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Abstract 

Norway is a country with a tremendous number of historic buildings and maintaining these is 

important for several different reasons. However, climate change leads to a warmer and more 

humid environment which in turns leads to an increased risk of biological, chemical, and 

mechanical decay.  

This master thesis has been centred around evaluating the hygrothermal performance of the 

log walls of the in-use cultural heritage building of Bentegården, located in Tønsberg. This 

building is the oldest of its kind in the city and has over the years been thermally upgraded 

through several different occasions. This has resulted in a building containing a large variety 

of solutions.    

A 3D scanning has been performed to create a digital model of the building. Supplied by 

historical documentation, local knowledge and infrared thermography, this has created a basis 

for determining the hidden elements within the building envelope. Numerical simulations 

have been conducted for the different wall assemblies with current and future climate data 

primarily based on observed data from weather stations and a “business as usual” climate 

scenario. 

The results indicated little to no risk of mould growth in the logs subjected to the current 

climate. However, there are evidently a greater risk of mould growth in the future according 

to the hygrothermal simulations, especially where the timber is not protected by exterior 

insulation.  
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1. Introduction 

 Background 

Norway is a country with a tremendous number of historic buildings and maintaining these is 

important for several different reasons. Cultural heritage provides us knowledge about our 

ancestors and serves an undoubtable importance in characterizing the identity of a place. 

Besides this, maintaining these buildings can serve a purpose considering sustainability and 

economic value.  

As the climate continuous to rapidly change, buildings that dates centuries back is exposed to 

an environment which is getting more and more distanced from what they were built to 

withstand. According to Hanssen-Bauer et al. (2017) a worst-case climate scenario describes a 

situation with an increase in annual temperature of about 4,5 °C, 18 % increase in annual 

precipitation and 15-55 cm increase in mean sea level depending on location along the coast. 

This in turns leads to an increased risk of biological, chemical, and mechanical decay. 

An international project called Hyperion got the ambition to create a tool to better understand 

the effect of climate change on cultural heritage sites and monuments for easier decision 

making, visualization of future climate scenarios, prioritization of rehabilitation actions and 

preventive measures, by others (Hyperion, 2020). One of the test sites involved with this 

project is Tønsberg, which is considered as the oldest city in Norway. Nordbyen is an area in 

Tønsberg characterized by a lot of old low raised and well-preserved wooden houses. Among 

these are Bentegården, an inhabited timber building which dates back to the century-end of 

the 1700s and is considered the oldest in Tønsberg.       

Being the oldest house in the oldest city of Norway, Bentegården most certainly got history 

written within its walls worth exploring. What can we learn from observing such a well-

preserved log building and what challenges may Bentegården and other similar building face 

with an ever-changing climate?  
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 State of the art 

The research involved with cultural heritage preservation can arguably be seen from two 

different perspectives, both with the intention of reducing the loss of important structures. 

One perspective is with respect to reducing the biological and physical degradation. A second 

perspective is with respect to the overall energy efficiency, hence making it suitable for 

housing and current technical requirements.  

In Norway, there are ongoing monitoring programs e.g. Dammann (2020) focusing on the 

preservation of cultural heritage. This work is based on hypotheses about the relationship 

between cause and effect and gathers data using systematic verifiable methods 

(Riksantikvaren, 2020b). It is further described that more scientific research is important to 

understand what area of cultural heritage monitoring should be focused on and how this 

process can be improved. Additionally, scientific research is crucial to interpret and explain 

the data collected. Similar communication is pointed out as missing between the academic 

and management sector according to Sesana et al. (2019), which bases its research on a semi-

structured interview with experts on cultural heritage preservation in Norway, UK, and Italy.  

Fatorić and Seekamp (2017) demonstrated through a systematic literature review that research 

on the effect of climate change on cultural heritage entered the agenda in 2003 with a 

significantly increasing trend over the past century. Included in this is the development of 

methods for non-destructive techniques for characterization and diagnosis of cultural heritage 

(Solla et al., 2020).  

One of the most used non-destructive methods for describing the cause and effect of 

degradation of buildings and other structures is thermography (Barrile et al., 2021). 

Furthermore, Glavaš et al. (2019) demonstrated that this technology can be applied to help 

detect non-homogeneous outer shell elements, hidden openings and structural elements by 

investigating several Baroque buildings in Croatia. For categorizing the deeper layers of the 

building envelope, however, the study concluded that conventional thermography needs to be 

coupled with other forms of non-destructive testing.  

Another ever-growing non-destructive technique is laser scanning. The Norwegian Institute 

for Cultural Heritage (NIKU) describes this as an accurate and cost-effective method for the 

documentation and monitoring of various assemblies of cultural monuments (NIKU, n.d.). 

Within cultural heritage research, this technology is being used in work related to buildings 

and ruins e.g. (Gustavsen, 2010, 2011), archaeological localities e.g. (Thuestad et al., 2021), 
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and archaeological findings and artefacts e.g. (Stein & Gustavsen, 2013). In other words, 

technology brings great benefits to a wide range of cultural heritage research. Furthermore, 

specifically for buildings, laser scanning can be used as a part of the BIM approach which 

serves purposefully in terms of facility management, support in the restoration or 

rehabilitation processes and further research (Solla et al., 2020).  

With sufficient information about individual components, the process of using hygrothermal 

simulations has been described in different papers to evaluate retrofitting measures e.g. 

(Coelho et al., 2019) and the effect of climate change e.g. (Rajčić et al., 2018). Something that 

is repeated throughout several papers is the importance of evaluating a variety of cases. This 

is mainly because the results are dependent on a large number of variables, including the 

buildings volume, window to wall area ratio to name a few (Coelho et al., 2019), however, 

simulations can provide quantitative information about the future rate of decay on groups of 

cultural heritage with similar characteristics (Sesana et al., 2019).   
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 Purpose, research question and limitations 

The purpose of this master thesis is to complement the work related to the EU project 

HYPERION by evaluating the impact of climate change on the cultural heritage building, 

Bentegården located within one of the projects test-sites of Tønsberg. To accommodate this, 

the following research questions has been investigated: 

• How do observed local climate data correspond with climate predictions? 

• What is the moisture content of the log walls and how does this develop in a warmer 

and more humid climate?  

• When and where does a potential risk of mould growth occur?  

These questions form the basis for the following compound problem to be addressed: 

What is the hygrothermal performance of log walls subjected to various retrofitting measures 

in cultural heritage buildings located in a Nordic climate and how will this be affected by 

climate change?  

Answering this problem has been conducted by gathering all available information about the 

assemblies, supplied by 3D-laser scanning and thermography followed by hygrothermal 

numerical simulations using current climate data and future climate predictions. Seen in the 

perspective of this will there be discussions regarding benefits and limitations with the use of 

3D laser scanning and infrared thermography as a method for clarifying the lack of 

information concerning construction assemblies.    

As indicated, this thesis focuses on heritage buildings located in a Nordic climate. However, 

local climate variations may cause local variations, but the climate data used is limited to the 

area of Tønsberg. Furthermore, only the exterior walls are investigated through numeric 

simulations and potential energy savings from retrofitting measures has not been quantified.  
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2 Theory 

 Cultural heritage management in Norway 

Ever since 1687, Norway has had a law intended to protect cultural heritage. With its 

introduction, it applied to private findings of movables but has over the centuries evolved with 

several protection provisions in other laws, especially in the 19th century. At the end of the 

19th century and the beginning of the 20th century, work was done to gather a new and strong 

law to protect the cultural heritage. In 1905 this resulted in fortidsminneloven, which was one 

of the first laws decided after the dissolution of the union between Norway and Sweden and 

included protection of all buildings from antiquity and the Middle Ages. Riksantikvaren, 

which for the first time took office in 1912 saw the need for protection of cultural heritage 

from the 17th, 18th and 19th century, which set the foundation for bygningsfredningsloven (law 

on building protection) in 1920. This, together with a law from 1951 which introduced an 

obligation to give notification when planning work that could affect cultural heritage has put 

the foundation for the current cultural heritage act established in 1978. (Holme et al., 2020) 

With current legislation, all cultural heritage from before 1537 is automatically listed 

(kulturminneloven, 1979a). Additionally, the listing of newer buildings and other historic 

material is assessed based on their uniqueness and variety both as part of our cultural heritage 

and identity and as part of a comprehensive environmental and resource management 

(Kulturminneloven, 1979b).  

From 1975 to 1995, extensive work was carried out to map all buildings in Norway built 

before 1900. This resulted in about 515 000 buildings being registered in a register called 

SEFRAK. Although all these buildings are not listed, the register function as a heads up for 

the municipalities to evaluate the potential threat to cultural heritage. (Riksantikvaren, 2020c) 

Annually, several buildings listed in the SEFRAK-register is lost. Dammann (2020) describes 

a loss of about 28 % since registering in a selection of 10 municipalities with a combined total 

of 7458 before any loss. 43 % of the cases are registered as demolished, while 30 % is due to 

decay and 22 % is registered with unknown cause. Although there has been a significant loss 

since the introduction of the SEFRAK-register, there is a sinking trend in terms of annual loss 

and the results point to the connection between use and building preservation. (Dammann, 

2020)  
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 Traditional log buildings in Norway 

Through thousands of years, wood has been central in Norwegian building history due to its 

versatility and availability and the development of construction methods reflects the economic 

growth and standard of living in the country. (Edvardsen & Ramstad, 2014) 

Log buildings is undoubtedly one of the most iconic construction methods used in Norway 

but has also been central in the rest of Scandinavia, middle- and east-Europe and Asia. Ever 

since the Middle Ages up until late the 19th century, it was the dominant method utilized in 

the country. Over the course of this period, unique techniques are evident for different regions 

as a result of material access, climatic differences and local carpenter traditions. (SINTEF 

Byggforsk, 2017) 

In short, the basic structural principle of log buildings is the horizontal logs which are 

mounted on top of each other and interlocked at the corners to form the walls of the building. 

Furthermore, purlins are mounted to form the structural part of the roof. These basic 

principles are illustrated in Figure 2.1. (SINTEF Byggforsk, 2019b)  

 

Figure 2.1 Typical structure of a log building. Text from the figure has been removed. Included with permission from 

SINTEF. 

Mainly spruce or pine was utilized in the traditional log buildings, which are common tree 

species throughout the country (SINTEF Byggforsk, 2019b). Although local availability had 

significance, pine was usually preferred due to a higher amount of heartwood with resin, 

which is more resistant to decay (Britannica, 2012). Further development of the building 

envelopes resistance led to the common practice of panelling, which also reduced the 

requirement of the logs. (Riksantikvaren, 2012) 
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Following the practice of panelling the log buildings, surface treatment became common and 

linseed oil paint was probably first introduced to buildings around Norway after the 17th 

century. The application was a traditional treatment of panels, doors and windows all over 

Norway. The preparation of the paint was before the industrialisation executed by an 

experienced carpenter. During the second world war, there was a shortage of linseed oil 

lasting until the 1950s. The shortage resulted in the introduction of alkyd paint and acrylic 

paint, while a large part of the knowledge around painting with linseed oil was forgotten. 

(Riksantikvaren, 2002)  

Today, the old method involving linseed oil paint is recommended when applying the surface 

treatment on cultural heritage building regardless of whether it previously has been applied 

with a combination of linseed oil paint and alkyd paint. (Brænne, 2021). 

 Heat, air and moisture 

 Heat transport 

Whenever there is a temperature difference in a system, heat transport will occur from the 

warmer to the colder area by conduction (1), convection (2) or radiation (3) as illustrated in 

Figure 2.2. In construction materials, these three forms of heat transport are combined to form 

the total heat transport (Edvardsen & Ramstad, 2014).  

 

Figure 2.2 Heat transport mechanisms 

A fourth type of heat transport is latent heat, which is related to change of state. This is 

exemplified in Hens (2017) with water that evapourates and absorbs heat, moves to a colder 

spot, condenses and re-emits the heat of the evapouration.  
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 Thermal bridges 

A thermal bridge is a section with substantially greater heat loss than its surroundings and is 

caused by either geometry or material properties. Furthermore, it is distinguished between 

linear thermal bridges and point thermal bridges.  

Geometric thermal bridges are caused by a difference in the interior and exterior surface area 

which are caused by an angle or a change of thickness.  

Thermal bridges caused by materials is based on the thermal resistance of a material. This 

occurs where there is a material with a higher thermal conductivity than its connecting 

materials. 

It is practically impossible to completely avoid thermal bridges as the exterior surface area 

always will be greater than the interior surface area, and it is necessary to use materials with 

higher thermal conductivity for the load-bearing of the structure. The aim is therefore to 

reduce the thermal bridges as much as possible to avoid consequences such as increased heat 

loss and energy demand, reduced surface temperature, condensation and reduced thermal 

comfort (SINTEF Byggforsk, 2019a).  

 Moisture  

According to Edvardsen and Ramstad (2014), about 60-80 % of all construction damage is 

related to moisture. Moisture is sourced both inside and outside the building envelope and 

there are five main mechanisms related to moisture transport (Edvardsen & Ramstad, 2014): 

(1) Torrential rain - specifically rain transported by air leakages in the building envelope. 

(2) Capillary suction – moisture transport caused by capillary action within the pores of 

materials. 

(3) Liquid flow – leakages, for example through the roof or sanitary installations. 

(4) Moisture convection – water vapour transported by air leakages. 

(5) Water vapour diffusion – water vapour transport caused by a difference in water 

vapour content in the exterior and interior air. 

Increasing temperature also increases the amount of water vapour the air can hold, and when 

the maximum quantity of water vapour at a given temperature is reached it is defined as 

saturated. The relative humidity describes the relationship between the absolute moisture 

content in the air and the moisture content when saturated and is given as a percentage or as a 

number between 0 and 1. 
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When the relative humidity reaches 100 %, condensation occurs. Additionally, high relative 

humidity over a longer period causes a serious threat of mould growth. Although this is also 

dependent on the substrate (Sedlbauer, 2002), the mould will typically grow if the relative 

humidity at the surface exceeds 80 % over a period of about four weeks (Hens, 2017). 

The water vapour content in outdoor air is affected by geographical location and time of the 

year. The mean relative humidity outdoors in Norway is usually between 50 and 90 %, but 

close to 100 % in foggy and rainy weather (Edvardsen & Ramstad, 2014). Figure 2.3 

illustrates the relative humidity for each month of a typical year in Oslo with data gathered 

from (SINTEF Byggforsk, 1999). 

 

Figure 2.3 Relative humidity of a typical year in Oslo climate 

Humidity levels indoors depend on the moisture content in the outer air of which is ventilated 

into the building and its quantity in addition to interior moisture excess.  

𝑉𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 = 𝑉𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 + Δ𝑉 Eq. 1 

As the moisture production and temperature varies, the humidity indoors changes a lot 

throughout the day. Additionally, there is usually a significant difference for the different 

rooms within the building. The smallest variations throughout the day are typically in the 

living room while the largest is typically in the bathroom. (Holme, 2010) 
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 Mollier diagram  

The mollier diagram, Figure 2.4, is an engineering tool that illustrates the relationship 

between temperature, relative humidity, water vapour pressure and moisture content in the air 

graphically.   

 

Figure 2.4 Molliers diagram (Engineering ToolBox, 2003) 

 Moisture in wooden materials 

Wooden constructions are especially vulnerable to moisture related problems during all stages 

of its service life.  

There are two forms of water storage within the wood, which are bound water in the cellulose 

inside the cell walls and free water inside the cells. When the wood begins to dry out, the free 

water inside the cells is the first to evaporate. When this is completely gone, the evaporation 

process begins for the water bound within the cell walls. For spruce and pine, the moisture 

content is around 30 % at this point. Further drying entails shrinkage of the wood (SINTEF 

Byggforsk, 2015).  
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Wooden materials can be said to find its equilibrium moisture content when it’s in balance 

with the moisture content in the air surrounding it. If protected from rain, this usually results 

in a moisture content between 18 % and 20 %. Concerning mould growth, SINTEF Byggforsk 

operates with a critical value of 20 % for this to begin (SINTEF Byggforsk, 2015).  

 Air infiltration 

Air infiltration can occur in openings in the building envelope with varying form and size and 

may cause significant physical consequences for the building and the comfort of the 

occupants. First and foremost, air infiltrations can affect the ventilation system of the building 

and increase the heating or cooling demand. Additionally, it can be a causing factor for 

moisture problems, the spread of fire, pollution of the interior air, sound, and radon 

infiltration. (SINTEF Byggforsk, 2014)  

The driving force for the airflow through air leakages is considered as a combination of wind 

and pressure difference caused by temperature difference in the interior and exterior air. The 

combination of these two mechanisms usually results in an inside-to-outside pressure 

difference (Younes et al., 2012). In terms of moisture problems, leakages of moist indoor air 

can lead to condensation and dampening in cold parts of the construction. This is especially 

relevant for roof constructions as a result of over pressurisation in the upper part of the 

building (SINTEF Byggforsk, 2014).   

In the Norwegian regulations on technical requirements for construction works (TEK17, 

2017), there are minimum requirements for leakage figures at 50 Pa pressure differential. For 

most buildings, this requirement is specified as 1,5 air exchanges per hour, but for timber 

constructions a higher figure is acceptable. More specifically, TEK 17 accepts a maximum 

figure of 6 air exchanges per hour.   
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 Building physics in older buildings and retrofitting 

Traditional buildings were built by hand with materials from the local area, an energy-

efficient building method causing a minor impact on the environment. The material properties 

were utilized to obtain a long service life and the constructions were easy to maintain. These 

buildings were built with diffusion open materials to secure the drying of the materials and 

provide certain ventilation (Riksantikvaren, 2020a).  

The ventilation is mainly based on the stack effect in older buildings. This is a principle that is 

based on air movement into or out of buildings caused by air buoyancy, the difference in air 

density. The buoyancy force can be either negative or positive. Positive thermal buoyancy is 

caused by warm air with a lower density than cold air resulting in an upward draft and warm 

air escaping through exhaust ducts and air leakages in the upper part of the house. Valves and 

air leakages provide fresh air entering the construction, in addition to aeration through 

windows. Ventilation is also provided from wood-firing during winter which causes a 

negative pressure letting fresh air into the building and through open windows during summer 

(Riksantikvaren, 2013).  

While old buildings rely on diffusion open materials and natural ventilation, modern buildings 

rely on energy efficiency through more air- and watertight buildings which require a 

ventilation system. Implementation of modern solutions from today’s new constructions may 

cause unfortunate consequences if applied to old constructions (Riksantikvaren, 2020a). It is 

important to understand the consequences prior to any extensive measures regarding sealing 

and/or insulation. Several conditions are necessary to evaluate e.g. how it’s constructed, and 

which particular measures should be performed to prevent damages, protection against 

moisture, ventilation and heating. Additionally, there are regulations and potential preferences 

from the owners which prevent altering the aesthetics of the building. (Riksantikvaren, 2013). 

Figure 2.5 illustrates a distribution of heat loss in a typical non-insulated log building in Oslo 

climate (Svensson et al., 2012). Although these values may vary from case to case, it gives a 

clear indication of what to expect in this type of building. The absolute largest heat losses are 

from the windows and the outer walls, while the least is from the thermal bridges. According 

to Svensson et al. (2012), heat loss from thermal bridges in log buildings is neglectable unless 

the building is insulated, especially on the interior side.  
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Figure 2.5 Distribution of heat loss. The graph is reproduced based on the data from (Svensson et al., 2012).  

In the report, a total of 15 different measures is simulated and reported based on their 

contribution to the energy savings. This included measures like temperature control, 

installation of insulation in different parts of the building, sealing of air leakages and 

replacement or improvement of windows. The result indicated that measures related to the 

windows had the best energy savings, with values ranging from 21-25 %. Additionally, 300 

mm post insulation installed in the roof and floor saw a reducing effect of 20 % but may lead 

to the need for additional measures to prevent potential damage. Other solutions indicated an 

efficiency in the range of 6-16 %, with post-insulation of outer walls being the most efficient 

within this interval. (Svensson et al., 2012)  

 Post-insulation of exterior walls  

As mentioned above, post-insulating the exterior walls is an effective measure to reduce 

energy consumption, however, it can affect the architectural and cultural heritage values. 

Additionally, the expenses often overcome the energy savings and therefore most beneficial 

combined with related work (Riksantikvaren, 2013).  

Post-insulation on the exterior side of the outer walls is valuable to obtain good moisture 

control and a low heat loss. Insulation on the exterior side secures a coherent insulation layer 

avoiding thermal bridges. Additionally, the moisture control is better preserved due to the 

original structure kept warmer and dryer (SINTEF Byggforsk, 2004). 
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A disadvantage of exterior post-insulation is the impact on exterior building elements and 

proportions. Depending on the thickness of the insulation, the thickness of the wall is 

extended which cause e.g. decreased roof overhang, changed transition between foundation 

and wall, and moving windows further out should be considered (Riksantikvaren, 2013).  

SINTEF Byggforsk (2004) describes two different methods regarding log house with exterior 

insulation. The first method, Figure 2.6, is described by installing a wind barrier to the logs to 

make it airtight, followed by a layer of mineral wool and another layer of wind barrier. After 

the new layer of wind barrier, a ventilation layer and the outer cladding is installed. 

The second method, Figure 2.7, is regarding walls with an existing interior vapour barrier and 

interior cladding. The mineral wool layer can be installed directly to the logs provided that the 

outer wind barrier is mounted with tight seals and transitions to the existing wall.  

 

Figure 2.6 - Insulation on interior side of logs, alternative 1. Translated from (SINTEF Byggforsk, 2004). Included with 

permission from SINTEF. 

 

Figure 2.7 - Insulation on interior side of logs, alternative 2. Translated from (SINTEF Byggforsk, 2004). Included with 

permission from SINTEF. 
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Post-insulation on the interior side gives the possibility to only insulate a specific wall, but as 

mentioned, the thermal bridges from section walls and floors are unavoidable. Another 

disadvantage is a loss of indoor area and that all installations on the wall need to be adjusted. 

Usually, post-insulation on the interior side is only considered if the exterior should be 

preserved or the condition is good (SINTEF Byggforsk, 2004). 

Riksantikvaren (2013) describes an increased risk of wood rot inside the structure, due to less 

drying and increased level of moisture. Local climate and a condition assessment should be 

conducted before measures involving interior post-insulation. Installation may also cause 

damage or destruction of ceiling, panels, list, tapestry, floor and wall panels. Less daylight can 

also be a factor, due to deeper window sills (Riksantikvaren, 2013). 

SINTEF Byggforsk (2004) describes a method regarding the installation of interior insulation 

in log buildings as illustrated in Figure 2.8. It is recommended to install a wind barrier against 

the logs if the wall isn’t airtight, which they usually aren’t. The inside of the insulation is then 

covered with a sealed vapour barrier before the interior cladding. 

 

Figure 2.8 - Insulation on interior side of logs. Translated from (SINTEF Byggforsk, 2004).Included with permission from 

SINTEF. 
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 U-values for timber walls  

This section is included to illustrate what the literature provides regarding the U-value of 

typical timber walls. The values in Table 2-1 is created based on data tabulated in (SINTEF 

Byggforsk, 2013). The wall of which the calculations are performed is based on the 

following: 

• The insulation is mounted between studs with a thickness of 48 mm. 

• The connection surface between the logs is 50 % of the thickness of the logs. 

• In the case of external insulation, the externally ventilated cladding is assumed, and 

sufficiently large ventilation and drainage gap behind the cladding to ensure good 

ventilation and drainage. 

• Where the wall is insulated on the interior side, 12.5 mm of cladding and vapour 

barrier are assumed. 

The L′′-value (m/m2), which describes the length of the wood per square meter wall is taken 

as 3,5 m/m2. This is described as a typical value for housing with a room height of 2,4m. 

Furthermore, the table below includes values for both interior and exterior insulation for three 

different thermal conductivity values. 

Table 2-1 - U-value timber with insulation. This table combines table 51, 52 & 53 from (SINTEF Byggforsk, 2013). Included 

with permission from SINTEF. 

 

Timber 

(mm) 

 

Insulation  

(mm) 

U-value (W/m2K) 

𝝀𝒅 

𝟎, 𝟎𝟑𝟑 𝑾/𝒎𝑲 

𝝀𝒅 

𝟎, 𝟎𝟑𝟓 𝑾/𝒎𝑲 

𝝀𝒅 

𝟎, 𝟎𝟑𝟕 𝑾/𝒎𝑲 

Exterior Interior Exterior Interior Exterior Interior 

150 50 

100 

150 

200 

250 

 0,41  

0,28  

0,22  

0,177  

0,150 

0,40 

0,28 

0,22 

0,176 

0,149 

0,42  

0,29  

0,22  

0,182  

0,154   

0,41 

0,29 

0,22 

0,180 

0,154 

0,42  

0,30  

0,23  

0,187  

0,159   

0,42 

0,29 

0,23 

0,186 

0,158 

200 50 

100 

150 

200 

250 

0,36  

0,26  

0,20  

0,167  

0,143   

0,35 

0,26 

0,20 

0,166 

0,142 

0,37 

0,26  

0,22  

0,173  

0,147   

0,36 

0,26 

0,21 

0,170 

0,146 

0,37  

0,27  

0,21  

0,177  

0,151   

0,37 

0,27 

0,21 

0,175 

0,150 

250 50 

100 

150 

200 

250 

 0,32  

0,24 

0,190  

0,158  

0,137 

0,32 

0,24 

0,188 

0,157 

0,135 

 0,33  

0,24  

0,194  

0,162  

0,140 

0,32 

0,24 

0,193 

0,161 

0,139 

 0,33  

0,25  

0,20  

0,166  

0,144 

0,33 

0,25 

0,197 

0,165 

0,143 
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Besides providing information about typical u-values, the values illustrate that there is no 

significant difference in the U-value of the assembly based on the position of the insulation 

layer. Table 2-2 shows the typical U-value for a non-insulated timber wall. (SINTEF 

Byggforsk, 2013). 

Table 2-2 - U-value timber (SINTEF Byggforsk, 2013). Included with permission from SINTEF. 

Timber (mm) U-value (W/m2K) 

50 2,0 

100 1,2 

150 0,84 

200 0,65 

250 0,54 

 

 Building Information Modelling 

Building information modelling (BIM) can be described as the process involved with a digital 

presentation of a building. The history of 3D modelling began in the 1970s following the 

early years of computer aided design (CAD) and has in many ways grown into an essential 

part of the modern age of the architecture, engineering, and construction industry (Volk et al., 

2014). The benefits that BIM brings enhances processes related to the entire life cycle of a 

building, including project planning and implementation, facility management, rehabilitation 

work and demolition. All of this is based on a geometrically true model with a visual display 

of all relevant or desired information. 

Traditionally, BIM has primarily been used for brand new structures but gradually researchers 

have developed techniques for generating as-built BIMs (Laefer & Truong-Hong, 2017). This 

includes utilization of image and laser scanning data which if captured using today’s 

technology can be sub-millimetre accurate. The captured data can then be used to create a 

practically identical digital model to the one present in the real world.  
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 Climate change and scenarios 

Higher temperature, more frequent and intense precipitation and rise in sea level greatly 

threaten cultural heritage. Climate change, however, is depending on a large number of 

variables and it is difficult to predict with certainty what to expect in the second half of the 

21st century. To accommodate this issue, climate models are continuously evolving to 

investigate the response of various forcing levels. This development is driven by more of the 

complex processes which define future climate included in the calculations, supplied by more 

advanced supercomputers. (Flato et al., 2014) 

Climate models are produced at different scales, where general circulation models (GCM) 

show the earth’s climate system on a global scale. Included in GCMs are many climate 

aspects of which are simulated over a three-dimensional grid around the earth (IPCC, 2014). 

As GCMs operates at such large scales it provides data with a relatively coarse resolution. 

Capturing local-scale effects is, therefore, dependent on scale projections which are done 

using techniques referred to as downscaling (Vaittinada Ayar et al., 2016). Two different 

methods are being used for this, which are empirical statistical downscaling (ESD) and 

regional climate models (RCM). While RCMs is created like GCMs, mainly separated by a 

denser grid, ESD is based on a statistical relationship between global and local variables and 

is largely used to supplement RCMs.   

Euro-cordex, is the European branch of a coordinated regional climate downscaling 

experiment, funded by The World Climate Research Programme (EURO-CORDEX, n.d). 

This is one of 14 different cordex-domains which produces RCMs for its respective region 

with a dense grid size. Euro-cordex simulations produce its climate models with a grid size of 

about 12 km based on GCMs provided in the latest assessment report from ICCP. 

Furthermore, this is what is used in “Climate in Norway 2100”, which is the basis for climate 

assessment in Norway (Hanssen-Bauer et al., 2017).           

Representative concentration pathways (RCP) describe possible development in emissions 

and area utilization and is the last generation of scenarios which is developed in conjunction 

with the latest assessment report from IPCC, AR5. Hanssen-Bauer et al. (2017) describes a 

business as usual scenario (RCP8.5) with a rise in temperatures of 4,5 ˚C, increased 

precipitation of 18 % and an increase in mean sea level, depending on location along the 

coast, of 15-55 cm. These values vary within Norway and by seasons. Besides the scenario of 

RCP8.5, there are other scenarios reflecting a milder climate change, like RCP2.6, RCP4.5 
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and RCP6 (van Vuuren et al., 2011). The numbers represent the scenarios radiative forcing 

level at the year 2100 relative to before the industrial revolution (the year 1750). This is a 

value given in W/m2 and describes the difference between the incoming energy from the sun 

and the energy emitted from the earth. (IPCC, 2014)  

Unlike the three milder scenarios, RCP8.5 does not have any climate mitigation target, but is 

also characterized by rapid increase in population, modest improvements in technology and 

relatively low economic growth per capita (Riahi et al., 2011). This scenario, however, should 

be considered as it is stated in a report issued by the Norwegian government that high 

alternatives from national climate projections should be considered when consequences of 

climate change are assessed (Meld. St. 33 (2012–2013)).  

Norsk Klimaservicesenter offers local climate profiles for the individual counties, largely 

based on (Hanssen-Bauer et al., 2017). Table 2-3 illustrates temperature increase for Vestfold 

county compared with the climate normal from the period 1971-2000 based on RCP8.5 for 

2031-2060 and 2071-2100. (Norsk Klimaservicesenter, 2021)  

Table 2-3 Temperature increase for Vestfold according to RCP8.5. Seasonal and annual increase compared to 1971-2000 

Season 
2031-2060 2071-2100 

Low High Low High 

Winter 1,8 2,9 3,8 5,2 

Spring 1,6 2,7 3,1 5,1 

Summer 1,1 2,3 2,5 4,3 

Autumn 1,1 2,5 3,1 4,7 

Year 1,6 2,6 3,3 4,6 

 

Looking at the median value, the annual expected temperature is expected to increase by 

about 4,0 °C, which is somewhat lower than the country as a whole. Furthermore, the greatest 

temperature increase occurs during the winter, while the lowest occurs during the summer. 

(Norsk Klimaservicesenter, 2021) 

For precipitation, the median increase in annual precipitation following RCP8.5 is about 10 % 

in the 2071-2100 period for Vestfold County. Furthermore, both the intensity and frequency 

are expected to increase. These three elements are illustrated in Table 2-4 as seasonal and 

yearly data for their respective period following the low and high result of RCP8.5 (Norsk 
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Klimaservicesenter, 2021). There is a lot of uncertainty associated with future precipitation as 

there are large gaps in the results. Nevertheless, the greatest increase is during the first half of 

the year and the lowest during the second half, with some values illustrating a potential 

reduction. The numbers represent a percentage change compared to the period 1971-2000.     

Table 2-4 Precipitation for Vestfold according to RCP8.5, Including winter (1), spring (2), summer (3) and autumn (4) and 

annual increase compared to 1971-2000 

Precipitation 
2031-2060 2071-2100 

(1) (2) (3) (4) year (1) (2) (3) (4) year 

Sum 
Low 1 1 -9 -8 5 17 8 -20 -14 6 

High 29 25 21 14 13 38 43 21 17 23 

Intensity 
Low 4 7 -4 -1 5 18 8 0 4 11 

High 20 23 29 14 13 43 43 45 27 29 

Frequency 
Low 26 26 -9 -8 22 103 26 1 22 47 

High 126 99 127 69 64 250 228 182 153 148 

 

 Biological degradation 

Climate change may accelerate the degradation process of all assemblies of buildings, but 

especially vulnerable are those consisting of wood and other biological material. In these 

assemblies of materials, there is a natural degradation caused by bacteria, fungi and insects, 

which are greatly dependent on temperature and humidity (Kaslegard, 2010). Therefore, this 

process is affected by the change in these conditions. The extent to which climate change is 

affecting buildings with biological material can be illustrated with numbers from (Almås et 

al., 2011). According to this article, the number of buildings in Norway located in areas with a 

high potential risk of rot-decay can be 2,4 million in 2100. This number is approximately 3,9 

times greater than what was the case of 2011.  

Figure 2.9 illustrates the risk of rot-decay across Norway with the figure to the left from 1971 

to 2000 and figure to the right from 2071 to 2100. 
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Figure 2.9 Risk of rot-decay in Norway. Translated from The Norwegian Meteorological Institute 
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3 Method     

Answering the research question of this master thesis has been done using quantitative 

research including primary and secondary data to ultimately evaluate the hygrothermal 

performance of Bentegården with current and future climate. A 3D scanning has been 

performed to create a digital model of the building. Supplied by historical documentation, 

local knowledge and infrared thermography, this has created a basis for determining the 

hidden elements within the building envelope. Numerical simulations have been conducted 

for the different wall assemblies with current and future climate data primarily based on 

observed data from weather stations and scenario RC8.5. Figure 3.1 displays an overview of 

key elements included.  

 

Figure 3.1 Overview of key elements 
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 Experimental site - Bentegården 

The experimental test site of Bentegården is located in Tønsberg municipality which is a part 

of Vestfold- and Telemark County in the south-eastern part of Norway, Figure 3.2. Tønsberg 

can be described as a medium-sized municipality by Norwegian standard with a population of 

about 57 000 (SSB, 2021), and is for a reference located about a 100 km drive south from the 

capital of Oslo. The location of Bentegården in Tønsberg is illustrated in Figure 3.3. 

 

Figure 3.2 Location of Bentegården 

 

 

Figure 3.3 Location of Bentegården in Tønsberg 

Tønsberg is considered the oldest city in Norway and consists of several cultural heritage 

buildings located in several districts. The area in which Bentegården is located is called 

Nordbyen, characterized by low raised wooden houses with sheds and boathouses along the 

coastline to the southwest. Located to the northeast of Nordbyen is Slottsfjell, a well-known 

landmark containing ruins from the Middle Ages. 

Bentegården, Figure 3.4, is considered the oldest house in Tønsberg with a history that 

stretches back to the end of the 17th century and was built as a typical home consisting of a 

farmhouse and a shed. The building is named after Bent Knutsen who bought it in 1881 and is 

one of two buildings in Nordbyen being protected. The building is 2 storeys high with a 

basement accessed from the outside going under the living room and library. Furthermore, it 

can be seen as consisting of an original section and an extension.   
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Figure 3.4 Bentegården seen from southeast. Photo by 

Kris A. Flaskerud 

 

Figure 3.5 Bentegården seen from northeast. Photo by Kris 

A. Flaskerud 

The entrance to the building is located in the extension observed in Figure 3.5, leading into a 

small entrance hall. The plan drawing of the 1st floor is presented in Figure 3.6. The first floor 

of the extension includes a storage room and kitchen. The original section of this floor further 

consists of a living room, library, TV-room and the former entrance, now used as a storage 

room. 

 

Figure 3.6 – 1st floor plan drawing 

  



 

25 

 

The original section of the second floor, Figure 3.7, consists of a recreational room and two 

bedrooms. A bathroom, WC and a cold storage room make up the area for the extension.  

 

 

Figure 3.7 - 2nd floor plan drawing 

  



 

26 

 

 Data collection 

 Available documentation and local knowledge 

During a preliminary study, an effort was made to collect as much information as possible 

about Bentegården from archives available online in databases like Askeladden and 

documentation from previously performed work. This work has continued, including 

observations on historic images previously overlooked or not considered relevant and 

information gathered from people familiar with the building. The latter is not gathered using a 

form of structured interviews, but as conversations either through scheduled meetings, by 

mail, phone calls or during the fieldwork. The contributors through these conversations are 

Jørgen Solstad and Sissel Øvrid. Solstad is responsible for construction matters that may 

affect listed buildings and facilities in Vestfold and Telemark County and Øvrid is one of the 

current residents of Bentegården. 

 Fieldwork 

In cases where there is a lack of documentation regarding information about the 

characteristics of a building and its condition, non-destructive testing may serve purposefully 

to clarify this gap. This is especially true for historic buildings as documentation of measures 

far back in time were less common or is difficult to access.  

There are several different methods characterized as non-destructive which through a hybrid 

workflow can uncover a large variety of information about the building envelope (Masri & 

Rakha, 2020). This includes methods such as for example infrared thermography and laser 

scanning which compose the non-destructive methods utilized in this thesis.    

The planning of these activities was highly influenced by the uncertainties related to covid-19. 

During the project planning for the preliminary project and the master thesis, a rough schedule 

was made for the activities related to the fieldwork. This consisted of two or three visits to 

Bentegården and was intended to be executed during the autumn of 2020. This plan included 

a first visit with the intention of performing an airtightness test and thermography, potentially 

including a 3D laser scan of the building. If all this could not be done on the same day, the 3D 

laser scan was thought to be performed on the second visit. These two visits were intended to 

be done in October because the data was supposed to be used in the preliminary project. 

During the next month of November, a third visit was intended to mount the data loggers, as 

the data gathered from these were not intended to be used until the work with the master 



 

27 

 

thesis. Due to some uncertainties, including more restriction because of the Coronavirus, all 

of these activities had to be postponed until the spring of 2021. 

On February 5th, 2021 the first visit to Bentegården was made. During this visit, the entire 

building got scanned using a 3D laser scanner and infrared thermography capturing were 

done. Additionally, data loggers were mounted.  

 Infrared thermography 

The method of infrared thermography intends to visualise the distribution of temperature on 

the surface of the photographed area. This technique utilizes the radiation which is emitted 

from all surfaces with a temperature above absolute zero. In the occurrence of thermal 

contrasts in the captured images, this can potentially provide information about the material 

composition, interference of different components or defects (Mercuri et al., 2015). 

Furthermore, infrared thermography is being described as extensively used due to technical 

advancement and relatively cheap equipment.  

When working with infrared thermography in non-destructive testing, it is distinguished 

between two different approaches which are passive and active (François et al., 2021). The 

former represents an approach where the infrared thermography is capturing the situation 

based on natural heat sources. This requires an exterior and interior temperature difference of 

about 10 ºC to form a measurable heat flux (Glavaš et al., 2019).  

Active thermography corresponds to the use of artificial heat sources, like lamps, hot or cold 

temperature air guns or other devices that cause vibration on the surface. This method is often 

referred to as computer-aided thermography, as the camera can be connected to a computer 

and has the sensitivity of the measurements multiplied by a hundred. This method may 

provide information about deeper levels of an assembly, but the measuring time increases 

substantially (Glavaš et al., 2019). 

In this study, the infrared thermography has been performed with the purpose of 

supplementing the work of revealing information about elements within the building envelope 

and locating thermal bridges and infiltrations. This got executed using the technique of 

passive thermography. On the day this work got carried out, the exterior temperature was read 

to be about -4,5 ºC, which constituted optimal conditions. A report of the process is included 

in APPENDIX F. 
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The infrared thermography was performed using an IR-camera called Fluke Ti105. This 

devise got a 3,5-inch LCD screen with a resolution of 160x120 and is able to capture infrared 

images with a thermal sensitivity of 80 mK within a temperature range of -20 to +250 ºC. 

Figure 3.8 shows the device in question being operated during the fieldwork at Bentegården.    

 

Figure 3.8 IR-camera Fluke Ti105. Photo by Kris A. Flaskerud 

A total of 86 IR images was captured during the fieldwork and has been evaluated concerning 

surface temperature and locating air infiltrations and thermal bridges and their extent. 

 3D laser scanning and Revit modelling 

The technique of 3D laser scanning utilizes a laser beam to measure the distance between a 

device and a solid surface, creating a digital point. As the device rotates, this produces a large 

number of digital points, ultimately forming a point cloud in an X-Y-Z coordinate system. 

Based on the technical parameters of the device, a point cloud can be created with varying 

quality, including for example the distance between each individual point.  

Seen in the context of this thesis an important step towards understanding how Bentegården is 

built comes from getting a good as possible overview of the geometry of the building. With an 

accurate digital model of Bentegården, it enables the possibility of reading the thickness of the 

building components, area and volume. Additionally, it simplifies the job of making updated 

floor plans with correct dimensions and room division. 
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The entire modelling process can be divided into three main steps, which includes point cloud 

data collection, point cloud data processing and manipulation of the point cloud data, later 

referred to as Revit modelling.  

 Point cloud data collection 

3D point clouds were collected using a Leica BLK360 Imaging Laser Scanner, which is a 

portable tool that can be placed on adjustable legs. This scanner is capable of generating point 

clouds at a point measurement rate up to 360 000 points per second with a ranging accuracy 

of 4 mm at 10 m distance and 8 mm at 20 m distance. According to the producer it weighs 1 

kg, got a height of 165 mm, a diameter of 100 mm and is equipped with a camera system 

capable of capturing images at a 360° horizontal and 300° vertical field of view. Figure 3.9 

and Figure 3.10 illustrates the scanner during the fieldwork. 

 

 

Figure 3.9 - Leica BLK360 #1. Photo by Kris A. 

Flaskerud 

 

Figure 3.10 - Leica BLK360 #2. Photo by 

Kris A. Flaskerud 

On-site the scanner was coupled with the operators’ phone using a mobile-device app called 

Cyclone FIELD 360. This gave the opportunity for adjusting the settings prior to the scanning 

in addition to examine the captured scan and image data. Although the process of point cloud 

data collection is fully capable of being executed without this app, it is a great tool for 

ensuring the quality of each individual scan and the connection between them. 
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As the aim was to make the finalized model of Bentegården as identical as possible to the real 

building, a great deal of focus was on making sure that all areas were included and that the 

connection between the individual scans was sufficient. As Cyclone FIELD 360 was used 

during the work, scans that did not fulfil these criteria could easily be replaced. In some areas, 

it was necessary to make several scans due to complex geometry. The location of the scanner 

position for all individual scans is illustrated below. Figure 3.11 presents the different 

positions at 1st floor, Figure 3.12 the positions at 2nd floor, while Figure 3.13 presents the 

positions of each scan of the exterior. The process is documented in APPENDIX E. 

 

Figure 3.11 - 1st floor, position of each scan 

 

Figure 3.12 - 2nd floor, position of each scan 

 

 

Figure 3.13 - Exterior side, position of each scan 
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 Point cloud data processing 

Following the procedure of collecting the point cloud data it is required to process them. This 

includes finalization of the connection between each individual scans and removal of excess 

points to create a bundle of point clouds which are easier to work with during the next part of 

the process and requires less computing power.  

The program used for this work is Leica Cyclone REGISTER 360. As this program is created 

by the same company of which delivers the scanner and the program used during the data 

collection, it creates an intuitive transition between the process of collecting and operating the 

data. The work included in this part of the process has been aided by Ernst Erik Hempel from 

OsloMet who has expertise with digitalization through the use of three-dimensional models of 

buildings. 

The individual scans got connected to form three sets of point cloud bundles, including the 

exterior section, first floor and second floor. Figure 3.14 and Figure 3.15 illustrates the bundle 

from the exterior side of Bentegården. The red points indicate the positions of each scan, 

while the green line indicates the connection between each scan. The figures on the left side 

also display the exterior walls registered by the laser, while the figures on the right-side 

display objects registered by the camera. Figure 3.16 and Figure 3.17 represents the cloud 

bundle of the interior side of the 1st floor. Figure 3.18 and Figure 3.19 represents the cloud 

bundle of interior side of the 2nd floor. 

 

Figure 3.14 Point cloud bundle of exterior scans 

 

Figure 3.15 Point cloud bundle of exterior scans 
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Figure 3.16 Point cloud bundle of interior 

scans 1st floor 

 

Figure 3.17 Point cloud bundle of interior scans 1st floor 

 

 

Figure 3.18 - Point cloud bundle of interior scans 

2nd floor 

 

Figure 3.19 - Point cloud bundle of interior scans 2nd floor 

The next step involved connecting the three individual bundles. Connecting the first and 

second floor went without any major difficulties, as there were sufficient common points on 

and around the stairs connecting the two floors. Connecting the interior part to the exterior 

part, however, did not provide an acceptable result using the method of connecting common 

points. As the main entrance was the area with the only connection between interior and 

exterior, a small rotational offset caused a significant difference at the opposite end of the 

building. In hindsight, some scans should have been taken with open windows to better the 

connection. Because of this issue, these two bundles had to be fitted manually, which was 

done within the modelling program, Revit. The point cloud data processing is documented in 

APPENDIX G. 
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 Revit modelling 

In the process of modelling the finalized point cloud model function as a 3D-sketch of which 

the 3D model can be modelled after. This is executed using Revit, which is a BIM software 

delivered by Autodesk. The procedure of creating the Revit model is documented in 

APPENDIX H. 

 Hygrothermal numerical simulations 

Computer-based hygrothermal simulations serve the purpose of providing valuable 

information regarding how the building envelope responds to the interior and exterior 

environment (Glass et al., 2013). Concerning this thesis, it is the most essential tool for 

answering the research questions and the input for the simulations is based on every other 

method utilized.  

 WUFI Pro  

The specific program used for the simulations in this thesis is WUFI Pro. WUFI Pro is used to 

determine the hygrothermal performance of a building component based on real climate 

conditions, including built-in moisture, driving rain, solar radiation, long-wave radiation, 

capillary transport, and summer temperature based on one-dimensional calculations. 

WUFI is a family of software developed by the German company Fraunhofer IBP. The initials 

stand for Wärme- Und Feuchtetransport Instationär, which can be translated to non-steady 

heat and moisture transport. The development and marketing of the WUFI Software family 

began in 1995 and consist today of various software with different compatibility within 

building component simulation and whole building simulation. 

The non-steady heat and moisture transport in WUFI are based on the coupled differential 

equations showed in Equation 2 and Equation 3, where Equation 2 is the heat transport and 

Equation 3 is the moisture transport. The two equations include storage terms on the left part 

and transport terms on the right part. Included in the heat storage of the equation are the dry 

materials heat capacity and the heat capacity of the moisture in the material. The moisture 

storage is based on the derivative of the moisture storage function. As illustrated in Equation 

2, the heat transport is the sum of the moisture-dependent thermal conductivity and the vapour 

enthalpy flow. The moisture transport illustrated in Equation 3 is based on the sum of the 

liquid transport and vapour diffusion.  
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Dw  Liquid transfer coefficient     (m2/s) 

H  Enthalpy of moist building material   (J/m3) 

hv  Evapouration enthalpy of water   (J/kg) 

p  Water vapour partial pressure   (Pa) 

u  Moisture content     (m3/m3) 

δ  Water vapour diffusion coefficient in air  (kg/msPa) 

𝜗  Temperature      (ºC) 

𝜆  Heat conductivity of moist material   (W/mK) 

𝜇  Vapour diffusion resistance factor of dry material (-) 

𝑝𝑤  Density of water     (kg/m3) 

𝜑  Relative humidity     (%) 

 Classification of mould risk and WUFI Bio 

The development of mould growth is a complex process with its boundary conditions 

depending on temperature, moisture and substrate over a certain period of time (Sedlbauer, 

2002). Furthermore, mould growth on exterior surfaces can be affected by other factors like, 

UV-radiation, washing by rain, standing water and frost which can accelerate or mitigate 

mould growth (Viitanen et al., 2015a).  

A well-established mathematical model for mould growth is the VTT Model, developed at the 

Technical Research Centre of Finland (Viitanen et al., 2015a). The initial model was created 

by A. Hukka and H. A. Viitanen based on perilously performed experiments evolving 

material consisting of small samples of pine and sapwood (Hukka & Viitanen, 1999). Further 

development of the model included a larger verity of material classifications according to 

their mould growth sensitivity (Ojanen et al., 2011).    
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The mould growth index developed in the VTT model is based on a visual description, 

ranging from 0 to 6. The description of growth rate is not only based on what is observable 

with the naked eye, but also with the help of a microscope as the growth coverage can be 

substantial also in this area (Ojanen et al., 2011). Table 3-1 shows the different mould index 

values and their respective description of growth rate. 

Table 3-1 Mould index and description of growth rate 

Index Description of growth rate 

0 No growth 

1 Small amount of mould on surface (microscope), initial stages of local growth 

2 Several local mould growth colonies on surface (microscope) 

3 Visual findings of mould on surface, < 10 % coverage, or < 50 % coverage of 

mould (microscope) 

4 Visual findings of mould on surface, 10 - 50 % coverage, or >50 % coverage of 

mould (microscope) 

5 Plenty of growth on surface, > 50 % coverage (visual) 

6 Heavy and tight growth, coverage about 100 % 

 

Equation 4 represents the original VTT model for defining the mould growth intensity, where 

both W and SQ are values based solely on the type of wooden materials and their surface 

quality (Ojanen et al., 2011). 

𝑑𝑀

𝑑𝑡
=

1

7 ∙ exp (−0.68𝑙𝑛𝑇 − 13.9𝑙𝑛𝑅𝐻 + 0.14𝑊 − 0.33𝑆𝑄 + 66.02)
𝑘1𝑘2 Eq. 4 

With the further development of the model, the values of k1 and k2 intend to represent 

coefficient for growth intended to scale the model to include other materials than pine and 

sapwood. More specifically, k1 is an intensity coefficient based on the growth level, while k2 

represents a moderation of the growth intensity as the mould index, M reaches maximum.   

Based on experimental research, four different sensitivity classes (very sensitive, sensitive, 

medium resistant and resistant) were developed and parameters for the different sensitivity 

classes form the basis for input in numerical simulations using the VTT model. (Ojanen et al., 

2011) 
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Another well-established model for predicting mould growth is a model developed by 

Fraunhofer Institute for Building Physics (Sedlbauer, 2001). The procedure of this 

biohygrothermal model allows for the assessment of mould growth exposed to transient 

boundary conditions. Similar to the VTT-model, the IBP-model categorises the substrate into 

four groups, referred to as substate group 0, I, II and III. Unlike the empirical VTT-model the 

IBP-model is theoretical and while the former includes a climate-specific maximum value, the 

IBP-model allows for a continuation of mould growth considering the conditions are suitable 

(Viitanen et al., 2015b).  

In Viitanen et al. (2015a), VTT and IBP have been collaborating to create a transfer function 

between their respective models. This allows for the results from the IBP-model to be 

interpreted in the mould index categorization system of the VTT-model. Additionally, an 

intuitive traffic light system has been developed to help visualise the risk of which the 

simulated conditions indicate in terms of mould growth in the specific components.  

The traffic light indicator includes the colours green, yellow and red. Green represents an 

acceptable risk of mould growth which is inevitable in any type of building, while red 

represents a serious risk to indoor air quality. In the case of yellow traffic light, there is some 

uncertainty related to the risk of mould growth. In this case, it is up to the user to evaluate 

whether it is acceptable for the specific project. (Viitanen et al., 2015a)     

Included in the WUFI family are add-ons of which can be used together with the main 

software to gather additional information within the area of interest. One such add-on is 

WUFI Bio, which can be used to evaluate the mould growth based on the description above. 

The traffic light system of which indicate acceptable limits of mould growth can be 

influenced by defining occupant exposition class. There three different classes: 

(1) Indoor surface or positions in contact to indoor air 

(2) Surfaces inside constructions without direct contact to indoor air 

(3) No impact on occupants expected 

Growth occurring on locations resulting in less harmful effects on human health increases the 

acceptable limits within three traffic light categories. The following mold-index, M applies: 

(1) Green: M ≤ 1  Yellow: 1 < M ≤ 2   Red: M > 2 

(2) Green: M ≤ 2  Yellow: 2 < M ≤ 3  Red: M > 3 

(3) Green: M ≤ 3  Yellow: M > 3  Red: no limit 
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 Outdoor climate conditions 

Defining the outdoor climate in WUFI can be done either by using climate files for certain 

locations supplied with the program or by selecting a user-defined file. In this thesis climate 

data has been gathered from various weather stations in the area surrounding Bentegården and 

supplied with completed climate files from another Hyperion-related project produced by Ph. 

D candidate Petros Choidis.  

A total of three different sets of climate data have been used to form the basis for evaluating 

the following scenarios: 

1) The current climate based on real data from 2010-2021. 

2) The current climate according to RCP8.5. 

3) Climate predictions according to RCP8.5.  

The RCP8.5 climate models are created with the hydrostatic version of REMO2015 driven by 

a global model MPI-ESM-LR with data acquired from EURO CORDEX. A total of three 

periods has been created based on this method, referred to as historic (1960-1970), current 

(2010-2020) and future (2060-2070). Only the latter two will be used in this thesis. 

Included in the work related to this thesis, climate data is gathered to include observed data 

from the period 2010-2021. This has been done by gathering relevant hourly data directly 

using Seklima, provided by Klimaservicesenter. The exception is radiation, which are values 

calculated using solrad.xls (version 1.2), which is a solar position and radiation calculator 

developed by the Washington State Department of Ecology and is based on models from Bird 

and Hulstrom (1981), Bras (1990) and Ryan and Stolzenbach (1972). This resulted in a one-

year hourly series of data, including direct-, diffuse- and global radiation, which got utilized 

for the entire period. 

With the exception of radiation, all climate parameters are collected from the weather station 

Melsom, located approximately 6,5 km from Bentegården. More specifically, this includes 

temperature, relative humidity, precipitation, wind direction and wind speed. For most of the 

climate parameters, a varying number of hours were missing for various reasons. For some 

years this only counted for a few or no hours, but for others up to tens of hours, which out of 

the 8760 hours in a common year arguably is neglectable. Nevertheless, this had to be located 

and data had to be inserted.  
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481800 observed sets of observed climate data supplemented by the calculated solar radiation 

was then used as input in a macro-enabled spreadsheet in excel which can convert the data 

into a file suitable for WUFI. 

Figure 3.20 illustrates the location of Bentegården (1) and the two weather stations utilized to 

gather data for this thesis. In addition to Melsom (3), climate data from Tønsberg 

gjestebrygge (2) has been used to validate the data gathered from data loggers mounted at the 

experimental site. This is described in detail in the next subchapter. 

 

Figure 3.20 - Location of weather stations (2 & 3) and Bentegården (1). Created using a map from norgeskart.no 

 Indoor climate conditions 

There are three different models within WUFI Pro that can be used to define the interior 

climate. One model uses a sine-shaped curve over a one-year period, while the other two are 

based on the standards EN 13788 and EN 15026. The two unique standards serve as 

simplified calculation methods for the complex nature of moisture transfer. What differs the 

calculation methods is mainly the algorithm for deriving the indoor climate from the outdoor 

conditions.   
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EN 13788 derives the interior humidity based on the outdoor humidity. Furthermore, it 

classifies the interior moisture excess based on humidity classes, characterized by the 

expected usage of the building. The standard operated with five different humidity classes: 

(1) Unoccupied buildings, storage of dry goods. 

(2) Offices, dwellings with normal occupancy and ventilation. 

(3) Buildings with unknown occupancy. 

(4) Sports halls, kitchens, canteens. 

(5) Special buildings, e.g., laundry, brewery, swimming pool.   

For all humidity classes, the moisture excess is considered with a constant maximum value, 

𝛥𝑉𝑚𝑎𝑥 when the outdoor temperature is at 0 C° or lower. When the outdoor temperature 

increases 𝛥𝑉 reduces linearly until it reaches 20 C°. At this point, no moisture excess is 

included in the calculations. This reduction in 𝛥𝑉 is based on an assumption that occupants 

tend to use more natural ventilation with increasing temperatures e.g., opening windows. All 

of this is illustrated graphically in Figure 3.21. 

 

Figure 3.21 Humidity classes, translated from (SINTEF Byggforsk, 1999). Added with permission from SINTEF 

Unlike EN 13788 the standard EN 15028 derives the interior moisture level directly based on 

the outdoor temperature. The equations used in this standard considers a constant a constant 

indoor temperature of 20 C° when the outdoor temperature is below 10 C°, and a constant 

indoor temperature of 25 C° with outdoor temperatures above 20 C°. In between these values, 

there is a linear increase.  

  



 

40 

 

A similar distribution is also applied for the relative humidity indoors, although instead of a 

lower limit of 10 C°, it is set to -10 C°. For normal moisture load, the range of the relative 

humidity is from 30 to 60 %. When the moisture load is specified as high 10 % is added to 

these values.  

To accurately measure the temperature and relative humidity, data loggers with this capability 

were mounted at various location at Bentegården. Even though climate data has been gathered 

both outside and inside, it is strictly used to evaluate the interior conditions. With these 

climate data, it opens the possibility of calculating the moisture production within the building 

which in turn can be used to define the humidity class used in the simulations.   

Six loggers were installed, whereof four got placed within the building to measure the interior 

conditions and two got installed outside. The four loggers inside are of the type PeakTech 

5180, while the two outside are of the type Extech RHT10. An additional Extech RHT10 

logger got placed inside at a later time. The procedure of installing the loggers is documented 

in APPENDIX D. 

PeakTech 5180, Figure 3.22, can store up to 67 000 readings per measurements with a 

sampling rate that can be specified between 1 second and 12 hours. Its battery is dependent on 

the settings but is according to the producer capable of gathering data for 3 months with a 

sampling rate of five seconds. 

Extech RHT10, Figure 3.23, got a more limited memory compared with PeakTech 5180 but 

got longer battery life. More specifically it can store up to 16 000 readings over a period of 

approximately one year. 

 
Figure 3.22 - PeakTech 5180 logger. Photo by Kris 

A. Flaskerud 

 
Figure 3.23 - Extech RHT10 logger. Photo by Kris A. 

Flaskerud 
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Both loggers operate with similar accuracy with respect to temperature of ±2 °C for the 

intervals of -40 to -10 °C and 40 to 70 °C, and ± 1 °C for -10 to 40 °C. For the relative 

humidity, Extech RHT10 indicates an accuracy of ± 3 % for all values, while PeakTech 5180 

differentiate with ± 3 % (40-60 %), ± 3.5 % (20-40 % and 60-80 %) and ± 5% (0-20 % and 

80-100 %). 

The position of all six loggers is illustrated in Table 3-2, Figure 3.24 and Figure 3.25. All of 

the loggers indoors are placed in a position where they are above medium height in their 

respective rooms, while the loggers outside are completely or partially shaded from direct 

sunlight. All loggers are specified with a sampling rate of 300 seconds (5 minutes). 

Table 3-2 – Location of loggers 

Nr. Room 

1 Living room 

2 Library 

3 TV-room 

4 Recreational room 

5 West façade 

6 North façade 

 

 
Figure 3.24 - 1st floor, location of loggers 

 
Figure 3.25 - 2nd floor, location of loggers 

Information from the data loggers has been gathered on two separate occasions. A first 

reading was done 19.03.21. During this visit the loggers mounted on the west and north 

façade (5 & 6) got their data collected and reset due to its limitations in terms of storage. 

Furthermore, an additional logger got mounted on the second floor, as there were some 

concerns regarding logger 4.   
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A second and final reading was completed 19.04.21, where data from all loggers were 

gathered. Unfortunately, all the PeakTech 5180 loggers had stopped logging at different 

times. This is not caused by lack of memory, as the number of samples gathered by any of the 

loggers is far from its capacity of 67 000 readings. It is plausible that they stopped because of 

power shortage. Regardless of reason, their log time is shorter than what was expected, 

especially for logger 2 and 4, which got data for about 17 days and 16 days, respectively. The 

log time of logger 1 and 3 is well above or within the range of a minimum desired log time of 

around one month. Table 3-3 presents the logger data collection samples, start/end-time and 

log time.  

Table 3-3 Logger data collection 

Logger Samples  Start time End time Log time 

Living room 

(1) 
23431 05.02.21 09:15:07 26.03.21 04:45:07 48D19H33M 

Library        

(2) 
8442 05.02.21 09:15:00 22.02.21 23:18:00 17D14H6M 

TV-room      

(3) 
14120 05.02.21 09:15:01 07.03.21 19:12:01 29D10H0M 

Recreational 

room (4) 

8038 05.02.21 09:15:00 22.02.21 03:06:00 16D17H54M 

8903 19.03.21 14:32:46 19.04.21 12:22:46 30D21H50M 

West façade 

(5) 

21024 

 

05.02.21 12:35:09 

19.03.21 14:40:01 

19.03.21 14:30:09 

19.04.21 12.35.01 
72D21H52M 

North façade 

(6) 

21058 

 

05.02.21 09:35:05 

19.03.21 14:43:39 

19.03.21 14:25:05 

19.04.21 12.33.39 
73D2H40M 

 

 Defining components and initial conditions 

Before running any simulations, all components and initial conditions need to be properly 

defined. For individual components within the assembly, the software provides a material 

database including materials sourced from different institutes from a variety of countries, 

including for example Fraunhofer-IBP and the Norwegian University of Science and 

Technology (NTNU). Additionally, orientation, surface coefficients need to be decided. The 

latter, as well as the initial conditions of relative humidity and temperature within the 

assemblies are carefully selected and tested prior to implementation on the actual simulations. 

This was primarily done to exclude any misguiding results caused by input data of which to 

some extent had to be based on assumptions.  
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Prior to the presentation of the results gathered from the hygrothermal simulations, the 

different assemblies and other relevant input data will be illustrated. This is done due to the 

progressive nature of the work related to the thesis, where this data is highly dependent on 

results produced and illustrated throughout chapter 4. 
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4 Results  

 Construction and rehabilitation history of Bentegården 

Included in this first part of the result is the information gathered from available 

documentation and local knowledge which forms a basis for systematically describe the 

important part of the thesis that is the construction and rehabilitation history of Bentegården. 

When referring to local knowledge this is namely Solstad, which is responsible for 

construction matters that may affect listed buildings and facilities in Vestfold and Telemark 

County and Øvrid which is one of the current residents of Bentegården. 

Solstad has good knowledge about historic building traditions and materials. His professional 

input has clarified uncertainties related to the composition of certain walls and areas with a 

potential history of rot. According to him, log buildings were commonly built with a square 

shape, and any extensions, usually built at a later time is not constructed using the same 

method. This substantiates a claim from Øvrid that the extension was not a part of the original 

building and does not consist of log walls. Additionally, Solstad mentioned that a common 

practice around the 70s was to use post-insulation as a reactive measure for areas where it was 

felt needed to better the comfort. By this is meant that it was common to mount post 

insulation wall by wall. 

Solstad also provided information regarding the surface treatment of the façade and internal 

walls of Bentegården. The exterior cladding on the south and west façade was treated with 

pure linseed oil when replaced. The other walls with older cladding consist of a surface of 

several layers with paint, where most of the layers are supposed to be linseed oil, but some of 

the layers with elements of alkyd oil-based paint. Paint layers from before 1960 are pure 

linseed oil, while those between 1960 and 1990 probably consist of alkyd oil-based paint. 

Furthermore, the interior surface treatment history is not well documented. This surface is 

probably treated with different types of paint, some also being diffusion thigh. 

Being a resident of Bentegården for about a decade, Øvrid was able to share some information 

about measures performed in recent time, not issued in any known documentations. This 

includes installation of interior cladding on a previously exposed log wall in the TV-room, 

which according to her did not include mounting of interior insulation. Furthermore, she 

described cold drafts from many of the windows, especially in the bedroom where the 

windows often were frosty during winter. Additionally, she informed about the source of 
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energy for heating, which included a lot of wood-burning in the living room supplied by 

radiators elsewhere around the house. 

The following timeline illustrates the construction and rehabilitation history of Bentegården 

based on information gathered during the current work or during the preliminary project. 

1) Around year 1690 

Bentegården was probably built around year 1690 according to a pledge on the east-

façade. 

2) Probably somewhere between year 1920 and 1950 

− Figure 4.1 is an old photograph revealing that the extension originally was going 

all the way out to the east façade. Some of this extension is removed for unknown 

reasons, possibly to make room for a parking spot. According to current residents, 

this was executed in the 1950s. Figure 4.2 is a photograph from the 70s where the 

extended part have been rebuilt. 

 

Figure 4.1 – Old picture of Bentegården. Date: unknown. Published 

with permission from Vestfold and Telemark County 

 

Figure 4.2 – Bentegården. Date: 1971. Published 

with permission from Vestfold and Telemark 

County 

3) Year 1969 

− The first photographs available in the archives is traced back to 1969. The 

condition of Bentegården seems to be poor observing Figure 4.3 and Figure 4.4.  

− On both floors supports are mounted to the roof beams as some of the loadbearing 

seems to be in a very bad condition.  

− The window on the south façade is sealed. Besides this, the rest of the windows 

seems to be the same as the ones present today. 
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Figure 4.3 - Interior side of the second floor.  Date: 1969. 

Published with permission from Vestfold and Telemark 

County 

 

Figure 4.4 - Interior side of the south facade seen from the 

library. Date: 1969. Published with permission from 

Vestfold and Telemark County 

4) Year 1970 and 1971 

− Application for rehabilitation of Bentegården which got 

approved the same year. It is concluded that the building is not 

suitable for housing. The work was conducted in 1971 

according to the pledge on the wall. 

− The rehabilitation work included  

• Opening of the sealed window 

• The drawing illustrates that interior insulation was 

mounted in some of the walls, evidently on the southern 

wall. Figure 4.5 shows a clipping of the construction 

drawing illustrating this.  

− The main stair which is present today was installed. 

 

5) Year 1984 

− A condition report from 1984 informs that the building is in 

fine condition, and regular maintenance work is recommended. 

− Information from the report indicates that a picture showing the extension in its 

original state was captured in 1920. 

6) Year 1989 

− According to a project report from TIMBER AS Bentegården was insulated with 

polar foam on the exterior side which got injected through holes in the cladding. 

  

Figure 4.5 - Detail 

from construction 

drawing with 

interior insulation. 
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7) Year 2007 

− Minor rehabilitation work on parts of the façade as seen in Figure 4.6 with wooden 

panels not yet painted. 

 

Figure 4.6 - Picture from the inspection in 2007.  

Published with permission from Vestfold and Telemark County 

8) Year 2017 and 2018 

− The cladding on the west façade got replaced or repaired together with installation 

of exterior insulation in 2017.  

− The cladding on the south façade got replaced or repaired together with installation 

of exterior insulation in 2018. Figure 4.7 is a photograph from the rehabilitation 

period, while Figure 4.8 presents the rehabilitation work finished. 

− The wall’s irregularities were not adjusted to keep the buildings originality. 

 

Figure 4.7 - During rehabilitation work. Date: 2018. 

Published with permission from Vestfold and Telemark 

County 

 

Figure 4.8 - Rehabilitation work finished. Date: 2018. 

Published with permission from Vestfold and Telemark 

County 

 

  



 

48 

 

In addition to what has been mentioned in the above timeline, some measures are evident but 

not successfully traced to any documentations. Included in this is the removal of timber on the 

southern wall in the upstairs bedroom. It is not certain whether this is done to remove decayed 

timber or solely to make more room in the bedroom. Figure 4.9 and Figure 4.10 illustrate this 

area seen from the exterior and interior side.    

 

Figure 4.9 Second floor on the south wall. Published with 

permission from Vestfold and Telemark County 

 

Figure 4.10 Main bedroom. Photo by Kris A. Flaskerud. 

Another evident subject of renewal not documented in any known sources is the roof, 

illustrated in Figure 4.11. Although there are some visible cracks in the roof beams it can be 

characterized as being in relatively good shape based on visual observation.  

 

Figure 4.11 Interior side of the roof. Photo by Kris A. Flaskerud 
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Most true to the original state is the east façade. This can be assumed based on observations 

but is also described in the TIMBER report and confirmed by Solstad whom informed that it 

was not desirable to conduct any major measures on this wall as it shows Bentegården in its 

most original state. This applies to the cladding, the original entrance, and the windows. 

Figure 4.12 illustrates one of the windows on the east façade with its leaded window frame. 

 

Figure 4.12 Second floor window on the east façade. Photo by Kris A. Flaskerud 

The interior section of the windows however an additional layer of glass installed to improve 

the insulating properties without significantly altering the architectural features. This is the 

case for all windows in the building envelope.  
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 Thermography  

As mentioned in chapter 3.3, a large quantity of IR images was captured during the first visit 

to Bentegården. For practical reasons, not all images will be shown in this chapter, but the 

ones that have been considered most critical to illustrate the situation for different sections of 

the building is displayed below. 

 Exterior walls, roof and floor 

Table 4-1 and Table 4-2 shows the surface temperature measured for the walls marked with 

numbers according to Figure 4.13 and Figure 4.14. 

 

Figure 4.13 Location of measurements 1st floor 

Table 4-1 Location and surface temperature 

 

Location 

Surface 

temperature 

[˚C] 

1 13,2 

2 12,2 

3 18,4 

4 17,5 

5 21,2 

6 16,0 

 

 

Figure 4.14 Location of measurements 2nd floor 

 

Table 4-2 Location and surface temperature 

 

Location 
Surface temperature 

[˚C] 

1 18,8 

2 15,6 

3 14,0 
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Although naturally being affected by the heating within the living room, there are 

significantly higher measured surface temperatures on the walls where installation of exterior 

insulation is known to have been mounted (location 3-5 in Figure 4.13 and location 1 in 

Figure 4.14). The lowest surface temperatures are found in the extension based on the IR 

images in the kitchen area, referred to in Figure 4.13 as location 1 and 2. 

Other areas of the building envelope, including the roof illustrated in Figure 4.15 and the 

floor, here exemplified with a selection including IR-images from TV-room, library and 

living room is shown in Figure 4.16, Figure 4.17 and Figure 4.18.   

 

Figure 4.15 Thermographic image, roof 2nd floor 

 

 
Figure 4.16 Thermography image 

floor, TV-room 

 

 
Figure 4.17 Thermography image 

floor, library 

 

 

Figure 4.18 Thermography image 

floor, living room 
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 Infiltration and thermal bridges 

Throughout the building, there is significant heat loss caused by thermal bridges and air 

infiltrations.  

Evidently, large heat losses are occurring through the windows, especially in the kitchen and 

the east façade. This is exemplified in Figure 4.19, Figure 4.20 and Figure 4.21, which are 

captured in the kitchen, TV-room and bedroom, respectively.  

 
Figure 4.19 Thermography image 

window, kitchen 

 
Figure 4.20 Thermography image 

window, TV-room 

 
Figure 4.21 Thermography image 

window, bedroom 

The most notable thermal bridges are located in the living room, library and the recreational 

room. Additionally, there are major occurrences in the rooms within the extension. This is 

exemplified by the thermal images illustrating the thermal bridges. Figure 4.22, Figure 4.23 

and Figure 4.24 present the north-western corner of the living room, the southwestern corner 

of the library and the south-west corner of the recreational room, respectively.     

 
Figure 4.22 Thermal bridges 

captured in the north-west corner of 

living room 

 
Figure 4.23  Thermal bridges 

captured in the south-west corner of 

the library 

 
Figure 4.24  Thermal bridges 

captured in the south-west corner of 

the recreational room 



 

53 

 

  Digital model and identification of assemblies 

The point cloud data has been utilized according to the description in chapter 3.4, resulting in 

a Revit model with accurate dimensions. Figure 4.25 shows the building in Revit and Figure 

4.26Feil! Fant ikke referansekilden. shows the building after rendering, while Figure 4.27 

and Figure 4.28 illustrates the first and second floor. 

As previously mentioned, the information gathered through various documents, drawings, IR 

images and theory involving historic building traditions serves the purpose of providing 

information to fill the known volume based on point cloud data with materials. However, 

some assumptions have been necessary where information has not been possible to obtain.     

All walls containing timber is designed with 200 mm diameter logs of pine, based on 

measurement of the timber in areas where it is exposed. Additionally, the exterior cladding is 

measured to be 2x20 mm. Where exterior insulation is mounted, evidently on the southern 

and western façade, this is included as 50 mm glass wool in the model. For walls with interior 

insulation, a 100 mm layer of glass wool insulation is included with an air layer between this 

and the timber.   

 

Figure 4.25 Revit model - 3D view 

 

Figure 4.26 Rendered model - 3D view 

 

Figure 4.27 Section view of the first floor 

 

Figure 4.28 Section view of the second floor 
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Based on information in chapter 4.1 stating that any extensions, usually built at a later time is 

not constructed as a log construction has been considered in the design of the walls in this 

area. Additionally, the result from the thermography suggests that these walls are not 

insulated.  

The thickness from interior panels to exterior claddings varies between the different walls and 

floors. It is also evident that some walls are sloping both vertically and horizontally. This has 

not been included in the model. Another neglection is the polar foam described in the 

TIMBER report, as it is expected to not have any significance today.  

Figure 4.29 has been included to show a more detailed drawing, presented with the south wall 

of the first floor. The wall assembly illustrates the exterior wall from the right side towards 

the interior side on the left side. The cladding is marked with a red colour, while the air layers 

have no pattern. The exterior insulation with sewn mats is illustrated with a small cross-grid 

and the interior insulation have a larger cross-grid. The vertically positioned circles identify 

the logs and the panel on the left side is the interior surface. 

 

Figure 4.29 Detail drawing of the south wall 
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Figure 4.30 presents a capture from the digital model of Bentegården seen from above marked 

with the orientation of the facades. To clarify, this image is only for illustrative purposes, 

meaning that it is not orientated with true north. 

 

Figure 4.30 Bentegården from above. This illustration is not oriented towards true north. 

Table 4-3 and Table 4-4 represents the wall assemblies of the first floor of Bentegården. The 

second-floor wall assemblies are illustrated in Table 4-5 and Table 4-6. While the extended 

part of Bentegården is presented with figure Table 4-7. All the assemblies are illustrated with 

the interior surface to the left and the exterior surface to the right. 

Table 4-3 1st floor wall assemblies. Table I 

 

 

 

 

 

 

 

 

1st Floor 

West  North  
(living room) 

North  
(old entrance) 

East 
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Table 4-4 1st floor wall assemblies Table II 

 

 

 

 

 

 

 

 Table 4-5 2nd Floor wall assemblies. Table I 

 

Table 4-6 2nd Floor wall assemblies. Table II 

 

 

1st Floor 

South  
(library) 

South  
(TV-room) 

  

2nd Floor 

West North North  
(Bedroom) 

East 

    

2nd Floor 

South South  
(Bedroom) 

South  
(Bedroom) 
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Table 4-7 Wall assembly of building extension 

1st floor 

Extension 

 

 Climate data 

 Illustration and comparison of climate models 

The following representation illustrates the climate parameters of temperature (Figure 4.31), 

relative humidity (Figure 4.32) and precipitation (Figure 4.33) for the current and future 

climate, where blue is the RCP8.5-model and red represent the data gathered from weather 

stations.  

 

Figure 4.31 Annual temperature, observed climate data and RCP8.5 
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Figure 4.32 Annual RH, observed climate data and RCP8.5 

 

Figure 4.33 Annual precipitation, observed climate data and RCP8.5 
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Figure 4.34 illustrates the monthly average temperature for the three individual sets of climate 

data. When comparing the future climate according to RCP8.5 with the two sets of climate 

data from 2010-2020 the greatest temperature increase is present during the winter and the 

lowest during the summer. 

 

Figure 4.34 Monthly average temperature, observed data and RCP8.5 

Figure 4.35 represents the average monthly precipitation for the different climate models. The 

graphs below suggest a drastic increase during the winter and spring when comparing current 

and future situation, especially for the measured climate data. The following seasons shows a 

more even or slightly reduced sum.  

 

Figure 4.35 Monthly average precipitation, observed data and RCP8.5 
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 Temperature and Relative Humidity from data loggers 

The graphical illustration in this chapter shows the data of which has been collected from the 

interior and exterior loggers mounted at Bentegården. To avoid the extreme values within the 

first hours of logging, the included values is set from midnight (00:00) on the following day 

(06.02). Figure 4.36 and Figure 4.37 shows the temperature and relative humidity from the 

four interior loggers, while Figure 4.38 and Figure 4.39 shows these values for the two 

exteriorly placed loggers.  

 

Figure 4.36 Data from loggers inside, temperature 

 

Figure 4.37 Data from loggers inside, relative humidity 
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Figure 4.38 Data from loggers outside, temperature 

 

 

Figure 4.39 Data from loggers outside, relative humidity 

For the period of measuring, the indoor temperature can be considered rather high, especially 

in the living room which is caused by a lot of wood-burning from the residents. What is 

particularly worth noticing is the low values measured for the interior relative humidity.  

The exterior logger mounted on the north façade is clearly affected by direct sunlight, causing 

very high temperatures for certain periods. The logger on the west façade however, represent 

the air temperature without any major peaks caused by direct sunlight and has been compared 

against data from Tønsberg gjestebrygge.  
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Based on this climate data, the moisture content in the indoor and outdoor air is calculated 

using the Mollier diagram with its relationship used to find the moisture production within the 

building. Table 4-8 and Table 4-9 illustrates this for all the different rooms with loggers at 

two seperate hours.  

Table 4-8 Data from loggers and calculated moisture excess, February 13th 15:00   

Date/time: 
February 

13th 2021 
15:00 

Location 
Temperature 

[˚C] 

Relative 

Humidity 

[%] 

Moisture 

content 

[v] 

Moisture 

excess 

[∆v = vi - vo] 

Outside South wall -5,6 60,0 1,9 (vo)  

Inside 

Library 23,4 17,1 3,7 1,8 

Living room 23,1 17,9 3,8 1,9 

TV-room 21,3 17,1 3,1 1,2 

Second floor 20,5 19,7 3,4 1,5 

 

Table 4-9  Data from loggers and calculated moisture excess, February 21st 01:00 

Date/time: 
February 

21st  2021 
01:00 

Location 
Temperature 

[˚C] 

Relative 

Humidity 

[%] 

Moisture 

content 

[v] 

Moisture 

excess 

[∆v = vi - vo] 

Outside South wall 2,5 94 5,1  

Inside 

Library 22,1 27,7 5,5 0,4 

Living room 24,2 25,8 5,6 0,5 

TV-room 20,9 28,9 5,2 0,1 

Second floor 21,8 29,1 5,7 0,6 

 

Based on this data the moisture production is low, with all values within humidity class 1.  

 Results from simulations in WUFI 

The results from simulations in WUFI is presented with graphs illustrating the potential 

moisture content of the log layer and graphs of mould index. The ladder will serve is the 

primary indicator for identification for degradation risk. However, as moisture is one of the 

fundamental boundary conditions for initiating mould growth, this is included as moisture 

content within the logs. Another reason for looking at the moisture content is to evaluate it 

against the critical moisture content of 20 % described by SINTEF.  

The main part of the hygrothermal simulations was ran with current climate based on the data 

from whether stations, while the future climate is based on the RCP8.5 model. However, the 

finale subchapter in this section is about a comparison between the two sets of climates 

showing the current situation.   
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Prior to the presenting results, an overview of the input parameters and assemblies is 

presented.  

 Input parameters and assemblies 

Table 4-10 presents the different layers, materials, and from which database in WUFI they are 

taken. The cladding consists of a vertical wall cladding where parts of the cladding may be 

original, while other parts have been replaced as mentioned in chapter 6.1. The layer of logs 

has been selected as Pine from the database supplied by NTNU. The interior and exterior 

insulation has been included as mineral wood from the Fraunhofer-IBP database. 

Furthermore, a wind barrier was installed when the cladding was replaced on south and west 

façade. This has been included in these locations and is selected from the Fraunhofer-IBP 

database.  

The exterior and interior sD-value was selected based on the information regarding surface 

treatment in chapter 4.1. A sD-value of 0,5 was specified for the exterior cladding treated with 

linseed oil. The interior surface has been treated with different types of paint and therefore a 

higher sD-value of 1,0 was selected. 

Table 4-10 Material and database in WUFI 

Layer Material Database 

Cladding 

Pine [Density 510kg/m3] 

NTNU Norwegian 

University of Science and 

Technology 
Logs 

Interior insulation Mineral wool [0,040 W/mK] 

Fraunhofer-IBP Exterior insulation Mineral wool [0,034 W/mK] 

Wind barrier Polyethylene [sD = 0,1m] 

 

Table 4-11 presents an overview of the different wall assemblies which is implemented in the 

different WUFI simulations. The remaining input data from WUFI is illustrated in 

APPENDIX A. 
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Table 4-11 Characteristics of wall assemblies used in the simulations 

 

All simulations were performed with two different humidity classes, class 1 and 3. The 

current situation at Bentegården with two occupants indicates humidity class 1 as stated in 

chapter 4.4.2. However, the current situation might change in the future which may contribute 

to a higher moisture production. In addition, according to the standard, a regular house with 

few residents is typically associated with humidity class 3. 

 Moisture content 

The moisture content of the logs is represented in the bar charts below. Blue bars indicate the 

years 2010 to 2020, while orange bars indicate the years 2060-2070. The logs were separated 

into three layers of exterior, middle and interior side to achieve a better insight into each part 

of the log. The black dotted line indicates a 20 % moisture content of the logs.  

The moisture content of the logs is presented for all wall assemblies except for assembly 8 

which does not include a layer of logs 

  

Wall 

assembly 
Floor 

Direct

ion 

Wind 

barrier 

Exterior 

insulation 
Logs Air layer 

Interior 

insulation 

U-

value 

1 1 South x x x 81 mm x 0,141 

2 1 South x x x 151 mm - 0,190 

3 1 West x x x 10 mm - 0,304 

4 1 North - - x 160 mm - 0,253 

5 1 North - - x - - 0,609 

6 1 East - - x 75 mm - 0,363 

7 2 South x x x 247 mm x 0,106 

8 2 South x x - - - 0,209 

9 2 West x x x 52 mm x 0,149 

10 2 North - - x 170 mm - 0,244 

11 2 East - - x 90 mm - 0,337 
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Assembly 1 – South wall, living room 

Figure 4.40 presents the moisture content of wall assembly 1. Wall assembly 1 in current 

climate using humidity class 1 have a moisture content below 20 %. The median illustrates a 

typical moisture content of about 16-17 % with a downward trend towards the interior side. 

While investigating the same climate with humidity class 3 an upward trend is observed with 

a median of around 18-19 %. 

The future climate with humidity class 1 illustrates a higher amount of moisture with all max 

values above 20 % moisture content and a median of 19-20 %. Humidity class 3 increase the 

median moisture content up to 21-22 %. 

 

Figure 4.40 - Assembly 1 - moisture content 

Assembly 2 – South wall, TV-room 

Figure 4.41 presents the moisture content of wall assembly 2. Wall assembly 2 with current 

climate and humidity class 1 have a maximum moisture content below 20%. The median 

illustrates a typical moisture content of 16-17 %, while humidity class 3 have a median of 

around 18-19 %.  

Future climate and humidity class 1 shows higher values than observed climate and humidity 

class 1. The median moisture content of the exterior side is slightly above the critical limit 

with a median of 21 %. The middle and interior side, however, is lower. Furthermore, 

humidity class 3 have some higher values with a median between 21-22 % for all layers. 
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Figure 4.41 Wall assembly 2 - moisture content 

Assembly 3 – West wall, living room 

Figure 4.42 presents the moisture content of wall assembly 3. Wall assembly 3 with observed 

climate, simulated with both humidity class 1 and 3 have a moisture content well below 20 %. 

The median illustrates a typical moisture content of 14-15 %, while humidity class 3 have a 

median of around 16 %.  

Future climate and humidity class 1 and 3 shows higher values than current climate. Humidity 

class 1 have a median moisture content of 16-18 % and humidity class 3 of 19 %.  
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Figure 4.42 Wall assembly 3 - moisture content 

Assembly 4 – North wall, living room 

Figure 4.43 presents the moisture content of wall assembly 4. Wall assembly 4 with current 

climate and humidity class 1 got a median ranging from 19-20 %, while humidity class 3 

results slightly above the critical value with a median of 21-22 %.  

The future climate is above the critical value both with humidity class 1 and 3. Humidity class 

1 have a median of 24 % on the exterior side and 20-21 % in the middle and interior side. 

Humidity class 3 have median values up to 24-25 % on the exterior and interior side. 

 

Figure 4.43 Wall assembly 4 - moisture content 
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Assembly 5 – North wall, old entrance 

Figure 4.44 presents the moisture content of wall assembly 5. Wall assembly 5 with current 

climate and humidity class 1 and 3 have a moisture content below 20 % with a median value 

between 15 and 19 %.  

The moisture content with future climate has higher values, where humidity class 1 have a 

median value on the exterior side of 21 %, while the middle part and the interior side is lower. 

The moisture content with humidity class 3 has a median value of 23 % on the exterior side, 

20% in the middle part and slightly below 20 % on the interior side. 

 

Figure 4.44 Wall assembly 5 - moisture content 

Assembly 6 – East wall, TV-room 

Figure 4.45 presents the moisture content of wall assembly 6. Wall assembly 6 with current 

climate have a median value of moisture content below the critical value. Humidity class 1 

have a median value of 16-18 % while humidity class 3 is around 19 %.  

The future climate and humidity class 1 has a median value of 22 % on the exterior side and 

18-19 % on the middle part and interior side. Humidity class 3 have all values higher than the 

critical value and varies from 21-23 % with the highest value on the exterior side. 
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Figure 4.45 Wall assembly 6 - moisture content 

Assembly 7 – South wall, recreational room 

Figure 4.46 presents the moisture content of wall assembly 7. The moisture content in the wall 

assembly 7 with current climate, humidity class 1 has a median value of 17-18 %, while 

humidity class 3 have a median value of 19-20 %.  

The moisture content with future climate has a median value of 20-22 % with the highest 

value on the exterior side of the logs. Humidity class 3 is fairly higher with a median value of 

21-23 % and the highest values on the exterior and interior side of the logs. 

 

Figure 4.46 Wall assembly 7 - moisture content 
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Assembly 9 – West wall, recreational room 

Figure 4.47 presents the moisture content of wall assembly 9. The moisture content of wall 

assembly 9 with current climate, humidity class 1 and 3 is below the critical value of 20 %. 

Humidity class 1 have a median value of 16 % while humidity class 3 have a value of 18-19 

%.  

The moisture content with future climate, humidity class 1 has a median value of 21 % on the 

exterior side and 19-20 % in the middle part and on the interior side of the logs. Humidity 

class 3 have a median value of 22 % on the exterior and interior side of the logs, where the 

middle part has a value of 21 %. 

 

Figure 4.47 Wall assembly 9 - moisture content 

Assembly 10 North wall, recreational room 

Figure 4.48 presents the moisture content of wall assembly 10. The current climate with 

humidity class 1 has a moisture content of up to 20 % on the exterior side, while the middle 

part and the interior side is slightly below.  

The future climate with humidity class 1 has a moisture content up to a median value of 24 %, 

while the exterior side and the interior side is fairly lower. Humidity class 3 have a moisture 

content up to a median value of 25 %, where also the exterior side and interior side is a little 

lower. 
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Figure 4.48 Wall assembly 10 - moisture content 

Assembly 11 – East wall, bedroom 

Figure 4.49 presents the moisture content of wall assembly 11. The current climate gives a 

moisture content below 20 % for both humidity class 1 and 3.  

The future climate has a median value of up to 22 % in the middle layer of humidity class 1, 

while the middle layer of humidity class 3 is around 23 %. 

 

Figure 4.49 Wall assembly 11 - moisture content 
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 Mould index 

This section will present the mould indexes for each of the simulated wall assemblies. For 

every wall assembly, a figure is included to illustrate the wall assemblies with numbers above 

each layer and a letter representing each of the positions analysed. The bar charts below 

present the mould index within each layer of the different wall assemblies. Blue bars indicate 

with climate based on current climate data, while orange bars indicate the years future climate 

based on RCP 8,5. The horizontal bars represent the median of each layer with a colour 

related to the specific series.  

Assembly 1 – South wall, living room 

Figure 4.50 presents wall assembly 1 and its respective monitor positions. Figure 4.51 is the 

graph with humidity class 1, while Figure 4.52 is humidity class 3.  

There is a minor difference between humidity class 1 and 3, where humidity class 3 have 

slightly higher values. The difference from year 2010 to 2020 and 2060 to 2070 is significant 

with critical values within several layers. The exterior side of the log structure is at yellow 

colour according to the traffic light indicator with future climate. 

 

Figure 4.50 Wall assembly 1, monitor position 

 

Figure 4.51 Mould index, humidity class 1, assembly 1 

 

Figure 4.52 Mould index, humidity class 3, assembly 1 
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Assembly 2 – South wall, TV-room 

Figure 4.53 presents wall assembly 2 and its respective monitor positions. Figure 4.54 is the 

graph with humidity class 1, while Figure 4.55 is humidity class 3.  

The first period from 2010 to 2020 for both humidity class 1 and 3 do not indicate any 

problems expect for the cladding. Future climate presents higher values and red traffic light 

indicator. The layer of logs is within the green indication. 

 

Figure 4.53 Wall assembly 2, monitor position 

 

Figure 4.54 Mould index, humidity class 1, assembly 2 

 

Figure 4.55 Mould index, humidity class 3, assembly 2 

Assembly 3 – West wall, living room 

Figure 4.56 presents wall assembly 3 and its respective monitor positions. Figure 4.57 is the 

graph with humidity class 1, while Figure 4.58 is humidity class 3.  

The traffic light indicator indicates no trouble within wall assembly 3 from 2010 to 2020, 

while values are higher with future climate. The exterior side of the insulation and cladding is 

within red indication, but not any other layer. Humidity class 3 shows fairly higher values 

than humidity class 1. 
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Figure 4.56 Wall assembly 3, monitor position 

 

Figure 4.57 Mould index, humidity class 1, assembly 3 

 

Figure 4.58 Mould index, humidity class 3, assembly 3 

Assembly 4 – North wall, living room 

Figure 4.59 presents wall assembly 4 and its respective monitor positions. Figure 4.60 is the 

graph with humidity class 1, while Figure 4.61 is humidity class 3.  

With climate from year 2010 to 2020 there is no problems within any layer expect for the 

cladding. However, year 2060-2070 and humidity class 1 show some trouble in the exterior 

part of the logs. Within the same year but with humidity class 3, it is at red or close to red 

traffic light indication in all layers. 

 

Figure 4.59 Wall assembly 4, monitor position 
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Figure 4.60 Mould index, humidity class 1, 

assembly 4 

 

Figure 4.61 Mould index, humidity class 3, assembly 4 

Assembly 5 – North wall, old entrance 

Figure 4.62 presents wall assembly 5 and its respective monitor positions. Figure 4.63 is the 

graph with humidity class 1, while Figure 4.64 is humidity class 3.  

Wall assembly 5 is within green indication for both current and future climate within all 

layers except for the cladding. 

 

Figure 4.62 Wall assembly 5, monitor position 

 

Figure 4.63 Mould index, humidity class 1, assembly 5 

 

Figure 4.64 Mould index, humidity class 3, assembly 5 
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Assembly 6 – East wall, TV-room 

Figure 4.65 presents wall assembly 1 and its respective monitor positions. Figure 4.66 is the 

graph with humidity class 1, while Figure 4.67 is humidity class 3.  

Wall assembly 6 results are similar to wall assembly 5 with all layers within green indication 

expect for the cladding.  

 

Figure 4.65 Wall assembly 6, monitor position 

 

Figure 4.66 Mould index, humidity class 1, assembly 6 

 

Figure 4.67 Mould index, humidity class 3, assembly 6 

Assembly 7 – South wall, recreational room 

Figure 4.68 presents wall assembly 7 and its respective monitor positions. Figure 4.69 is the 

graph with humidity class 1, while Figure 4.70 is humidity class 3.  

Assembly 7 show no problems within the layers from year 2010 to 2020 except the cladding 

while year 2060-2070 illustrates a higher risk. The insulation layer is at red indication and the 

exterior side of the logs mostly within green indication. 
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Figure 4.68 Wall assembly 7, monitor position 

 

Figure 4.69 Mould index, humidity class 1, assembly 7 

 

Figure 4.70 Mould index, humidity class 3, assembly 7 

 

Assembly 8 – South wall, bedroom (without logs) 

Figure 4.71 presents wall assembly 8 and its respective monitor positions. Figure 4.72 is the 

graph with humidity class 1, while Figure 4.73 is humidity class 3.  

Assembly 8 with current climate and humidity class 1 only indicates problems with the 

cladding, while humidity class 3 potentially has problems with exterior side of the insulation. 

Simulations with future climate and humidity class 1 indicates potential problems with the 

cladding and exterior side of the insulation. Humidity class 3 indicates problems with 

cladding, exterior part of the insulation and potentially interior side of the insulation. 

 

 

Figure 4.71 Wall assembly 8, monitor position 
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Figure 4.72 Mould index, humidity class 1, assembly 8 

 

Figure 4.73 Mould index, humidity class 3, assembly 8 

 

Assembly 9 – West wall, recreational room 

Figure 4.74 presents wall assembly 9 and its respective monitor positions. Figure 4.75 is the 

graph with humidity class 1, while Figure 4.76 is humidity class 3. Simulations with climate 

2010-2020 humidity class 1 and 3 have no indication of problems with mould. Simulations 

with climate 2060-2070 humidity class 1 and 3 both indicates problems with the cladding and 

insulation layer. 

 

Figure 4.74 Wall assembly 9, monitor position 

 

Figure 4.75 Mould index, humidity class 1, assembly 9 

 

Figure 4.76 Mould index, humidity class 3, assembly 9 
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Assembly 10 - North wall, recreational room 

Figure 4.77 presents wall assembly 9 and its respective monitor positions. Figure 4.78 is the 

graph with humidity class 1, while Figure 4.79 is humidity class 3.  

Simulations with current climate and humidity class 1 and 3 have no indication of problem 

with mould except for the cladding. While simulations with future climate presents higher 

values, especially humidity class 3. Humidity class 1 indicates problems with the exterior 

layer of the logs, while humidity class 3 indicates problems within all layers of the wall. 

 

Figure 4.77 Wall assembly 10, monitor position 

 

Figure 4.78 Mould index, humidity class 1, 

assembly 10 

 

Figure 4.79 Mould index, humidity class 3, assembly 10 
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Assembly 11 – East wall, bedroom 

Figure 4.80 presents wall assembly 9 and its respective monitor positions. Figure 4.81 is the 

graph with humidity class 1, while Figure 4.82 is humidity class 3.  

Simulations with current climate and humidity class 1 and 3 have no indication of problem 

with mould except for the cladding. Simulations with future climate humidity class 1 and 3 is 

both within yellow indication at exterior side of the logs and red indication at the cladding. 

 

Figure 4.80 Wall assembly 11, monitor position 

 

 

Figure 4.81 Humidity class 1, assembly 

11 

 

Figure 4.82 Humidity class 3, assembly 11 
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Summary  

Table 4-12 presents a summary of the maximum index values based on current climate and 

future climate. The colour indication is similar to the mould index, while the diagonal line 

indicates elements not a part of the structure. 

Table 4-12 Summary of the maximum mould index 

Asse

mbly 
Mod HC Ex Insulation Logs       

exterior side 

Logs        

middle part 

Logs        

interior side Insulation Int 

   A A B C A B C A B C A B C A B C A 

Asse

mbly 

1 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

  
Asse

mbly 

2 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

  
Asse

mbly 

3 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

4 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

5 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

6 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

7 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

8 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

9 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

10 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 
Asse

mbly 

11 

2010 HC1                  
2060 HC1                  
2010 HC3                  
2060 HC3                  

 



 

82 

 

 Comparison of current climate following RCP8.5 and observations 

A comparison between the current climate from 2010 to 2020 based on observed data with 

climate 2010 to 2020 based on RCP8.5 was performed as way of evaluating future 

estimations. This chapter only includes the wall assembly 1 to explain the results while the 

remaining graphs of wall assembly 2 to 11 is included in APPENDIX B and APPENDIX C.  

Figure 4.83 presents the moisture content of wall assembly 1. The blue bars represent the 

climate from 2010 to 2020 based on current climate, while the green bars indicate the climate 

from 2010 to 2020 based on RCP8.5. Observing the results with humidity class 1 the median 

values of exterior side, middle part and interior side increased by 6,5 %, 2,7 % and 2,7 % for 

RCP8.5, respectively. Furthermore, with humidity class 3 the increase from observed climate 

versus RCP8.5 for median values on exterior side, middle part and interior side was 4,3 %, 2,6 

% and 3,1 %, respectively.  

 

Figure 4.83 Wall assembly 1, RCP8.5 evaluation - moisture content 
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Figure 4.84 presents the mould index with humidity class 1, while Figure 4.85 presents 

humidity class 3. The mould index with climate 2010 to 2020 based on current weather 

indicates no trouble within the construction except for the cladding. Both humidity class 1 and 

3 with climate 2010 to 2020 based on RCP8.5 show similar trends and indicates a high risk of 

mould in the exterior cladding and insulation layer. Humidity class 1 indicates no trouble with 

the layer of logs, while humidity class 3 are within a yellow indication. 

 

Figure 4.84 Assembly 1 - Mould index, RCP8.5 

evaluation, humidity class 1 

 

Figure 4.85 Assembly 1 - Mould index, RCP8.5 

evaluation, humidity class 3 
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5 Discussion 

Considering all the unique maintenance work performed at different times throughout the 

history of Bentegården, it has resulted in a building containing a large variety of solutions. 

This has created a situation where it has been possible to evaluate the hygrothermal 

performance of walls with different thickness and a combination of retrofitting measures.  

The precision of the generated wall assemblies compared to the actual walls at Bentegården 

can be discussed. The degree of certainty is high for the thickness of the building envelope, 

however, there are still some uncertainties related to some of the individual elements forming 

the assemblies. Most of this is related to retrofitting measures performed years back, as 

defining the thickness and location of this is largely based on photographs and historic 

drawings. In many ways, infrared thermography has served the purpose of supporting these 

assumptions. This is justified by higher surface temperature and more thermal bridges in these 

specific areas. The latter is described in theory as being a common result of interior post-

insulation. Besides this, the thermographic images captured concerning the work performed in 

this thesis may serve purposefully as a basis for evaluating other retrofitting measures. This 

may include post-insulation of the walls within the extension and replacement of certain 

windows. However, this needs to be evaluated concerning physical consequences and the 

building's originality.  

Based on the illustration in chapter 4.4.2, the relative humidity in the period of data collection 

was undoubtedly lower than what is to be expected. Based on the standard EN 13788, the 

calculated humidity class reflects a situation associated with unoccupied buildings, storage of 

dry goods. The explanation for this can potentially be found with the help of an air-tightness 

test and a more thorough examination of moisture buffer performance, nor can it be ruled out 

that the standard overestimates moisture production in some cases.  

Research related to climate and climate change is dependent on having reliable data as input 

to evaluate trends and consequences. In chapter 4.4.1, the three different sets of climate data 

got presented by their respective temperature and relative humidity. Specifically, for 

temperature, there are clear similarities between the observed climate data from weather 

stations and RCP8.5 climate data for 2010-2020 with an annual average temperature of 7,3 C° 

and 7,4 C°, respectively. When comparing the temperature in the two sets of current climates 

with the future RCP8.5 climate, the greatest temperature increase is present during the winter 

and the lowest during the summer. This corresponds with predictions described in chapter 2.6.  
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In the case of monthly average temperatures, it is difficult to quantify what can be described 

as similarities, but one might argue that there are similar trends with an overestimation for the 

months of January to April and in August. As illustrated with numbers from Norsk 

Klimaservicesenter, the annual precipitation is expected to increase following both low and 

high values of RCP8.5, but there are uncertainly related to the quantity, especially for the 

different seasons. The comparison between current and future climate suggested a drastic 

increase during the winter and spring, especially with respect to the climate data from weather 

stations. The following seasons showed a more even or slightly reduced sum. All of this 

corresponds to numbers from Norsk Klimaservicesenter.       

For the relative humidity, however, there seems to be an overestimation of the moisture 

content in the air throughout the entire year. The RH from weather stations indicated a yearly 

average of 77,1 %, while the RCP8.5 data for the same period got an average of 85,1 % and 

84,5 % for 2060-2070. Comparing the results with climate 2010 to 2020 based on climate 

history with the climate based on the RCP8.5 indicates a moisture content of up to 5 % higher 

with climate based on the RCP8.5. The mould index indicates problems with several wall 

assemblies, primarily within the insulation. This causes some uncertainty as to how accurate 

the climate predictions in this thesis are. However, one might argue that a potential 

overestimation of the future climate and its respective simulated results more clearly excludes 

areas of potential threats.  

The moisture content of the logs is kept below the 20 % critical value between 2010 to 2020 

based on observed climate with humidity class 1. A change from humidity class 1 to 3 

increased the moisture content within all wall assemblies. While most of the wall assemblies 

stay around 20% or lower, wall assembly 4 and 10 presents higher values, reaching up to 24 

%. Replacing this climate model with the climate from 2060 to 2070 based on RCP8.5 with 

humidity class 1 returns similar or slightly higher values than 2010 to 2020 with humidity 

class 3. Furthermore, the moisture content with climate 2060 to 2070 and humidity class 3 

presents the overall highest values. Inspecting these results also gives the highest values 

related to wall assembly 4 and 10 with a moisture content of about 27 % in the logs. 

According to this, several wall assemblies is at risk regarding mould growth, especially 

assembly 4 and 10. 

Regarding the mould index for the observed 2010-2020 climate, there is no indication of 

mould growth using either of the humidity classes, except for in the cladding. However, 

simulations with future climate indicate problems with mould growth within several wall 
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assemblies. This climate combined with humidity class 1 mostly indicate problems with the 

cladding and exterior insulation layer, but for wall assembly 4 and 10 there is an indication of 

problems on the exterior side of the logs, while assembly 11 is kept yellow. By increasing the 

moisture production according to humidity class 3, there is evidently a risk of mould growth 

throughout the entire section of the logs for assembly 4 and 10, with the mould index growing 

increasingly towards the interior and exterior surface. Additionally, assembly 6 and 7 

becomes yellow towards the exterior section of the logs.   

Wall assembly 4 and 10 are both oriented towards the north, together with wall assembly 5. 

However, the difference between wall assembly 4 and 10 compared to 5 is a large air layer on 

the interior side of the logs. This air layer results in a u-value significantly lower in assembly 

4 and 10. The u-value of assembly 5 is 0,609 W/m2K, while assembly 4 and 10 is 0,253 

W/m2K and 0,244 W/m2K, respectively. The low u-value decreases the heat transport through 

the wall and due to the orientation, the sun exposure is rather low. This combination might be 

the reason for higher moisture content and indications of problems with mould within the 

structure. 

The critical value of 20% is surpassed within several layers without the mould index 

indicating major problems. The highest percentage of moisture content observed in an area 

not subjected to risk of mould growth according to the mould index were in assembly 2 with 

future climate and humidity class 3. Here the moisture content of the outer layers of the logs 

reached 24,5 % without there being any indication of mould growth. In the most problematic 

assemblies, assembly 4 and 10, the moisture content reached 27 %.  
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6 Conclusion  

This master thesis has been centred around evaluating the hygrothermal performance of the 

log walls in the in-use cultural heritage building Bentegården, but the results apply to 

buildings with similar characteristics.  

The process has included the use of 3D laser scanning and infrared thermography as a method 

for clarifying the lack of information concerning construction assemblies. These technologies 

already well described in theory and previous research and this thesis further emphasizes the 

value of integrating these technologies in cultural heritage research. 

Based on the comparison between the observed climate data and RCP8.5 for 2010-2020, there 

is evidently an overestimation, especially for the relative humidity. This is resulting in the 

hygrothermal simulations indicating a situation where visual findings of mould could be 

expected in the insulation layers. To the authors best knowledge, this is not the case, which 

corresponds with the simulations using climate data from weather stations and interior climate 

related to what has been measured on-site. This causes some uncertainty as to how accurate 

the climate predictions used in this thesis are, although this is fundamental for all climate 

predictions. Anyhow, it serves purposefully in indicating what sections might be more prone 

to complications. 

For the walls with exterior insulation, the hygrothermal simulations with the future climate 

based on RCP8.5 and current humidity class indicated no problems with mould growth in the 

logs, but a high risk of mould growth within the insulation. The only walls presented with a 

high risk of mould growth in the logs following this scenario were those orientated north 

without any insulation, but with an interior air layer. By increasing the moisture production 

according to how the standard categorizes a household with few residents, one of the outer 

layers of the insulated logs becomes yellow, meaning there is some uncertainty related to the 

risk of mould growth. Furthermore, the moisture content and mould index illustrate that the 

critical value of 20 % can be breached without necessarily resulting in problems with mould 

growth.  

It can thus be concluded that there are little to no risk of mould growth in the logs subjected to 

the current climate, but problems cannot be ruled out following a “business as usual” climate 

scenario, especially where the timber is not protected by exterior insulation.  
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7 Future research 

Further research will continue on the Hyperion test site of Tønsberg and Bentegården where 

parts of the work that has been initiated in this thesis may serve purposefully. As mentioned 

earlier in the thesis, installation of the loggers got postponed due to travel restrictions caused 

by Covid-19, resulting in a relatively short period of data collection from the temperature and 

humidity loggers. However, the data loggers will continue collecting data, meaning that any 

future research will have a better basis for evaluation.  

As identified by the IR images, there are evidently potential for improvements related to 

energy savings at Bentegården. An interesting approach could be to evaluate other retrofitting 

solutions and their impact on the building's originality, followed by a comparison of the 

results against similar studies.  

The digital model created in relationship with this master thesis can serve as a basis for a 

whole-building simulation. However, an identification of the remaining assemblies within the 

building envelope, supported by an air-tightness test to determine the leakage number would 

be valuable in this case. 
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APPENDICES 

APPENDIX A - Input data from WUFI 

Input data in WUFI 

Construction Structure 

Monitor position 

Table XX 

Monitor position according to 

chapter X.X 

Orientation 

Height 

Slope 

South/West/North/East 

Low building < 10m 

90 degrees 

Surface transition coefficient: 

 

Exterior surface 

Heat resistance [m2K/W] 

sD-value [m]  

Shortwave radiation absorption rate 

Terrain. Shortwave reflection rate 

Rainwater absorption rate 

 

Interior surface 

Heat resistance [m2K/W] 

sD-value [m] 

 

 

 

Wind dependent 

0.5 

0.5 

0.2 – standard value 

0.7 – Dependent on 

component slope 

 

0.125 

1.0 

Start settings: 

 

Relative humidity 

Temperature [˚C] 

 

 

0.5 

20 

Settings Time: 

 

Start simulation 

End simulation 

 

 

2010/2060 

2020/2070 

Climate Outside Climate file 

Inside EN 13788 

Humidity class 1 & 3 
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APPENDIX B - Moisture content 2010-2020, current climate vs RCP8.5 

Assembly 1 – South wall, living room 

 

 

Assembly 2 – South wall, TV-room 
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Assembly 3 – West wall, living room 

 

 

 

Assembly 4 – North wall, living room 
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Assembly 5 – North wall, old entrance 

 

 

Assembly 6 – East wall, TV-room 
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Assembly 7 – South wall, recreational room 

 

 

Assembly 9 – West wall, recreational room 
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Assembly 10 - North wall, recreational room 

 

 

Assembly 11 – East wall, bedroom 
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APPENDIX C - Mould index 2010-2020, current climate vs RCP8.5 

Assembly 1 – South wall, living room 

  

Assembly 2 – South wall, TV-room 

  

 

Assembly 3 – West wall, living room 
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Assembly 4 – North wall, living room 

  

Assembly 5 – North wall, old entrance 

  

Assembly 6 – East wall, TV-room 
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Assembly 7 – South wall, recreational room 

  

 

Assembly 8 – South wall, bedroom (without logs) 

  

 

Assembly 9 – West wall, recreational room 
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Assembly 10 - North wall, recreational room 

  

 

Assembly 11 – East wall, bedroom 
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APPENDIX D – Report from field study, loggers 

 

Purpose:   Monitoring of the humidity and temperature climate inside and outside 

Bentegården. 

Conducted by:  Dimitrios Kraniotis, Sindre Didrichsen and Kris A. Flaskerud 

Date:    05.02.2020 

 

Equipment:  Loggers 

Inside:  PeakTech 5180 – Temperature & Humidity Datalogger 

Outside:  Extech RHT 10 - Temperature & Humidity Datalogger 

 

 

Logger mounted inside (PeakTech 5180) 

 

Logger mounted outside (Extech RHT10) 

 

 

Method:  The household consist of two adults and a large dog. It is a two-storey 

house, and the loggers was mounted in different rooms to monitor. The 

loggers are planned to be collected in the end of March/beginning of 

April, achieving at least 2 months of data. 

  

 

 

 



 

12 

 

The first indoor logger was mounted in the living room of the house. 

This room is the main area of the house and is where the residents 

spend most of the time. A fireplace is also located in this room. 

 

Logger positioned on top of a shelf 

towards the west wall in the living 

room 

  

The second logger was mounted in a bookshelf at the library room. 

Yellow circle marks the position seen from the living room. 

 

Second logger positioned in the library 

 

 

Position seen from the living room 
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The third logger was mounted on top of a cabinet in the tv-room which 

is a less heated area with less human activity. 

 

Third logger positioned in the tv-room 

 

Position seen towards the east façade 

with south façade to the right. 

 

 

The fourth logger was mounted close to the corner of the large room in the 

second floor. This room works as a paint workshop and exercise area. 

 

Fourth logger positioned in the 

recreational room 

 

Position seen towards the corner of 

south-west facade 
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One of the loggers was mounted in the corner of the façade towards 

north to minimize the amount of sunlight accessing the logger. 

 

Fitfh logger positioned outside  

attached to the façade 

 

 

Position seen towards outside in the  

corner between north façade and the 

extended part towards west 

 

 

 The sixth logger was mounted at the west façade and positioned behind 

the cladding to avoid sunlight. 

 

Sixth logger positioned outside behind  

the cladding 

 

 

                                                      

 

Position seen towards the west facade 
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APPENDIX E - Report from field study, laser scan 

 

Purpose:   A laser scan of Bentegården to obtain exact dimensions of all building 

elements. 

Conducted by:  Sindre Didrichsen and Kris A. Flaskerud 

Date:    05.02.2020 

Equipment 

3D-laser scanner:  Leica BLK360 

Software:   Leica Cyclone FIELD 360 

 

 

Figure 1 Leica BLK360 
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Method:  A laser scan was conducted for both interior and exterior of the 

building. All rooms inside the building were scanned and the specific 

location of the scanner was marked on a plan drawing of the house. 

Figure 2 and figure 3 illustrates the position of each scan conducted for 

each floor. Each scan was observed in Leica Cyclone FIELD 360 

software on the phone to make sure the quality and connection between 

each scan was good.  

 

 

Figure 2 Position #1 

 

Figure 3 Position #2 
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The following images illustrates the position of each scan performed. First image is a 

overview of first floor interior side and outside, while the second image is a overview of 

second floor. 

 

Figure 4 Position of each scan 1th floor inside and outside 

 

 

Figure 5 Position of each scan 2nd floor 
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APPENDIX F - Report from field study, thermography 

 

Purpose:   A thermography of Bentegården to detect surface temperature and 

thermal bridges. 

Conducted by:  Dimitrios Kraniotis, Sindre Didrichsen and Kris A. Flaskerud 

Date:    05.02.2020 

Equipment:  Fluke thermal imager Ti 125 

 

Method: All interior surfaces were observed with the thermograph camera. 

Observations revealed many surfaces relatively cold and thermal 

bridges. Figure 1 displays the thermo camera pointing at a thermal 

bridge in the living room.  

 

 

Figure 1 Fluke thermal imager Ti 125 
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Location of each thermography picture: 

 

Figure 2 Thermography 1th floor 

 

Figure 3 Thermography 2nd floor 

 

Results:   

Roof: 

Figure 5 displays the surface temperature of the roof, which is close to the room temperature. 

No thermal bridges is observed across the roof. 

 

 

Figure 4 Roof interor side 
 

Figure 5 Thermal performance 
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Windows: 

The windows at Bentegården are old and consist of a double wooden frame with one glass 

pane in each frame. The surface temperature of the windows was very low and figure 6 and 7 

displays an example of a window in second floor.  

 

Figure 6 Window 2nd floor 

 

Figure 7 Thermal performance 

Walls: 

The exterior walls thermal performance was varying. A large difference in thickness of the 

exterior walls were observed and measured. Two of the exterior walls (south and west façade) 

was rehabilitated in 2017 and 2018. 

Figure 8 and 9 displays the exterior wall at the kitchen. A thermal bridge reveals in the corner 

of the kitchen and the temperature of the wall was rather low. 

 

 

Figure 8 Kitchen wall 

 

Figure 9 Thermal performance 
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Figure 10 and 11 displays the exterior wall of a bedroom wall in the second floor which is 

oriented towards east. The picture reveals a thermal bridge marked with a blue colour in the 

corner of the bedroom.  

 

Figure 10 Second bedroom  

 

Figure 11 Thermal performance 

 

Figure 12 and 13 displays the exterior wall facing towards south. 

 

Figure 12 Second bedroom 

 

Figure 13 Thermal performance 

 

 

  



 

22 

 

APPENDIX G – Report from point data cloud processing 

12.02.2021 

Purpose:   Creating a 3D point cloud by connecting the scans 

After completing the scans during the field study all the scans were imported to a computer. 

The software “Leica Cyclone REGISTER 360” was used to connect all the scans together and 

to “clean” the point cloud (remove all unnecessary data points from the cloud). This process 

was greatly aided by Ernst Erik Hempel from OsloMet.  

 

The point cloud bundle of first floor is captured from the software below. The red dots 

illustrate the position of each scan, while the green line illustrate the connection between each 

scan. The blue dot illustrates a scan which is also connected to the point cloud bundle on the 

second floor. All the other lines which follows the interior side of the wall illustrates the data 

from the laser scanner, while the 3D view illustrates the data from the camera on the scanner. 

 

 

Point cloud bundle of the first floor, plan view 
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Point cloud bundle of the first floor, 3D view 

 

 

Point cloud bundle of the second floor, plan view 
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Point cloud bundle of the second floor, 3D view 

 

The first floor and second floor point cloud bundle were connected together as illustrated 

below. 

 
Point cloud bundle of the first floor and second floor connected. The interior wall on left side is the west wall, while the 

south wall to the right. 

 

 



 

25 

 

 
Point cloud bundle of the first floor and second floor connected. The interior wall of east wall with all the  

windows is on the left, while the extension is on the right side. 

 

The images below illustrates the scans performed outside on exterior side of the walls.  

 
Point cloud bundle of the exterior walls, plan view 
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Point cloud bundle of the exterior walls, 3D view 
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APPENDIX H – Report from the 3D modelling process 

 

Purpose:   Create a 3D-model based on the scans 

Conducted by:  Dimitrios Kraniotis, Sindre Didrichsen and Kris A. Flaskerud 

Date:    February 2021 

Software:  Autodesk Revit 

 

When the point cloud bundle was complete it was imported into Autodesk Revit as a IFC-file. 

The point cloud bundle after import is displayed in the figure below. 

 

Point cloud bundle captured in Autodesk Revit 
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The figure below illustrates the point cloud seen from above. The next step was to create a 

grid and draw lines along the interior and exterior side to obtain the correct dimension of the 

walls. 

 

Point cloud bundle viewed from above 

The thickness of the walls was varying a lot between the different walls. Figure below 

illustrates the exterior and a few interior walls modelled. The structure of the walls are created 

similar to the actual walls. 

 

Point cloud visible and walls constructed 
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The next phase involved creating the second-floor exterior walls and the log wall inside the 

house. Windows was also created from scratch to be accurate to the actual windows. 

 

Model after modelling of 1st and 2nd floor exterior walls and the log wall inside.  

Following this the floors of first and second floor was modelled, in addition to interior walls 

and doors.   

 

Model after modeling 1st and 2nd floor, interior walls and doors 
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The digital model completed. South façade on the right side and the extended part on the left side 

 

 

 

The digital model completed. View from the corner of south-east facade 
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A rendered image of the digital from seen from south-west corner 

 

 

A rendered image of the digital model seen from south-east corner 
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A rendered image of the digital model seen from north-east corner 

  

 

 


