of insulation which can be used with CLT. As mineral wool is often a 

more preferred material, there are other types such as polyisocyanurate (PIR), expanded 

polyurethane (EPS) or extruded polystyrene (XPS).  

Mineral wool is used the most often, considering aspects such as good thermal conductivity 

ό˂ҐлΦлот ²κƳYύ, average price category and good performance in a wall construction as the 

water vapour resistance is very low ό˃ Ґмύ and it allows the wall construction materials to dry 

out. According to Vitanen et al. (2011) it is medium resistant to mould growth. 

Foil-faced polyisocyanurate insulation is expected to act similar to XPS. As PIR, XPS and EPS are 

not natural insulation materials and the water vapour resistance is very high (˃ Ґмлпύ, they are 

not acting too well when in contact with wood if it has higher moisture content, simply because 

it does not let it dry out well. That is why it should be used only when wood is dried out (McClung 

et al., 2014). Nevertheless, PIR insulation is classified as resistant to mould growth (Viitanen, 

Ojanen and Peuhkuri, 2011), although the adjoining wooden surface is still in a high risk of mould 

growth. A benefit of using PIR may be that the insulation layer in construction can be decreased, 

as the thermal conductivity is very low (0.022 W/mK) and the necessary thermal transmittance 

can be achieved with using less insulation than, for example, mineral wool. 

It is possible to use also a cellulose insulation, which, however, is more sensitive to mould risk 

(Viitanen, Ojanen and Peuhkuri, 2011) than mineral wool or PIR. As the thermal conductivity is 

slightly higher than mineral wool (0.039 W/mK), it requires an even thicker layer of insulation in 

a wall construction. However, a benefit of using cellulose insulation may be that similarly as 

mineral wool, it allows the wood to dry out (˃=2.05), but still holds the moisture better in terms 

of buffering the water vapour throughout the insulation, instead of letting it all through and 

allowing it to accumulate in one point of wall construction. 

Nevertheless, in all cases of insulation type, a well-ventilated cladding system is important. 

1.4 Problem statement and objectives 

Moisture affection to CLT wall assemblies is crucial in terms of a possible mould growth risk and 

affection to properties of adjoining materials in a wall structure, especially insulation, which 

should provide a dry out of CLT panel.  

Moisture from weathering ς rain, snow, humidity ς affecting the CLT panel during construction 

and installation period is called exceed moisture. This may be caused by improper covering of 

panels and installation during high humidity conditions, so that the panel installed is actually 

wet, having exceed moisture and MC is higher than required. That accordingly affects the 
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insulation properties and thermal conductivity of the wall in general, by the increase of moisture 

content, proportionally increasing the thermal conductivity of insulation, respectively, lowering 

the insulation heat keeping capacity (Karamanos, Hadiarakou and Papadopoulos, 2008; 

Sandberg, 2009)Φ !ǎ /[¢ ƛǎ ǎǘƛƭƭ ƴŜǿ ƳŀǘŜǊƛŀƭ ƛƴ ǘƘŜ ƳŀǊƪŜǘΣ ƛǘΩǎ ŀǇǇƭƛŎŀǘƛƻƴǎ ǎǘƛƭƭ ƴŜŜŘ ǘƻ ōŜ ǘŜǎǘŜŘ 

and analysed. There have been done similar studies using CLT in an external wall structure, 

however, this research is considering 3 different insulation types in the same conditions and the 

computer simulation model will provide a platform for further analysis also in different 

conditions. 

Considering these issues, the main problem this research addresses is the insufficient 

information about hygrothermal performance of CLT concerning risk of mould growth. Two main 

objectives of this thesis are given below: 

3) To evaluate the impact of built-in moisture, insulation type and location of the building 

envelope to the hygrothemral performance of CLT wall assemblies in cold climate 

conditions with warm summers and snowy winters. 

4) To create validated simulation models for further investigation to evaluate the risk of 

mould growth in CLT wall assemblies. 

Considering these aspects, the author has established a hypothesis:   

1. Wall assemblies with CLT panels of high built-in moisture, with a low vapour-permeable 

insulation and located in the Northern direction have a greater risk of mould growth. 

In order to answer the proposed problem, achieve objectives and confirm or discuss the 

hypothesis, an experimental work was done, using CLT wall assemblies with different insulation 

types, initial MC and placement in building. Based on filed measurements there were created 

simulation models using Delphin software. However, the final conclusions of mould growth risk 

can be done only after the experiment is fully carried out, using a mathematical mould growth 

model, considering material sensitivity classes and time of exposure. 
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2 a9¢Ih5 

Experimental part of this thesis was started in January 2018 and the field measurements were 

held until March 2019. As in the whole experiment there are installed and tested six types of 

wall assemblies, a scope in this thesis is made only on three types of them, described in 

paragraph 2.1.1. 

The study is focusing on moisture behaviour through parameters of temperature, partial 

pressure of water vapour and relative humidity between each material layer in wall assembly 

and heat flux through whole wall section. The results provide a conclusion of affection of initial 

MC of CLT to wall structure and possible threat of mould growth on material surfaces. 

At the same time, a computer simulation was done to compare the results gained from installed 

sensors in wall assemblies to calculated, simulation-made results and enable to do simulations 

with new parameters. 

2.1 Field measurements 

2.1.1 Specimens 

The main specimens of the experiment are CLT panels consisting of five crosswise laminated 

layers (Figure 8). Panels were made of spruce (Picea) boards and produced in Estonia by 

!ǊŎǿƻƻŘ όtŜŜǘǊƛ tǳƛǘ h«), using one of the most common adhesives ς 1C-PUR. Panels had 

average dimensions of 850x850x100mm, with an average initial weight of 34.28 kg. 

Figure 8. Example of bonded CLT panel (http://hybrid -build.co/wp-content/uploads/2013/03/CLT2.jpg) 
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As mentioned before, there were tested three types of walls, where the only variable material 

was the insulation ς mineral wool, cellulose insulation and PIR  

(polyisocyanurate).  Description of three wall assembly types and their structure is given below 

(Figures 9-11). 

 

1) EW-1 

 

 

 Structure: 

¶ CLT panel, outer layers made of C24 quality timber, MC 12-14% or 25-27% 

¶ Mineral wool insulationΣ ˂ Җ лΦлот ²κόƳYύ όYƴŀǳŦΣ /ƭŀǎǎƛŎ лотΣ multipurpose use), short-

term absorbability, Wp Җ м kg/m2, long-term absorbability, Wpl Җ о kg/m2, diffusion 

ǊŜǎƛǎǘŀƴŎŜ ŦŀŎǘƻǊ ˃ Ґ мΦ 

¶ Wooden studs / mineral wool (same type) 

¶ Wind barrier LǎƻǾŜǊ wY[ омΣ ˂ Җ лΦлом ²κόƳYύΣ ŀƛǊ permeability <30 * 10E-с Ƴш κ ƳǎtŀΣ 

the product is not hygroscopic (the product does not bind to humidity) 

¶ Distance battens 

¶ Painted facade cladding 

 

 

Figure 9. Wall type EW-1.2 (Technical drawing by V.Kukk, adjusted by author) 
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2) EW-2 

 

Structure: 

¶ CLT panel, outer layers made of C24 quality timber, MC 12-14 % or 25-27 % 

¶ Cellulose insulation ό²ŜǊǊƻ ǿƻƻƭύΣ ˂ Җ лΦлпм ²κόƳYύΣ ǿƛƴŘ resistance coefficient 37 kPa 

s/m2 

¶ Wind barrier LǎƻǾŜǊ wY[ омΣ ˂ Җ лΦлом ²κόƳYύΣ ŀƛǊ permeability <30 * 10E-с Ƴш / msPa, 

the product is not hygroscopic (the product does not bind to humidity) 

¶ Distance battens 

¶ Painted facade cladding 

 

Figure 10. Wall type EW-2.2 (Technical drawing by V.Kukk, adjusted by author) 
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3) EW-3 

 

Structure: 

¶ CLT panel, outer layers made of C24 quality timber, MC 12-14 % or 25-27 % 

¶ Polyurethane foam insulation όYƛƴƎǎǇŀƴ ¢tмлΣ ˂ Җ лΦлнн ²κόƳYύΦ /ƻǊŜ ƳŀŘŜ ƻŦ high 

performance rigid thermoset polyisocyanurate (PIR) insulant, facing made of low 

emissivity composite foil. Water vapour resisǘŀƴŎŜ җмлл abΦǎκƎΦ 

¶ Wind barrier LǎƻǾŜǊ wY[ омΣ ˂ Җ лΦлом ²κόƳYύΣ ŀƛǊ permeability <30 * 10E-с Ƴш κ ƳǎtŀΣ 

the product is not hygroscopic (the product does not bind to humidity) 

¶ Distance battens 

¶ Painted facade cladding 

 

 

 

 

 

 

Figure 11. Wall type EW-3.2 (Technical drawing by V.Kukk, adjusted by author) 
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Besides the different wall constructions, for each wall type there were used two kinds of CLT 

panels with different MC. That is why some of panels were moisturised on purpose in order to 

see the difference of different MC affection to the same wall construction. 

First MC of panels used were with an initial MC, when received from manufacturer, which varied 

between 11-14 %. In order to gain the other MC, some panels were wetted (soaked) by putting 

them in a self-made pool, located outdoors to gain MC of 25-27 %. However, before any wetting, 

all the panels were weighted to calculate what mass has to be achieved in order to get the 

desired MC of 25-27 %. Panels gained the desired MC approximately in a month (Table 2). A 

graphical visualization of moisture gain can be seen in Appendix 1. 

Table 2. Moisture content change in a time interval and initial MC for the dry panels 

Wall No Panel No Initial MC, % Final MC, % Days Interval 

EW 1.1 N (wet) P13 14.18 26.15 24 13.11-6.10 

EW 2.1 N (wet) P18 13.51 25.39 24 13.11-6.11 

EW 3.1 N (wet) P15 14.76 25.28 24 13.11-6.12 

EW 1.2 N (dry) P24 13.57 -  - - 

EW 2.2 N (dry) P23 14.66 - - - 

EW 3.2 N (dry) P22 14.46 - - - 

EW 1.1 S (wet) P17 13.72 26.10 30 13.11-12.12 

EW 2.1 S (wet) P16 14.83 26.40 24 13.11-6.12 

EW 3.1 S (wet) P14 14.31 25.80 24 13.11-6.12 

EW 1.2 S (dry) P19 13.23 - - - 

EW 2.2 S (dry) P8 12.73 - - - 

EW 3.2 S (dry) P6 13.37 - - - 
 

The pool was made to moisturize half of the panels as a simple construction of plywood board 

frame, placed on the asphalt outdoors. Then the plastic was put in to make a ground surface of 

pool and the water was added. (Figure 12) 

To prevent a dry-out of moisture from narrow sides of panel, a Blower proof liquid brush 

(mastics) (Figure 13), polymer-based paste ς was painted on narrow side surfaces of CLT panels, 

forming a flexible, permanent, continuous airtight seal layer in order to block the drying out in 

these directions. Damp diffusion resistance factor - ˃  Ґ орфстΦ 
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Figure 12. Pool for wetting the CLT panels (Adeniyi, 2019) 

Figure 13. Blower proof liquid brush (mastics). (Author's photo) 
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After the CLT panels were ready for installation, the wall assemblies were constructed according 

to planned structures and prepared for installation ς adding the moisture resistant plywood 

frame and sealing the edges of materials (around the frame). Meanwhile, there were also 

installed the sensors both in the materials and in between the material surfaces (Figure 14). 

 

 

The constructed wall assemblies were installed in a frame of NZEB building. The plan of house is 

showed as Figure 15. 

Figure 14. Left ς Temperature and relative humidity sensors and airtight tape to seal around the 

edges of CLT. Right - sensor installation in CLT and in cellulose insulation. (Author's photos) 

Figure 15. Plan of the NZEB (investigated wall types marked with red rectangle). (Technical drawing by 

V.Kukk, adjusted by author) 
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Layout of wall assemblies from inside and from outside showed in Figures 16 and 17. 

Figure 16. Placement of wall assemblies from inside (Author's photo) 

Figure 17. Placement of wall assemblies from outside (Author's photo) 
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2.1.2 Equipment 

In the experiment there were certain parameters to be measured for specimen properties and 

during their performance in the field measurements. For measuring the weight of CLT panels, 

there were used scales (KERN DE 150K20D Weighting range Max 60/150 kg, readout, d=20/50 

g) and for MC measurements there was used an electronic moisture meter (GANN HYDROTEST 

LG 3). 

For field measurements there were used three types sensors to measure tŜƳǇŜǊŀǘǳǊŜ ό¢ϲΣ/ύ, 

relative humidity (RH, %) and heat flux  (W/m2). 

¶ For surface temperatures there was used digital temperature sensor DS18B20 (Uniflex), 

accuracy ƻŦ ҕлΦр ϲ/ ŦǊƻƳ -мл ϲ ǘƻ ур ϲ/Φ (Figure 14, left) 

¶ For temperature and relative humidity ς Omnisense A-мΣ ŀŎŎǳǊŀŎȅ ƻŦ ҕлΦо ϲ/ ŦǊƻƳ л ϲ ǘƻ 

сл ϲ/ όǘ ǎŜƴǎƻǊύ ŀƴŘ ҕнΦл ҈ ŦǊƻƳ л ҈ ǘƻ млл ҈ όRH sensor). (Figure 14, right) 

¶ For heat flux - IǳƪǎŜŦƭǳȄ ICtлмΣ ǳƴŎŜǊǘŀƛƴǘȅ ƻŦ ŎŀƭƛōǊŀǘƛƻƴ ҕо ҈ όƪ Ґ нύΦ (Figure 19) 

Sensors were marked in a certain system. Explanation given below. 

HF/t&RH/ts_L/S1, where: 

¶ HF/t&RH/ts ς measured quantity (HF- heat flux, t&RH- temperature and relative 

humidity, ts- surface temperature) 

¶ L/S1 ς location of the sensor (L stands for layer number where sensor is placed, S1 

means inner surface or S2 ς outer surface) 

In each wall there were placed sensors ς on surfaces, between the layers and one inside the CLT 

panel, see Figure 18. The placement of a sensor on a CLT surface is showed in Figure 19. 

 

Figure 18. Example of sensor placement in a wall assembly (EW 1.2) (Technical drawing by V.Kukk, adjusted by author) 
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Figure 19. Placement of the heat flux and surface temperature sensors on the inner surface of the test wall 

(Author's photo) 
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2.1.3 Conditions 

Wall assemblies were installed in NZEB building, located in TalTech campus in Tallinn, Estonia. 

(Figure 20) Each type of walls was exposed both on North and South facades.  

 

The internal environment of house is quite constant - нмϲ / όнпϲ / ƛƴ ǎǳƳƳŜǊύΣ wI ƛƴ ǿƛƴǘŜǊ ƛǎ 

30-40 % and up to 60 % in summer. As the experiment was first held for one year, it was 

experiencing external environment of Estonian climate conditions through all four seasons. 

Graphical illustrations of relative humidity and temperature changes inside and outside the test 

room are shown in Figures 21 and 22 (Test room 7, North) and in Figures 23 and 24 (Test room 

8, South) for a period of 13 months, where the outdoor RH is measured by local weather station 

in Tallinn-Harku and the outdoor temperature measured on outer surface of wind barrier. 

 

Figure 20. NZEB building in TalTech campus, Tallinn, Estonia (Author's photo) 
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Figure 21. Boundary conditions, indoor and outdoor relative humidity in test room No7 (North)Φ ό!ǳǘƘƻǊΩǎ 

illustration) 

Figure 22. Boundary conditions, indoor and outdoor temperature in test room No7 (North)Φ ό!ǳǘƘƻǊΩǎ 

illustration) 
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Figure 23. Boundary conditions, indoor and outdoor relative humidity in test room No8 (South). 

ό!ǳǘƘƻǊΩǎ ƛƭƭǳǎǘǊŀǘƛƻƴύ 
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2.2 Hygrothermal modelling 

In order to analyse the data, there were gained results from computer modelling program 

Delphin 5.9.4, which were afterwards calibrated by the actual results, collected from sensors 

concerning the same parameters ς temperature, relative humidity and heat flux. Partial pressure 

data was also gained by modelling, however the actual partial pressure data was calculated 

manually using measured data of temperature and relative humidity.  

Delphin is a simulation program for the coupled heat, moisture, and water transport in porous 

building materials to analyse moisture movements, temperature, relative humidity and other 

parameters both inside the structure and on the top surfaces (boundaries). Interior surface of 

the modelled walls had thermal resistance RSI of 0.125 m2K/W and water vapour diffusion 

ǊŜǎƛǎǘŀƴŎŜ ƻŦ оϊмл-8 s/m. For exterior surface the thermal resistance RSE was 0.04 m2K/W and 

ǿŀǘŜǊ ǾŀǇƻǳǊ ǊŜǎƛǎǘŀƴŎŜ ƻŦ нϊмл-7 s/m. For each material of the wall there were inserted their 

properties, shown in Table 3.  A schematic illustration of what data is inserted and analysed and 

final outputs are shown in Figure 25.  

The program provides a graph and the numerical data, which can be exported to Microsoft Excel 

where it can be further analysed. 

Table 3. Properties of materials used in calculation model 

Material Thickness, 
d, mm 

Bulk density, 
ˊΣ ƪƎκƳ3 

Thermal 
conductivity, 
ɽΣ ²κόƳYύ 

Water 
vapour 

resistance 
ŦŀŎǘƻǊΣ ҡ 

Water 
uptake 

coefficient, 
Kg/(m2s5) 

Moisture 
storage 

capacity, 
RH 80%, 
m3/m 3 

Spruce 
(CLT) 

100 418.8 0.11 474.725 0.0132732 6.26ϊ10-2 

Mineral 
wool 
insulation 

300/200 37.0 0.035 
(0.037) 

1.0 0.00 6.78ϊ10-5 

Mineral 
wool wind 
barrier 

30 100.0 0.033 
(0.031) 

1.0 0.00 6.78ϊ10-5 

Cellulose 
insulation 

330 65.0 0.039 2.05 0.562862 6.33ϊ10-3 

PIR 
Kingspan 
insulation 

200 38.0 0.022 104.0 0.0001 мΦмϊ10-3 

* In brackets indicated initial value before adjusting 
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Figure 25. Scheme of data input, equations and outputs in modelling (Author's illustration) 

2.2.1 2D simulation 

As the 1D simulation did not give satisfying results, the wall structures were changed in 2D, 

adding an air gap, which was also an influential part of result change. For 2D modelling there 

was used a Delphin 6 version (Figure 26).  

 

 

Figure 26. Screenshot of Delphin 6 simulation program. 
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2.2.2 Indoor and outdoor pressure difference 

When considering the general air movement through wall assemblies, an intense 

ventilation may create an underpressure in the test rooms, which accordingly causes a 

pressure difference from indoors to outdoors. As the pressure is different, it tends to 

even the value between inside and outside, which then causes air movements through 

wall assemblies. A high pressure difference causes an air flow, which accordingly creates 

convectional moisture transport (moisture movement by air), which explains why values 

of RH in location 3 behaves similar to indoor environment. Calculation model, however 

considers only moisture diffusion (movement caused by vapour pressure through 

material cellular structure) from indoor to outdoor environment. 

In order to assure an assumption of pressure difference between indoor and outdoor 

environment, which caused high differences between measured and calculated data of 

partial pressure and RH, there were held measurements for indoor and outdoor 

pressure differences. A schematic drawing and a picture of measurement points is 

visible in Figures 27 and 28. 

In the graph of results (Figure 29), there are showed measurements in 4 points, 2 of 

them in test room 7 and 2 in test room 8. In each room there is one measurement point 

in the upper level ς in the middle of upper wall assemblies -, and one in lower level ς in 

the middle of lower wall assemblies. Upper measurement point (MP) in test room 7 was 

held for a longer period of time, only after 10 days the rest of measurement points were 

added.  

Figure 27. Scheme of measurement point placement in test room. (Technical drawing by V.Kukk, adjusted by 

author) 
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At first the measurements were held for 5 days, to see if there is an actual pressure 

difference. When the assumption was confirmed (average difference 19.6 Pa), the air 

flow rate was decreased on November 18th, by reducing both inlet and outlet of air, 

which already caused a decreased pressure difference and an average value of -9.3 Pa, 

where a higher pressure was in the test room. 

On 22nd of November, when the other measurement points were added, the difference 

was still high, so the openings (inlet and outlet) were closed, in that case there was be 

no air flow at all.  

As it is seen in the graph, from the final stage from 23rd of November until 2nd of 

December, the differences are decreased a little, but are still high. When looking at the 

average values, the smallest pressure difference is in the test room 7, the upper MP, and 

the biggest differences are in the test room 8, the upper MP.  

As the differences are still high, the ventilation has to be stopped not only in test rooms, 

but also in the whole test house, as the air still travels through some small openings. The 

goal is to reach a difference of -5 Pa, which would be acceptable in order to even the 

measured and calculated results. As the pressure difference for entire measurement 

period is unknown, for modelling it was decided to use as a constant pressure difference 

of -20 Pa. 

Figure 28. Picture of measurement point placement in test room. (Author's photo) 
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2.2.3 Evaluation criteria 

To reach conditions beneficial for mould growth, there are 2 parameters to consider, 

temperature has to be in a range 0 ϲ/-50 ϲ/ ŀƴŘ ŎǊƛǘƛŎŀƭ ǊŜƭŀǘƛǾŜ humidity is estimated as a 

function of temperature (Viitanen, 2007) (Equation 4.1): 

 

ὙὌ πȢππςφχ Ὕ πȢρφπ Ὕ σȢρσ Ὕ ρππȢπȟ 

ύὬὩὲ Ὕ ςπȠ 

ψπϷ ύὬὩὲ Ὕ ςπ                                                            τȢρ 

 

To visually show how close to mould growth risk are the RH and T results, there can be created 

graphical illustrations using the described function (4.1), showing a critical line (green line in 

Figure 30), above which a risk of mould growth starts. All wall types are analysed this way in 

paragraph 4.1. In this analysis, however, there is not considered the exposure time and material 

sensitivity. 

 
 

 

Figure 29. Graph of pressure difference between indoor and outdoor conditions (Author's illustration) 



43 
 

 

Figure 30. Overall conditions favourable for mould growth on wooden material as a mathematical 

model (Hukka and Viitanen 1997) 
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3 w9{¦[¢{ 

The results gained from simulation model (CALC) were exported in graphs, where the values 

were compared to actual measured data (LAB) for temperature (T), partial pressure (P), relative 

humidity (RH) and heat flux parameters (q). Graphs of T, Pv and RH show data of gained either 

from sensors or simulation, placed in certain locations (L1; L2; L3; L4), where L1 is most inner 

and L4 is most outer location. The q was only measured on inner surface of each test wall. All 

average differences between calculated and measured results are given in Appendix 2. 

3.1 Test walls insulated with mineral wool (EW-1) 

3.1.1 Field measurements and simulation of Northern side walls with 

initial MC of 13% (EW 1.1_N) 

 

Temperature graph of EW 1.1_N (Figure 31) shows a comparison of measured and calculated 

data, where all locations follow up through all period of time with no major differences, 

however, the least of differences are in location 1, having average difference of 0.68 ϲ/ ƻǾŜǊ ǘƘŜ 

ŜƴǘƛǊŜ ƳŜŀǎǳǊƛƴƎ ǇŜǊƛƻŘ ǿƛǘƘ ŀ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ҕлΦ37 ϲ/, and in location 2, ave. diff. of 0.84 

ϲ/  ǿƛǘƘ ǎǘŘΦ ŘŜǾΦ ƻŦ ҕлΦ36 ϲ/Φ DǊŜŀǘŜǊ ŘƛŦŦŜǊŜƴŎŜǎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ƛƴ ƭƻŎŀǘƛƻƴ оΣ ŀǾŜΦ ŘƛŦŦΦ ƻŦ мΦ41 

ϲ/ ǿƛǘƘ ǎǘŘΦ ŘŜǾΦ ƻŦ ҕлΦ53 ϲ/Σ ŀƴŘ ƛƴ ƭƻŎŀǘƛƻƴ пΣ ŀǾŜΦ ŘƛŦŦΦ ƻŦ мΦр6 ϲ/ ǿƛǘƘ ǎǘŘΦ ŘŜǾΦ ƻŦ ҕлΦ68 ϲ/Φ 

When looking at the close ups, the average differences in warm period tend to align better, the 

ave. diff. of temperature varies from 0.76 ϲ/ (std.d.ҕлΦ31) to 0.91 ϲ/ όǎǘŘΦŘΦ ҕлΦ55). Nevertheless, 

in the cold period deviation in location 4 reaches 2.03 ϲ/ όǎǘŘΦd.ҕлΦпп) and 1.92 ϲ/ όǎǘŘΦŘΦҕлΦмт) 

in location 3. In L1 and L2 the values are still similar as through the whole period of time, location 

м ƘŀǾƛƴƎ ŀǾŜΦ ŘƛŦŦΦ ƻŦ лΦсн ϲ/ (std.d. ҕ0.15) and location 2, ave. diff. of 0.92 ϲ/ (std.d. ҕ0.17). 

As the location 4 is the most outer position of the wall, the temperature fluctuates from -15 ϲ/ 

to +30 ϲ/, where the lowest temperatures are during January to March and the highest during 

July and August, which can also be observed in the close ups.  

Temperature in locations 1-3 fluctuates from +15 ϲ/ to +30 ϲ/ following the same pattern, where 

the highest temperatures are observed in location 1, as the most inner one.  
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Figure 31. Temperature at locations 1-4, EW 1.1_N (Author's illustration) 

Figure 32 shows data of partial pressure where calculated and measured data tend to align more 

only from the second half of the experiment period. However, the locations 3 and 4 act similar 

all through the period of time, especially the location 4 where the average difference is the 

ǎƳŀƭƭŜǎǘΣ млпΦлс tŀ ǿƛǘƘ ǎǘŘΦ ŘŜǾΦ ƻŦ ҕммп tŀ and at location 3 ς 114.71 Pa (std.d.ҕ83). For 

locations 1 and 2, the differences are even higher and almost the same, location 1 having ave. 

diff. of 215.74 tŀ ǿƛǘƘ ǎǘŘΦ ŘŜǾΦ ƻŦ ҕнл4 tŀ ŀƴŘ ƭƻŎŀǘƛƻƴ н ŀǾŜΦ ŘƛŦŦΦ ƻŦ нмрΦфс tŀ όǎǘŘΦ ŘΦҕнстύΣ 

which is also caused by high differences from the beginning until May.  

The highest partial pressure can be observed in July, around 2500-3000 Pa and the lowest during 

the winter months when it decreases to around 250-1200 Pa if the second period of 

measurements is considered. 
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Figure 32. Partial pressure at locations 1-4, EW 1.1_N (Author's illustration) 

 

The results of relative humidity are shown in Figure 33, where almost all the locations show 

quite different data from measured to calculated. The most aligning data considering the 

fluctuations is in location 4, however the average differences are the highest ς 8.73 %RH with 

std. d. of ҕ6.23 %RH. Location 3 also shows quite similar data all through the period of time and 

has the least of the differences between calculated and measured data ς 3.91 %RH (std.d.ҕ3.05), 

although the measured data fluctuate much more than the calculated. Locations 1 and 2 show 

quite different data from measurements, especially in the period until July. The overall average 

differences are almost as high as in L4, ave. diff. in L2 is 8.57 %RH (std. d. ҕмлΦон), and for L1 is 

7.98 %RH (std.d ҕ7.43). 

When looking at the close ups, the differences are quite different, except for location 4, where 

average difference for both warm and cold period still stays in the range of 8.69 %RH (std.d. 

ҕрΦрсύ ǘƻ фΦнр ҈wI όǎǘŘΦŘ ҕрΦрсύΦ 

During the warm period, the most similar data is at L2, where the ave. diff. is 1.76 %RH with std. 

d. of ҕ1.11 %RH, then location 3, 4.17 %RH (std.d ҕ2.81) and finally L1 which is almost the same 

through all the period ς 7.18 %RH (std.d. ҕ4.59). 

During the cold period, differences in locations 2 and 4 are the highest, where in location 2 the 

ave. diff. now is 7.31 %RH (std.d.ҕ1.11). Difference in L3 is almost the same as through the all 

period, having ave. diff. of 3.57 ҈wI όǎǘŘΦŘΦ ҕнΦумύ ŀƴŘ ǘƘŜ ƭƻŎŀǘƛƻƴ м ƘŀǾƛƴƎ ǘƘŜ ǎƳŀƭƭŜǎǘ 

difference, ave. diff. 1.34 ҈wI όǎǘŘΦŘΦ ҕпΦруύΦ 

Lowest values of RH are reached during February to June, where the lowest RH is in location 3, 

around 30 % and around 40-70 % in location 4. The same tendency seems to repeat starting 

from October, when the outdoor temperature is also decreasing. Highest values are reached 

during July to October, when the values generally vary from 40-90 %. Highest RH is in location 
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4, where it constantly exceeds 80 % of RH, which is critical for mould growth. The rest of the 

locations mostly do not exceed 70 % of RH. 

 

Figure 33.Relative humidity at locations 1-4, EW 1.1_N (Author's illustration) 

 

When talking about the graph of Heat flux of wall EW 1.1_N (Figure 34), the calculated results 

vary much more than the measured ones, where the LAB values tend to increase in time, but 

the calculated values slightly decrease at the same time. Average calculated q is 3.28 W/m2 

(std.d.ҕоΦлр), while average measured value is almost 2 times smaller ς 1.92 W/m2 (std.d.ҕмΦнт) 

and the average difference measured and calculated data is 1.88 W/m2(std.d.ҕмΦнт). Calculated 

q reaches values up to 25 and even 30 W/m2, while measured values reach only maximum 7 

W/m2.  

When considering thermal transmittance from q values, average thermal transmittance of 

calculated data is 0.44 ²κƳчY όǎǘŘΦŘΦ ҕлΦф0) and of measured data ς 0.23 ²κƳчY όǎǘŘΦŘΦ лΦппύΣ 

where LAB vŀƭǳŜ ƛǎ ŎƭƻǎŜǊ ǘƻ ƛƴƛǘƛŀƭƭȅ ŎŀƭŎǳƭŀǘŜŘ ǘƘŜǊƳŀƭ ǘǊŀƴǎƳƛǘǘŀƴŎŜ όлΦмл ²κƳчYύ ŎƻƴǎƛŘŜǊƛƴƎ 

materials and wall thickness.  
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3.1.2 Field measurements and simulation of Northern side walls with 

initial MC of 25% (EW 1.2_N) 

Results of temperature values of EW 1.2_N (Figure 35) show quite precise alignment with no 

major differences of calculated and measured data. Generally, the highest variations trough all 

period are in location 4 with an ave. diff. of 1.06 ϲ/ ǿƛǘƘ ǎǘŘΦ ŘΦ ƻŦ 0.47 ϲ/Σ ŦƻƭƭƻǿŜŘ ōȅ already 

minor differences of 0.5 ϲ/ όǎǘŘΦŘΦҕ0.34) in location 3, 0.49 ϲ/ ǿƛǘƘ ǎǘŘΦ ŘŜǾΦ ƻŦ лΦ27 ϲ/ ƛƴ ƭƻŎŀǘƛƻƴ 

1 and an ave. diff. of 0.28 ϲ/ όǎǘŘΦŘ ҕ0.29) at location 2. 

When looking at the close ups, average differences vary only in a range from 0.29 ϲ/ ǿƛǘƘ ǎǘŘΦ 

dev. of 0.29 ϲ/ to 0.62 ϲ/ όǎǘŘΦŘΦ ҕл.32) in all locations. During the cold period, highest ave. diff. 

of 1.35 ϲ/ with std. dev. of 0.28 is in location 4, then, half as little in location 3, ave. diff. of 0.67 

ϲ/ όǎǘŘΦŘ ҕлΦмп) and 0.5 ϲ/ όǎǘŘΦd. ҕлΦмр) in location 1. Almost no difference, 0.09 ϲ/ όǎǘŘΦŘΦ ҕлΦ05) 

in location 2. 

Similarly, as for EW 1.1_N, the results of location 4 fluctuate the most and vary from -15 ϲ/ to 

+30 ϲ/, where the lowest temperatures are reached during January to March and the highest 

during June to September. Meanwhile the locations 1-3 follow the same pattern and vary 

around +15 ϲ/ to +30 ϲ/ degrees as they are located more towards indoors.  
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Figure 34. Heat flux of EW 1.1_N (Author's illustration) 
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Figure 35. Temperature at locations 1-4, EW 1.2_N (Author's illustration) 

 

Figure 36 shows the results of measured and calculated values of partial pressure, where the 

measured and calculated results align better than in EW 1.1_N, having no major difference in 

the starting period. However, the average differences are the same and even bigger. Location 3 

and 1 align the most, having ŀǾŜΦ ŘƛŦŦΦ ƻŦ ммлΦор tŀ όǎǘŘΦŘ ҕтфύ ƛƴ [о ŀƴŘ ŀǾŜΦ ŘƛŦŦΦ ƻŦ 89.96 Pa 

όǎǘŘΦŘΦ ҕ 81) in location 1 and following more or less the same patterns. Partial pressure in L4 

also follow the same fluctuations, however, the difference is still high, ave.diff of 118.33 Pa 

όǎǘŘΦŘΦ ҕ125).Results in location 2 also follow the same fluctuations, but the difference is quite 

constant all through the period, ave dƛŦŦΦ ƻŦ нмтΦуу tŀ όǎǘŘΦŘΦ ҕммрύΦ 

In general, the partial pressure values vary from 250-3000 Pa, having the most fluctuations in 

location 4 and the highest values for all locations are reached during the period of June to 

September, when it reaches around 1000-3000 Pa. Lowest values are registered during winter 

periods, when partial pressure does not exceed 1200 Pa. 
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Figure 36. Partial pressure at locations 1-4, EW 1.2_N (Author's illustration) 

 

To analyse RH of EW 1.2_N (Figure 37), in all the locations measured and calculated results more 

or less align, although the fluctuations are different, generally measured data is less stable. 

Greatest average difference all through the period is in location 2, 9.42 %RH with std.d of 

3.94%RH. Then, already smaller difference is in location 4, ave. diff. 6.77 %RH (std.d. 6.47) and 

similar differences in locations 3 and 1, having ave diff. of 4.77 ҈wI όǎǘŘΦŘ ҕ3.63) in L3 and ave. 

diff. of 3.41 ҈wI όǎǘŘΦŘΦ ҕ2.84) in L1. 

To look at the close ups, average differences change more only in location 2. During the warm 

period highest difference is in L4, ave. diff. 7.32 ҈wI όǎǘŘΦŘΦ ҕ4.96), then almost the same 

differences in L2, ave. diff. of 5.49 ҈wI όǎǘŘΦŘΦ ҕ1.72) and L3, ave. diff. 5.13 ҈wI όǎǘŘΦŘΦ ҕ3.29) 

and finally L1 with ave diff. of 3.47 ҈wI όǎǘŘΦŘΦ ҕ1.64). It has to be noted that during the warm 

period location1 lacks more than half of data, which might also change average differences. 

During the cold period, differences stay the same for locations 3 and 4, but are much higher in 

L2, ave diff. of 10.03 ҈wI όǎǘŘΦŘ ҕлΦосύ ŀƴŘ ƳǳŎƘ ǎƳŀƭƭŜǊ ƛƴ [мΣ ŀǾŜΦ ŘƛŦŦΦ ƻŦ лΦун %RH (std.d. 

ҕлΦпрύΦ 

In general, locations 1-3 do not exceed 75 % of RH, while results in location 4 constantly goes 

above 80 % and reach up to 95 % of RH.  














































































































