2014
Study of the passive house concept and how it is
applied to the Folkecenter passive house project

Alexandra Levtchenko
Université Paris XI
04.07.2014

Introduction
In the context of nowadays rising prices of fossil resources and of growing of the wish to go towards
an environmentally friendly way of life, it seems more than ever important to save energy. The
objective of this study is to present a model of energy savings – the Passive house. Indeed, it allows
saving up to 75% of energy compared to nowadays new buildings. And this figure can go up to 90%
by comparison to old ones.
Passive house’s concept was founded in May 1988 by professors Bo Adamson and Wolfgang Feist.
They defined it like a house with an extremely low heating demand which can be all satisfied by
passive warming. In this case, passive warming refers to:
-

the use of heat created inside the house by the presence of people and use of cooking
devices,
the heat gained by solar energy, which is stored by the construction materials,
the transfer of heat from the warm inside air to the fresh entering air thanks to a heat
exchanger.

The first passive house was founded in 1990 in Darmstadt, Germany. Today, according to the
international Passive House Association (iPHA), there are over 50,000 passive houses worldwide.
In September 1996, Wolfgang Feist founded the Passive House Institute (PHI) with the objective of
spreading the passive house concept but also controlling its standards.
The two main standards defining a passive house are the following:
-

the space heating demand should not exceed 15 kWh/(m².a)
the primary energy demand should not exceed 120 kWh/(m².a)

number of certified passive
houses

However, there are more precise criteria for a house to be certified as passive by the PHI. In January
2014 the number of certified passive houses has been estimated by the iPHA at 8779 units
distributed as shown by the following diagram.
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Picture 1 : Number of certified passive houses in different countries in January 2014,
source: http://karten.passiv.de/?q=gebaeude&o=true&l=en_EN
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This diagram reveals that the passive house concept has been well integrated in the country of its
foundation i.e. Germany which is followed by far by Austria and then Denmark. It also highlights the
slowly but surely spread of the concept in the rest of Europe and even Asia and North America.
This report presents a more detailed study of the passive house concept and how it is applied to the
new-built Folkecenter’s passive house. The study will start by an explanation of the origins of heat
losses in a house, which will permit to understand the choice of the passive house concept’s
solutions to reduce them. Then, the analyzing of the way these solutions are applied to Folkcenter’s
passive house will lead to a feedback about its designing and construction.
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About Nordic Folkecenter for renewable energy
Nordic Folkecenter for renewable energy is a Danish independent and non-profit institution founded
in 1983. It is managed by a board of 11 members which represent trades, local authorities, energy
organizations, and concerned citizens. The center provides research and development, testing and
implementation, as well as training, on renewable energy systems. This way Folkecenter helps
manufacturers, local consumers and initiators within renewable energy to serve as a consultant in
different areas of renewable energies such as small-scale wind power, photovoltaic performance,
solar water heaters, green transportation, solar architecture and wave energy testing.
The village for Green Research, situated in Sdr. Ydby, in the Thy
peninsula, demonstrates practical examples of integration in real
conditions life of several renewable energy, water-treatment,
and energy saving solutions. Therefore it can be considered as
an experimental and functional example of a future ecological
society. Moreover, 100% of electricity in the region of Thy is
provided by wind power.
Folkcenter has during two decades developed pioneering
renewable energy technologies like:









Windmills up till 525 kW
Advanced farm biogas digesters up to 1.000 m3
Innovative power-generators
Building-integrated solar photovoltaics
Plantoil production
Production and storage of wind-hydrogen
Hydrogen car
Green-waste water solutions

Picture 2 : Location of the Nordic
Folkcenter in Denmark
source: www.folkecenter2.dk/en/visitaddress.htm

Folkecenter intends to achieve measurable increases in the utilization of renewable energy
technologies and thereby significant reductions in environmental pollution associated with energy
use. The main purpose of the centre is disseminating information on renewable energies in Denmark
and throughout the world to professionals, trainees, concerned citizens groups and politicians
focusing on decentralized energy solutions.
The centrehas close working and research relationships with dynamic small and medium size
industries, institutes and organizations both in Denmark and abroad. This provides a primary avenue
for direct implementation of renewable resource technologies.
Nordic Folkecenter also forms part of international networks including partners in Western, Eastern
Europe and in the Developing Countries.
Folkecenter is:
 an ECOSITE
 the Danish co-ordinator for EUROSOLAR, the European Association for Renewable Energies
and the European Solar Prize
and supports:
 the World Council for Renewable Energies, WCRE
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IRENA, the initiative of an International Agency for Renewable Energy
EREF, the European Renewable Energy Federation

During more than 15 years Folkcenter was following the development of passive houses in Germany
and Austria. In 2011 it had the chance to get financed the building of a passive house in the village
for Green Research. Folkecenter’s passive house project has been developed in 2012 working
together with German and Austrian architects. Then they contacted the Møller Nielsens Arkitekt
Kontor asking its director and architect Per Clausen to undertake the project. He accepted the
proposal and the building of the expected certified passive house started in November 2013. Now its
construction came to a point at which tests and feedbacks can be made. So it leads to the following
study.

I - Origins of heat losses in a building
To know how to prevent and reduce heat losses in a house, it is firstly necessary to know their
origins. Let’s consider two systems in thermal contact: a house and the outside air. If their
temperatures are different, i.e. it exists a temperature gradient, they will seek to reach a thermal
equilibrium. The warmest system will transfer its heat to the coolest one until they get the same
temperature.
The heat is transferred through the building envelope, i.e. the set of elements separating the indoors
from the outdoors. It includes the foundation, the walls, the roof, the windows and the doors.
Actually this heat transfer corresponds to a thermal energy transfer. And thermal energy
corresponds to the kinetic energy created by temperature. Indeed, the absolute zero (0 K = 273.15°C) defines the temperature underneath of which every matter is frozen. However, as the
absolute zero can’t be physically reached, particles are free to move. The higher the temperature is,
the faster the motion. And motion creates kinetic energy.

I.1 – Mechanisms of heat transfer
There are four main mechanisms of heat transfer:
-

Advection:
A fluid in motion transports the matter containing thermal energy, so it transports the heat.

-

Conduction:
According to the Fourier’s law, a heat flow is created by a temperature gradient. This flow
transfers thermal energy by atomic vibration from one part of a body to another part of it,
and to another body if both are in direct contact.
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There is no displacement of matter, therefore particles have to be enough close to each
other to be able to transfer their energy to its neighbours. Conduction is therefore the
dominant mechanism of heat transfer in high density states of matter.
-

Convection:
Convection occurs in majority between solid and fluid states of matter. It is a combination of
the two previous mechanisms: convection acts at the boundary of the solid, transferring the
heat flow to the fluid, then advection occurs in the fluid.

-

Radiation:
The thermal agitation of particles leads to interatomic collisions. These collisions change the
kinetic energy of the particles. The charge-acceleration creates electromagnetic waves.
Thermal radiation corresponds to the emission of electromagnetic waves caused by thermal
agitation. Radiation is emitted by all bodies with a temperature below 0 Kelvin, absorbed by
opaque elements and transmitted by transparent materials.

I.2 – Distribution of heat losses in a house
In average, heat losses in a house are distributed like shown by the diagram below:
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Picture 3 : Diagram of the average distribution of heat losses in a house

The importance of heat losses through the roof can be explained by the fact that the density of warm
air is lower than the density of cold air. That means that the warmer the air, the lighter it is.
Therefore the warmest air concentrates on the ceiling and it becomes an important source of heat
losses.
The second most important rate of heat losses is equally attributed to losses through walls and air
leakages. Heat losses through walls are high because the area is big. Indeed, there are four bearing
walls. But that 20% of heat losses in a house can be due to air leakages is not usually known by
everyone, as the attention is often paid to insulation.
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Glass, as well as metals forming the entrance doors, are poor thermal insulators. But as their area is
small compared to other elements forming the building envelope, the heat losses they create
correspond to the third highest rate.
Low heat losses through the floor can be explained by the high thickness of the foundation. Indeed it
has to bear the entire house, so it has to be resistant enough. A high thickness of material, even if it
is a good conductor, increases its thermal resistance. Adding this to the thermal resistance of the
ground, the heat will prefer to pass through another path.
The lowest rate of heat losses is due to the thermal bridge effect which will be explained further. But
as it will be also seen, they can rise if other rates decrease. Therefore thermal bridges cannot be
ignored.

II - Solutions proposed by the passive house concept and application
to the Folkecenter passive house project
The objective of this section of the report is to develop the solutions proposed by the passive house
concept to prevent and reduce the heat losses in a house. These solutions are resumed by the
diagram below and will be presented separately in the following subsections.

Picture 4: Passive house's solutions for preventing and reducing heat losses, source: www.passiv.de

II.1 – Thermal insulation
The heat losses diagram highlights the importance of a good insulation in a building to reduce heat
losses and so to save energy. Insulation materials are characterized by their thermal conductivity.
The lower the conductivity is, the lower the rate of heat passing through and so the better the
insulator.
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There are various types of insulation materials: they have different origins (natural, synthetic or
recycled), packaging (batts, panels or loose), use (walls, ceiling, attic, or floors), and price.
But these materials can also have or not certain properties like soundproofing, permeability to
vapour and air, durability, flammability, insects and rodents repellent. If some of them are
environment friendly, hanging of some others can be toxic (spray foams).
To determine the efficiency of insulation it is necessary to calculate the heat transfer coefficient,
called U-value. It defines the transferred portion of heat through a material. By definition, the Uvalue is inversely proportional to the thermal resistance:
𝑈=

1
𝑅𝑇

The thermal resistance defines the ability of a material to resist a heat flow: the more the resistance,
the better the insulation. It takes into account the conduction and convection mechanisms. As well
as electrical resistances, thermal resistances are added when they are in a series:

Heat flow

𝑅𝑇 = 𝑅1 + 𝑅2 + 𝑅3
In a case of a house element like a piece of wall, convection acts on its internal and external surfaces
while conduction occurs in the different solid layers. Usually these layers correspond to a bearing
wall, insulation, a vapour and air/wind barriers.
𝑅𝑇 = 𝑅𝑠𝑖 + ∑ 𝑅𝑖 + 𝑅𝑠𝑜
𝑖

Rsi: thermal resistance of the inner surface
Ri: thermal resistance of the layer n°i
Rso: thermal resistance of the outer surface
The unit of the thermal resistance is (m².K)/W.
The criterion for the U-value of opaque elements in a passive house is:
𝑈 ≤ 0.15 𝑊/(𝑚. 𝐾)

To determine the thickness of the insulation layer necessary to fulfil this criterion, the following
formula has to be used:
𝑅𝑖 =

𝑒𝑖
𝜆𝑖
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Ri: thermal resistance of the insulation
ei: thickness of the insulator
𝛌i: thermal conductivity of the insulator
The appendix n°1 shows how to determine Rsi and Rso.
Some examples of external wall constructions suitable for a passive house design, according to the
passive house institue are shown in appendix n°2.

Application to the Folkecenter passive house project
Folkecenter’s passive house’s walls and roof are insulated by respectively paper wool and paper wool
+ rock wool:

Picture 5 : excerpts from the architect’s plan of a wall on the left and the roof on the right

The section of the wall presented above corresponds to the northern and southern walls. For the
western and eastern walls, the steel facade is replaced by larch planks as can be seen in the picture
of the passive house in the front page of this report.
Weather and wind barriers are put at the outer side of the thermal envelope created by insulation to
protect it against damages than can be caused by bad weather conditions.
The vapour barrier’s objective is to protect the thermal insulation from the inside humid air, and so
to avoid moisture damages. This humid air comes from the bathroom, the kitchen and the breathing
of people. A non-negligible amount of insulation materials can absorb the humidity, and as water is a
good conductor, materials lose their insulation properties when they are wet.
Air cavities permit to evacuate the eventual vapour to prevent its condensation and so the
deterioration of the insulation. Indeed, vapour can appear if the steel facade and roofing are
overheated.
The space left by the sinusoidal steel facade is filled by synthetic foam to stop the insects.
Concerning the roof, the rock wool layer contains electric wires and ventilation ducts.
The foundation is insulated with expanded polystyrene:
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Picture 6 : excerpt from the architect’s plan of the floor

The radon barrier protects the building from the ingress of the radon gas naturally present in the soil.
It also creates a vapour barrier for the floor.
In general, the choice of the materials to use was determined by the three following parameters:
environmentally-friendly, local manufacturing, and low price.

II.2 – Airtightness
According to the heat losses diagram, air leakages are the second most important source of heat
losses in a building. That is why a passive house has not only to be well-insulated, but also wellsealed, or airtight.
First of all, airtightness must be created in the building envelope by a continuous thermal and vapour
barriers. As the diagram below shows, it is important to keep this continuity at junctions between
the different elements of the house, namely between walls and ceiling or floor, walls and windows or
doors, and at penetrations like a second floor. An airtight house keeps the moist air inside and
therefore has to have a ventilation system to replace it by fresh air (see part II-5).

Picture 7 : drawing of an airtight building, source: www.passiv.de

Secondly, it is necessary to use joints, gaskets and tapes to seal all the elements penetrating the
insulating layer: ducts for pipes, wires, electrical boxes, gaps around door and window frames,
fireplace, etc.
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The airtightness of a house is determined by the air change rate at a 50 Pa difference of pressure
between indoors and outdoors:
𝑛50 =

𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔′ 𝑠 𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒 (𝑚3 . ℎ−1 )
ℎ𝑒𝑎𝑡𝑒𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3 )

The air change rate is expressed in air changes per hour (h-1).
The criterion for a passive house is:
𝑛50 ≤ 0.6 ℎ−1

The airtightness is measured by a blower door pressure test.
The principle of this test is to create a difference of pressure between the inside and the outside of
the house to force air leakage to occur and so to detect the sensitive areas, as well as quantify the air
change rate. For that purpose, a calibrated fan is mounted in a plastic airtight material, called doorpanel system, at an exterior doorway:

Picture 8 : Pictures of the blower door creating underpressure on the left and overpressure on the right in the Folkcenter’s
passive house

The fan, depending on its position, creates an airflow which can enter or exit the house. The higher
the entering/exiting flow, the bigger/lower the air density in the house compared to outdoors and so
the bigger the difference of pressure. This difference of pressure, as well as the dynamic pressure at
the level of the fan, is measured by a manometer. The dynamic pressure q corresponds to the kinetic
energy of a fluid particle and is expressed in Pascals (Pa) as:
𝑞=

1
𝜌𝑣²
2

With
𝜌: fluid density (kg/m3)
v: fluid velocity (m/s)
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Thanks to the calibration of the fan, the dynamic pressure is converted into the air leakage airflow
rate. Indeed, the orifice flow equation is:
𝑄 = 𝐶. ∆𝑃𝑛
Q: airflow (m3/s)
C: air leakage coefficient, characteristic of the size of the orifice (non dimensional)
ΔP: pressure differential across the orifice (Pa)
n: pressure exponent, characteristic of the shape of the orifice (non dimensional)
The parameters C and n for the fan’s orifice are provided by the manufacturer, therefore its airflow
Qfan can be calculated for any pressure differential.
According to the law of conservation of mass, the airflow quiting the house by the fan is equal to the
entering one by air leakage:
𝑄𝑓𝑎𝑛 = 𝑄ℎ𝑜𝑢𝑠𝑒
Measurements of the dynamic pressure (q = ΔPfan) are made for several differences of pressure
between indoors and outdoors (ΔPhouse). A least square regression is applied to define the parameters
C and n for the house. Then, they are used to determine the leakage airflow rate at a ΔP house = 50 Pa.
But as air densities inside and outside the house became slightly different, a correction has to be
made on the flow value.
If the house is depressurized:
𝜌𝑖𝑛
𝑄𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ×
𝜌𝑜𝑢𝑡
If the house is pressurized:
𝜌𝑜𝑢𝑡
𝑄𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ×
𝜌𝑖𝑛
ρin: inside air density
ρin: outside air density
𝜌𝑖𝑛
𝜌𝑜𝑢𝑡

and

𝜌𝑜𝑢𝑡
𝜌𝑖𝑛

are called density corrector factors. They can be determined thanks to litterature tables

based on inside and outside temperatures.
To calculate the air change rate, 𝑄ℎ𝑜𝑢𝑠𝑒 has to be expressed in m3/h:
𝑄ℎ𝑜𝑢𝑠𝑒 [𝑚3 . ℎ−1 ] = 𝑄ℎ𝑜𝑢𝑠𝑒 [𝑚3 . 𝑠 −1 ] ×

1
3600

During the measurements, windows and exterior doors have to be closed, interior doors opened and
holes due to ducts sealed. Any ventilation system has to be turned-off to measure only the airflow
due air infiltration. First, the face of the fan is sealed to measure the natural indoor-outdoor pressure
differential which will be substracted to all measurements. Then, the fan is put on by a control
software and the data is aquired by the computer. Measurements are made for both pressurization
and depressurization of the house. At the end, the natural indoor-outdoor pressure differential is
measured again to verify its stability: if the fluctuation is superior to 5 Pa, the blower door test result
will not be taken into account and it will be necessary to make another test.
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But the blower door test also permits to detect air leakage areas by one of these three techniques:
-

Infrared thermography: detects the areas cooled by air infiltration
Anemometer: detects air movement
Artificial smoke: the smoke is blown from the outside and flows into the house by infiltration.

Application to the Folkecenter passive house project
Several blower door tests were made in the Folkecenter’s passive house. Results will be discussed in
part III of the report.

II.3 – Thermal bridge free design
Despite the low rate of heat losses due to thermal bridges in a usual house, it is important to
consider them while designing a passive house. Indeed, once a house is well-insulated and airtight,
the heat will prefer to pass through the new path of least resistance which are thermal bridges.
A thermal bridge is a location in the building envelope where the heat flow rate is high compared to
the adjacent areas. It occurs when a highly conductive material penetrates the insulation layer.
Balconies and ventilation ducts are the most obvious sources of thermal bridge effects because they
are direct junctions between the exterior and the interior. However thermal bridges also take place
on every kind of junctions because they can be also due to a changing of materials, a modification of
the geometry, a penetration, or a coupling between two elements of construction like two walls or
wall and ceiling, wall and floor, wall and windows, wall and doors.

Picture 9 : Drawing of the areas sensitive to thermal bridges on the left, source: www.passiv.de, and diagram of the
distribution of the temperature in a thermal bridge on the right, source: www.ecohome.net

Thermal bridges due to a junction of two elements are called linear thermal bridges. Those who join
three elements like corners are called punctiform thermal bridges.
Some thermal bridges are already integrated in construction elements because they contain
components assembled thanks to highly conductive elements.
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However, integrated as well as punctiform thermal bridges are negligible compared to linear ones,
that is why thermal bridges are quantified by the linear thermal bridge loss coefficient, called Ψvalue and expressed in W/(m.K) as:
𝛹=

𝛷𝑔𝑙𝑜𝑏𝑎𝑙 − 𝛷𝑛𝑜𝑛 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑
𝛥𝑇. 𝑙

Φglobal: global thermal flow through the system composed by the two elements, in Watts (W)
Φnon distorted: sum of the thermal flows through each element separated, i.e. without taking into
account the thermal bridge effect, in Watts (W)
ΔT: temperature difference between the internal and external sides of the system, in Celsius (°C) or
Kelvin (K)
l:length of the linear thermal bridge, in meters (m)
By definition, the passive house’s envelope has to be thermal bridge free. This condition is verified if
the linear thermal bridge loss coefficient is negligible, i.e. if:
𝛹 ≤ 0.01 𝑊/(𝑚. 𝐾)
In practice, the Ψ-value is calculated as shown in the appendix n°3.
The linear thermal bridge coefficient is usually calculated by software programs but there are also
some catalogues which give the Ψ-value for different geometries of thermal bridges as a function of
U-values of the adjacent elements. The catalogue gives the value according to standard conditions,
as well as the corrections to use to adapt them to each situation.
As thermal bridges conduct the heat, the temperature of the concerned area is cooled down. When
temperature decreases, the relative humidity rises. Generally, for an air temperature drop of 1°C, the
moisture level is increased by 7%. This phenomenon can lead to mould formation and condensation.
That is why it is very important to design buildings in thermal bridge free manner. The best way to do
it is to use exterior continuous insulation:

Picture 10 : Comparison between external and internal insulation solutions against thermal bridges, source: www.bere.co.uk
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An alternative solution is to use clay blocks. During its manufacturing a certain amount of sawdust is
added to the clay, then when it is fired the sawdust burns leaving tiny holes of air. This air provides
good thermal insulation properties to the clay blocks.
To summarize:

Picture 11 : Summary of the solutions suitable and non-suitable against thermal bridges, source: www.beodom.com

But these two techniques are useless in a case of a balcony or a terrace:

Picture 12 : Drawing of the solutions of the picture 11 for a balcony, source: www.beodom.com

For this kind of problem, the solution is to use a thermal break element. A thermal break is an
insulating block inserted in the construction to reduce the heat flow, and so to maintain high
temperatures inside. The diagram below demonstrates the functioning of the technology.

Thermal break

Picture 13 : Drawing of the distribution of temperature in a penetration with and without a thermal break,
source: whitetopsnyc.org
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The next diagram shows the evolution of the thermal bridge coefficient as function of the insulating
block’s thermal conductivity. According to it, the thermal bridge free construction is reached for:
𝜆 ≤ 0.25 𝑊/(𝑚. 𝐾)

Picture 14 : Evolution of the thermal bridge coefficient as function of the thermal break material’s thermal conductivity,
source: www.passiv.de

A common thermal break material is porous concrete. It is usually placed in the foundation layer to
separate the bearing floor from the bearing walls.
For balconies, the usual thermal break consists in a load-bearing thermal insulation block: insulating
polystyrene hard foam is mixed with stainless steel.

Application to the Folkecenter passive house project
In the Folkecenter’s passive house, thermal bridge effect is avoided thanks to external thermal
insulation:

Picture 15 : Excerpt from the architect’s plan of the western side of the Folkcenter’s passive house
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It also uses a thermal break between concrete walls and concrete floor. It consists in 50 mm
insulation, shown in orange on the following diagram:

Picture 16 : Excerpt from the architect’s plan of the foundation of the Folkecenter’s passive house

Windows are placed in the insulation layer, and a purenit frame is used to keep the continuity of the
insulation layer. Purenit is composed by polyurethane in a form of rigid foam. It combines excellent
insulation properties with high rigidity so it can support the weight of windows. It is also light-weight,
easy to machine and recyclable.

Picture 17 : Picture of a window from the inside of the Folkecenter’s passive house

II.4 – Passive house’s windows
Up to 15% of heat losses in a house are due to glazing. Indeed glass has a quite good thermal
conductivity compared to other construction materials. Therefore, it is an important source of heat
losses, and that is why it is usual to see heaters placed in front of classic windows: they compensate
the losses of heat.
However, for saving energy it is necessary to minimize the use of heaters. Passive house concept’s
solution in cool-temperate regions like central Europe is the use of triple-glazed windows, the
objective being to increase their thermal resistance. They are made of three panes of glass separated
by cavities containing insulating gas. This separation is made thanks to spacers that have three main
tasks:
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-

Keep the distance between glass panes constant despite eventual stress that can be created
by thermal expansion or pressure differences.
Avoid the leakage of the insulating gas.
Act like a vapour and insulating barrier to prevent moisture and condensation from forming
between the panes.

But spacers, as they have to be resistant enough to eventual stress, are usually made of metal like
aluminium. Therefore, spacers are sources of thermal bridges at the edge of the window.
In passive house’s windows, these thermal bridges are reduced by the use of “warm-edge” spacers.
These are composed by a material with lower thermal conductivity than aluminium. For example,
stainless steel has a thermal conductivity of around 16 W/(m.K) which is 12 times lower than the
conductivity of aluminium (205 W/(m.K)), so it is often used in warm-edge spacers.
Insulating gas filling the cavities between the panes of glass is either argon or krypton. Their thermal
conductivities are respectively about 0.016 and 0.0088 W/(m.K). They replace the air used in
traditional windows to increase the thermal resistance. Thermal conductivity of air is around 0.024
W/(m.K).
The most important mechanism of heat transfer through windows is thermal radiation because they
are composed by transparent materials. To significantly reduce these heat losses, passive house’s
glazings are covered with low-energy (low-E) coatings. They are called like that because they reflect
low energy waves. And as energy is inversely proportional to the wave-length, glass panes with low-E
coatings reflect long-wave radiation, namely the heat, and transmit short-wave radiation, namely the
sunlight. The insulation of the window is then improved as well as it would have been if another pane
of glass was added, but without its disadvantages. Indeed, adding a supplementary layer of glass to
the window reduces the amount of light and solar energy it can transmit. But as low-E coating
transmits short-wave radiation, it lets the light and solar energy to enter the house.

Picture 18 : Drawing of the functioning of a triple-glazed window, source: www.conservatoryadvice.wordpress.com

The width of the gap between the layers of glass is marked out because if it is too large it will
increase heat losses due to convection, and if it is too little conduction will rise and so the heat
transfer.
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The figure below compares the amount of heat loss through double and triple glazing in cooltemperate regions, with and without warm-edge spacers. It also shows the costs it induces to
compensate the loss.

Picture 19 : Comparison in heat loss and its cost between a double glaze and triple glazed window, source:
www.skylinewindowsni.co.uk

Actually it is worthwhile to install this kind of windows only in cool-temperate regions. Indeed the
amount of sunlight and temperatures vary according to the latitude, therefore the resources and the
needs aren’t the same in each part of the world. The map and table of the appendix n°4 present the
recommended glazing system according to the geographic location of the house.
Glazed components are characterized by two main values:
-

U-value: the heat transfer coefficient, measures the lost portion of heat.
g-value: the solar energy transmittance, measures the transmitted portion of sun’s heat.

Picture 20 : Drawing of a heat loss and a heat gain by solar energy through a window, source: www.interlux.net

The less the U-value and the more the g-value are, the more efficient the window.
A window consists of glazing and a frame, its overall U-value is calculated by the following formula:
𝑈𝑤 =

𝑈𝑔 . 𝐴𝑔 + 𝑈𝑓 . 𝐴𝑓 + 𝛹𝑔 . 𝑙𝑔
𝐴𝑔 + 𝐴𝑓

Uw: window's overall U-value, measures how well the window insulates in W/(m².K)
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Ug: U-value of the glass in W/(m².K)
Ag: visible area of the glass in m²
Uf: U-value of the frame in W/(m².K)
Af: frame area in m²
Ψg: linear heat transfer coefficient (due to the thermal bridge effect) at the edges of the glass in
W/(m.K)
lg: perimeter of the glass in m

Picture 21 : Diagram of the different values taken into account for the U-value calculation, source: www.passipedia.org

Further details about the calculation of the U-value can be found in the appendix n°5.
There are three criteria concerning U-values for the windows to be certified as passive in cooltemperate regions:
𝑈𝑔 ≤ 0.75 𝑊/(𝑚2 . 𝐾)
𝑈𝑤 ≤ 0.80 𝑊/(𝑚2 . 𝐾)
𝑈𝑤,𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 ≤ 0.85 𝑊/(𝑚2 . 𝐾)
The last value corresponds to the U-value of the window when it is installed in the wall, so it takes
into account the thermal bridge effect at the junction window-wall.
To use the passive heating offered by the solar radiation, at least 40% of the glazing has to be
oriented towards the equator and 33% to East/West.
This heating is evaluated by the g-value defined as:
𝑔=

𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 ℎ𝑒𝑎𝑡 𝑔𝑎𝑖𝑛 (𝑊/𝑚²)
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 (𝑊/𝑚²)

The requirement for the solar energy transmittance of a passive house’s window is:
𝑔 ≥ 50%
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A glazing is considered as efficient if the heat obtained by solar energy is greater than the heat lost. It
is traduced by the following equation:
𝑈𝑔 − 𝑔. 𝑆𝑧𝑜𝑛𝑎𝑙 ≤ 0
Szonal: zonal solar factor, in W/(m².K)
In cool-temperate regions:
𝑆𝑧𝑜𝑛𝑎𝑙 = 1.6 𝑊/(𝑚2 . 𝐾)

Application to the Folkecenter passive house project
There are three types of glazing used in the Folkecenter passive house project:
-

two filled with krypton but having different thicknesses (36 mm and 38 mm)
one 48 mm thick and filled with argon

But they are all characterized by the same values and fulfil the criteria given above:
Ug in W/(m².K)
g
Light transmission factor

0.58
0.64
0.74

To exploit the passive heating offered by solar radiation, Folkecenter’s passive house has a big glazed
facade which can be seen in the picture of the front page of the report.
The doors were also chosen to be glazed to maximize the amount of natural light in the house.
However, the U-values of the windows and doors vary between:
0.71 ≤ 𝑈𝑤 ≤ 1.13 𝑊/(𝑚2 . 𝐾)
Actually only three windows fulfil the 𝑈𝑤 criterion. This is explained by the fact that the windows
were bought locally so either their frames are not enough good insulators, or the spacers are not
warm-edge.
But as there are different ways to design a passive house, it can be done with non necessary passive
house certified components. Indeed all the criteria, except the concept’s ones quoted in the
introduction, are given as advising. And a greater heat loss due to one thing can be compensated by
a lower loss thanks to another thing. However it will be seen in part III, that these windows have not
been a satisfying choice.

II.5 – Mechanical ventilation system with heat recovery
Because of its high airtightness, a passive house requires a ventilation system to continuously renew
the inside air. The air change rate for a good air quality has to be between 0.3 and 0.4 air changes per
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hour, which permits to maintain a correct level of CO2. The limit value of the concentration of CO2 is
determined by the Pettenkofer value. It corresponds to 0.1% of the occupied volume. Air quality is
also determined by a humidity level which should not be lower than 30%. Below this value, the air is
considered as too dry.
In central European passive houses the ventilation has to include a high efficiency heat recovery
system. Without this heat recovery, heat losses due to the ventilation were determined to be
between 20 and 30 kWh/(m².a) in correctly ventilated apartments. To compare, only 2 to 7
kWh/(m².a) are lost in a passive house containing a ventilation system with heat recovery.
Nowadays, the achieved heat recovery rate varies between 75 and 90%.
Principle of functioning of a mechanical ventilation system with heat recovery
The ventilation system contains energy efficient fans, air ducts, inlets, outlets and a heat exchanger.
Outside fresh air is led into the living areas, namely the living room, bedrooms and other functional
rooms like offices. Then it circulates through the house passing under doors’ thresholds and via the
hallways. Exhausted air is taken from humid and odorous rooms, i.e. the kitchen, the bathroom and
the toilets, to be led outside. This air is used to warm the cold fresh air in winter, and to cool the
warm fresh air in summer, thanks to a counter flow air-to-air heat exchanger.

Picture 22 : Diagram of the functioning of a mechanical ventilation system in a house, source: www.passipedia.org

The ground’s temperature, as its variation between winter and summer is negligible, can also be
used to pre-heat or pre-cool the fresh air. This system is called subsoil heat exchanger. In that case,
the fresh air first passes through an underground ducting.

Application to the Folkecenter passive house project
The ventilation unit used in Folkecenter’s Passive house is “Compact P” from Nilan®. Besides
providing an efficient heat recovery ventilation system, it also permits to heat sanitary water. This
complementary function using a small heat pump is well known in passive house design. Indeed,
after the air-to-air heat exchanger, the exhaust air still hold a certain amount of heat, called
enthalpy, which is not high but worthwhile to use in a passive house because of its low requirements
in heat. Therefore, a small heat pump is added to the system to recover the remnant of heat in order
to use it for heating sanitary water. The following diagram illustrates the principle of functioning of
the heat recovery ventilation system with heating of water. The picture at its right shows the
compact P system.
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900 mm

2065 mm

Picture 23 : Drawings of the principle of functioning of a ventilation system with high efficiency heat recovery on the left,
source: www.passipedia.com, and the Compact P system used in Folkecenter’s passive house, source: Compact P datasheet

The compact P system in Folkecenter does not have the optional supplementary system. In cold
winter time the backup heating of air will be provided thanks to electricity.
Its efficiency for a 180 m3/h airflow rate, enough for about 6 persons inside, is 85%.
The bypass system permits to directly let enter the fresh air, i.e. without leading it through the heat
exchanger, if in summer time it is warmer indoors than outdoors.
The heat exchanger is made of plastic to reduce heat losses through it.
The two following pictures show respectively the top of the ventilation system with the location of
the different ducts, and at its right a picture of the distribution mechanism in a room.
outlet
inlet

Distribution
box

Silencer

Picture 24 : View from the bottom of the Compact P system on the left, source: Compact P datasheet, and picture of the air
distribution mechanism in the south-west room of the Folkecenter’s passive house on the right

The duct leading the fresh air into the house is covered by two layers of insulation of 5 cm each, as
show in the following picture. The picture at its right is the picture of the duct outdoors. It goes into
the ground to pre-heat the fresh air when it is cold outside and to pre-cool the fresh air when the
weather is warm.
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Picture 25 : Pictures of the fresh air duct inside of the Folkecenter’s passive house on the left and outside on the right

Another characteristic of the ventilation system is the technique called “cascade ventilation”. It
permits to use the fresh air more effectively. It consists in placing the living room in the airflow
between the areas supplied by fresh air and those from which the exhausted air is taken, so that the
living room does not need to have a supply air system. Avoiding this reduces the air exchange rate
and facilitates the installation. The living room becomes an overflow zone and the quality of interior
air is maintained. The diagram below shows the location of the living room in Folkecenter’s passive
house. Air flows in blue corresponds to the fresh air, and those in red to the exhaust air. The values in
black are designed airflow rates, those in colour correspond to the measured ones.
The value of 34 m3/h has been forecast for one person in the room.

Living room

Picture 26 : Excerpt from the architect’s plan of the distribution of the rooms in Folkcenter’s passive house and the
corresponding airflows

III - Results and feedback from the project
This part of the report is dedicated to:
- the results of temperature measurements I made in the passive house to evaluate its
thermal comfort in summer time,
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- the results of the blower door test made by the company factum2,
- and the feedback about the construction and the choices of design.

III.1 - Temperature measurements
Temperature measurements of the inner and outer surfaces of the Passive house’s external walls
were made to evaluate its thermal comfort. The pictures below show the approximative location of
the exterior measurement points.

Picture 27 : Pictures of the temperature measurement points of the external sides of walls of the Folkecenter’s passive house

They are then compared to the interior measurement points distributed as shown by the diagram
below. They are all located at the mid-height of the walls. But considering the orientation of the
picture, some of the points could only be placed correctly in the other two dimensions.

Picture 28 : Diagram of the temperature measurements of the internal sides of the walls of the Folkecenter’s passive house

To facilitate the measurement procedure as well as the reporting of the measurements, a letter has
been attributed to each room and the temperature of the walls was always taken in the following
order: north, west, south and east. The temperature of the floor and the ceiling has also been
measured, but the location of the corresponding measurement points does not appear on the
picture to keep it legible. These points are simply located at the middle of the floor’s and ceiling’s
surfaces.
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The measurements were made with an infrared thermometer. It measures the thermal radiation
emitted by a body and convert it into a temperature thanks to the emissivity of the material that has
to be entered by the operator.
The temperature of the southern wall of the living room, i.e. the room C, could not be taken because
it is only composed by glazing.
The analysis of the measurements is made by representing the temperature of the inner surface of
one part on the wall as function of the external surface of the same part of wall:

Temperature of the inner
surface in °C
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5
0
10

15
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25

30

35

Temperature of the external surface in °C
Picture 29 : Evolution of the temperature of the inner surface of a wall as function of its external surface temperature in
Folkecenter’s passive house

The results show that for a range of external temperatures from 11.4°C to 34.6°C, the temperature of
the inner surface still between 18.9°C and 21.9°C. The resulting average temperature of the inner
surface of walls is:
𝑇𝑖𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙𝑠 = (20.5 ± 0.6) °𝐶
The average temperature of the floor and ceiling are:
𝑇𝑓𝑙𝑜𝑜𝑟 = (20.8 ± 0.8) °𝐶
𝑇𝑐𝑒𝑖𝑙𝑖𝑛𝑔 = (21.4 ± 1.0) °𝐶
These demonstrates the thermal comfort of Folkecenter’s passive house at the hottest periods of the
year, so the chosen insulation is doing its job is summer time but it the thermal comfort has also to
be verified in winter time at the coldest periods of the year.
The fact that the average temperature of the ceiling is higher of about 1°C than the temperature of
the walls can be explained by its continuous exposure to the sun. Indeed, the northern wall is never
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exposed to the sunlight and eastern and western walls are not exposed all the day. Therefore the
roof accumulates more solar energy and transmits it to the ceiling as heat.
Concerning the feedback about the choice of the insulation, the blowing of paperwool in the walls
and especially under the windows has been a difficult task to keep it at the right density because of
the gravity.

III.2 – Blower door test results
The criterion concerning the airtightness of a passive house was defined in part II.2 as:
𝑛50

𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔′ 𝑠 𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒 (𝑚3 . ℎ−1 )
=
≤ 0.6 ℎ−1
ℎ𝑒𝑎𝑡𝑒𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3 )

But the airtightness can also be defined by a specific leakage rate defined as:
𝑤50 =

𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔′ 𝑠 𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒 (𝑚3 . ℎ−1 )
𝑓𝑙𝑜𝑜𝑟 𝑎𝑟𝑒𝑎 (𝑚2 )

The blower door test in Folkecenter’s passive house was based on this last value which has to fulfil
the following criterion:
𝑤50 ≤ 0.3 𝑙/(𝑠. 𝑚2 )
The floor area has been estimated at 117 m².
Measurements were made for both underpressure and overpressure in the house compared to
outdoors. Results are resumed in the table below:
Underpressure
w50 = 0.35 𝑙/(𝑠. 𝑚2 )
Overpressure
w50 = 0.42 𝑙/(𝑠. 𝑚2 )
Combined result w50 = (0.39 ± 0.02) 𝑙/(𝑠. 𝑚2 )

As the airtightness criterion is not fulfilled, a thermograph was used to detect air leakage areas. It
revealed several main sensitive spots:
-

the edges of the glazed façade
the edges of the window in south-east room
the edges of the glazed door in the utility room
pipes penetrations to the floor of the utility room
a crack in one of the bathroom’s walls
a thermal bridge effect on the north-west corner of the ceiling in the bathroom
the drain in the bathroom

These leakage areas have to be sealed for the house to be certified as passive.
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Concerning the design choice, the radon barrier has been placed under the concrete to avoid its
quick wear and tear that can be due to the moving of heavy furniture. But it was not tight enough so
it created thermal-bridge effect during the first blower door test. It has been repaired by tapes and
sealant at the junction between walls and floor.

Conclusion
The passive house concept is a model of energy savings but there are different ways of designing
one. The five solutions it proposes were defined in this report and their application to the
Folkecenter passive house project were explained. However the blower door test shows that it is not
so easy to build a certified passive house because the criteria are very strict, especially if it has also
been designed to be affordable. Indeed, the outlay dedicated to it was 10 000 DKK/m² (about
1 350€/m²).
The temperature measurements can be continued in winter time to evaluate the thermal comfort
during cold weather. Then, the amount of eventually backup heating could be estimated.
Finally, Folkecenter’s passive house has been built as an experimental and demonstrating house for
visitors to come and live in for a short period to understand its advantages.
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Appendices
Appendix 1: Calculation of the thermal resistance of inner and outer surfaces of an element
𝑅𝑠 =

1
ℎ𝑟 + ℎ𝑐

hr: coefficient of exchange by radiation in W/(m².K)
ℎ𝑟 = 𝐸𝑐 × ℎ𝑟0
Ec: corrected emissivity of the area
hr0: coefficient of a black body radiation in W/(m².K)
ℎ𝑟0 = 4 × σ × 𝑇𝑎3
σ : Stefan-Boltzmann constant in W/(m².K4)
𝜎 = 5,67051. 10−8 𝑊/(𝑚2 . 𝐾 4 )
Ta: averaged thermodynamic temperature of the internal (if Rsi)/external (if Rso) area in K
hc: coefficient of exchange by convection in W/(m².K)
-

For internal areas:

Results of the EN 6946 standard with Tai = 20°C  hr0 = 5.71, and Ec = 0.9.
Heat flow
direction

hc

Rsi

2.5

0.13

5.0

0.10

0.7

0.17

Table 1 : Values of hc and Rsi for different heat flow directions, source: www.herve.silve.pagesperso-orange.fr

-

For external areas:
ℎ𝑐 = 4 + 4. 𝑣

v: speed of the wind near the area, in m/s.
According to the EN 6949 standard: v = 4 m/s hc = 20; Tao = 0°C hr0 = 4.62, and Ec = 0.9
Rse = 0.04.
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Appendix 2:

Picture 30 : Passive house-suitable external wall constructions, source: www.passiv.de

Appendix 3: calculation of the linear thermal bridge coefficient

𝛹=

𝛷′𝑔𝑙𝑜𝑏𝑎𝑙 − 𝛷′𝑛𝑜𝑛 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑
𝛥𝑇

Φ’global: linear thermal flow through the system composed by the two elements, in W/m
Φ’non distorted: sum of the linear thermal flows through each element separated, i.e. without taking into
account the thermal bridge effect, in W/m
ΔT: temperature difference between the internal and external sides of the system, in Celsius (°C) or
Kelvin (K)

The Ψ-value depends on the U-value of adjacent elements, the geometry of the junction and the
reference point. This point determines the end of the first element and the beginning of the second.
To determine the Ψ-value, Φ’global has to be determined and the linear thermal flow of each element
is calculated as:
𝛷′𝑖 = 𝑈𝑖 . 𝑙𝑖 . 𝛥𝑇𝑖
Φ’i: linear thermal flow of the element i, in W/m
Ui: U-value of the element i, in W/(m².K)
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li: length of the element i, in m
ΔTi: temperature difference between the internal and external sides of the element i, in Celsius (°C)
or Kelvin (K)

𝛹=

𝛷′𝑔𝑙𝑜𝑏𝑎𝑙 − (𝑈1 . 𝑙1 . 𝛥𝑇1 + 𝑈2 . 𝑙2 . 𝛥𝑇2)
𝛥𝑇

It can be also useful to convert the Ψ-value from one reference point to another.

In that case:
𝛹𝑛𝑒𝑤 = 𝛹 −

𝑈1 . 𝛥𝑙1 . 𝛥𝑇1 + 𝑈2 . 𝛥𝑙2 . 𝛥𝑇2
𝛥𝑇
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Appendix 4: recommended glazing system according to the geographic location of the house

Type of region
Arctic
Cold
Cool-temperate
Warm-temperate
Warm
Hot
Very hot

Recommended glazing
Vacuum low-e
Quadruple glazed low-e
Triple glazed low-e
Double glazed low-e
Double glazed
Double glazed with anti-sun
Triple glazed with anti-sun

Picture 31 : Map and table of the recommended glazing according to the type of the region of the world,
source: www.passiv.de

Appendix 5: Further elements of calculation of the U-value of a window
𝑈𝑔 =

1
∑
𝑅𝑠𝑖 + 𝑖 𝑅𝑖 + ∑𝑖 𝑅𝐴𝑖 + 𝑅𝑠𝑜

Rsi: thermal resistance of the internal surface in (m².K)/W
Rso: thermal resistance of the external surface (m².K)/W
RAi: thermal resistance of unvented air/insulating gas cavity n°i (m².K)/W
Ri: thermal resistance of the layer of glass n°i (m².K)/W

𝑅𝑖 =

𝑒𝑖
𝜆𝑖

ei: thickness of the glassn°i in m
λi: thermal conductivity of the glass n°i in W/(m.K)
𝑈𝑓 =

1
𝑅𝑠𝑖 + 𝑅𝑓 + 𝑅𝑠𝑜

Rf: thermal resistance of the frame in (m².K)/W
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Sources
Architect’s plan of the Folkcenter’s passive house
-

General information

www.passivehouse-international.org/
http://livebettermagazine.com/eng/reports_studies/pdf/Passive_House_Brochure.pdf
www.passipedia.org/
http://passiv.de/en/
www.passivehousedatabase.org/
www.lamaisonpassive.fr
-

Heat transfers

http://herve.silve.pagesperso-orange.fr/deperditions/deperd_rt.htm
www-energie2.arch.ucl.ac.be/transfert%20de%20chaleur/3.7.htm
www.engineeringtoolbox.com/thermal-conductivity-d_429.html
-

Airtightness

Building Air Leakage Test Results, factum²®

-

Passive house windows

Folkcenter’s passive house’s windows specifications, Idealcombi®
Folkcenter’s passive house’s windows’ glazing specifications, Scholl glas®
www.finehomebuilding.com/how-to/articles/understanding-energy-efficient-windows.aspx
http://windows.lbl.gov/software/NFRC/SimMan/NFRCSim6.3-2013-07-Manual.pdf
http://passiv.de/downloads/03_certification_criteria_transparent_components_en.pdf
www.passivhaustagung.de/Passive_House_E/window_U.htm

-

Thermal bridges

http://beodom.com/en/education/entries/fighting-thermal-bridges-or-how-to-make-betterbuildings
www.vd.ch/fileadmin/user_upload/themes/environnement/energie/fichiers_pdf/calcul_pont_therm
iques.pdf
www.wienerberger.com/brands-products/porotherm-bricks-ceiling-system/why-porotherm
www.ziegel.at/gbc-ziegelhandbuch/eng/ressourcen/energie/prim/waermebruecken.htm

-

Ventilation system

www.passivhaustagung.de/Passive_House_E/compact_system_passive_house.htm
www.nilan.dk/en-gb/frontpage/solutions/domestic-solutions/compact-solutions/compact-p.aspx
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