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Abstract 

Stockholm lies at the top in Europe in terms of population growth. It is growing from 30,000 
to 40,000 residents each year and therefor puts high demands on the regions development. 
One of the governments reactions to this housing problem was to approve a bill that would 
simplify the regulatory framework in the planning and building act. It will among other per-
mit owners of a one-or two family houses to build a 25 𝑚𝑚2 compliment housing without a 
building permit, so called attefallshus. 

In this final project, a small 25 𝑚𝑚2 house is designed. The house was designed to have thin 
exterior walls to maximize the indoor living space and also to fulfill all the Boverkets regula-
tions for permanent housing. Vacuum Insulated panels were used as an insulation material 
in the envelope to achieve the extra thin exterior walls to maximize the living space. Various 
different simulations were done to simulate: Heat- and moisture transfer through the exte-
rior walls, thermal bridges, energy calculations and the daylight factor inside the house. Ad-
ditional calculations were done in Excel to compare the mean U-value calculated in simula-
tions. The moisture transfer simulation did show that there should not be any moisture 
problems in the exterior walls. The mean U-value calculations in Excel and in the simulations 
showed values less than the limitations of Boverkets building regulations.  

Keywords: Attefallshus, Vacuum Insulated Panels, VIP, Building Technology, Microstruc-
ture, U-value, Thermal transport, Moisture transport, Thermal bridge. 
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1 Introduction 

Stockholm is Sweden’s capital region and growth engine. Region characterized by a strong 
economic and population growth. There lives 2.2 million people and there are 1.1 million 
employees. The strong population growth is expected to continue and in 2030 is estimated 
that it has over 2.6 million inhabitants (Länsstyrelsen Stockholm, 2015).  

Stockholm lies at the top in Europe in terms of population growth. It is growing from 30,000 
to 40,000 residents each year and therefor puts high demands on the regions development. 
County Administrative Boards estimate that over 30,000 homes will be started to be built in 
the county in 2015 and 2016. The new housing are welcome because the housing crisis af-
fects business growth opportunities and peoples opportunities to find housing. In order to 
meet the challenges the Stockholm region is facing needs housing market be more function-
al than it is today (Länsstyrelsen Stockholm, 2015). 

One of the governments reactions to this housing problem was to approve a bill that would 
simplify the regulatory framework in the planning and building act. It will among other per-
mit owners of a one-or two family houses to build a 25 𝑚𝑚2 compliment housing without a 
building permit, so called attefallshus (Socialdepartementet, 2014).     

In this final project, a small 25 𝑚𝑚2 house is designed. The design of the house is for one or 
two individuals to live in as a permanent residence. All the designs were done to maximize 
these few square meters and to make a house that uses as little energy as possible. In order 
to maximize the usable area within the building, external wall thickness are minimized with 
the use of Vacuum Insulation Panel (VIP).  That insulation material has a lower thermal con-
ductivity than the standard insulation material of mineral wool, fiberglass, etc. The house 
should fulfil all the building regulation and standards applicable in Sweden. It is designed to 
be built off-site and transported to the buyer, so all dimensions are within the limitations of 
the traffic rules. 

In this project, state of the art of simulation programs were used to calculate: 

1. Thermal-and moist transportation through the exterior wall. 

2. U-value of the building envelope and thermal transportation in the thermal bridges. 

3. Energy requirements for the operations over one year. 

4. Daylight simulation. 
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Green house gases are largely caused by the building industry and buildings account for 40% 
of energy use in the European Union. The target in the European Union is to reduce the en-
ergy use in residential and commercial buildings with 20% by the year 2020 and 30% by the 
year 2050 compared from year 1995 (Directive 2010/31/EU, 2011). In additional to this tar-
get, Sweden is going to reduce the energy use with 50% by year 2050. A large factor of ener-
gy use in Sweden is for heating buildings and the use of Vacuum Insulated Panels (VIP) is 
vital to reduce the energy consumptions of buildings with thin exterior walls (Naturvårdsver-
ket, 2008). 
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2 Attefallshus 

Attefallshus is a small house that can be built on the plot of a one- or two-family house 
without a building permission. The house can be up to 25 𝑚𝑚2 in size and the average height 
from the ground can not exceed 4 meters. The house can be used as e.g. independent hous-
ing (complementary building), storage room, guest house or a garage (supplement building) 
(Boverket 2015).   

The attefallshus must be at least 4.5 meters from the property line or get consent from the 
neighbours if the desire is to be within these limitations. If a neighbour denies consent, you 
can seek building permission from the municipality (Boverket 2015).   

An attefallshus has to comply with Boverkets (National Board of Housing, Building and Plan-
ning) building regulations and standards that are based on the European design standards 
(Eurocode). For example, an attefallshus is to be used as a complementary residential build-
ing for a permanent residence. It needs to have all the housing features that should be in a 
residential home like furnishings, equipment for cooking and personal hygiene, and the abil-
ity to store things. It also must be accessible and usable for people with impaired mobility or 
orientation (Boverket, 2015).   
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3 Vacuum Insulated Panels (VIP) 

3.1 Introduction 

The interest of the use of thermal insulation in buildings started only after the oil crisis in 
1973 although most of the thermal insulation material had been developed before 1950. 
After the oil crisis the insulating material in buildings was used to prevent thermal losses and 
it started to be the key element of the economic aspects of buildings. Before that time, re-
gions with an extended annual heating period considered a good insulation for buildings to 
be 10 cm of insulation such as foamed polyurethane, expanded or extruded polystyrene, 
fiberglass, etc. However with calculations, energy specialists could show that the economi-
cally optimized thickness should be between 30-50 cm depending on the region (Annex39A, 
2007). Today Swedish building regulations and standards demand a U-value of the building 
envelope not to exceed 0.3 – 0.5 𝑊𝑊/(𝑚𝑚2 · 𝐾𝐾) depending on the housing type (Boverket, 
2011). According to Annex39A a wall with 20 cm of insulation layer is approximately with the 
U-value of a wall equal to 0.2 𝑊𝑊/(𝑚𝑚2 · 𝐾𝐾). The problem with thick insulation is that the ex-
ternal walls get so thick that the usable area of the building gets less. It is also critical in ren-
ovations of buildings were limitations for insulation thickness can be much higher than in 
newly designed building and demand for thinner insulation material as VIP gets higher (An-
nex39A, 2007). 

3.2 Properties of VIP 

One of the most important factors in VIP is the core material. It has to fulfil different re-
quirements: very small pore diameter to reduce the gas conductivity, open cell structure so 
the air can be removed from the material to form a vacuum and resistance to the high at-
mospheric pressure compared to the few mbar internal pressure in order to prevent the 
envelope of the VIP to collapse. In addition it must be almost impermeable to infrared radia-
tion. That is done by reducing the conductivity values in the material obtained by adding 
opacifiers to the core material (Annex39A, 2007).  Figure 1 shows the components of VIP. 

VIP is produced with various organic and inorganic insulation materials with open-cell struc-
tures. In common with all these material is that the gas pressure inside the pores control the 
thermal conductivity of the material. In Figure 2 we can see thermal conductivity of different 
core materials as a function of the interior pressure. We can clearly see that the fumed silica 
has an advantage with a low conductivity up to 50 mbar (Annex39A, 2007). 



 

16 

 

Figure 1 Components of a VIP. Pressed silica core inside a core bag for mechanical stability 
with a multi layer envelope to hold the vacuum (Annex39A, 2007). 

 

Figure 2 The heat conductivity of VIP with different core material. 

The most common core material used in Europe is the fumed silica. Though recommended 
design value of the thermal conductivity for VIP with fumed silica core material according to 
Annex39A is 0.004 𝑊𝑊/(𝑚𝑚 · 𝐾𝐾) is it not allowed to use such a low values in design because of 
the possible degradation of the material. Design values should not be lower than 0.006 
𝑊𝑊/(𝑚𝑚 · 𝐾𝐾) (Annex39A, 2007).  
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4 Laws, Standards and Building 
 Regulations 

4.1 Boverket 

According to (SFS 2012: 546, § 1) Boverket is an administrative authority for issues relating 
to the built environment, conservation of land and water management, physical planning, 
construction and management of buildings, as well as accommodation and housing (So-
cialdepartementet 2012). 

Boverket should promote greater knowledge among municipalities, government agencies 
and other stakeholders. The mission includes the preparation of regulations, guidance and 
general advice. The agency is responsible for the supervision of energy certification and ap-
plication of planning and building legislation. Boverket assists the government to investigate 
and analyse the issues within its operating area. 

4.2 Boverket Building Regulations 

Boverket Building regulations (BBR), is a constitutional regulations and general recommen-
dations for the Planning and building act (PBL) (2010:900), and the Planning and construc-
tion order (PBF) (2011:338). 

 BBR applies to construction and modification of building. There are eight main sections of 
regulations and general guidelines in BBR regarding accessibility, housing design, room 
height, operating space, fire protection, hygiene, health and environment, noise, safety in 
use and energy conservation. BBR continuously updated with changing regulations of the 
paragraphs, sections or parts (Boverket 2011). 

4.3 Boverket Design Standards and Eurocode 

Boverket design standards (EKS), are enforcement measures used in the design and con-
struction of a building. The standards shall ensure that the structural does not collapse or 
are exposed to unacceptable deformations amongst other things. Eurocodes consists of 
standards for structural design in construction work within the European Union. Each Euro-
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code has several of selectable parameters relevant for different countries. Swedish construc-
tion standard adaptability to Eurocodes allows increased international competition of ser-
vice companies within the market. 

Eurocode have ten series of European standards, EN 1990 – EN 1999: 

• EN 1990: Basis of structural design 

• EN 1991: (Eurocode 1) Actions on structures 

• EN 1992: (Eurocode 2) Design of concrete structures 

• EN 1993: (Eurocode 3) Design of steel structures 

• EN 1994: (Eurocode 4) Design of composite steel and concrete structures 

• EN 1995: (Eurocode 5) Design of timber structures 

• EN 1996: (Eurocode 6) Design of masonry structures 

• EN 1997: (Eurocode 7) Geotechnical design 

• EN 1998: (Eurocode 8) Design of structures for earthquake resistance 

• EN 1999: (Eurocode 9) Design of aluminium structures 

4.4 Planning and Building Act and the Planning and 
Building Regulation Service 

The Planning and Building Act, PBL, are the provisions for the planning of land and water as 
well as on construction. These provisions are intended to promote social development, tak-
ing into account individual freedom, and contributions to good social conditions. Planning 
and Building Act will also promote a sound and sustainable living environment for people in 
today's society and for future generations (SFS 2010: 900, Chapter 1, § 1). In addition the PBL 
also sets out the provisions that apply when planning measures in areas with particularly 
valuable historical, cultural, environmental or artistic values. 

The planning and building regulation, PBF, contains provisions on the content and defini-
tions, plans and area decisions, requirements for construction, permission and registration, 
etc. (SFS 2011: 338, Chapter 1, § 1). 
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5 Thermal Transport and Energy 
Balance  

5.1 Thermal transport 

Heat within materials can be transported through building components and materials in 
three different ways, by (Kenneth Sandin, 2010): 

Conduction: When the energy is transferred from warmer to colder substances that are in 
contact with each other. The warmer substance molecules have a greater kinetic energy 
than the molecules in the colder substance. When the molecules from the warmer sub-
stance bump into the colder substance molecules, some of their energy transfers. 

Convection: Heat transfer in liquids and gases. The energy received by the current of atoms 
or molecules (e.g. air motion). When the flow rate of the fluid is high it increases heat trans-
fer between the materials. 

Radiation: All materials that have a temperature above absolute zero (-273.15 °C) radiate 
energy and thus heat. No contact is needed from the heat source and the heated substance 
as in the other two cases of heat transport but is transmitted through electromagnetic radia-
tion called infrared radiation. 

5.1.1 Thermal Conductivity 

Thermal conductivity is material dependent and describes the materials ability to conduct 
heat. It takes into account total energy transfers through the material layer caused by con-
duction, convection and radiation. The thermal conductivity is also called λ-value (lambda-
value) (Sandin, 2010).  

5.1.2 Thermal Resistance  

The thermal resistance is described with the letter 𝑅𝑅 and has the unit (𝑚𝑚2 · 𝐾𝐾/𝑊𝑊). The 
higher the 𝑅𝑅 value a material has the higher thermal resistance the material contains and 
therefore is a better thermal insulator. The R-value is calculated as the thickness of the layer 
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divided by the lambda-value (thermal conductivity). The total R-value is the sum of all the 
layers R-value and the resistance on the interior and exterior surfaces (Sandin, 2010). 

5.1.3 U-Value 

The U-value is a measurement of combined thermal transmittance through a building com-
ponent. The lower the U-value of a building component the better insulation properties. The 
U-value has the unit 𝑊𝑊/𝑚𝑚2 · 𝐾𝐾. It is calculated as one divided by the total R-value (Sandin, 
2010). Boverkets building regulations demands a U-value not higher than 0.40 𝑊𝑊/𝑚𝑚2 ⋅ 𝐾𝐾 
and that buildings smaller than 50 𝑚𝑚2 can not have higher U-value than 0.33 𝑊𝑊/𝑚𝑚2 ⋅ 𝐾𝐾 (Bo-
verket, 2011). 

5.1.4 Thermal Bridges 

Thermal bridges form when a material with low thermal insulation breaks through a material 
with good thermal insulation. The value of thermal bridges are described with 𝜓𝜓 and has the 
unit 𝑊𝑊/𝑚𝑚 ⋅ 𝐾𝐾 . Energy losses through thermal bridges can have a vast influence on the mean 
U-value of a building with good U-value in the building envelope (Sandin, 2010). 
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5.2 Energy Balance 

The first law of thermodynamics states that energy can not be made or destroyed, it can 
only be transformed from one form to another. This means in a steady-state condition that 
the energy that enters the building in form of heating the house, solar radiation etc. is equal 
to the energy losses from the house as thermal transmission losses and energy losses due to 
ventilation, air leaking of the house etc. (Sandin, 2010). Figure 3 shows the energy balance of 
a building. It shows the energy that enters the building in form of radiation from sun, heat 
energy from lighting and energy from heating etc.. The energy losses of the building can be 
in form of transmission losses through the envelope, air leakage and ventilation etc. So to 
minimize the losses in this energy balance it is vital to minimize the thermal transport 
through the building envelope, thermal bridges and to tighten the building to reduce the air 
leakage through the envelope.    

 

Figure 3 Energy balance in buildings. Shows the energy gains and losses (Strusoft, 2016) 
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6 Moisture Sources and           
Moisture Transport 

6.1 Moisture Sources 

Moisture in buildings and in building components is caused by five factors (Nevander, 2006): 

• Built-in moisture 

• Rain, driving rain and snow 

• Air humidity 

• Water or moisture in soil 

• Leakage from installations  

Moisture in buildings and building components can have unfortunate reactions and can con-
tribute to faster degradation in the material than normal, and due to condensation it can 
also cause unhealthy indoor environment (Nevander, 2006). 

6.1.1 Built-in Moisture 

Most materials contain some moisture from the production process, so called built-in mois-
ture. The content of built-in moisture in materials depends on the environment that the ma-
terial is going to be used in. Ultimately it is amount of water that has to evaporate from the 
material to get in to equilibrium with the current environment (Nevander, 2006). 

6.1.2 Rain, Driving Rain and Snow 

Rain is simply vertical falling rain that can only hit roofs and other horizontal objects. Driving 
rain is when wind affects the rain and gives the rain a horizontal direction. Due to this hori-
zontal direction can the rain hit vertical objects like walls or other vertical objects (Nevander, 
2006). 
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Snow  mostly has a negative impact on roofs as a structural load but can also have an impact 
on the building materials as water when it thaws. It also blows about in windy circumstances 
and can fill up cracks or clog ventilation in roofs (Nevander, 2006). 

6.1.3 Air Humidity 

Building components with the exception of underwater structures are surrounded by air. 
Building materials are more or less porous, which means that they also contain air. The air 
inside the pore system is almost always in contact with the outside air. Air humidity is essen-
tial in the study of moisture conditions in material (Nevander, 2006). 

6.1.4 Leakage from Installations 

According to Nevander (2006), the most common moisture damage in buildings is because 
of leaking from installations. Building components and installations must be designed so 
leakage quickly becomes visible. If leakage occurs the water must be dried or guided  out of 
the building element through a  drain so the growth of algae, mould or bacteria can not oc-
cur. (Boverket, 2011). 

6.2 Moisture Transport 

Moisture transport can be in two phases: in vapour phase and in liquid phase. The driving 
force for moisture transport can be in many forms such as: diffusion, moisture convection, 
gravity, water over pressure, wind pressure and capillary force (Nevander, 2006). This chapter 
is only going to focus on diffusion, moisture convection and capillary force. 

6.2.1 Diffusion 

In a inhomogeneous gases like air, the gas molecules and the water vapour strives to get a 
equilibrium in the mixture. The transport takes place when there is different in the vapour 
content in the mixture and water vapour diffuses from higher concentration to lower. If the 
pores in building material have lower water vapour content then the surrounding environment 
then it takes up moisture from the surrounding. But if the content is higher then in the sur-
rounding environment then the material looses water vapour content and the material dries out 
(Nevander, 2006). 
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6.2.2 Moisture Convection 

Moisture convection is when water vapour transports with the air flow into the material. The 
airflow is driven by pressure difference. Pressure difference can occur with density difference 
caused by temperature difference e.g. indoor air can be warmer than outdoor air, so the air-
flow will be out of the building transporting water vapour into the building envelope (Ne-
vander, 2006). To prevent this airflow through the building component it is crucial to have as 
tight envelope as possible and place the vapour barrier at the right place inside the building 
component. 

6.2.3 Capillary Force 

The two moisture transport above transport moisture in vapour phase but capillary force 
transports in liquid phase. Water travels up the materials pores because of intermolecular 
forces between the water and surrounding surface in the pores. This occurs e.g. when material 
are in direct contact to water or if it is under direct precipitation like rain. The driving force is 
the difference of capillary force pressure in the material and the radius of the pores control the 
suction and the speed of the flow. Small pores have slow flow and large suction, and large 
pores have rapid flow but small suction (Nevander, 2006). 
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7 Construction Documents 

The inside of the house consists of an entrance, bedroom area, bathroom with a washer and 
a joint living room and kitchen. The total size of the house is 24.94 𝑚𝑚2 and the interior living 
space is 21,39 𝑚𝑚2. Outside diameter is 6650 x 3750 mm and the highest point of the roof is 
3323 mm. The inside diameter is 6299 x 3395 mm and height from floor to roof is highest on 
the west side at 2830 mm and lowest on the east side at 2353 mm. Slope of the roof is 8 
degrees. 

The house has six windows in all. They consist of two large windows (1500 x 2000 mm) on 
the south side, two lying windows (1535 x 535 mm) on west and east side, and two standing 
windows (535 x 2000 mm) from the floor on east and north side of the building. In Figure 4 is 
the 2D plan drawing of the house and in Figure 5 we can see the façade drawings of all four 
sides of the house. Cross section drawings of the envelope are in chapter 8, detailed struc-
tural and technical drawings are in Appendix A.  

 

Figure 4 Plan drawing of the house, scale 1:75 
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Figure 5  a) facade towards south     
 b) facade towards north     
 c) facade towards west     
 d) facade towards east 

In Figure 7 to Figure 8 shows the interior cross sections and Figure 6 demonstrate how the 
cross section is made.  

 

Figure 6 Shows how the following cross section is done 
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Figure 7 Cross section A –A (looking north) 

 

Figure 8 Cross section B – B (looking south) 
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Figure 9 Cross section C – C (looking east) 

 

 

Figure 10 Cross section D – D (looking west) 

7.1 3D Model 

The 3D model of the house were created in the program ArchiCAD. The model was mainly 
done to get a rendered images of the house and get a feel for the houses dimensions. Figure 
11 and Figure 12 shows the exterior of the house from the front and back side. Figure 13 and 
Figure 14 shows the interior of the house from the living room/kitchen and from the bed-
room. 
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Figure 11 Image created in ArchiCAD. Showing the exterior look of the front side (looking 
north-east). 

 

Figure 12 Image created in ArchiCAD. Showing the exterior look from the posterior side 
(looking south-west). 
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Figure 13 Image from inside of the house seen from the living room/kitchen, created in Ar-
chiCAD. 

 

Figure 14 Image from inside of the house seen from the bedroom, created in ArchiCAD. 
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7.2 Inventory 

The inventory of the house is displayed in Table 1 

Table 1 Inventory of the house 

Hall Livingroom / kitchen Bathroom Bedroom 

2.7 𝑚𝑚2 9.0 𝑚𝑚2 3.3 𝑚𝑚2 5.6 𝑚𝑚2 

Internal finishes 

Wooden floor Wooden floor Tiles on floor Wooden floor 

Painted walls Painted walls Tiles on walls Painted walls 

Windows and door 

Entrance door with a 
window 

Two large windows 
(1500 x 2000 mm) 

Sliding door 850 x 
2000 mm 

Standing window 535 
x 2000 mm 

 Openable window 
1535 x 535 mm 

 Openable window 
1535 x 535 mm 

 Standing window 535 
x 2000 mm 

  

Lighting 

LED lighting in the 
ceiling 

LED lighting in the 
ceiling 

LED lighting in the 
ceiling 

LED lighting in the 
ceiling 

Fixtures 

 Kitchen furniture 
1800 x 600 mm 

Sink Wardrobe 1200 x 
500 mm 

 Fridge Toilet Wardrobe 400 x 500 
mm 

 Oven/ stovetop Shower   

  Mirror above sink  

Movable furnishings  

 Sofa 1530 x 880 mm  Bed 1600 x 2000 mm 

 Kitchen table w/ two 
chairs   



 

32 

8 The Building Envelope 

The building envelope functions are primary to separate the interior environment of the 
building from its exterior environment. It should create the condition for the building to 
have healthy indoor environment, comfort, low energy consumption and good durability 
(Bengt-Åke Petersson, 2001). Physically the envelope consists of following four components 
(John Straube, 2006): 

1. The roof system. 

2. The above-ground wall system including doors and windows. 

3. The base floor systems. 

4. The below-ground wall systems. 

In this case we only have to think about the first three components. All these components 
are thought of as a three dimensional system with different layers of materials from the ex-
terior side of the component and all the way to the innermost interior layer of the compo-
nent (Straube, 2006). All these components should be built up to withstand climatic loads 
such as rain, dampness, wind and thermal losses due to temperature differences (Petersson, 
2001). 
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8.1 Roof  

In Figure 15 the combination of the roof can been seen. The roof is 255 mm thick air venti-
lated timber structure with stainless steel skins on top and is insulated with double layer of 
25 mm VIP and 95 mm of mineral wool insulation.  

 

Figure 15 Combination of timber roof structure, scale 1:8 

1. Double folded stainless steel skin. 

2. Membrane 3 mm. 

3. Plywood or other wooden material 22 mm. 

4. Ventilated air gap 25 mm. 

5. Vacuum insulated panel 25 mm. 

6. Timber rafter 45 mm x 170 mm. 

7. Mineral wool insulation 95 mm. 

8. Vapour barrier. 

9. Air gap /timber 45 x 25 mm for installations. 

10. Gypsum board 13 mm.   
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8.2 External Walls  

In Figure 16 the combination of the external wall can been seen. The wall is 185 mm timber 
wall with a lying timber façade, insulated with 4 x 25 mm VIP insulation layer. The structure 
of the wall is 45 mm x 100 mm timber studs with lying 45 mm x 100 mm rafters on top for 
stabilizing and a double gypsum board finish on the inside.  

 

Figure 16 Combination of the external timber wall, scale 1:8 

1. Gypsum board 13 mm.  

2. Vapour barrier. 

3. Vacuum insulated panel 4 x 25 mm. 

4. Timber studs 45 mm x 100 mm. 

5. Ventilated air gap 25 mm. 

6. Wind barrier 12 mm. 

7. Timber façade 22 mm. 

8. Timber studs 45 mm x 25 mm. 
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8.3 Floor  

In Figure 17 the combination of the floor structure is shown. The floor is 219 mm timber 
floor, insulated with double 25 mm VIP insulation layers and 100 mm mineral wool insula-
tion. The 45 mm x 170 mm timber rafters are the structural bearing system in the floor and 
the interior finish is timber flooring. 

 

Figure 17 Combination of timber floor, scale 1:8 

1. Timber flooring 15 mm. 

2. Acoustic membrane 3 mm. 

3. Particleboard 22 mm. 

4. Air gap. 

5. Mineral wool insulation 100 mm. 

6. Timber rafter 45 mm x 170 mm.  

7. Vacuum insulated panel 25 mm. 

8. Wind barrier 12 mm.  
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9 Thermal- and Moisture Simula-
tions of the External Wall  

Heat- and moisture transfer calculations where done with help of computer program WUFI® 
(Wärme Und Feuchte Instationär). WUFI® is a software product that allows a calculation 
transient one -and two dimensional heat and moisture transport in walls and other multi-
layer building components exposed to natural weather. The program uses the latest findings 
regarding to dynamic simulation of moisture transport through diffusion and capillary 
transport in the building materials (Wufi.de, 2015).    

9.1 The WUFI® model 

The model represents a north exterior wall for the period of two years (Jan. 2008 – Dec 
2009) in Stockholm. The initial condition in the building was set as 20 °𝐶𝐶 with the relative 
humidity as 80%. Figure 18 shows the layers in the exterior wall and the rings in the figure 
represents the monitor positions in the layers.  

 

Figure 18 Shows the layers in the exterior wall component 
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The layers in Figure 18 are: 

1. Façade. 

2. Air gap. 

3. Wind barrier. 

4. VIP insulation. 

5. Vapour barrier. 

6. Gypsum board. 

 

Table 2 displays the in input data for the materials physical properties in WUFI for calcula-
tions. 

 

Table 2 Input data for the layer materials in WUFI 

 Thick-
ness of 
layer 

Density 

  

Porosity 

 

Specific 
heat    
capacity 

Thermal 
conductivity 

Water vapour 
diffusion  
resistance 

 (𝑚𝑚)  (−) �
𝐽𝐽

𝑘𝑘𝑘𝑘 ⋅ 𝐾𝐾
� �

𝑊𝑊
𝑚𝑚

· 𝐾𝐾� (𝑚𝑚𝑚𝑚) 

Timber façade  0.022 560 0.65 1500 0.1 274 

Airgap 0.025 1.3 0.999 1000 0.155 0.51 

Wind barrier 0.010 560 0.65 1500 0.1 274 

VIP Insulation 0.05 175 0.9 1000 0.006 1500000000 

Membrane 0.001 130 0.001 2300 2.3 1500000 

Gypsum  0.025 800 0.65 - 0.2 8.0 
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9.2 Results from WUFI® 

Several monitors were placed in the layers to monitor: temperature, dew point temperature, 
relative humidity (RH) and the water content in the layers. Results graphs from the WUFI 
simulation can be seen in Appendix B. In these graphs it can be seen that the temperature 
never gets below the dew point temperature so there will not be condensation in the layers. 
The RH and the temperature never gets a critical point in the layers within the wind barrier, 
so the risk for mould is not high. WUFI does not however allow for a proper modelling of the 
moisture conditions within the VIP panel because of its limitations. It does not matter how 
high the “Water vapour diffusion resistance” factor is set, the relative humidity does fluctu-
ate with time instead of being a constant. Because of that reason are the graphs for water 
content and relative humidity for the VIP insulation not shown in Appendix B. 

Calculated U-value for the exterior wall is 0.058 𝑊𝑊/(𝑚𝑚2 ⋅ 𝐾𝐾). This low U-value is because it 
is only calculated between the timber studs so there is no thermal bridge.  
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10 Thermal Bridge Simulation  

Thermal bridge simulations were done with the computer program COMSOL Multiphysics. 
Four cross sections were simulated: wall to floor, wall to roof, wall to wall, and wall to win-
dow frame connections. The input data for the physical properties were the same and in the 
WUFI simulation, displayed in Table 2 . Exterior temperature was set at 273.15 𝐾𝐾 and interi-
or temperature as 293.15 𝐾𝐾, so the temperature difference was 20 Kelvin. Figure 19 to Fig-
ure 22 shows the temperature distributions in the cross sections in Kelvin.  

 

Figure 19 Temperature distribution in Kelvin in wall to floor thermal bridge simulation.  
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Figure 20 Temperature distribution in Kelvin in wall to roof thermal bridge simulation 

 

Figure 21 Temperature distribution in Kelvin in wall to window frame thermal bridge simula-
tion 
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Figure 22 Temperature distribution in Kelvin in wall to window frame thermal bridge simula-
tion 

Table 3 shows the numerical results from the thermal bridge simulations. We can see that the 
highest value is in the wall to floor connection. This value could probably be improved with 
taking the airgap and the wind barrier all the way down or insulate the exterior side of the 
timber raft.  

Table 3 Energy transportation in thermal bridges 

 𝜓𝜓 � 𝑊𝑊
𝑚𝑚⋅𝐾𝐾

� 

Wall to floor 0.1249 

Wall to roof 0.05998 

Wall to wall 0.1163 

Wall to window 
frame 0.1058 
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11 Energy Calculations 

Energy calculations were done with the computer program VIP-Energy. The program calcu-
late the mean U-value of the building and energy needed for heating and cooling of the 
building over a period of one year (2008). Table 4 shows the input in the simulation program. 
The values for the thermal bridges were taken from the thermal bridge simulations done 
with COMSOL Multiphysics in previous chapter and the material values to build the envelope 
components were the same as in WUFI displayed in Table 2. 

In Table 5 and in Figure 23 we can see the energy consumption for the house over a period 
of one year. We can see that energy from the sun through the windows is important to low-
er the needed energy to heat the house over the colder months, but can also increase the 
cost of cooling in the summer. Also can we see needed bought energy is 1858 𝑘𝑘𝑊𝑊ℎ per year 
or 85 𝑘𝑘𝑊𝑊ℎ/𝑚𝑚2 per year. According to BBR the energy consumption can not overcome 80-90 
𝑘𝑘𝑊𝑊ℎ/𝑚𝑚2 per year in Stockholm, but for houses less than 50 𝑚𝑚2 there are no limitations (Bo-
verket, 2011). 

Calculated mean U-value for the house envelope is 0.324 𝑊𝑊/(𝑚𝑚2 ⋅ 𝐾𝐾) and is little lower than 
the U-value regulation limits for 50 𝑚𝑚2 house in Stockholm or 0.33 𝑊𝑊/(𝑚𝑚2 ⋅ 𝐾𝐾) (Boverket, 
2011). 

 

Figure 23 Energy use and free energy by weeks in the year 2008 
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Table 4 Inputs for VIP-Energy simulation 

 

Component  

Orientation 

 

Quantity 

 

U-value of 
component 

 

Thermal 
bridge 

Air leakage 
through the 
component 

 (S/W/N/E) (𝑚𝑚2) or 
(𝑚𝑚) �

𝑊𝑊
𝑚𝑚2 ⋅ 𝐾𝐾

� �
𝑊𝑊

𝑚𝑚 ⋅ 𝐾𝐾
� �

𝑙𝑙
𝑠𝑠 ⋅ 𝑚𝑚2� 

Exterior wall S 2.7 0.06 - 0.5 

Exterior wall W 17.3 0.06 - 0.5 

Exterior wall N 8.9 0.060 - 0.5 

Exterior wall E 13.9 0.06 - 0.5 

Roof - 22 0.9 - 0.5 

Floor - 21.5 0.9 - 0.5 

Window S 7.3 1.1 - 0.8 

Window W 3 1.1 - 0.8 

Window N 1 1.1 - 0.8 

Window E 2 1.1 - 0.8 

Thermal bridge 
windows (m) 

- 30 - 0.1058 0.8 

Thermal bridge 
wall/floor (m) 

- 19.36 - 0.1249 0.8 

Thermal bridge 
wall/roof (m) 

- 19.43 - 0.05998 0.8 

Thermal bridge 
wall/wall (m) 

- 10.43 - 0.1061 0.8 
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Table 5 Displays the lost energy and energy input for the building over period of one year. All 
numbers are in kWh 

 Energy losses (kWh) Energy input (kWh) 

 Thermal 
transmission 

Air leak-
age 

Air condi-
tioner 

Sun energy 
through the 
windows 

Heating 

January 419 51 0 128 339 

February 369 44 1 184 235 

March 424 53 2 254 237 

April 324 36 17 277 114 

May 257 25 41 286 51 

June 190 16 94 275 32 

July 161 13 143 288 32 

August 182 14 94 261 32 

September 246 23 43 264 57 

October 283 27 11 220 108 

November 360 40 0 149 253 

December 421 51 0 101 366 

Sum 3635 394 443 2688 1858 
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12 U-value Calculations done in Excel 

U-value calculations were also done in excel where the envelope components was calculated 
with all the structural parts within. All values for the thermal bridge was taken from the 
COMSOL Multiphysics simulation and the values for the window glazing was taken as 
0.8 𝑊𝑊/(𝑚𝑚2 ⋅ 𝐾𝐾). Table 6 shows the calculation of the mean U-value and we get 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
0.293 𝑊𝑊/(𝑚𝑚2 ⋅ 𝐾𝐾). In Figure 24 shows the shear of each component in the mean U-value. 
We can see that the thermal bridges has over a fourth part of the U-value and the same ap-
plies for the windows. Calculations for the U-values of exterior walls, roof and floor, can be 
seen in Table 7 to Table 9 in Appendix C.  

Table 6  Mean U-value calculations 

Components (𝑚𝑚2) (𝑚𝑚) �
𝑊𝑊

𝑚𝑚2 ⋅ 𝐾𝐾
� �

𝑊𝑊
m ⋅ 𝐾𝐾

� �
𝑊𝑊
𝐾𝐾
� 

Walls 40  0,1252 - 7,432309 

Roof 21,66  0,1561 - 3,381182 

Floor 21,45  0,1430 - 3,06631 

Windows 9,96  0,8 - 7,968 

Wall / window 

 

30 - 0,1121 3,363 

Wall / floor 

 

19,36 - 0,11872 2,298894 

Wall / roof 

 

19,43 - 0,053375 1,03708 

Wall / wall 

 

10,44 - 0,11633 1,21402 

𝐴𝐴𝑇𝑇 = 93,07  

 

𝐸𝐸𝑇𝑇 =  27.29 

𝑼𝑼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝑬𝑬𝑻𝑻/𝑨𝑨𝑻𝑻 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐 𝑾𝑾/(𝒎𝒎𝟐𝟐 ⋅ 𝑲𝑲)     
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Figure 24 Share of each component type in the mean U-value 
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13 Daylight Simulation 

One of the key components towards a sustainable building is daylight. It can significantly 
reduce the need for lighting and heating of the building so that energy consumption can get 
less. It is also a great part in making greater indoor-environment quality of buildings with 
natural lighting instead of artificial lighting, and it has been shown to have a positive effect 
on people and even on the efficiency of their work (Choi, 1984). 

The daylight simulation was done with the help of the program Grasshopper, which is a 
graphical algorithm editor that is an application to Rhinoceros 5, a 3-D modelling tool. The 3-
D model of the building is a simplification of the building- envelope and with all the windows 
glazing installed to see the daylight factor of the house. The building front (large windows) 
was directed to the south in the daylight simulation and the solar and daylight data were 
from Stockholm. Figure 25 shows the simplified 3-D model of the building drawn in Rhinoc-
eros used for calculation of the daylight factor. It shows also the exterior ground that the 
light bounces from and into the building. 

 

Figure 25 3-D model of the building 

In Figure 26 we can see the results of the simulation where the daylight factor is high in the 
kitchen/living room where people spend the most time and the large south facing windows 
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are, lower at the north side were there is no large window, and no daylight in the window-
less bathroom.  

 

Figure 26 2-D model of the building showing interior daylight factor  
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14 Discussion 

In this project it could be seen that without the VIP insulation in the building envelope it 
would be hard to achieve on of the main goal of this project, to build a small house that ful-
fils the building regulations (BBR) in Sweden. If standard insulation material would been 
used the exterior walls would be thick and hardly any area left to live in. The calculations and 
simulations shows that the mean U-value (𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) is within the limitations of BBR for houses 
under 50𝑚𝑚2. In calculations it could also be seen that the excel calculations showed approx-
imately the same 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and in the VIP-Energy simulation so we could see that the simula-
tion and calculations were correct. Though results from calculations and simulations show us 
that the house fulfils the regulation standards would it be better to build the house and 
monitor these values in real time situation to get more accurate results.  

For a further development of this project it could be researched if its possible to construct 
the building in modules. They could be prefabricated and assembled at the building site. It 
could save space in transportation and therefor create the opportunity to transfer the build-
ing further away from the fabrication site. 
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Appendix A 

Technical cross-section drawings. Figure 27 shows the structure elements in the floor and 
Figure 28 to Figure 31 shows the structure elements in the exterior walls. Figure 32 shows 
the horizontal technical cross-section of the exterior wall and window. Figure 33 to Figure 36 
shows vertical technical cross-section of the envelope. 

 

Figure 27 Horizontal cross section of the structural elements in the floor, scale 1:50 
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Figure 28 Vertical cross section of the structural elements in the south wall, scale 1:50 

  

 

Figure 29 Vertical cross section of the structural elements in the north wall, scale 1:50 
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Figure 30 Vertical cross section of the structural elements in the west wall, scale 1:50 

 

 

Figure 31 Vertical cross section of the structural elements in the east wall, scale 1:50 
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Figure 32 Horizontal technical cross section of window-to-wall and wall-to-wall, scale 1:10 

 

Figure 33 Vertical technical cross section of wall-to-roof, south side. Scale 1:10 
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Figure 34 Vertical technical cross section of wall-to-roof, east side. Scale 1:10 

 

Figure 35 Vertical technical cross section of wall-to-window. Scale 1:10 
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Figure 36 Vertical technical cross section of wall-to-floor. Scale 1:10 
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Appendix B 

Graphs from simulation rersults in WUFI. Figure 37 to Figure 42 shows the temperature and 
dew point temperature in all building layers in the external wall. Figure 43 to Figure 47 
shows the temperature and the relative humidity in all building layers in the external wall. 
Figure 48 to Figure 53 shows the water content in all the layers. 

 

Figure 37 Temperature and dew-point temperature on the exterior surface. 
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Figure 38 Temperature and dew-point temperature in the façade. 

 

Figure 39 Temperature and dew point-temperature in the air gap. 
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Figure 40 Temperature and dew point-temperature in the wind barrier. 

 

Figure 41 Temperature and dew point-temperature in the VIP insulation.  
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Figure 42 Temperature and dew-point temperature in the gypsum board. 

 

Figure 43 Temperature and relative humidity on the exterior surface. 
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Figure 44 Temperature and relative humidity in the façade. 

 

Figure 45 Temperature and relative humidity in the air gap. 
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Figure 46 Temperature and relative humidity in the wind barrier. 

 

Figure 47 Temperature and relative humidity in the gypsum board. 



 

64 

 

Figure 48 Water content in the façade layer. 

 

Figure 49 Water content in the air layer. 
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Figure 50 Water content in the wind barrier. 

 

Figure 51 Water content in the vapour barrier. 
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Figure 52 Water content in the gypsum board layer. 

 

Figure 53 Water content in the interior surface gypsum board layer. 
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Appendix C 

Table 7 to Table 9 shows the U–value calculations made in the program excel. 

Table 7 U-value calculations for the exterior wall. Calculated in Excel. 

External Wall 𝒅𝒅 

 

𝝀𝝀𝟏𝟏 

 

𝝀𝝀𝟐𝟐 

 

𝑹𝑹𝟏𝟏 

 

𝑹𝑹𝟐𝟐 

 

𝑹𝑹𝒗𝒗 

 

𝑻𝑻 

 
 (𝑚𝑚) 𝑊𝑊

𝑚𝑚 ⋅  𝐾𝐾
 

𝑊𝑊
𝑚𝑚 ⋅  𝐾𝐾

 𝑚𝑚
2 ⋅ 𝐾𝐾
𝑊𝑊

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 ℃ 

Outside temp - - - - - - 0 

R_exterior - - - - - 0.04 0.2 

Timber facade 0.022 - 0.1 - 0.220 0 0.2 

Airgap / timber 45x25mm 
cc 600 0.025 - 0.1 0.18 0.250 0 0.1 

Plywood 0.012 0.1 0.1 0.12 0.120 0.120 0.4 

VIP / timber 45x50mm cc 
600 0.05 0.006 0.1 8.33 0.500 3.831 10.5 

Mineral wool/timber 
45x50mm cc 600 66006600 0.05 0.006 0.1 8.33 0.500 3.831 20.6 

Membrane 0.001 - - - - 0 20.6 

Gipsum board 2x12.5mm 0.025 0.2 0.2 0.125 0.125 0.125 20.9 

R_interal - - - - - 0.04 21 

Sum 0.185 
   

𝑹𝑹𝒕𝒕𝒕𝒕𝒕𝒕 7.99 
 

 

𝑼𝑼𝑬𝑬𝑬𝑬.𝒘𝒘𝒎𝒎𝒘𝒘𝒘𝒘 = 𝟎𝟎.𝟏𝟏𝟐𝟐𝟏𝟏𝟐𝟐 

 

 𝑾𝑾/(𝒎𝒎𝟐𝟐 ⋅ 𝑲𝑲) 
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Table 8 U-value calculations for the floor. Calculated in Excel.  

Floor 𝒅𝒅 

 

𝝀𝝀𝟏𝟏 

 

𝝀𝝀𝟐𝟐 

 

𝑹𝑹𝟏𝟏 

 

𝑹𝑹𝟐𝟐 

 

𝑹𝑹𝒗𝒗 

 

𝑻𝑻 

 
 𝑚𝑚 

𝑊𝑊
𝑚𝑚 ⋅  𝐾𝐾

 
𝑊𝑊

𝑚𝑚 ⋅  𝐾𝐾
 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 ℃ 

Outside temp - - - - - - 0 

R_exterior - - - - - 0.13 0.4 

Plywood 0.012 0.1 0.1 0.120 0.120 0.120 0.8 

Vip / timber 45x50mm cc 
600 0.05 0.006 0.1 8.333 0.500 3.831 12.6 

Mineral wool/timber 
45x100mm cc 600 0.1 0.036 0.1 2.78 1.000 2.251 19.6 

Airgap/timber 45x45 cc 600 0.02 - 0.1 0.050 0.200 0.053 19.8 

Plywood 0.022 0.1 0.1 0.220 0.220 0.220 20.4 

Timber flooring 0.015 0.1 0.1 0.150 0.150 0.150 20.9 

R_interal - - - - - 0.04 21 

Sum 0.219    𝑹𝑹𝒕𝒕𝒕𝒕𝒕𝒕 6.995  
 

𝑼𝑼𝑭𝑭𝒘𝒘𝒕𝒕𝒕𝒕𝑭𝑭 = 𝟎𝟎.𝟏𝟏𝟏𝟏𝟐𝟐𝟎𝟎 

 

 𝑾𝑾/(𝒎𝒎𝟐𝟐 ⋅ 𝑲𝑲) 
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Table 9 U-value calculations for the roof. Calculated in Excel. 

Roof 𝒅𝒅 

 

𝝀𝝀𝟏𝟏 

 

𝝀𝝀𝟐𝟐 

 

𝑹𝑹𝟏𝟏 

 

𝑹𝑹𝟐𝟐 

 

𝑹𝑹𝒗𝒗 

 

𝑻𝑻 

 
 

𝑚𝑚 
𝑊𝑊

𝑚𝑚 ⋅  𝐾𝐾
 

𝑊𝑊
𝑚𝑚 ⋅  𝐾𝐾

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 
𝑚𝑚2 ⋅ 𝐾𝐾
𝑊𝑊

 ℃ 

Outside temp - - - - - - 0 

R_exterior - - - - - 0.04 0.1 

Stailess steel skin 0.002 - 0.13 - 0.0154 0 0.1 

Acoustic/protective 
membraner 0.003  0.13 0.18 0.0231 0 0.1 

Plywood 0.022 0.1 0.1 0.22 0.2200 0 0.1 

Ventelated airgap 0.025 - - - - 0 0.1 

VIP / timber 45x50mm cc 
600 0.05 0.006 0.1 8.333

33 0.500 3.831 13.1 

Mineral wool / timber 
45x120mm cc 600 0.095 0.036 0.1 2.639 0.950 2.328 20.3 

Vapour barrier 0.001 - - - - 0 20.3 

Airgap timber 45x45mm cc 
600 0.045 

 
0.1 0.1 0.45 0.106 20.7 

Gipsum board 0.012 0.2 0.2 0.06 0.06 0.06 20.9 

R_interal - - - - - 0.04 21 

 Sum 0.255    𝑹𝑹𝒕𝒕𝒕𝒕𝒕𝒕 6.41  
 

𝑼𝑼𝑹𝑹𝒕𝒕𝒕𝒕𝑹𝑹 = 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 

 

 

 𝑾𝑾/(𝒎𝒎𝟐𝟐 ⋅ 𝑲𝑲) 
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