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Summary

Over the last 30 years, the requirements for the thermal insulation of buildings in the Netherlands have
been increased. In 2006, the primary energy demand for space heating was 660 PJ. The fact that this 660
PJ is approximately 20% of the total Dutch primary energy use strongly indicates the importance of
improved thermal insulation of the existing building stock. Insulating an existing building with thermal
insulation can be complex, costly and time consuming. During a building renovation or refurbishment,
the applied thermal insulation must provide a high level of thermal resistances to the building envelope,
in order to lower the energy demand for space heat as far as possible.

The Passive house concept defines such levels of insulation for both new and existing buildings, resulting
in thick layers of insulating materials. The Passive house concept is an integral concept in which next to
thermal insulation, also ventilation standards are prescribed with which a solid basis is laid for energy
efficient building renovations. Before the Passive house concept is used on a large scale, the technical,
environmental and health aspects of the insulating materials used within the concept must be
investigated.
The main research question therefore is:

“Which insulating materials are most suitable to reach the energy efficiency level of a

Passive house, when taking technical, environmental and health aspects into account?”
By means of interviews with producers and experts in the field, literature research and a quantitative
assessment of LCA studies, it was found that glass- and rock wool (mineral wool) together with
Expanded Polystyrene (EPS) are the most suitable insulating materials for application within Passive
house renovation. This is because of the fact that for both mineral wool (glass wool and rock wool) and
EPS, multiple end-of-life scenarios are available. EPS can be recycled or incinerated, whereas mineral
wools can be recycled into new mineral wool, but also into other products such as facade panels or
sound insulation. For both EPS and mineral wool recycling facilities are already in place and used in
practice. Materials such as PUR/PIR and PF-foam do not have these recycling options yet, which only
leaves incineration as the end-of-life solution. In the study also hemp- and flax wool were examined. It
turns out that the environmental impact of these materials is often higher than that of EPS and mineral
wool. Additionally, the use of polyester support fibres in hemp- and flax wool makes it impossible to
recycle these fibres, leaving incineration as the only end-of-life option. From a health point of view, both
EPS and mineral wools should be improved further. Especially the formaldehyde based binders used in
mineral wool and the fire retardant hexabromocyclododecane used in EPS should be replaced by other
materials on a short term. The developments thereof are already in progress and in an advanced phase.

Besides the LCA assessment, two other quantitative assessments were made. The focus of both
assessments was the insulation of existing cavity walls. The first assessment provides insight into the
amount of insulating material needed for both normal and Passive house renovation. The second
assessment estimates the savings of insulating empty cavity walls. The results of this assessment show
that filling the empty cavity walls in the Netherlands would require approximately 10 million m® of
insulating materials versus 54 million m?® for renovation to the Passive house level. The estimated
savings of insulating the existing empty cavity walls by filling the air cavity, is about 69 PJ/year which
annually avoids the emission of 3.9 GtCO, —eq. If the cavity wall would be renovated to a Passive house
level, the savings and avoided emissions would be 96 PJ/year and 5.3GtCO, eq. In this estimation, the
energy and GHG-emissions of the insulating materials are discounted over a lifetime of 50 years. The
emissions and energy use during the renovation could not be taken into account, because data thereof
was not available. Overall, the emissions and energy use of the insulating materials is compensated
within a year by the emission reduction and energy savings of insulation the existing walls.






1 Introduction

Over the last thirty years, the Dutch government has been promoting thermal insulation. This promotion
started in the year 1978 with the introduction of the ‘national insulation programme’. Buildings
constructed before 1978 had not been subjected to any regulation regarding insulation and were
therefore not fitted with insulating materials. The goal of the national insulation programme was to
have 2.5 million houses (54% of the 1978’s residential building stock) retrofitted with insulating
material, to decrease their total natural gas usage by 1.6 billion m*/year (Entrop and Brouwers, 2007a).
This is equivalent to a 14% reduction of the natural gas consumption by households in 1978 (Entrop and
Brouwers, 2007b). In succession to the national insulation programme, the Dutch government
introduced the ‘energy performance standard’ in 1995. Apart from other requirements, the energy
performance standard requires the building envelope (roof, walls and floor) to be constructed with a
thermal resistance of at least 2.5 m*K/W. This requirement is also recorded into the 2003 building
decree (Bouwbesluit, 2003). In 2012, the newly revisited building decree will come into effect, in which
the thermal resistance standard for the building envelope will be raised to 3.5 m*K/W (Concept
Bouwbesluit 2012, 2011).

These new requirements are needed to lower the amount of energy needed for space heating. The
primary energy needed for space heating in both utility buildings and households was approximately
660 PJ in 2006 (Menkveld and Beurskens, 2009). This accounts for 20% of the total primary energy
consumption in the Netherlands, which was 3233 PJ in 2006 (Statistics Netherlands, 2011a). Since the
existing buildings in the Netherlands already account for 20% of the total domestic primary energy use,
the focus of this research is on insulating materials for existing buildings.

During the design and construction of new buildings, insulation solutions can be incorporated. For
existing buildings however, the options for insulating existing structures are limited (Jeeninga and
Volkers, 2003). Renovating or refurbishing a building can be complex, costly and time consuming.
Because of this, it is necessary to insulate these buildings to a high standard, or at least the minimum
standard set by the building decree. However, considering the fact that the theoretical lifetime of a
house is 50 years, insulating to a higher standard is preferable.

One way of ensuring a high standard of insulation is the Passive house concept. Passive houses are
insulated in such a way, that the maximum amount of energy needed for space heating is no more than
15 kWh/m?a for new buildings and 25 kWh/m?a for renovations. The building envelope of the building
must have a thermal resistance of at least 6.5 m?K/W (De Boer et al, 2009). Insulating a building to such
an energy level with a commonly used insulating material such as mineral wool, requires a building
envelope with an insulation layer of up to 300 mm (Passipedia, 2011).

Before using such large quantities of insulating materials, the environmental and health impacts of the
different materials must be known. These impacts are investigated for the production, use and waste
phase of the materials so that future problems with these materials can be foreseen and avoided.
Against this background it is one of the objectives of this study to provide an overview of different
insulating materials currently available. In a subsequent step, the environmental impacts of the entire
life cycle of different materials are assessed. To get an impression of the renovating potential and the
amount of insulating material needed in the Netherlands, an estimation is made based on un-insulated
cavity walls. On top of this, the CO, and energy saving potential are estimated based upon insulating the
empty cavity wall volume in the Netherlands for both common and Passive house renovation.



1.1 Research question

When the aspects mentioned above are combined, the following research question can be posed:
“Which insulating materials are most suitable to reach the energy efficiency level of a
Passive house, when taking technical, environmental and health aspects into account?”

To answer the research question posed above, answers are needed to the following sub-questions:

1. Which buildings methods are commonly applied to insulate the building envelope?

The answer to this question gives insight into the different methods of constructing a building envelope

commonly used in the Netherlands. The different construction methods could require different types of

insulating materials. Understanding the difference between the different types of building envelopes
provides insight in the practical application of different types of insulating materials.

2. What are the important properties for insulating materials?

This question is aimed at finding the important properties of insulating materials. A comparison

between insulating materials should be based on its most important properties.

3. What are the commonly used or new (high-tech) insulating materials?

For this sub question the research will focus on the properties and practical application of insulating

materials that are currently on the market, but also on materials that are not yet market ready, but

could become so in the near future. New materials could have a higher thermal resistance than the
already existing materials, which could reduce the thickness of the insulating layer. For the common
materials the market share is also looked into.

4. How do the new and commonly used insulating materials perform from a technical,

environmental and health point of view?

The following technical aspects will be considered: thermal conductivity, density, water vapour
resistance, fire resistance, practical application, and any other material specific aspects. From an
environmental point of view the following aspects are considered: energy for production e.g. energy/kg
material, end-of-life options (waste phase) e.g. incineration, re-use/recycle or landfill. The life cycle of
the materials should be clear from cradle-to-grave. Other environmental aspects that must be taken into
account are: greenhouse gas and other gaseous or particle emissions. Also other aspect that might be
important for specific materials such as health issues are taken into account.

5. What are the requirements for renovating a building to the Passive house level?

To renovate to the Passive house level requires a thorough understanding of its criteria. These criteria

must be known for both new as well as existing buildings.

6. What are the practical differences between insulating according to the building decree and the

Passive house level of insulation?

An assessment should be made of the practical differences (e.g. manner of ventilation, air tightness,

energy demand) between insulating according to the 2003 building decree and insulating according to

the Passive house level of insulation.

7. What savings can be achieved by insulation and how much insulating material does this require?
This questions aims at estimating the amount of material that is needed for the insulation of existing
buildings in the Netherlands and the saving potential thereof.

8. Which insulation materials can best be used during the renovation of a building, taking into
account the aspects of the previous sub questions and the level of insulation of the Passive house
concept?

With the technical, environmental and health aspects found for the different materials and the Passive

house requirements, the best suited materials can be identified.
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1.2 Methodology

The information required to answer the main and sub research questions was collected by means of:
e Lliterature research
e Expertinterviews
e Quantitative assessments

Literature research

A wide variety of literature was consulted, ranging from academic literature to product leaflets from
producers and suppliers. Building decrees and other regulations were also of importance, since buildings
have to meet certain legal requirements. Academic literature was consulted to find information
considering the environmental, health and technical aspects of the insulating materials.

Producers of insulating materials also provided such information. Literature of several independent
sources such as the Dutch Institute for building biology and ecology (NIBE) and the German Institute for
construction and the environment (IBU) was used to find life cycle data and health aspects for insulating
materials. The information from both the producers and the independent sources are compared to see
what differences between the values occur and what could be an explanation for these differences.
Technical information was obtained from the producers of insulating materials and textbooks on
construction. Governmental studies were used to find information on the current state of insulation of
the existing building stock and its energy use.

Expert interviews
During the research, producers of insulating materials were interviewed in order to obtain data and
products specific aspects which are hard to find in literature (alternative recycling options, or other
developments). Next to producers, also other experts from different sectors were interviewed. The in
dept knowledge of the interviewed experts provided valuable insight into the practical problems of
renovation.
Below is a list of expert institutes and companies which were interviewed during the research:
e Producers of insulating materials:
0 Kingspan (PF-foam, PIR)
0 Knauf (Wood wool, Glass wool, Rock wool, EPS)
0 Isover (Glass wool)
O Rockwool (Rock wool)
O Isobouw (EPS, Expanded PLA)
e Dutch Passive house foundation (Stichting Passiefbouwen)
e Social housing corporation Aramis (Passive renovation of 246 houses)
e BAM (Passive renovation of 14 apartments with protected cityscape)
e EUMEPS (European branch organization for EPS producers)

Apart from the interviews, the producers of insulating materials were also contacted for further details

about their products. NIBE did not take part in an interview, but was often contacted for explanation of
their research methods and the results thereof.

11



Own quantitative assessment

In order to compare the data obtained from the different sources, a functional unit is defined which is
used as the basis of the assessment. As a functional unit, a cavity wall was chosen with a thermal
resistance of 3.5 m®-K/W. This functional unit is also used in the calculation of the price of the different
insulating materials. Furthermore, the functional unit is used to allow for a fair comparison: all life cycle
analysis (LCA) data is converted to the functional unit. In addition, a separation is made between cradle-
to-gate and cradle-to-grave analyses. Next to this, an estimation is made of the renovation potential of
cavity wall insulation in the Netherlands. This estimation is based on two studies by the Dutch ministry
of public housing, environmental planning and environmental management (VROM). In these studies, a
reflection is given of the amount and types of houses together with their grade of insulation (VROM,
2009). By combining the results from these studies an estimation of the renovation potential and the
amount of insulating material needed for the insulation of empty cavity walls in the Netherlands is
obtained. The results from the LCA assessment and the estimation are combined to investigate the
impact of the products in relation to the saving potential.

Boundaries

The focus of this thesis lies on insulating materials for the building envelope of buildings. The building
envelope covers walls, roofs and floors. In this thesis, the focus will be lied on wall insulation, because
walls represent the largest surface of a building. Doors and windows are not insulated with the type of
insulating materials important for this thesis and will therefore receive little attention. Buildings of
interest are existing residential buildings. The outcome of the research should be applicable to such
buildings.

1.3 Structure of the report

The first sub-research question is used to obtain an understanding of the Dutch methods of constructing
the building envelope. An overview thereof is provided in appendix A. In appendix B an extensive
summary can be found of both common and new technology insulating materials. From this summary,
two overviews are distilled that form the answer to sub-research questions 2 and 3 and cover the
technical aspects of sub-question 4. The overviews can be found in section 2.1. From section 2.2
onwards, different LCA datasets are assessed to find the environmental aspects from sub-question 4.
Section 2.7 deals with the different end-of-life options of insulating materials, whereas section 2.8
elaborates on the health aspects from sub-question 4. The requirements for renovating to the Passive
house level and the differences between the Passive house requirements and the building decree can be
found in section 3.4. These requirements result in an estimation for the amount of insulating material
needed for Passive house renovation (section 3.6.4). In chapter 4 the two assessments mentioned above
are combined, after which in chapter 5 an answer is formulated to sub-research question 8 and the main
research question.

12



2 Life cycle assessment of insulating materials

This section focuses on the comparative assessment of life cycle analyses (LCA) of different insulating
materials. The goal of the assessment is finding the differences between the environmental, technical
and health aspects of insulating materials by assessing multiple LCA studies. To do so, first an overview
is created of the insulating materials that are currently on the market and the properties thereof. With
this overview, a selection of materials will be made for which an assessment of different LCA studies will
be done. To demarcate the materials for the LCA, the focus will lie on materials suitable for cavity wall
constructions, since cavity walls are a common element of both existing and newly built houses (VROM,
2009).

2.1 Properties of insulating materials

For a material to be considered an insulating material, it must hold certain properties. Four important
properties for insulating materials are listed below. In appendix B, these properties are explained in
detail.
1. Thermal conductivity (A)

The raison d'étre of insulating materials is their thermal conductivity. Because of the low thermal
conductivity of insulating materials, the heat flow through the materials is limited. The unit of the
thermal conductivity is W/m-K. The thermal conductivity of an insulating material is of great influence
on the total thermal resistance of a construction (R.). This is explained in detail in appendix B.

2. Density
A factor that is of influence on the thermal conductivity of a material is the density of a material. A lower
density means that there is less material which can conduct heat, resulting in more air or gas to resist
the heat flow. However, for certain purposes like flat roofs or cavity walls, self supporting materials or
materials with a high compressive strength are needed. This can only be achieved by a more dense
material structure. Overall, a denser structure results in a higher thermal conductivity.

3. Water vapour diffusion resistance (p)

When the building envelope of a building is insulated, moisture problems must be avoided. These
problems are the result of condensing water vapour and can lead to structural damage (rotting of
wood), cold bridges or wet spots that form a breeding place for mould. If warm air with a high humidity
diffuses from the inside of a building to the colder outside, the water vapour could condense within the
insulating material. This diffusion of warm water vapour to the less humid outside environment occurs
because of a difference in vapour pressure. The vapour pressure inside the building is higher than the
vapour pressure outside. By the diffusion of water vapour from the high to the low pressure, this
unbalance is cancelled out. The high humidity inside buildings is due to the users of the building:
cooking, showering, plants and the water vapour exhaled by humans, contribute to an increasing
humidity (Van den Hout et al, 2005).

The p value of an insulating material gives the relation between how much water vapour diffuses
through a layer of air, and a layer of material of the same thickness:

vapour diffusion resistance of a material with thickness d

- vapour diffusion resistance of an air layer with thickness d

U is therefore a useful indicator for insulating materials, because it provides a good first impression of a
materials vapour diffusion resistance, which can be of influence on its practical application.

13



4. Resistance to fire (fire class)

Thermal insulating materials must have a fire classification. This classification is important because of its
influence on the application of insulating materials. A fire classification is part of the CE-marking that all
construction materials are obliged to have (Bouwbesluit, 2003c). The classification is prescribed in the
European norm EN-13501-1. In the norm, seven main classes are specified: A1, A2, B, C, D, E and F, in
which A1l is non-flammable and E is highly flammable. If a product has no specification, or is extremely
flammable, it will receive class F. Besides the main classes, there are two other classes: smoke growth
rate (s1, s2 or s3) and flaming droplets or particles (d0, d1 or d2) (NEN-13501-1, 2009). During this
research, only the main classes will be reported (A1, A2, B etc.), because the latter two classes are more
product specific than material specific. Next to that, it is the entire construction that is assessed for its
fire class, not the separate materials. Materials with a low fire class of for instance E or F, can still be
used within a construction, as long as the required classification for the entire construction is achieved.
However, although the requirements differ per construction and residential function, the minimal
classification is D, with smoke class s2. For flaming droplets, there is no requirement in the Dutch
building decree (Staatscourant, 2005).

5. Price
Perhaps the most important factor in practice is the price of insulating materials. For the determination
of the prices, the price of insulating a cavity wall to a certain thermal resistance will be determined. This
is done per material, so that insight is provided in both the practical applications as well as the costs.

2.1.1 Categories of insulating materials

To compare the insulating materials, a division is made by setting up material categories. According to
Papadopoulus (2005, pp. 79) four categories can be defined that are based on the chemical composition
of the base material from which the insulating material is produced. These four main categories are:

1. Inorganic materials

2. Organic materials

3. Combined materials

4. New technology materials
For this research, the third category ‘combined materials’ is not used, because it lists insulating
materials that consist out of multiple materials (e.g. foam with plasterboard). Since the focus lies on
commonly used and new insulating materials, the fourth category is used, together with category one
and two from the above list. This allows both new (high-tech) and commonly used materials to be
divided into categories easily.

The three categories that remain are still very general and should be more detailed. To do so, the
organic materials are split into two groups: materials made from a petrochemical base (e.g. polymers
like polystyrene, polyisocyanurate) and materials made from renewable resources (e.g. sheep wool,
flax). This separation is useful, because the renewable materials are not common materials yet, but
might become so. The inorganic insulating materials have a mineral base material (e.g. cullet or basalt)
(VIBE, 2007). Another division that can be made according to Papadopoulus is the structure of the
materials (e.g. foamy, fibrous). This division does not cover all materials. Calcium Silicate for instance, is
a material that is inorganic, not fibrous, but also not foamy. Therefore the category ‘cellular’ is used (Al-
Homoud, 2005). Since the structure of the material could be of importance for its practical application,
this division is made as well. The organization chart in figure 2.1.1 shows the classification scheme that is
derived from both Papadopoulos and Al-Homoud. No fibrous petrochemical materials were
encountered during the search for materials, therefore the category ‘fibrous’ is left out.

14
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figure 2.1.1 categorization of insulating materials

Categorizing the insulating materials allows a conveniently arranged overview to be created. Based on
the division of materials as showed in figure 2.1.1, two overviews are created of commonly used and
new technology insulation materials. The first overview (table 2.1) presents all the materials with the
properties described in the previous section. The second overview (table 2.2) shows the practical
application options of the different product varieties of insulating materials. For the complete overview
and explanation of different materials and their production process, see appendix B. For an overview of
common methods used to construct the building envelope of a building, see appendix A.
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table 2.1 overview of insulating materials and their properties

Base materials Thermal Density Fire Class Water vapour Price when used in R.=3.5 Flocks Panels Rolls Injectable  Granules

Conductivity resistance factor (1) cavity wall foam

(A) [W/m-K] [kg/m’] NEN-EN13501 [€/m?]
Glass wool Cullet, quartz sand, dolomite 0.030-0.040 12-150 9.30-14.70
Rock wool Diabase, basalt 0.030-0.040 25-200 12.25-20.05
Calcium Silicate Chalk, sand, cellulose fibres 0.059-0.065 200-240 6-20 X
Foam glass Cullet, feldspar, dolomite 0.038-0.055 100-200 Al L) 46.46-62.37 - X - - -
Perlite Silicon dioxide, aluminium oxide 0.040-0.060 32-176 Al 3-5 38.25-42.41 - X - - X
Vermiculite Magnesium-aluminium silicate 0.040-0.064 64-130 X
Expanded polystyrene (EPS) Benzene, ethylene, pentane 0.032-0.045 10-80 20-100 8.60-17.35 X
Extruded polystyrene (XPS) Benzene, ethylene, pentane 0.025-0.040 15-85 E-F 80-300 18.00-23.10 - X - - -
Phenol formaldehyde (PF) Phenol, formaldehyde 0.020-0.021 35-40 B-D 30-50 23.00 - X - - -
Polyurethane (PUR) Isocyanate, (polyether)polyol 0.022-0.035 30-160 D-F 50-100 24.91 - X - X -
Polyisocyanurate (PIR) Polyester polyol, MDI 0.020-0.035 28-40 D-F 50-100 20.51-23.50 - X - - -
Urea formaldehyde (UF) Urea formaldehyde 0.045 1.5-2.4
Cellulose (paper wool) Recycled paper, wood fibre 0.038-0.040 30-70 E 24.60 X
Coconut Coconut fibres 0.040-0.045 140 E 1-10 84.35 - X - - -
Flax (flax wool) Flax fibres, support fibres 0.035-0.040 28 C 1-2 15.18 - X X - -
Hemp (hemp wool) Hemp fibres, support fibres 0.038-0.040 30-42 E 1-2 15.13-19.45 - X X - -
Recycled cotton Recycled clothing, support 0.038 18 E 1-5 19.32 X X X - -
Sheep wool Sheep wool, support fibres 0.035-0.40 25-60 E 1-2 24.00 - X X - -
Wood wool Waste wood or virgin wood 0.038-0.058 55-140 E 26.60-37.83 X
Expanded cork Cork oak bark 0.037-0.043 100-120 25.58-44.68
Thermosheets Polyester, aluminium 0.038-0.045 17g/m* 68,000
Thermos cushions Polyester, aluminium 0.038-0.045 17g/m? 68,000
Aerogel Silicon alkoxide 0.013-0.021 100-150 2-5.5 61.50-111.12
Expanded polylactic acid Sugarcane, cassava 0.034 35 E-F 20-100 - - X - - X
Vacuum insulating panels Fumed silica, metalized polymer 0.008 180-210 A2 oo 90-172.5 - X - - -
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table 2.2 application of the different insulating product varieties

000000000}  Facades |  Roofs | Floos
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Glass wool
Flocks X 5 5 X X 5 5 5 5 X 5 5 5 X 5
Panels X X X X - X X X X X X X X X! X
Rolls - - - X - X X X2 X X X2 Xt Xt Xt Xt
Rock wool
Flocks X - - X X - - - - X - - - X -
Panels X X X x = x x x x x x x1 x x1 x
Rolls

Calcium Silicate

Panels - - - - - X - - - - - - - - -
Foam glass

Panels X X X - - X - X3 - - X3 - X - X
Perlite

Panels = = = = = = = X = = X3 = = = =

Granules X - - - X - - - - X x* = X X X
Vermiculite

Panels - - - - - - - X - - X - - - -

Granules - - - - - - - - - X - - X X X
Expanded polystyrene (EPS)

Panels X X X X - X X X X X X3 Xt X Xt X

Granules X - - X X - - - - X - - - - -
Extruded polystyrene (XPS)

Panels X X X - - X X X - X X3 X X X X
Phenol formaldehyde (PF)

Panels X X X - - X X X X X X3 X X X X
Polyurethane (PUR)

Panels X X X - - X X X - X X3 X X X X

Injectable foam - - - - X - - - - - - - - - X
Polyisocyanurate (PIR)

Panels X X X - - X X X X X X3 X X X X

Urea formaldehyde (UF)
Injectable foam

Cellulose

Flocks = = = X = X X = X X = = = = =

Panels X’ - - X - X X x> X X - - - - -
Coconut

Panels X = = = = = = = = = = X = X =
Flax (flax wool)

Flocks = = = X = X X = = X = = = = =

Panels X = = X = X X NG X X X2 X = X =

Rolls - - - X - X X x> X X X2 X - X -
Hemp (hemp wool)

Flocks = = = X = X X = X X = X = X =

Panels X’ X X X = X X X X X X X X Xt X

Rolls - - - X - X X X2 X X X2 X - Xt -
Recycled cotton

Flocks - - - - - - - - X - - X - X -

Panels X’ = X X = X X X2 X X X2 = = = =

Rolls X’ = = X = X X NG X X NG = = = =
Sheep wool

Panels X - - X - X X NG X X X2 Xt X X X

Rolls X - - X - X X NG X X X2 X! x* x! x!
Wood wool

Panels

X X X X - X X X X X X X X X x*
! {f !t 1 *r ! ! - * ‘. -r \r °r ;|

Expanded cork

Panels X X X - - X X X - X X X X X X
Granules
~New technology materials: foil ---- -- --- -- -- --
Thermosheets

Thermos cushions

Aerogel
Rolls X X X X - X X X2 X X X X X X X
Granules X - - X X X - - - - - - - - -
Expanded polylactic acid
Panels X X X X - X X X X X X x* X X X
Granules X - - X X X - - - - - - - - -
Vacuum panels X X X X - X X X X X X X X X X

! Insulation must be fitted underneath the floor
? Insulation must be fitted on the inside of the roof
* Insulation must be fitted on the outside of the roof
* In combination with bitumen
> Can be used as addition to mortars or as levelling granules
6 Only used to restore existing cavity walls filled with UF-Foam
7 possible if protected against water (foil, material coating, or air cavity between insulating material and outer wall)
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2.2 Selection of materials

To limit the number of materials for which the LCA data will be collected, a selection will be made. This
selection will be based on four properties:

1. Price

2. Thermal conductivity / thickness

3. Resource availability

4. Practical application

Two of these properties are already mentioned in table 2.1, namely price and thickness. By combining
these two properties into a graph, a first selection can already be made. In figure 2.2.1 the price and
thickness of the materials suitable for application in a cavity wall are displayed.

From the graph it is clear that a number of materials have a low thermal conductivity and thus perform
well on thickness (e.g. vacuum insulation panels and aerogel). However, the price of these materials is
high. This high price will be a barrier in the use of these materials. Large scale usage of these materials is
therefore not expected on the short term. Other materials have a bad performance on both thickness
and price, and for that reason will not be used for insulation in large quantities as well. These materials
are coconut and perlite. Foam glass, wood wool and cork do not perform well on both price and
thickness and are therefore not taken into account for the LCA assessment.

Material thickness and price for R .=3.5 m2K/W cavity wall
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figure 2.2.1 price and thickness of materials in order to reach R.=3.5 mz-K/W
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Resource availability and practical application

When looking from a resource availability point of view, sheep are not an option to deliver large
guantities of insulating material. In the most favourable situation, a sheep delivers 4 kg of wool per year
(Hasselaar, 2004). Calculating with the lowest sheep wool density of 25 kg/m? results in 6.25 sheep per
m? of insulating material. The number of sheep needed to fill the empty cavity wall volume estimated in
section 3.3, would be 62.5 million. As a comparison: the amount of sheep in the Netherlands in 2010
was 1.13 million (Statistics Netherland, 2011c). A similar calculation can be done for recycled cotton. In
2010, the amount of collected textile was 67 million kg (Statistics Netherlands, 2011c). This divided by
the density of recycled cotton insulation gives 3.7 million m? of insulating material. However, not all the
collected textile is cotton, which would mean that the total amount of insulating material that can be
produced from recycled textile is even lower. Both sheep wool and recycled cotton are not suitable for
mass production of insulating and are thus not taken into account for the LCA assessment.

Cellulose insulation is made from recycled paper. The amount of recycled paper in the Netherlands
alone was 1076 million kg in 2010 (Statistics Netherlands, 2011d). In theory, the resource availability for
cellulose insulation is good. Since cellulose insulation is hard to use in a cavity wall (needs good support
and rain shelter) it is not taken into account.

XPS is a material that is often used for perimeter (area of a wall or foundation that is partly
underground) insulation and not so much for the insulation of cavity walls. Since the price for XPS is only
just below that of PUR, PIR or PF foam products, it is not likely to be used within cavity walls and is
therefore not taken into account.

The remaining insulating products (glass wool, rock wool, EPS, Flax, Hemp, PF-foam, PUR, PIR) will be
assessed. Especially mineral wool and EPS need to be addressed, in view of the fact that these materials
represent almost the entire European insulation market. Mineral wools have a European market share
of 60%. EPS and other petrochemical derived foams form 27% of the European market. The remaining
materials have a total market share of 13% (Pappadopoulus, 2005). In the Netherlands, this 13% is more
likely to be 1-2%, since the Dutch insulation market is dominated by mineral wools and petrochemical
foam products (Lustig and Verlind, 2011). The hard foam products PIR, PUR and PF foam are taken into
account because of the low thermal conductivity and the relatively low costs of the materials. For
renovations where less space is available for insulation, these materials could provide a solution. Hemp
and flax are taken into account because these renewable materials can be used in a cavity wall against a
reasonable price.

2.3 Functional Unit and impacts of interest

For the assessment of the LCA studies, a functional unit has to be defined. In section 2.1, a cavity wall
construction is used to determine the thickness and thus the price of insulating materials. For the LCA
assessment, the cavity wall construction is again decisive for the amount of insulating material needed.
The chosen functional unit for the assessment is the insulating material needed for the insulation of 1m?
cavity wall surface to an Rc-value of 3.5 m*K/W:

“The manufacture, use and disposal of insulation material for a 1 m? cavity wall surface

of a Dutch domestic house to an R-value of 3.5 m2K/W for a lifetime of 50 years.”
According to VROM (2007, pp. 24), the cavity wall is the most common wall construction in the
Netherlands. Approximately 78% of the existing housing stock is constructed with cavity walls (VROM,
2009). Furthermore, almost all newly built houses are constructed with cavity walls. The thermal
resistance value of 3.5 m*K/W is taken from the coming building decree for 2012. This value is valid for
newly constructed houses, renovations and building extensions. Renovation and building extensions can
only take place with a permit of the local municipality. To obtain this permit, the requirements of the
building decree have to be met, including the requirements for insulation. The lifetime of 50 years is
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chosen because this is the design lifetime of houses, after which a renovation or refurbishment is often
needed (Vellekoop, 2011). After this lifetime, the house is either renovated or demolished. In the case of
demolishment, the end-of-life options of the insulating materials need to be investigated. Because of
the different sources from which the materials originate (e.g. petrochemical, organic, or inorganic), the
end-of-life options may differ per material. Therefore the disposal of the insulating materials is also
taken into account next to the manufacture and use of the materials.

2.4 Sources and assessment

Because full LCAs of insulation materials are already conducted by different institutes and companies, it
is not useful to perform an own cradle-to-grave LCA once more. Therefore, multiple LCA studies are
used to create an assessment of the environmental and health impacts of the selected insulating
materials.
Multiple databases and sources are used, because no single source contains LCA data for all the selected
materials. Furthermore, it is interesting to see if, and how large variations between the different sources
and databases are. Beside LCA data, also health aspects of insulating materials are looked into. Health
aspects are usually not part of an LCA, meaning that for information on health aspects, a variety of
sources need to be consulted. The databases and reference works listed below are used to assess the
different insulation materials:

e Environmental product declarations
Producers and branch organisations provide environmental product declarations (EPDs) for their
products. The German institute for Bauen und Umwelt (IBU) has devised a format for these EPDs (IBU,
2009a). Via the institute, the EPDs can be obtained. The EPDs contain information on the production,
use and waste phase of the products and the emissions and energy use thereof. The EPDs also provide
information about the end-of-life options of the materials and health issues.

o NIBE reference works

The Dutch institute for construction biology and ecology (NIBE) has created reference works of building
materials. In these reference works, the building materials are sorted per application. Cavity wall
insulation for instance has its own paragraph in the reference work. In the reference works, the
materials for a certain application are categorised in ‘Environmental classes’, ranging from 1a (b,c) to 7c,
in which 1a represents the lowest environmental impact. The reference works are very extensive. Not
the usual three, but five life phases are indicated for the construction materials: raw materials phase,
production phase, construction phase, use phase, demolish/waste phase. This leads to very extensive
environmental indicators as well. Next to emissions, also nuisance (light, sound, stench, risk of
calamities) and depletion (biotic, a-biotic, energy carriers, land use) are considered. By expressing all of
these values in shadow prices, the environmental index is calculated for the product. Information on
health issues is also provided for the materials (Haas, 2008).

e Okobau.dat®
This is a German database created by PE international for the German ministry of Traffic, Construction
and Urban development and contains 650 processes, all of which are related to building materials. Since
the database is created in 2009, most of the processes are up to date. In the database information can
be found on energy use and emissions during production. The majority of the processes are cradle-to-
gate, but the database also contains end-of-life processes to obtain a cradle-to-grave analysis.

® The Okobau database is a publically available database. It can be found at:
http://www.nachhaltigesbauen.de/baustoff-und-gebaeudedaten/oekobaudat.html
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e Producer specific information
Some producers provided product specific information for their products. This could be LCAs, but also
specific information on the waste phase of the product, or certain components in the products. This is
valuable information, since it is the most up to date and product specific.

e Ecoinvent (SimaPro)
Another LCA database in which insulating materials can be found is Ecoinvent. However, the Ecoinvent
database does net specialize on building materials. This means that some of the data might be out-dated
or not usable because the Ecoinvent database often uses Swiss production standards.

o (Academic) literature
Where needed, literature is used to find additional or missing information.

The overview of table 2.3 shows the data source used per material and analysis type. Product specific
information was provided by Isover and the association of EPS producers (EUMEPS) in the form of EPDs.

table 2.3 data sources per material and analysis type (X=data available, - = no data)

Material Ecoinvent  Okobau EPDs Okobau EPDs NIBE Literature
Glass wool X X X - X X -
Rock wool X X X - X X X
Gray EPS - - X - X - -
White EPS X X X - X X -
Flax - X - X - X X
Hemp - X - X - - -
PUR/PIR - X X - X X -
PF-foam - - - - - X -

The databases and sources listed above will be consulted to assess the materials on the environmental
impacts categories listed below. Considering that these are the impact categories for which almost all of
the data sources provide data, a comparison is possible.

e Cumulative energy demand (MJ)

e Green house gas emissions (kg CO, eq, GWP 100)

e Acidification (kg SO, eq)

e Eutrophication (kg PO, eq)

e Ozone depletion (kg CFC-11 eq)
Health aspects can be product specific (e.g. fibres in mineral wool products), it is thus not possible to
define a standard for these aspects. Therefore the health aspects will be discussed separately from the
environmental impacts.
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2.5 Input parameters

In table 2.1 a number of properties are given for insulating materials. For some materials in table 2.1
larges differences can be seen between for instance density and thermal conductivity. Rock wool for
example is produced with many different densities, ranging from 25 — 200kg and its thermal conductivity
ranges from 0.030 to 0.040 W/m-K (IBU, 2008). The density and thus the thermal conductivity of an
insulating material depends on its application. For flat roofs insulated on the outside, a different density
is needed than for the insulation of pitched roofs or cavity walls. Since the functional unit is the
insulation of a cavity wall, the corresponding properties of insulating materials suitable for cavity walls
are used.

The properties of the insulating materials suitable for application within a cavity wall and the resulting
mass of the functional unit are listed in table 2.4. These are the properties used to establish the
functional unit. As can been seen in the table, rock wool cavity wall products have a wide density range.
A higher density results in a somewhat lower thermal conductivity. For the assessment, an extra
separation is made. EPS is split in two types of EPS, namely ‘white EPS’ and ‘Gray EPS’. The reason for
this separation is because of the enhanced properties of gray EPS. Gray EPS contains graphite, which
acts as a radiation absorber. As a result of this absorption, the thermal conductivity for gray EPS is lower
than that of white EPS. The calculated thicknesses of the functional units are converted into the trade
thicknesses of the products (equal to the price calculation method of appendix B).

table 2.4 input parameters of insulating materials

Glass wool 25-28 0.033 -0.035 2.99-3.30
Rock wool 45-70 0.033-0.035 5.40-8.10
Gray EPS 15-16.6 0.032 1.65-1.83
White EPS 15-16.6 0.036 - 0.040 1.90-2.25
Flax 30-38 0.038 - 0.042 4.20—-4.94
Hemp 38 0.040 5.32

PUR/PIR 30-33 0.024 - 0.028 2.46 —3.05
PF-foam 35.6 0.021 2.71
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2.6 Results

For the life cycle of insulating materials three life phases are defined and investigated:

1. Resource extraction and production phase

2. Use phase

3. Waste phase
After applying the materials to the functional unit (the cavity wall is insulated), no more energy or
materials are used. Consequently, the use phase is negligible. In order to assess the different sources
and materials, the data from the LCA sources listed above is converted to the functional unit. In figure
2.6.1, the cumulative energy demand (CED) of the different insulating materials is given per functional
unit for a cradle-to-gate analysis. The CED includes both renewable and non renewable energy use.
Hemp and flax have the highest share of renewable energy (25-30%) in their CED. For the other
materials, the share of renewable energy in the CED is less than 10%, with EPS, and PUR/PIR scoring the
lowest values: between 1-3%. In the graph, the effect of the radiation absorber in gray EPS is visible. The
use of graphite in EPS does not affect its density, but lowers the thermal conductivity, resulting in less
material for the functional unit, and consequently a lower CED (EUMEPS, 2011).

Cumulative energy demand, cradle to gate
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figure 2.6.1 cumulative energy demand for insulating materials, cradle-to-gate

Due to absence of data for PF-foam, no cradle-to-gate data is presented for PF-foam. From figure 2.6.1 it
can be seen that the mineral wools use the least amount of energy per functional unit while flax, hemp
and PUR/PIR use the most. In appendix B a description of the production processes of the different
materials is given. Glass and rock wool are produced in a similar manner, which due to its bulk size and
resources (recycled glass for glass wool, diabase and basalt for rock wool) results in the lowest
cumulative energy demand. Next to that, the output products of the production process have a lower
density than the input materials. For instance, for the production of rock wool, 1 m* of basalt is turned
into approximately 90 m® of rock wool insulation (depending on the rock wool density).

Since the different LCA data sources provide different numbers, there is a spread in the calculated
results. This spread is indicated with error bars in figure 2.6.1. The main bar indicates the average of the
calculated results. For rock wool a large spread is found. This spread is a result of two factors. One factor
is the density of the material. For cavity walls, multiple products are available with a density varying
from 45 to 70 kg/m>. Both densities are taken into account here, causing part of the spread. The second
factor is the difference in LCA values. An EPD for rock wool presents a CED of 13 MJ/kg rock wool,
whereas Kellenberger present approximately 22 MJ/kg rock wool (IBU, 2008; Kellenberger, 2007). This
difference in values can be explained by the fact that IBU and Kellenberger assume different production
facilities in their analysis. Kellenberger uses a Swiss plant, whereas IBU uses data from German plants.
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Another explanation is the age of the data. The data provided by Kellenberger stems from 2002, while
the data in the IBU EPD is said not to be older than five years.

Flax, hemp and PUR/PIR materials have the largest CED. For flax and hemp, the CED was only derived
from the Okobau database, since Okobau is the only database containing cradle-to-gate LCA data for
these materials. According to the EPD for PUR/PIR by the IBU, the high CED for PUR/PIR finds its origin in
the raw materials: only 1% of the CED is related to the production process (IBU, 2010).

Cumulative energy demand: cradle-to-grave

When taking into account the waste phase of the insulating materials, the graph changes in favour of
EPS. In figure 2.6.2 the CED for the total life cycle of the products is depicted. In all of the LCA data
sources, incineration is chosen as the end-of-life solution for EPS and the recovered energy from
incineration is deducted from the other life phases. Due to the heating content of EPS, the cradle-to-
grave CED is lower than the cradle-to-gate CED.

Cumulative energy demand, cradle to grave
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figure 2.6.2 cumulative energy demand for insulating materials, cradle-to-grave

In the case of rock and glass wool, the CED remains nearly the same. As an end-of-life solution, land
filling is used in all but one of the data sources. Schmidt (2010, p.56) uses ‘road fill’ as a recycling option
for rock wool. Since mineral wools are inorganic materials with a very low heating content, incineration
of the products is not feasible. When incineration is used as the end-of-life solution, the efficiency of the
waste incineration facilities used in the LCA analyses by for the IBU EPDs and Okobau are between 60-
65% (Spang, 2012). NIBE assumes a thermal efficiency of 20% and an electrical efficiency of 7% for waste
incineration facilities (NIBE, 2012a). For all the materials, the entire calorific value of the functional unit
is deducted.

Flax and hemp based insulating materials perform better from a CED point of view when the full life
cycle is taken into account. This is primarily because of the energy recovery during the waste phase
which again is incineration. For hemp, the data availability is poor. In order to simulate the full life cycle,
the Okobau database advises to use an incineration process for chipboard (“EOL Holzwerkstoffe in
Millverbrennungsanlage”). By combing this end-of-life process and the process for hemp production, a
cradle-to-grave analysis was modelled.

For flax, cradle-to-grave analyses are performed by both NIBE and Schmidt. Schmidt assumes ‘road fill’

as the waste scenario for flax, where NIBE uses incineration as the waste scenario. Despite of the
difference in waste scenario, the calculated values for the functional unit do not differ much (166 MJ/FU
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for Schmidt and 146 MJ/FU for NIBE). Equal to hemp, the Okobau data for flax are combined with the
advised incineration scenario mentioned above. This results in a CED of 154 MJ/FU, so the same order of
magnitude as NIBE and Schmidt.

Similar to hemp, LCA data for PF-foam is almost unavailable. Only NIBE can provide a full cradle-to-grave
analysis for the use of the material in a cavity wall. Also for PF-foam, the waste scenario is incineration
with deduction of energy recovery. Due to the low thermal conductivity of PF-foam, a product of only
76mm thick is required, resulting in a low CED.

The material with the highest average CED and the largest spread is PUR/PIR. The LCA data used is
provided by an EPD created by both the IBU and the branch organisation for PUR/PIR producers and a
cradle-to-grave analysis by NIBE. Between the calculated results for the functional unit a difference of a
factor two is found. This difference occurs because of the fact that the PUR/PIR branch organisation has
been calculating with the newest and most favourable figures, where NIBE used older data (NIBE,
2012b). Another factor that plays a role is the fact that when NIBE encounters an uncertainty within its
analysis, it always chooses the worst case scenario (Haas, 2008), where PUR/PIR producers are likely to
choose the most favourable scenario. Both the waste scenarios are the same: incineration with a
deduction of the recovered energy. As mentioned above, NIBE uses a lower efficiency for the waste
incineration facilities, which also cause a part of the spread. A similar situation is encountered for EPS,
where the large spread is solely because of the high values provided by NIBE.
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Greenhouse gas emissions

In the graph of figure 2.6.3 the greenhouse gas emissions (GHG-emissions) of the insulation materials
are given for both the cradle-to-gate (left column) as the cradle-to-grave (right column) analysis. A large
spread in values is found for rock wool, but this is because of the variation in density between the rock
wool cavity wall products. Between the GHG-emissions of glass and rock wool a difference is observed.
Although in figure 2.6.2 the CED for glass and rock wool are almost equal, the difference in production
process causes a disparity for the GHG-emissions of the wools. Glass wool is produced with the use of
natural gas (occasionally electricity), whereas rock wool is produced in a cupola oven fed with cokes. The
difference in emission factor between the fuels could be the cause for the difference in GHG- emissions.
For EPS, flax and hemp the increase in GHG-emissions in the waste phase is as a result of the chosen
waste scenario (incineration) and the fact that the CO, uptake during the growth of the plants is taken
into account in the cradle-to-gate analyses (deducted). For PF-foam NIBE (2008, pp. 128) assumes 90%
incineration, but since there is no cradle-to-gate analysis available, a comparison is not possible.
PUR/PIR materials have the highest GHG-emissions, which according to the IBU (2010, pp. 14) can be
allocated for over 95% to the raw materials needed for the production (MDI and polyol). A way of
reducing the GHG-emissions would be to recycle the PUR/PIR products. This is further discussed in
section 2.7.
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figure 2.6.3 global warming potential of insulating materials
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Eutrophication

Similar to the GWP, the eutrophication potential (EP) of the insulating materials is presented graphically
in figure 2.6.4. Again, both the cradle-to-gate as the cradle-to-grave analysis results are presented. The
most prominent spread in results are found for PUR/PIR products in the cradle-to-grave analyses. For
the PUR/PIR cradle-to-gate analysis, the values from an EPD are used. This EPD is created by the German
association of PUR/PIR producers (IVPU) in collaboration with the IBU and should be representative for
the entire branch (IBU, 2010). The EPD provides a cradle-to-gate as well as a cradle-to-grave analysis.
For the cradle-to-grave analysis, the analysis by NIBE (Haas, 2008, pp. 126) was also considered. Values
from both the IVPU and NIBE cradle-to-grave analysis are used, resulting in a discrepancy between the
calculated results. For their analysis, IVPU has used three modern production facilities and combined the
values from the three plants into one analysis. For their analysis, NIBE uses Simapro which is based on
the ecoinvent database. In the analysis, the ecoinvent data is used after adapting the transport figures
to the Dutch situation (NIBE, 2012b). As said before, NIBE assumes the worst case scenario in case of
uncertainties in the analysis. Since the used EPD is relatively new (2010) it might be that process specific
data was not yet available at the time of the NIBE analysis, causing more uncertainties and therefore
higher estimations.
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figure 2.6.4 eutrophication potential of insulating materials

A similar issue is found for the glass wool cradle-to-grave analysis. The highest value found for glass
wool is coming from the ecoinvent database, which models a process out of the year 1991, with data
dating back to 1993-1995, which is clearly outdated (Kellenberger et al, 2007). For rock wool the
ecoinvent data is also relatively old (2001). In addition, the data from ecoinvent originates from a Swiss
facility, whereas the data from the EPD comes from German facilities.

Apart from the age of the dataset, the spread for glass wool is also explained by the used production
process and subsequently the fuel that is used for the process. Glass wool can be produced in an electric
furnace (rare), but also in a natural gas fired furnace (common practice). Multiple LCA analyses are used
based upon different production facilities in which both processes are used, resulting in large difference
in values for glass wool. According to Kellenberger et al (2007, pp. 427) and the EPD for Knauf glass wool
(IBU, 2011) natural gas only accounts for 40% of the production energy, the rest is electricity. The
chosen electricity mix is thus of great influence on the environmental impacts.
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Acidification

In figure 2.6.5 the results for acidification are presented. For acidification the spread between the
results are large for glass wool, rock wool, EPS and flax. For rock wool, the spread is again caused by the
variation in density. The reason for the high acidification potential of rock wool is the use of cokes
during the production. The results for flax deviate because of the difference in waste scenario. NIBE
assumes 95% incineration (Haas, 2008, pp. 134) where Schmidt (2004, pp. 55) assumes road fill as the
waste scenario. For glass wool the difference in values originates from the differences in values found in
the EPDs from Schwenk (IBU, 2011a), Knauf (IBU, 2011b) and Isover (Isover, 2011) and the values from
NIBE. However, for glass wool this time it are the producers (Knauf and Isover) that provide higher
values than the Okobau database, the NIBE reference works and the ecoinvent database. According to
Isover, the data provided by the producers themselves is the most correct and up to date data. An
explanation for the difference between the producers and the databases is again the used energy mix
(gas or electricity) and the age of the data (van Rooy, 2011; Medard, 2012).
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figure 2.6.5 acidification potential of insulating materials

The reason for the difference in values for white EPS is because of the antiqued database used by NIBE,
which results in high values. At this moment, the EPS producers and NIBE are discussing the options of
combining their knowledge into a new dataset for EPS. For now, the values provided by the EUMEPS
EPD and the IBU EPS EPD (the values at the lower end in figure 2.6.5, are the most realistic (Lamers,
2011).
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Ozone depletion potential

In figure 2.6.6 the ozone depletion potential (ODP) of the insulating materials is depicted. In order to be
able to display the results properly, the results based on the values from the NIBE reference works for
PUR/PIR and white EPS products are left out of the graph. According to NIBE (Haas, 2008, pp. 126) the
ODP for PUR/PIR products is 1.14-10°kg CFC-11 eq. This value is much higher than the ODP values per kg
product provided by IVPU (2010, pp. 3) that range between 2.8:10-8 and 6.6-10-8 kg CFC-11 eq. Since no
PUR/PIR producer participated in the research, it is hard find a solid explanation for this difference. A
possibility could again be the age of the dataset used by NIBE, as was indicated to be the problem for
glass wool as opposed to EPS. For the case of EPS, NIBE (Haas, 2008, pp. 124) provides an ODP of 8.7-10”
kgCFC-11 eq, where both the IBU (2009, pp. 3) and EUMEPS (2011, pp. 2) present values in the range of
1.7-10° and 5.1-10™ kgCFC-11 eq.
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figure 2.6.6 Ozone depletion potential of insulating products

Due to credits from the incineration process, the insulating materials for which incineration was used as
the waste phase solution, have a lower ODP in the cradle-to-grave analysis than the cradle-to-gate
analysis. For gray EPS a negative value is obtained for the waste phase, due to the lower thermal
conductivity of gray EPS compared to white EPS.

32



2.7 Alternative recycling options

In most the cradle-to-grave analyses found, incineration or land filling are the most common end-of-life
solutions. In practice however, land filling and incineration do not need to be the solution of choice. For
many materials, alternative solutions are already possible or under development.

Glass and rock wool

For glass and rock wool the chosen waste scenarios are either land filling or ‘recycling’ it as road fill
materials. However, other waste options are also available for both rock and glass wool, particularly
recycling the post-consumer material back into the production process. For both rock and glass wool
this is already common practice. Especially in the case of rock wool, where used plant substrates made
out of rock wool are returned to the production plant periodically. Contamination of the rock wool
products is not a problem, since the temperatures inside the cupola oven will burn any organic
contaminations and melt inorganic contaminations. For glass wool, very contaminated wool cannot
directly be used and needs cleansing first. This is because the glass wool production is more sensitive to
impurities (Schuurmans, 2011; van Rooy, 2011).

The majority of the CED used for mineral wools can be allocated to the production process (smelting of
raw materials, spinning of fibres and curing the binder) (IBU, 2008). Recycling mineral wools will
therefore not cause a large reduction of the CED. According to Schmidt (2004, pp. 59) the maximum
reduction potential is 0.67 MJ/kg rock wool. For glass wool no such values are available, but because of
the similarities between the production of glass and rock wool, a saving in the same order of magnitude
is expected.

Another option already in use for both glass and rock wool is using mineral wool as a filler material in
the production of bricks (IBU, 2008; IBU, 2011, van Rooy, 2011). Mineral wools are not only used for
their thermal properties. Acoustic insulation of interior walls or other constructions can also be done
with mineral wool. From used rock wool, other products than thermal insulation wool can be made.
Rockwool (the company) for instance produces facade elements, which are made from the same
materials as rock wool, only much denser and prepared against weather elements (Schuurmans, 2011).

EPS

In all of the LCA data sources, incineration is chosen as the end-of-life options for EPS. Incinerating EPS is
however not the only solution. Another option for EPS is recycling EPS by shredding the EPS and adding
it to the thermoforming process. Up to 20% shredded EPS can be added to virgin EPS pearls before
thermoforming without any quality loss (the damaged EPS pearls do not insulate as well as the virgin
pearls). Shredding EPS can be done 5-7 times, after which the product needs to be disposed (Lamers,
2011). Despite the fact that EPS can be recycled, this does not take place on a large scale yet. According
to Lamers (2011) this is because of the low amount of used EPS returned to the production facility. EPS
producers are keen on recycling EPS, but today’s supply of used EPS is too low to get even near the 20%.
Analogous to PUR/PIR products, the raw materials are largely responsible for the CED. By using recycled
EPS, this energy demand can be reduced, as is shown with two new processes in the ecoinvent database
by Hischier (2010, pp. 25). The CED for EPS made out of 45% recycled EPS is 40% less than the CED for
virgin EPS. When 100% recycled EPS is used, a CED reduction of 87% is achieved, compared to the CED
for virgin EPS, also from the ecoinvent database (Kellenberger et al, 2007). A similar reduction is also
found for the other environmental impacts. During the recycling, no distinction has to be made between
gray and white EPS from a production point of view. Gray EPS pearls are already mixed with white EPS
pearls for esthetical reasons (Lamers, 2011).
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Flax and hemp

The end-of-life options for hemp and flax are similar, so the materials can be discussed together. In the
found LCA datasets for hemp and flax, the materials are incinerated at the end of their lifetime. Another
option that comes to mind when dealing with materials from renewable sources is composting.
Composting of these materials is however not possible. This is because both flax and hemp are produced
with (polyester) support fibres (around 15%, see appendix B) which are melted around the natural
fibres. Separating the polyester from the natural fibres is therefore difficult. It is also possible to produce
the support fibres out if renewable materials. A study done by the University of Stuttgart and PE-
International has resulted in a polylactic acid (PLA) support fibre instead of polyester. Using PLA instead
of polyester decreases both the CED as well as the GHG-emissions (Deimling and Bos, 2008). Next to
that, replacing the polyester fibres by PLA fibres allows the hemp insulation products to be composted
(Holzhey, 2011).

PF-foam and PUR/PIR insulation

Also for PF-foam and PUR/PIR insulation the chosen end-of-life option is incineration. For PUR/PIR
insulation there is a recycling option: glycolysis. By the use of glycolysis, the polyurethane bonds are
broken, converting PUR into one of its raw materials: polyol (Molero et al, 2006). The process of
glycolysis is under development and has not been applied on a large scale yet. It is thus not yet possible
to indicate if, and to what extent this process will contribute to decreasing the CED and environmental
impacts of PUR/PIR products. The same goes for PF-foam, for which chemical separation processes are
also under development. Especially for PF-foam such a separation process is welcome, because PF-foam
only chars in incineration facilities (van der Woude, 2011).

2.8 Health aspects

Thermal insulating materials are used to insulate houses and building. Since people reside within these
buildings, the health impacts during the use phase of the products must be known. Also the hazards of
working with the insulating materials in times of constructing the building are important, because of the
direct contact that construction workers have with the materials.

Glass and rock wool

Mineral wool consists of vitreous fibres which are bonded together with a binder. Health aspects
concerning mineral wool arise from both the fibres and the binder. As can be read in appendix B,
formaldehyde is a commonly used as a compound of mineral wool binders (phenol-urea-formaldehyde).
These binders can emit formaldehyde which negatively impacts the indoor air quality. Formaldehyde
can lead to irritation of the eyes and the respiratory system (Haas, 2008). In the building decree, a
limitation of 120 pg/m® at an exposure of 30 minutes has been set to the amount of formaldehyde in
indoor air (RIVM, 2007). Because of the formaldehyde emission, the RIVM (2007, pp. 75) mentions
insulating materials as a possible contributor to the indoor formaldehyde concentration. This is mainly
because of UF-foam, which is (almost) not used anymore in the Netherlands. Other materials such as
chipboard, medium density fibreboard (MDF) and textiles (curtains, carpets) are also responsible for the
indoor concentration of formaldehyde. Knauf, a large producer of glass wool has developed a new bio-
based binder that does not contain formaldehyde. All of the glass wool produced by Knauf is produced
with a formaldehyde-free binder. The binder can also be used in the production of rock wool.
Unfortunately, Knauf was not willing to disclose the composition or raw materials used for this binder
(Lustig and Verlind, 2011). Until now, Knauf is the only producer working with a bio-based binder. Both
Isover and Rockwool however expect that in the near future, also their products will make use of a
formaldehyde- free binder.
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The fibres used for glass and rock wool are different in size. Glass wool fibres have a diameter between
2-9 um, whereas the diameter of rock wool fibres ranges from 3-6 um. Mineral wool fibres can cause
health issues in two ways: skin contact and fibre inhalation. According to the RIVM (2007, pp. 153) skin
contact with the fibres can cause irritation because the fibres pierce the skin. This phenomenon is worse
for glass wool, since glass fibres are sharper than rock wool fibres. When fibres with a diameter smaller
than 4-5um are inhaled there is a chance on lung fibrosis (RIVM, 2007). Mineral wool fibres are not
considered carcinogenic (RIVM, 2007; Lipworth et al, 2009). During the production and the construction
phase the fibre concentration is the highest. For the construction phase the RIVM (2007, pp. 153)
advises to cut the mineral wool products outside, so that no fibres end up indoors. After the products
are installed, no more fibres are released. During the installation of mineral wool, it is advised to cover
unprotected skin, wear goggles (when working overhead) and to make use of dust caps when working in
unventilated spaces (IBU, 2011b).

EPS

In EPS insulating materials, hexabromocyclododecane (HBCD) is used as a fire retardant. The fraction of
HBCD used in EPS is 0.5 to 1% of the total product. HBCD is physically bound in the material which limits
the amount of HBCD off-gassing to 0.001% (Lustig and Verlind, 2011). So only a very little amount of
HBCD is released by EPS. However, HBCD is lipophilic, causing bioaccumulation in fat tissue. Humans can
come into contact with HBCD via inhalation and skin contact. HBCD can disrupt the human hormonal
balance and may act as a neurotoxin (RIVM, 2007). Because of these properties, the European Chemicals
Agency (ECHA) has placed HBCD on the ‘Substances of Very High Concern’ concern list within the REACH
framework (ECHA, 2012). HCBD has also been placed on the ‘Substitute it now!” (SIN) list (ChemSec,
2012). Replacement products are currently under development, but do not yet provide the same flame
retarding properties as HBCD (Lustig and Verlind, 2011; Meuwissen, 2011).

Flax and hemp

For flax and hemp no significant health issues were found. A study by Koivula et al (2005, pp. 812-813)
shows that both volatile organic compound (VOC) emissions and emissions of bacteria are negligible.
The study also shows that emissions of moulds can be present at a high relative humidity (90%).
Although the flax and hemp products are treated with ammonium phosphate or borax to protect them
against fire and organism, correct placement of the materials is of great importance. If the materials get
wet and are unable to dry, the growth of organism is inevitable.

PF-foam

According to the NIBE reference works (Haas, 2008, pp. 128) the use of PF-foam does not lead to any
health issues. Only during the production of PF-foam health hazards could exist because of the use of
phenol formaldehyde (Haas, 2008).

PUR/PIR insulation

During the production of PUR/PIR products, the toxic chemicals MDI and TDI are used. In-situ foaming of
PUR foam therefore creates a risk of exposure to MDI and TDI (Haas, 2008). For panels, this risk is not
present, since there is no proof for off-gassing of MDI and TDI at normal circumstances (IBU, 2010).
When PUR/PIR products are heated, when the panels are cut or machined for instance, MDI and TDI can
however be released (RIVM, 2007).
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2.9 Discussion

Cumulative energy demand

The graphs from section 2.6 provide a clear image of the environmental impact and CED for both a
cradle-to-gate as a cradle-to-grave assessment of the materials. In an analysis of the cradle-to-gate CED
of insulating materials by Papadopoulos et al (2006, pp. 7), the same results were found as in figure
2.6.1. The cradle-to-gate CED is the lowest for glass wool, followed by rock wool and EPS. In the study by
Papadopoulos, PUR/PIR has the highest CED. Flax and hemp were not assessed by Papadopoulos.
According to Schmidt (2004, pp. 122) the reduction in heat loss by using insulating materials saves over
100 times the environmental impacts and energy associated with the production and disposal of the
insulating products. In chapter 4, this will be investigated in more detail.

Density

An important remark that has to be made on the results from section 2.6, is that the results can only be
used for cavity wall insulation products. This is because of the differences in density between cavity wall
products and products for other applications. For example, if a flat roof is insulated on which it must be
possible to walk, very different products and thus densities are needed. For example, rock wool suitable
for the use on flat roofs has a density between 140—180kg/m3, whereas EPS suitable for flat roofs has a
density of approximately 25kg/m?® (IBU, 2008; Lamers, 2011). These differences in density are dependent
on the practical application and can be of influence on the CED and other environmental impacts.
Another remark is that the results are there to provide insight in how the materials perform compared
to each other and not to obtain exact values for CED or environmental impacts.

Another density related issue occurs for rock wool. For a cavity wall, the density of rock wool ranges
from 45 to 70 kg with a thermal conductivity of 0.035 and 0.033 W/m-K respectively. Despite the lower
thermal conductivity for the product with the highest density, the environmental impact of the products
is higher. This means that the reduction in thickness of the insulating material does not lead to a
reduction in environmental impacts. For every assessed impact category and CED, the heaviest product
showed the highest impacts. However, the difference in thermal conductivity results in a thickness
reduction of 5 cm. In practice, this reduction in insulation thickness means a slimmer cavity wall and
therefore also a slimmer foundation. Whether this foundation reduction will result in a lower overall
environmental impact for the building is questionable.

Flax and hemp

Surprisingly, the environmental impacts and CED for the bio-based material flax and hemp are relatively
high compared to the other materials. For these high values two reasons are presented by Schmidt
(2004, pp. 122-126) and Deimling and Bos (2008). The first reason is the use of fertilizer for plant
growth. The energy requirement and the emissions of N,O during the production of fertilizer contribute
to the high environmental impacts and CED (Schmidt, 2004). The second reason is the use of polyester
support fibres as a binder and the addition of flame retardants, which both require fossil fuels for their
production. On top of that, the support fibres are melted before they are added to the hemp or flax
fibres. The melting of the support fibres also requires fossil fuels as an energy source. When PLA is used
instead of polyester, the CED becomes 14% lower, but is still relatively high (Schmidt, 2004; Deimling
and Bos, 2008).
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Practical limitations

For both renovations and new constructions, the choice of insulating materials depends on the type of
application. Different applications ask for different materials. If for instance a wall is not completely flat,
using stiff insulating panels can create pockets of air behind the panel, which has a negative effect on
the thermal resistance of the wall. In such a case, flexible materials like mineral wools provide a
solution. Their flexibility allows following the contours of the object to be insulated, thus eliminating air
pockets behind the materials (van Rooy, 2011). For renovation projects, this is a useful property. On the
other hand, the flexibility of mineral wools also makes them vulnerable. Especially for rock wool,
compression of the material will damage the fibre structure with an increased thermal conductivity as a
result. Also, mineral wools can sag out, resulting in a low thermal resistance. Mineral wool cavity wall
products are engineered in such a way that this does not occur anymore these days provided that the
products are mounted correctly (Schuurmans, 2011). Rigid foam products such as EPS are easy to use in
automated processes like the production of roofing elements’, because they can easily be trimmed or
planed to size and glued (Lamers, 2011).

Data availability

Some of the results found in section 2.6 show large spreads. This is a result of the difference in values
found in the assessed LCAs. Most of the high results are because of data that is either coming from
ecoinvent or NIBE. Since NIBE uses the ecoinvent data for many of their analyses, their values are often
high (NIBE, 2012b). In the case of PF-foam, company specific data is used by NIBE (van der Woude,
2011). Unfortunately, the LCA data by NIBE is the only data available for PF-foam insulation, so a
comparison to other sources was not possible. Data availability is also a problem for hemp and flax
wool. For hemp, the results are fully based on a cradle-to-gate process for hemp wool combined with an
end-of-life process, both from the Okobau database. For flax exactly the same procedure is used, but
then with a flax wool cradle-to-gate process. The values for the flax cradle-to-grave analyses could be
supplemented with data from both NIBE and literature, as can be seen in table 2.3.

The used EPDs from the IBU are created under supervision of the IBU, but often contain company or
sector specific data. Although the IBU is an independent institute, it could be that the data used is
somewhat optimistic, but more up to date than the ecoinvent data.

End-of-life scenarios

As discussed in 2.7, the used end-of-life scenarios in the LCA data sources are not always a reflection of
what actually happens in practice. Some of the recycling alternatives discussed in section 2.7 are
promising and need to be developed further. For EPS, the recycling of used EPS has a large reduction
potential for both environmental impacts as the CED. Nonetheless there is a hurdle to overcome by the
EPS producers: the fire retardant HBCD. Although developments are well on the way for finding a
replacement for HBCD, recycling of EPS containing HBCD in the future could form a problem
(Meuwissen, 2011; Lamers, 2011). In the coming years, the European Union will continue the REACH
process for HBCD, which means that one day its use will be prohibited (Meuwissen, 2011). If this
happens, it is not certain that the EPS produced in the past decades can be recycled (shredded) into new
EPS that may not contain HBCD anymore. In future decisions the toxicity of HBCD must be assessed
against the savings potential of using recycled EPS in the production process instead of virgin EPS.

Take back schemes could serve as important alternative to current end-of-life options. Although such
schemes already exist for wastes and cut-offs from the construction site, it is necessary to also develop
take back schemes for waste from demolishment.

° See appendix A for an explanation on the use of roofing elements
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Health aspects

Compared to other materials used inside homes (furniture, paints, textiles, chipboard and MDF),
insulating materials are not responsible for a bad indoor quality (RIVM, 2007). Especially not when taken
into account that insulating materials are never placed in sight, but always behind other materials.
Materials used for the insulation of cavity walls are almost completely sealed off from contact with
indoor air. In the case of renovation, insulation could be used on the inside of the walls. Here off-gassing
or fibres could get in contact with the indoor air. However, if a house is renovated according to the
Passive house criteria, the materials are completely covered in foils in order to get the building air tight.
On top of that, the balance ventilation systems required for Passive houses will make sure that the
concentration of impurities in the air will stay at a low level (Feist and Schienders, 2009). Because the
discussed materials all have different types of health hazards, it is not possible to rank them accordingly.
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3 Renovation potential

Of the 660 PJ needed for space heating, 325 PJ can be allocated to households, indicating that the space
heating of households is responsible for 10% of the Dutch primary energy use (Menkveld and Beurskens,
2009). By renovating or replacing the thermal insulation in the existing building stock, the amount of
energy needed for space heating can be reduced. Other options in the area of more efficient boilers and
installations are of course also ways to decrease the energy use. However, the lifetime of many of such
components is around 15 years, indicating that many of the installations have already been replaced by
more efficient ones. For thermal insulation this is not the case, since it cannot break down or needs
replacement. Especially when there is no insulation fitted during construction. As will be shown in
section 3.2, insulation of the existing building stock has not been common practice, which results in
large renovation potential.

3.1 Requirements for newly constructed houses

The main reason for the high energy demand for space heating is the poor insulation of the existing
dwelling stock. Mandatory building insulation did not come in to force before the year 1975. Today,
roofs, floors and walls of newly constructed houses are fitted with a layer of insulating materials of 80 —
100 mm thick when mineral wool or EPS is used in order to reach a thermal resistance (R.)' of 3.5
m?-K/W. Ever since the introduction of the building decree in 1992, the requirements for thermal
insulation and the overall energy performance of buildings have been subjected to regulation. With the
introduction of the Energy Performance Norm in 1995, it became mandatory to express the energy
performance of a house into a number, the so called energy performance coefficient (EPC). For every
new build house in the Netherlands an EPC-calculation has to be provided to obtain a building permit
from the municipality. The calculation of the EPC-value must be done in accordance with the Dutch
norm NEN 5128:2004. To ensure that the all calculations are done in the same way, a calculation tool
has been devised, in which the required data for the calculation can be inserted. From this input, the
EPC (a dimensionless number) is calculated with the use of equation 3.1.

Qpres;total ~ 1
(330x A +65xA cEPC
equation 3.1 calculation of the energy performance coefficient (NEN 5128:2004).

g, living area g Ioss)

In which:

Qures total = total annual primary energy (in MJ) used by building bound installations. This includes: heating
of the house, domestic hot water, ventilation, pumps, fans, lighting and cooling installations (if present).
The total primary energy can be reduced by adding solar panels or solar water heaters to the house.

Ag iving area = living area of the house (ground floor surface plus storey surface) [m?]

Ag 0ss = surface through which energy is lost (building envelope) [m?].

CEPC = correction factor to align earlier version of the EPC calculation tool with the current version. At
this moment, the cEPC is determined at 1.12. On the 1*" of January 2012, norm NEN 5128:2004 will be
replaced by a new norm (NEN 7120) in which the calculation method will be revisited.

1%1n appendix B the calculation and meaning of the R.-value are explained
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At the introduction of the EPC in 1995, its value was 1.4 and has been lowered ever since. In 2011, the
EPC has once again been lowered, this time to a value of 0.6. In 2015 the EPC should reach 0.4
(Agentschap NL, 2011). According to the European directive on energy performance of buildings, newly
constructed houses should be “nearly zero-energy buildings” by the year 2020 (EC, 2010). An EPC-value
of 0 would mean that a building is producing just as much energy as it is using. A building with an EPC of
0 can thus be considered a nearly zero-energy building. The development of the EPC-value over the
years can be seen in figure 3.1.1. In the figure, the decline in natural gas usage (for space heating, tap
water and cooking) over the years for terraced houses is also shown.
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figure 3.1.1 development of the EPC since 1995 and annual gas usage of terraced house with 125m? floor surface
[GJ/a] (Gerdes, 2010; Vreeman and ten Bolscher, 2009; Guerra Santin and Itard, 2010).

Vreeman and ten Bolscher (2009) have developed multiple concepts for reaching substantially lower
EPC-values for the medium and longer term. In these concepts, also thermal resistance values are
provided for the walls and roofs of the houses. These thermal resistance values are listed in table 3.1.
The new thermal resistance requirement of 3.5 m*K/W of the 2012 building decree is too low to reach
the current EPC-value of 0.6, especially for roof elements. When the EPC is lowered once more in 2015,
the thermal resistance of the 2012 building decree is about half of what is needed to reach an EPC of
0.4. As can been seen in table 2.1, the R-value needed for an EPC of 0.4 is 6 m*K/W for walls, whereas
the building decree prescribes 3.5 m*K/W. An EPC calculation is only required for new houses and not
for renovations or building extensions. The building decree is valid for new houses as well as renovations
and building extensions. The low EPC-values for new building result in measures that exceed the
demands of the building decree. Therefore it is necessary that the building decree is revisited in time, so
that also renovations and building extensions are insulated according the highest standards. The energy
performance norm and the building decree should be adapted to each other, so that the mismatch
between existing and new houses is limited.

table 3.1 EPC-values with corresponding R.-values [m*K/W] (Vreeman and ten Bolscher, 2009)

R. wall 2.5 4 6 8
R. roof 2.5 6 8 10
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3.2 Estimation of renovation potential

In 2010, the number of houses in the Netherlands was 7.2 million compared to just over 1 million in
1899 (Statistics Netherlands, 2011b). During the past 110 years over 6 million houses have been built in
the Netherlands. In figure 3.2.1 this development is plotted in a graph.
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figure 3.2.1 development of the amount of houses in the Netherlands (Statistics Netherlands, 2011b)

Besides the development of the amount of houses in the Netherlands, figure 3.2.1 also shows the
amount of houses that have not been subjected to any regulation regarding thermal insulation (the
large dark area). From the graph it is clear that the major share of Dutch houses is built in time without
regulation regarding thermal insulation. In figure 3.2.2, the share of buildings from different time
periods in the 2009 housing stock (7.104.518 houses) is presented. According to Vellekoop (2011),
houses are designed to have a lifetime of about 50 years (often used as the depreciation period by social
housing corporations). This implies that the houses build in the period 1960-1970 are all at the end of
their lifetime and in need of, or would benefit from a renovation. According to figure 3.2.2, this is 16% of
the 2009 housing stock, which is equal to 1.13 million houses.
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figure 3.2.2 share of houses from different period in housing stock (VROM, 2010)
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In theory, the graphs from figure 3.2.1 and figure 3.2.2 could give an indication of the amount of houses
that need to be renovated from an insulation point of view. However, with the introduction of the
requirements for new buildings, the national insulation programme came into force, as is mentioned in
the introduction. The goal of the national insulation programme was to insulate 2.5 million houses in 10
years time (800 thousand privately owned houses and 1.7 million rented houses), by offering subsidies
for insulation. Although the programme was stopped prematurely, around 602,000 privately owned
houses and over 1.2 million rented homes were granted a subsidy. In the period before the programme
(from 1974 until 1978) already 420 thousand houses had been retrofitted with insulating material
(Entrop and Brouwers, 2007). The fact that insulation of existing houses has already taken place, makes
the graph from figure 3.2.1 unsuitable to estimate the amount of un-insulated houses.

A way of estimating the renovation potential of the existing housing stock is by combining two types of
datasets. Both datasets are published by the Dutch government, albeit by different authorities. The first
dataset used is from 2006. In 2006, the ministry of public housing, environmental planning and
environmental management (VROM) has made an inventory of the so called ‘Isolatiegraad’ (or degree of
insulation) of houses in the Netherlands. This was done by annual surveys of 5000 houses that are
representative for the Dutch housing stock. The degree of insulation represents the percentage of
houses in the total stock of which a certain element is at least insulated for more than 50%. Four
elements are distinguished: the ground floor, closed facade, roof and glazing. When 50% of a facade,
roof or ground floor surface is insulated, it is considered insulated. Glazing counts as insulated when
50% of the glass in a house is double glazing. Single glazed windows are considered not insulated
(VROM, 2009). An important note here is that the degree of insulation does not say anything about the
quality or thickness of the insulation itself. Since 1995, the degree of insulation has been monitored. The
development in the degree of insulation until 2006 can be seen in figure 3.2.3.
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figure 3.2.3 development degree of insulation (Agentschapt NL, 2011; VROM, 2007)

Next to the degree of insulation, an inventory is also made of the type of facade constructions used for
houses. It turns out that 78% of the Dutch closed fagade elements is a cavity wall construction'. 15% of
the houses has a solid brickwork construction. Construction types other than cavity wall or solid
brickwork (e.g. prefab concrete or wood timber frame) form the remaining 7% (VROM, 2009). The

! See appendix A for a description of common construction methods in the Netherlands
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reason for the large share of cavity walls is historic. Houses were often built with materials that could be
found nearby and on hand. This was the case for clay needed for brickwork. However, solid brickwork
walls are not waterproof, causing water to leak through. To prevent this, the cavity wall construction
was developed. According to Jeeninga and Volkers (2003, pp. 22) the cavity wall was used in 80% of the
house built between 1930 and 1940 and in 95% of the building built in 1999. The fact that the majority
of the closed facade elements were built as cavity walls and the low degree of insulation thereof, makes
the cavity wall construction an interesting element in determining the renovation potential.

The second used dataset is published by SenterNovem. SenterNovem has developed so called reference
houses to represent houses in the existing housing stock. These reference houses contain multiple
versions of common types of houses built in a certain period in the Netherlands and their properties. For
a standalone house for example, six types are defined: small and large standalone houses built pre 1966,
in the period 1966-1988 and in the period 1989-2000. Other common types of houses are terraced-
houses, 2 under 1 roof houses, maisonettes, gallery apartments and porch apartments. For all types of
houses and their specific building periods, the closed facade surface is given, as is their volume (hnumber
of houses) in the 2006 building stock (SenterNovem, 2007a; Novem, 2001).

Combining the datasets
When the closed facade surface of the different types of houses and their volume in the existing building
stock are multiplied and summed, an estimation of the total closed facade surface of houses in the
Netherlands is obtained. This surface can be multiplied with the percentage of this surface that is cavity
wall (the 78% mentioned above) which gives an estimate of the total cavity wall surface. According to
VROM (2007, pp.31), the percentage of un-insulated cavity walls is 40%. Multiplication of the estimated
total cavity wall surface by the percentage of un-insulated cavity wall, the total un-insulated cavity wall
surface is obtained as presented by equation 3.2.

X%

Z(Closed facade surface of reference house x number of houses) x %

cavity wall un-insulated cavity wall

equation 3.2 estimation of the total un-insulated cavity wall surface in the Netherlands

The estimated un-insulated cavity wall surface then becomes just over 201 million m?. When compared
to the total un-insulated roof surface given by VROM (2009, pp. 32), it turns out to be almost double
that surface (109 million m? against 201 million m?.) The 109 million m? is the total surface of both flat
and pitched roofs, where the 200 million m* is only cavity wall surface.
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3.3 Estimation of the amount of insulating material

According to Meeusen (2006, pp. 13) the thickness of the air cavity in a cavity wall is between 5 and 7
cm. To get an estimation of the amount of insulating material needed to fill the empty cavity walls in the
existing housing sector, the outcome of equation 3.2 must be multiplied with this thickness. If an air
cavity of 5 cm thick is used throughout the Netherlands, over 10 million m® of insulating material is
needed. This is equal to 41% of the German insulation production of 2005 (Wecobis, 2011). This is of
course a rough estimation. Apart from that, filling up existing cavity walls will only reduce the energy
needed for space heating minimally. This can also be seen in figure 3.3.1, where the R.-values of a cavity
wall filled with either mineral wool flocks or EPS pearls are depicted. None of the materials is able to
meet the requirements for cavity walls (R. = 2.5 m*K/W) set by the building decree of 2003. If a new
technology material such as aerogel granules is used, filling an air cavity of 6 cm is enough to reach the
current 2003 building decree requirements. However, the 2012 building decree requires a higher
thermal resistance of 3.5 m?K/W, which with aerogel granules is achieved after insulating a cavity wall
of 9 cm (see figure 3.3.1). As mentioned above, air cavities larger than 7 cm are unlikely to be
encountered in existing houses, which means that even with a material like aerogel, filling an existing
cavity wall provides only a small improvement. According to Rockwool (2010, pp. 2), the thermal
resistance of a cavity wall without any insulation is 0.35 m*K/W (indicated by the dotted line in figure
3.3.1).

R. value for insulation of existing cavity wall air cavity
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figure 3.3.1 R.-value for filled cavity walls (Knauf, 2011; Isover, 2001; Rockwool, 2010; Innoddamm, 2011)
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3.4 Passive house renovation

As can be seen from figure 3.3.1, simple insulation of existing cavity walls by blowing insulating material
into the air cavity is not reaching thermal resistance values higher than 2.5 m*K/W with conventional
materials. Therefore a more rigorous way of insulating houses is needed that reduces the energy
requirement for space heating to a lower value, such as required for Passive houses. A way of doing this
is to renovate houses. The current rules towards renovation are, according to the 2003 building decree,
that if a building is fully renewed (renovated) it must meet the requirements set for insulation for newly
constructed houses (Bouwbesluit, 2003b). When a building is renovated because of its poor energetic
performance, there are also other options that exceed the requirements (and therefore also the energy
reduction) of the building decree. A concept that has its own energetic and thermal insulation
requirements for renovation is the Passive house concept.

3.4.1 Description of a Passive house

The Passive house concept has been developed by Wolfgang Feist and Bo Adamson. In their own words,
a Passive house can be best described as: “A Passive house is a building in which a comfortable interior
climate can be maintained without active heating and cooling systems” (Passive House Institute, 2011a).
Before a house can be called a Passive house, it has to meet certain criteria. The criteria for a newly built
residential Passive house are (Passive House Institute, 2011b):

e Specific space heating (and cooling) demand (Qu): <15 kWh/m’a
Or heating load <10 W/m’

e Total specific primary energy demand (Q,) <120 kWh/m’a
(incl. household electricity)

e Air tightness nso (pressure result test) <0.6 /h

The criteria above are almost impossible to accomplish within existing houses. New Passive houses can
be dimensioned and designed with the criteria in mind. For existing houses this is not possible.
Therefore, another set of criteria specifically aimed at existing buildings is devised to cope with the
lower degree of design freedom. The criteria for Passive house renovations are as follows (Passive
House Institute, 2011c):

e Specific space heating (and cooling) demand: Q<25 kWh/m’a

e Total specific primary energy demand Q,< 120 kWh/m’a +
((Qu - 15 kWh/(m?a)) * 1.2) (incl. household electricity)

e Air tightness (pressure result test) 0.6/h < ng <1.0/h

In order to reach these criteria, Feist and Schnieder (2010, pp.144-145) define four components that
form the basis of a Passive house:

1. Excellent thermal insulation, including the avoidance of thermal bridges, and low window

heat losses

The excellent thermal insulation translates into the value listed in table 3.2. These values apply to the
elements of the building envelope. On top of these criteria, criteria are also set for cold bridges: W <
0.01 W/m-K. Cold bridges exist in areas where the thermal insulation is breached, usually around
window casings and so called building knots, where floor and wall are connected. A method to see
where cold bridges might occur is to try and draw the thermal insulation layer of the building in one go.
Everywhere the pen or pencil has to be lifted from the paper because the thermal insulation layer
cannot continue there, can be seen as a cold bridge. Glazing used in Passive houses should have solar
heat-gain coefficients (the amount of sunlight that enters via the glass) >50% (de Boer et al, 2009;
Passive House Institute, 2011).
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table 3.2 level of insulation for elements of the building envelope (De Boer et al, 2009)

Building element Passive house level of insulation

Wall, roof and floor 6.5 < R. < 10 [m*-K/W]
Window casings, doors <0.8 [W/ m*K]
Window glazing <0.8 [W/m?K]

To reach the values shown in table 3.2, a thick layer of insulating material is needed. For wall, floor and
roof elements this thickness can be as much as 30 cm when conventional insulating materials like
mineral wool or EPS are used. With the use of insulating materials with a low thermal conductivity (e.g.
hard foam panels) this thickness can be reduced to approximately 20 cm (Passipedia, 2011).

The U-value for glazing and glass casings are achieved by using
triple glazing in casings suited with a thermal interruption to
prevent cold bridges. An example of such a window casing fitted
with triple glazing can be seen in figure 3.4.1. The casing is made
out of wood, but can also be produced out of aluminium, plastic
or a combination of materials. In figure 3.4.1, the thermal
interruptions are indicated with circles. These interruptions are
made out of hard foams and diminish the heat flow through the
casing, giving it a low U-value (0.78 W/m%K for the casing of
figure 3.4.1). The triple glazing makes the window relatively
heavy, which is something that has to be taken into consideration
during the design of the building. Wall structures have to be
strong enough to carry to weight of the windows.

2. Avery airtight building envelope figure 3.4.1 Passive House window and
The second basic component of a Passive house is an airtight  casing adjusted after (Overbeek, 2010)

building envelope. An airtight building envelope is obtained by
very detailed construction by which air gaps and air leakage
can be prevented. All joints and gaps should be covered or
filled so that no air can leak out through the building’s
construction. What this means in practice can be seen in
figure 3.4.2, where all the joints between the OSB
(wooden) panels are sealed with tape. Behind the panels is
insulating material covered with a foil of which the seams
are also taped to prevent air leakage. To test the air
tightness of a Passive house, a so called blower door test is
performed. For this test the door of the house is replaced
by a door with a large fan, capable of over pressuring the
house. The building is brought to an over pressure of 50 Pa. : '
At that pressure, the house may only leak 60% of its figure 3.4.2 sealing joints with tape (DWA, 2009)
volume per hour. This is often expressed as the n50 value,

which should be lower than 0.6 (ns5o < 0.6). Today’s common practice values for new houses in the
Netherlands lie between 2.32 - 2.63 at 50 Pa (De Boer et al, 2009; Strom et al., 2006).

W,
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3. Aventilation system with highly efficient heat recovery
Because of the air tightness of a Passive house, ventilation is vital to guarantee a comfortable indoor
climate. However, to prevent ventilation heat losses, balanced ventilation is used. Balanced ventilation
works by blowing fresh air into a room and extract the ‘old’ air. Fresh air originates from outside the
house and is filtered before it enters the system. The balanced ventilation system is equipped with a
heat recovery system: a counter flow heat exchanger in which extracted warm air from inside the house
is used to preheat the fresh air coming from outside. There is no strict rule for the efficiency of the heat
recovery unit. The Passive House Institute however indicates that the efficiency should be above 80%
(Passive House Institute, 2011a). According to De Boer et al. (2009, pp. 16) systems with higher
efficiencies are available (up to 95%) and could therefore also be used.

4. The passive use of solar energy
The idea behind Passive houses is to insulate houses to such an extent that there is almost no need for
additional space heating. By orientating the building to the South, solar heat is used optimally. Because
of the thick insulation layer, the heat from the sun is preserved within the house. During days with little
sunshine or very low temperatures, it is sufficient to heat the incoming fresh ventilation air to keep the
building at a comfortable temperature (Feist and Schnieder, 2010).

Internal heat gains
Another important factor for Passive houses are the internal heat gains. Electrical appliances such as
televisions, computers, refrigerators and others produce heat. This heat also contributes to the heat
balance of a Passive house. The importance of internal gains can also been in a typical annual energy
balance of a Passive house, presented by Feist and Schnieder (2010, pp. 146). In figure 3.4.3, this energy
balance is depicted.
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figure 3.4.3 typical energy balance of a Passive house (Feist and Schnieder, 2010)
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Passive house certification

If the Passive house criteria are met, they result in a low energy building. To be sure that this building
can be considered a Passive house, the Passive house Institute hands out certificates. In the heat annual
heat balance of figure 3.4.3, the first of three requirements for the Passive house certificate can be
found: the net annual energy for heating may not exceed 15 kWh/m?a (54 MJ/m?%a). Next to this, the
heating load must be lower than 10 W/m?® Another requirement not mentioned earlier is that the
primary energy demand for heat, hot water and household electricity does not exceed 120 kWh/m’a
(432 MJ/ m?a). The final requirement is the criterion for ventilation: nsy<0.6.

Passive house Planning Package 2007 (PHPP)

To determine whether a Passive house meets the criteria, a design tool has been developed by the
Passive House Institute. The air tightness is tested with a blower test, of which the results determine
whether the criteria are met or not. For all other factors the PHPP is used. PHPP is a Microsoft Excel
based calculation method in which the entire Passive house can be modelled. When all the information
(U-values, surfaces, cold bridges etc.) is entered into PHPP, it shows if the criteria are met. In figure 3.4.4
the Passive house verification sheet is shown. All the information and building details entered into PHPP
have an effect on this part of the calculation. The column on the right shows whether the criteria for a
certification are met. If all the cells show a “yes” the certification process can begin. PHPP is used as the
calculation method for both new Passive houses and Passive house renovations.

Treated Floor Area: 120,8 m2

Applied: Monthly Method PH Certificate: Fulfilled?
Specific Space Heat Demand: 14 kWh/(m?Za) 15 kWh/(mZa) Yes
Pressurization Test Result: 0,6 ht 06h' Yes
Specific Primary Energy Demand 2
120 2
(DHW, Heating, Cooling, Auxiliary and Household Electricity). 1 1 3 kWh!{m a} kWh}[m a) Yes
Specific Primary Energy Demand 2
(DHW, Heating and Auxiliary Electricity): - kWhi(m*a)
Specific Primary Energy Demand 7
Energy Conservation by Solar Electricity: kWh/(m®a)
Heating Load: 17 Wim?
Frequency of Overheating: 0 % over | 25 |C
Specific Useful Cooling Energy Demand: kWh!{mza} 15 kWh}[mza)
Cooling Load: \[Wm2

figure 3.4.4 Passive house verification sheet (De Boer et al., 2009)
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3.5 Passive house renovation

The four components of the Passive house concept mentioned in section 3.4.1 also apply to houses
subjected to renovation. As mentioned in section 3.4, the criteria for new houses are too strict for
existing houses. In this section the main requirements for Passive house renovation are described.

Insulation

Since thermal insulation forms the basis for Passive houses, almost no changes are made to the criteria
of table 3.2. Only the U-value for windows has changed: Uy installed < 0.85 W/m?-K. This is the average
value of all windows installed in the house, which means that certain windows can have higher U-values,
as long as the average stays below 0.85 (Passive House Institute, 2011c).

Air tightness and ventilation

Air tightness is another component hard to achieve in existing buildings. Therefore the criterion for air
leakage of ns<0.6/h is set as a ‘target value’. The limit value is set to ns<1.0/h. For ventilation, a
balanced system with heat recovery is again needed. The efficiency of the heat recovery unit has to be
higher than 80% (nuretf 2 80 %). An additional demand is that electrical efficiency of the ventilation
system is less or equal to 0.45 Wh/m? (Passive House Institute, 2011c).

As can be seen in the criteria list in section 3.4, the heating load criterion has been taken of the list for
Passive house renovations. This is due to the fact that the renovated house already has a heating system
in place that does not use air as fluid. The heating load of 10 W/m? is a result of the ventilation flow rate
(1 m*/h per m?) and its maximum inlet temperature of 55°C (Feist and Schnieders, 2009). If the existing
radiators in a house are used, the maximum heating load does therefore not apply. The specific space
heating demand has been raised to 25 kWh/m?%a (90 MJ/m?a). This is due to the orientation of the
existing building and the lower air tightness. As a comparison, the energy needed for space heating for a
125 m? terraced house is given in figure 3.5.1. The first bar represents the average energy needed for
space heating in houses in the Netherlands. The second bar indicates the energy use for space heating of
a terraced house with an EPC equal to 0.8. The third and fourth bar represent the energy needed for
space heating for a house that has been renovated to the Passive house level and a newly constructed
Passive house respectively.

Annual energy use for space heating of 125m? terraced house
[G)/a]

Average NL EPCO0.8 Passive renovation New Passive

figure 3.5.1 annual energy use for space heating, 125m’ terraced house (Agentschap NL, 2012; Boonstra, 2006)
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3.6 Methods of insulating existing houses to the Passive house level

In this section, methods of insulating existing houses to the Passive house level will be discussed based
upon two projects that serve as an example. The focus will lie upon the practical use of the insulating
materials to reach the Passive house level. The renovated houses both stem from a different time period
and thus different building methods were applied. Next to that, the houses belong to different sectors
(private ownership and rented houses). The differences between the project result in diverse solutions
for the Passive house renovation.

The first project is the renovation of 246 terraced houses in the Dutch city of Roosendaal. In district ‘De
Kroeven’ social housing corporation Aramis (part of AlleeWonen) decided to renovate part of their
houses to the Passive house level. A special aspect of this renovation was the fact that the residents
were able to stay within their homes during the renovation. The houses themselves were built in the
late fifties — early sixties and were constructed with cavity walls and purlin roofs'2. For the renovation,
the houses in the district were split into two different projects: “505” (134 houses) and “506” (112
houses) both with different solutions for insulating the existing cavity walls. The ground floor of the
houses is made out of concrete with a crawl space underneath.

The second project is a Passive house renovation at the “Sleephelling” in Rotterdam, where 14 privately
owned apartments were created inside existing buildings. In the corner building, 16 rented apartments
were created for social care. Although the number of apartments renovated is relatively low, the project
itself is very interesting, because the apartments are situated inside 9 buildings (built in 1903), of which
the front facade is protected cityscape, which means that the look of the facade has to remain intact
and may not be altered. The rear facade was not a protected cityscape, which means that alterations to
this facade were possible. Both facades are constructed out of solid brickwork. The roofs of the buildings
consisted of partial flat and partial rafter roof constructions. Also in this project, the ground floor was
made out of concrete. After the renovation, the apartments were sold to private owners.

3.6.1 Roofinsulation

To reach the needed thermal resistance value for the roofs
in the De Kroeven, Aramis has used the almost the same
principle for all the 246 houses. A new roof was
prefabricated to replace the old roof. To support the weight
of the new roof, a new support beam was needed. The
larger weight of the roof is a result of the thickness of the
insulating material: 40 cm of blown in cellulose flocks. As a
finish layer, either PVC (505) or roof tiling (506) is used. To
lower the energy demand and to enlarge the use of solar
energy, the roofs were fitted with solar water heaters. After
removing the old roof and installing a new support beam,
the new prefabricated roof was lifted into place by a crane
(Van Rede, 2011). The process of replacing the roofs was
done per house, as can be seen in figure 3.6.1, where the el e —

new roofs are already fitted to the houses on the right, but figure 3.6.1 roof placement on a terraced house in

not yet to the houses on the left. district ‘De Kroeven’ in Roosendaal (Brink Climate
Systems, 2011)

12 see appendix A for a description if common construction methods in the Netherlands
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For the renovation of roofs at the “Sleephelling”, different roofs shapes had to be insulated. To keep the
original pitched rafter construction visible (an aesthetic demand), mineral wool was used on both the in-
and outside of the roofs, resulting in a Rc of 5.3 m?-K/W. The flat roof elements were insulated with
mineral wool on the in- and outside as well, resulting in a Rc of 8.8 m?-K/W. The roof terraces were
insulated from the inside to a Rc of 7.4 m*K/W. Insulating on the inside was possible because of the high
ceilings in the old buildings (Vellekoop, 2011; Stiching PassiefHuis Holland, 2011). All insulating materials
were fitted on site; almost no prefabricated elements were used. In figure 3.6.2, a sketch of how the
roof of the Sleephelling looks, is depicted.

Mineral wool, in- and outside

Solar water heater

Mineral wool in
ceiling

-_rmﬂ

figure 3.6.2 sketch of the Sleephelling roof (Adjusted after Stichting PassnefHuls Holland, 2011)

3.6.2 Facade insulation

The houses in both projects in De Kroeven were constructed with cavity walls. The method of
renovation used for project 505 was however different from project 506. For project 505 the outer wall
of the cavity wall construction was removed. A trench was dug around the houses, to widen the
foundation of the houses. On this widened foundation, a prefabricated timber frame construction was
placed, which was mounted against the remaining wall. Like the roofs, the timber frame facade
elements were also insulated with cellulose flocks, resulting in walls with an R. of 9 m?-K/W. In figure
3.6.3 and figure 3.6.4 the removal of the outer wall and the placement of the new facade element can
be seen. The new facade element was finished with dry cladding system with a layer of slates, to provide
a modern look (Van Rede, 2011)

figure 3.6.3 removing the outer wall (Stichting figure 3.6.4 fixing the wood timber
PassiefHuis Holland, 2011) frame elements (VDM, 2011)
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The houses in De Kroeven had already been retrofitted with insulating material as can be seen in figure
3.6.3, where a layer of rock wool flocks is clearly visible between the inner and outer wall and between
the bricks on the ground. From figure 3.3.1 it is clear that thermal resistance values obtained from filling
up a cavity wall do not come close to the Passive house insulation values. However, such a filling does
contribute if the insulating method of project 506 is used.

For the method of project 506, the cavity wall is kept intact. To insulate the walls to the Passive house
level, a wet render system™ is used. Polystyrene blocks are adhered to the existing outer wall of the
cavity wall. The blocks are finished with a render which could be painted later on. By combining the
existing cavity wall with a layer of polystyrene of approximately 27 cm thick, an R.-value of 8.5 m*K/W is
achieved. The finished situation for both projects can be seen in the figures below (Van Rede, 2011).

“Aftersos.

figure 3.6.5 before and after renovation De Kroeven (Van der Werf, 2011; VDM, 2011)

Facade insulation at the Sleephelling

At the De Kroeven district there were no strict restrictions on the appearance of the facade. In
Rotterdam however, the appearance of the front facade and all its details had to be kept at all times.
This meant that the front facade could only be insulated on the inside by placing an insulated wall
behind the facade, with a loss of living space as a consequence. This wall was insulated with a 30 cm
thick layer of rock wool, which was covered with foil in order to achieve the air tightness. The achieved
thermal resistance of the facade is 7.5 m*-K/W. How this looks in practlce can be seen from flgure 3.6.6
in which the tape used to cover the seams for air tightness : <
can be seen. For this project, the so called ‘box in box’
method was used. This method considers the existing
building to be a box, in which by means of insulation,
another airtight and thermal resistant box is created. The
windows of the front facade for example could not be
changed because of their protected state. Consequently, the
existing windows and casing could not be changed or
moved. To insulate the windows, new double glazed
windows were placed in the newly built insulated wall
behind the existing facade. This way a form of triple glazing
is achieved without affecting the appearance of the original 2 %
facade (Vellekoop, 2011; VILLANOVA, 2009). figure 3.6.6 inside insulation with taped up

seams (Woonstad Rotterdam, 2011)

1 see appendix A for a full description if a wet render system

52



The rear facade of the buildings was not a protected cityscape, which made insulating this facade easier;
insulating on the inside of the buildings was not necessary. The walls of the buildings are made out of
solid brickwork, which makes them suitable for insulation on the outside of the facade. Similar to project
506 in Roosendaal, polystyrene blocks were adhered to the facade. The blocks are 35cm thick, which
together with the brick wall and render finish resulted in a thermal resistance of 10 m*K/W. To get an
impression of the size/thickness of the EPS blocks, a picture of the adhered blocks to the existing wall
can be seen in figure 3.6.7.

figure 3.6.7 mounting of EPS block to existing wa‘i.II(Woonstad Rotterdam, 2011)

The final result of the renovation of both the front and rear facade can be seen in figure 3.6.8 and figure
3.6.9 respectively. The white rear facade used to be in the same style as the front facade, a red brick
appearance. After the renovation and the insulation of the facade, the render finish provides a smooth
white surface, equal to the facade of project 506 in district De Kroeven (see figure 3.6.5). Besides the
smooth finish layer, other options are also available that provide options to mimic the original facade.
With the use of so called stone strips and decorative elements, the original facade can be mimicked on
top of the adhered insulation (Sto, 2011). In figure 3.6.9 another important design feature of the
buildings can be seen: the solar water heaters on the roofs of the buildings. In the original situation, the
flat roofs in between the triangular rooftops was not present. This meant that placing solar water
heaters on the roof would prove to be hard, because of the shadow casted by the adjacent roofs. To
solve this problem, the flat roofs were constructed in between the pitched roofs, creating more space
inside (see also figure 3.6.2) and eliminating the placement problem for the solar water heaters
(Vellekoop, 2011; VILLANOVA, 2009).

figure 3.6.8 front facade after renovation (VILLANOVA, figure 3.6.9 rear facade after renovation
2009) (VILLANOVA, 2009)
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3.6.3 Floor insulation

Both the buildings in Roosendaal and Rotterdam have a concrete ground floor. To insulate the floors,
two different methods are used. In both project 505 and 506 in Roosendaal, the crawl space underneath
the concrete floor was 40 cm high. At first the plan was to cover the bottom of the concrete floor with
spray-on polyurethane (PUR) foam. However, the height of the crawl space was too low to for a person
to actually go into the crawl space and apply the foam. As a result, the crawl space is completely filled by
blowing in EPS pearls. This 40 cm of EPS pearls alone already has a thermal resistance of approximately
8.5 m®K/W. An additional advantage of EPS pearls over PUR foam is that all the sewage and water
piping run through the crawl space. If a problem would occur with one if the pipes, the EPS pearls can
easily be extracted from the crawl space to solve the problem. When PUR foam is sprayed onto the
bottom of the floor, all pipes will also be covered in solid foam which is hard to remove (Van Rede,
2011).

In the Sleephelling renovation, the existing concrete ground floor is insulated by covering the top side of
the floor with polyisocyanurate (PIR) panels. Over the PIR panels, a covering floor was poured, resulting
in a thermal resistance of 5.3 m*K/W for the floor.

From the sample projects above it can be concluded that there are many options of renovation an
existing building to the Passive house level. Even in difficult situation like the Sleephelling where the
front facade had to remain intact, Passive house levels of insulation were achieved. Both project
received the Passive house renovation certificate, indicating that not only the insulation, but all other
criteria were met as well. In both projects balanced ventilation was applied to the buildings. The
channels for the ventilation in the Sleephelling were concealed in the ceilings. In the houses in district
De Kroeven the channels were concealed in casings. There is a sufficient amount of practical solutions to
renovate existing building to a Passive house level.

3.6.4 Estimation of insulating material need for Passive house renovation

What can be concluded from the previous section furthermore is that renovation according to a Passive
house level leads to thick insulation layers. In the projects mentioned above, layers of insulating
material range from 27 to as much as 40 cm of insulation. An estimation of the insulation materials
needed to renovate all not insulated wall surface to the Passive house level can be made, according to
the method of section 3.3. Instead of calculating with the thickness of the air cavity in cavity walls, the
thickness of 27 cm needed for the renovation of project 506 in De Kroeven is used. For this estimation,
the solid brick walls are also taken into account, because these walls can also be insulated by adhering
insulating materials to the outside of the walls. Solid brick walls represent approximately 68.8 million
m?. According to VROM (2009, pp. 34), 70% of this surface was not insulated in 2006. This results in a
not insulated solid brick wall surface of just over 48 million m. If the assumption is made that both the
cavity wall and brick wall surfaces are insulated with a 27 cm thick layer of insulation, the total volume
of insulation material needed to renovate the mentioned wall surfaces to the Passive house level is
approximately 67.3 million m>. This is equal to 275% of the German insulation production in 2005
(WECOBIS, 2011). If only the cavity wall surface would be insulated to Passive house insulation levels,
this would require approximately 54 million m® of insulating material. In figure 3.6.10, these amounts
are depicted graphically.
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figure 3.6.10 Insulating material requirement for the filling of empty cavity walls and the Passive house
renovation of cavity and solid brick walls

A comment that should be made here is that the estimation is done based upon the degree of
insulation. Almost all buildings in the Netherlands do not meet the Passive house criteria. If all these
buildings would be renovated to Passive house levels over time, the demand for insulating materials

would be even larger.
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3.7 Discussion

Regulation

Considering the low energy efficiency for space heating in the existing housing stock and increase in
energy performance regulation, Passive house renovation provides a valuable solution that has proven
itself in practice. For newly constructed houses, the EPC-values will decrease over time. Lower EPC-
values result in thicker thermal insulation, as is shown in table 3.1. In 2015, the EPC for new buildings
will be lowered to a value of 0.4, which can only be reached with R.-values equal to the Passive house
values (see table 3.2). Apart from insulation, technical installations such as boilers and ventilation units
also need to be very energy efficient (Vreeman and ten Bolscher, 2009). With the Passive house
concept, a solution is provided in which both construction and installation aspects are integrated. In a
study done for Agentschap NL, Nieman (2011, pp. 12-36) provides a complete list with constructional as
well as installation related renovation solutions. In this study, Nieman (2011, pp. 9) mentions the Passive
house concept as an integral concept, in which all the elements for low energy renovation are present.
As mentioned in 3.1, the EPC norm and calculation will be renewed in 2012. For Passive houses this is
good news, because the current calculation program is not able of coping with the high Passive house
criteria. The input for air tightness for example is limited in the program, which means that the
calculation is made with an incorrect value for the air tightness. If an EPC calculation is done for Passive
houses with the current methods, this will result in an EPC between 0.3 and 0.5 (Boonstra, 2006; de
Boer et al, 2009).

Age of dataset

For the estimation of the renovation potential, data from 2006 is used. In the years after 2006, houses
were also fitted with insulation, which causes the estimation from section 3.6.4 to be too high.
According to Gerdes (2010, pp. 26), the number of existing houses which were insulated in the period
2006-2009 is in line with the trend from 2001-2006 (depicted in figure 3.2.3). If this trend is extrapolated
to 2011, this would result in 59.4% of the wall surface in the existing housing stock to be insulated. In
the period 2006-2010 approximately 240 thousand new houses have been constructed. Because of the
energy performance norm and the requirements of the building decree it can be assumed that all of
these houses are insulated. This extra insulated building stock also causes an increasing amount of
insulated houses. Nonetheless, the number of un-insulated houses and thus the renovation potential
remains high.

Difference in degree of insulation for wall, floor, roof and glazing insulation

In figure 3.2.3 a large difference is found between the degree of insulation of different building
elements. Roof insulation and double glazing have the largest share. For glazing, this has to do with the
subsidies on double glazing which have been in place for several years and the fact that it can be done
relatively easy. For roof insulation, this is also the case. 78% of the houses in the Netherlands has a
pitched roof, which can easily be fitted with insulated by the residents themselves (VROM, 2009). For
wall and floor insulation subsidies can also be obtained, but here the practical limitations for the
inhabitants are larger. Insulating an existing cavity wall by injection of flocks or foam can only be done
by third parties, because it requires special machinery. For floor insulation, inhabitants need to have
enough height in the crawl space. If the crawl space is not high enough or often flooded by ground
water, insulating the ground floor is difficult.
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Financial aspects

Agentschap NL has published a factsheet with success factors for energy efficient construction of new
houses and renovations. On this factsheet, six important tracks are distinguished of which the first is
‘Technology’. As mentioned in section 3.6, there is a variety of practical solutions for renovating to a
Passive house level. This indicates that for Passive house renovation, the first track is covered. Another
track mentioned on the factsheet is ‘financing and costs’ (Agentschap NL, 2011a). The costs for
renovating to the Passive house level are hard to estimate. To renovate a row house similar to the ones
in De Kroeven along the standards of the building decree, Agentschap NL (2011b, pp. 41) gives a cost
estimate of €8,980. This cost estimate assumes that the installations are already up to date and that
only the building envelope needs insulation. According to van Rede (2011) the Passive house renovation
of houses in De Kroeven was around 20% higher than the costs for normal renovation. This small
increase was because of subsidies granted to the project and the size of the project. The costs for the
renovation of the Sleephelling in Rotterdam were much higher due to its small scale and the protected
cityscape status of the front facade. Per apartment, the involved parties lost around 100k€ (Vellekoop,
2011). Due to the fact that the rent for the inhabitants in Roosendaal was only raised by 65€ (the
estimated energy savings), the project in Roosendaal is also losing money (van Rede, 2011). Both
Vellekoop and van Rede however do not consider the projects as failed. On the contrary, the projects
were done as pilot projects from which a lot of knowledge on Passive house renovation was obtained.
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4 Saving potential of cavity wall insulation

To see how much energy could be saved by insulation, an estimation is made by looking at the savings
potential of un-insulated cavity walls. Since cavity walls represent around 78% of the wall surface in the
Netherlands (VROM, 2009), it is interesting to estimate the possible energy savings of insulating the un-
insulated cavity wall surface.

4.1 Energy savings

For the estimation of the energy saving potential of insulating existing walls, the results of section 2.6
and section 3.2 are combined. As mentioned in section 3.2, 40% of the cavity wall surface in the
Netherlands is not insulated. For this estimation, complete filling of the empty cavities is assumed.
According to Blok (2009, pp. 115) the annual heat loss through a wall can be calculated with the use of
degree-days, as is shown in equation 4.1.

Q, =kxAxDx(24x3600s/day)

equation 4.1 annual heat loss through a wall

In which:

Q, = annual heat loss through wall [J]

A = surface area of the wall [m?]

K = average heat transfers coefficient of the wall [W/m?-K]

D = the number of degree-days ["C-days]

In the Netherlands, the number of degree-days is approximately 3000 (SenterNovem, 2007b). In figure
3.3.1, the achievable R.-values of filling existing cavity walls are shown, together with the R.-value of an
empty cavity wall. The K-value in equation 4.1 is the inverse of the R.-value. By using 1 m” in the
calculation, the annual energy loss per m? is obtained. As a basic assumption for the calculation, a cavity
wall with an air cavity thickness of 5 cm is used, equal to the method of section 3.2. From the material
selection of section 2.2, it is clear that aerogel is too expensive to be a feasible option for the filling of
cavity walls. Mineral wool flocks and EPS pearls on the other hand are affordable materials with a
reasonable thermal conductivity. Besides this, both EPS and mineral can be recycled at the end of their
useful lifetime. Once more, EPS is split in white and gray EPS. In figure 4.1.1, the effect of insulating an
existing cavity wall on the annual energy loss through the wall is shown graphically. It can be seen that
although filling a cavity wall does not lead to high R.-values (see figure 3.3.1), it does have a large effect
on the annual energy heat flow through the wall.

Annual primary enery loss by heat flow through cavity wall
[MJ/m2/a]
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figure 4.1.1 annual energy loss of cavity wall with 5 cm air cavity empty and filled [MJ/m?]
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With the annual savings known per m® of insulated cavity wall, it is interesting to see whether or not the
reduction in energy loss compensates for the energy needed for the production of the materials. To do
so, the results of the cradle-to-grave LCA assessment of section 2.6 are used. The results of table 4.1
show that the annual energy saving due to insulation of the cavity wall is much greater than the energy
needed for the production of the materials. For the calculations, it is assumed that all the households
have a central heating system with an individual boiler which has an efficiency of 97% (Blok, 2009). In
reality, only 87% of the Dutch households have an individual boiler, of which 84% is a so called HR-Boiler
(high efficiency boiler) (Agentschap NL, 2012). Because of these assumptions, the estimation is
conservative and the energy saving in practice could be even higher. In the table, the values for Passive
house renovation of the cavity wall are also presented for the minimum (R, = 6.5 m*K/W) and
‘maximum’ (R. = 10 m*K/W) insulation criteria. The results from table 4.1 show that the energy needed
for the production of the materials is subordinate to the energy saved by the reduction in heat loss
through the wall. Only for rock wool the energetic payback time is higher than 1 year, but this is for an
R of 10 m*K/W. The higher values for rock wool are explained by the fact that rock wool flocks have a
high density (75 kg/m®) when blown in the cavity wall combined with a low thermal conductivity (0.044
W/m-K) (Rockwool, 2012). As a comparison: glass wool has a blown in density of 30 kg/m® and a thermal
conductivity of 0.034 W/m-K (Knauf, 2008). The reason for this is that glass wool is more resilient against
deformation, which keeps the fibre structure intact (van Rooy, 2011). For the filling of cavity walls, flocks
are assumed for mineral wool and loose pearls for EPS. In the case of Passive house renovation, cavity
products made out of the materials are assumed (similar to section 2.3).

table 4.1 energetic payback time of insulation by filing the existing air cavity and Passive house renovation

Filling of the existing air cavity (5cm)

Rock wool (R, = 1.24) 3.8 66.6 326 0.20
White EPS (R, = 1.41) 0.9 47.6 346 0.14
Glass wool (R, = 1.50) 1.5 51.0 355 0.14
Gray EPS (R, =1.53) 1.0 52.5 358 0.15
Passive house renovation, R, = 6.5 m*K/W

Rock wool 18.2 324 476 0.68
White EPS 4.4 231 476 0.49
Glass wool 6.8 230 476 0.48
Gray EPS 4.2 220 476 0.46
Rock wool 28.6 508 489 1.04
White EPS 6.9 367 489 0.74
Glass wool 10.6 361 489 0.74
Gray EPS 6.6 346 489 0.71

If the cavity walls are renovated to the minimum Passive house insulation level of R. = 6.5 m?-K/W
instead of filled, an even larger amount of energy can be saved per m? of wall surface. This is shown in
figure 4.1.2, in which also the ‘maximum’ Passive house insulation level is depicted. In the bar diagram,
the energy savings for the insulation standards of the current building degree (2003) and the future
building decree (2012) are also shown.

60



Annual heat loss through cavity wall for renovation options
[MJ/m2/a]
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figure 4.1.2 annual energy loss for common practice and Passive house renovation options of an empty cavity
wall

Although there is no such thing as a ‘maximum’ R.-value, it is not very useful to strive for higher values,
since the heat loss will only decrease minimally, whereas the thickness of the insulation becomes
impractical. This is because of the K-value from equation 4.1, which is 1/R.. The calculation of the K-
value can be seen as a limit that approaches zero, but will never become zero. So, R.-values higher than
10 m*K/W will only have a minor effect, as is shown in figure 4.1.3. The shape of the graph in figure
4.1.3 shows a resemblance with the bar diagram from figure 4.1.2. From the graph it can be concluded
that filling the current empty cavity walls will already result in a large energy savings, because the R.-
value will increase from 0.35 m%K/W to about 1.3 m*-K/W.

Influence of R, value on heat transmission of a cavity wall
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figure 4.1.3 influence of R.-value on heat transmission through a cavity wall
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Annual energy savings for the Netherlands

At the end of section 3.2 the un-insulated cavity wall surface in the Netherlands was estimated to be
approximately 200 million m®. With this estimation and the results from table 4.1, an estimation of the
energy saving of filling this 200 million m? surface with insulating material can be made. For this
estimation, it is assumed that every material in table 4.1 has an equal market share, so each material is
assumed to insulate 25% of the cavity wall surface. Next to that, it is assumed that all the empty cavity
walls have an air cavity of 5cm and that the cavity walls are structurally solid enough to be filled. The
lifetime of the filled cavity wall is assumed to be 50 years, which means that the CED for the materials is
discounted over 50 years.

A similar estimation is also done for renovation of cavity walls to the minimum Passive house insulation
level of Rc = 6.5 m*K/W. In practice, this value can only be reached by adhering insulating materials to
the outer cavity wall or by removing the outer wall, filling the air cavity and replacing the outer wall. For
this estimation, the latter solution is used. However, only the CED of the materials is taken into account,
because no data was available on the CED of the construction process of cavity wall renovation. In figure
4.1.4, the estimated energy saving potential is depicted. For just the filling of the existing cavity walls, an
annual energy saving of 69.4 PJ can be achieved. This is equal to 11% of the current energy used for
space heating. A renovation to Passive house levels will achieve an even higher saving of almost 95
PJ/year. Over the lifetime of 50 years, renovation to the Passive house level will save almost 1260 PJ
more than just filling the cavity walls.

Annual domestic energy saving of
insulating cavity walls
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figure 4.1.4 annual energy saving of insulating cavity walls in the Netherlands
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4.2 GHG-emissions saving potential

In section 2.6 the GHG-emissions of the insulating materials are presented. With these emissions and
the saved primary energy per m’ cavity wall of table 4.1, the avoidance of GHG-emissions can be
calculated. For the calculations, the emission factor for Dutch natural gas is used: 56.6 kgCO,/GJ
(Zijlema, 2010). The results of combining the results from section 2.6 and table 4.1 are given in table 4.2.
From the table it is clear that insulating cavity walls will results in a large avoidance of GHG-emission.
Only for rock wool and white EPS in a R. = 10 m*-K/W cavity wall it will take longer than one year before
the emissions from the production of the materials are compensated. Equal to table 4.1, the materials
are taken into account, not the process of insulating itself, which for Passive house renovation could
have a significant contribution.

table 4.2 GHG-emissions from materials and avoided by reduction in heat loss

Mass of material GHG-emissions of the Avoided GHG-
needed needed material emissions
[kg/m’] [kgCO; eq] [kgCO, eq/m2/a]
Filling of the existing air cavity (5cm)
Rock wool (R, = 1.24) 3.8 5.6 18.3
White EPS (R, = 1.41) 0.9 4.1 19.5
Glass wool (R, = 1.50) 1.5 3.0 20.0
Gray EPS (R, =1.53) 1.0 4.2 20.2
Passive house renovation, R, = 6.5 m*K/W
Rock wool 18.2 27.1 26.4
White EPS 4.4 19.7 26.5
Glass wool 6.8 13.6 26.6
Gray EPS 4.2 17.7 26.6
Passive house renovation, R, = 10 m>K/W
Rock wool 28.6 42.5 26.8
White EPS 6.9 30.9 27.1
Glass wool 10.6 214 27.3
Gray EPS 6.6 27.7 27.1

In figure 4.2.1 the GHG-emissions of several insulating options for a square meter of cavity wall are
depicted graphically. Again, a great improvement is found for only a small amount of insulation. Just the
filling of an empty cavity wall can provide an emission reduction of 20 kgCO, eq/m? cavity wall.
According to Milieucentraal (2012), the price of insulating an existing cavity wall by filling it with
insulating material is around €16.50 per m®. This means that for an existing cavity wall, the avoidance
costs range from 0.82 to 0.9 €/kgCO, (or 820 — 900 €/tCO,). For renovating to the Passive house level no
costs were found. This is because the Passive house renovation has not been applied on a large scale,
but also because every Passive house renovation is tailored to the specific case.
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Annual GHG-emissions from heat loss through cavity wall
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figure 4.2.1 annual GHG-emissions for different insulating options and levels of insulation

Annual GHG-emission reduction for the Netherlands

With the avoided GHG-emission per m” cavity wall from table 4.2 and the un-insulated cavity wall
surface in the Netherlands, an estimation can be made of the total GHG-emissions reduction in the
Netherlands. Like for the energy saving potential, it is assumed that all the empty cavity walls haven an
air cavity of 5 cm and are structurally solid to be filled with insulating material. Also, a lifetime of 50
years is assumed for the materials, which is also the period over which the emissions from the material
production are discounted. In figure 4.2.2 the GHG-emission reduction of filling an empty cavity wall and
Passive house renovation of the cavity wall are shown.
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figure 4.2.2 annual GHG-emission avoidance as a result of cavity wall insulation

From this section as well as the previous section it can be concluded that the renovation of cavity walls
in the Netherlands can lead to a significant emission- and energy reduction. Just the filling of empty
cavity walls with insulating materials will result in large savings. However, renovation of cavity walls to a
higher R.-value (2012 building decree or Passive house level) is preferable. This is because of the lifetime
of (over) 50 years, in which a large extra saving can be achieved. Besides the cavity walls, also the other
elements of a building’s envelope should be insulated, which will result in even higher energy- and GHG-
emission savings.
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4.3 Discussion

EPS and mineral wool CED

For the filling of the cavity walls with EPS pearls and mineral wool flocks the CED data of section 2.6 is
used. The CEDs presented there for EPS include thermoforming the loose pearls into a panel. Mineral
wool flocks on the other hand are produced by shredding newly produced glass and rock wool into
flocks, which is an extra production step. This means that for EPS the CED contains an extra process,
whereas for rock- and glass wool a part of the production process is missing. Also, the process of
blowing in the pearls or flocks into the cavity wall is not taken into account. Using the CED from section
2.6 is nevertheless appropriate. For EPS, the thermoforming of the pearls into blocks is only a fraction of
the CED. According to EUMEPS (2011, pp.7 ) 85% of the CED of EPS can be allocated to the raw material
production. The remaining 15% is allocated to the expanding the granules with steam, indicating that
thermoforming the expanded pearls into blocks or panels is not a major contributor to the CED.

As for rock- and glass wool, the melting of diabase/basalt or cullet, the spinning of fibres and the
production of the binder are the main contributor to the CED (Kellenberger et al, 2007; IBU, 2011a).
Shredding the wool blankets has no effect on these processes and it is unlikely that shredding the wool
will have a significant energy consumption compared to those processes. Blowing the flocks and pearls
into the cavity wall will also consume energy. Unfortunately, no data is available on the energy
consumption of this procedure. It is assumed that the process of blowing in the flocks and pearls does
not have a significant energy consumption and thus has no significant effect on the CED of the materials.
The same reasoning can be followed for the GHG-emissions of the materials which are closely related to
the CED.

Passive house renovation energy

Passive house renovation on the other hand might have a large effect on the material CED. Especially
when the outer wall of an existing cavity wall structure is removed and replaced by new masonry. The
found values for Passive renovation could therefore be too positive. However, the amount of energy
that is saved during the lifetime of the building is large. This means that the energy that is saved by
Passive house renovation over the lifetime of the building will certainly compensate for the energy of
the production and the placement of the insulating materials. Furthermore, in the estimation above,
only the heat loss through walls is taken into account. For Passive house renovations however, the
energy saving in practice is even higher because of the advanced ventilation system, the building’s air
tightness and the high level of insulation of the other elements of the building envelope. These factors
are not taken into account in the estimation above, but will definitely increase the energy and emission
savings.

Boiler efficiency

The assumed boiler efficiency of 97% is relatively high. This high efficiency together with the assumption
that all households have an HR-Boiler ensures a conservative estimation. In reality, efficiencies will be
lower. Also, the efficiency of the heat distribution and heat emission are not taken into account, which
could also lower the overall efficiency of the central heating system in a house. The 97% efficiency is also
assumed for Passive house renovation. This can be done, because most of renovated houses maintain
their gas connection. Special systems are used in such renovations that combine the domestic hot water
supply, the heating of the incoming ventilation air or heating via the existing radiators. In De Kroeven
such a system was used. The efficiency of the system used is approximately 97%. (Brink climate systems,
2011).

65



66



5 Conclusion

Application of the Passive house concept

As was shown in section 3.1, the energy efficiency requirements for both new and existing buildings will
continue to rise. In 2020 all newly built houses should be ‘near zero energy buildings’. The Passive house
concept is a major leap in the direction of nearly energy zero buildings. By also renovating the existing
building stock to a Passive house level, a significant amount of energy can be saved with a large GHG-
emission reduction as a result. Passive house renovation has proven to work in practice as was shown in
section 3.6. Chapter 3 and 4 show that there are no technical, environmental or health reasons to not
apply the Passive house concept. However, the economic aspects speak against its application, as can be
concluded from both the discussed sample projects in Roosendaal and Rotterdam.

Best materials

From the LCA assessment of chapter 2 it can be concluded that there is no such thing as ‘the best
insulating material’. This means that there is no univocal answer to the main research question posed in
section 1.1. The reason for this is the fact that the use of insulating materials is application specific, as
can be seen in table 2.2. Nonetheless, when reasoning from an environmental or health point of view it
can be concluded that certain materials do perform better than others. The overall environmental
impacts for PUR/PIR products are much higher than the overall impacts of PF-foam. However, the
environmental impacts and CED during production are more than made up for by the savings potential
provided by the insulating materials during a 50 year lifetime. Therefore, it is important to focus on the
end-of-life options for the materials. Especially when Passive house renovation will be applied on a large
scale in the near future, the use of materials with end-of-life options such as recycling or reuse is
preferable. For both PUR/PIR products and PF-foam this is not the case. Both materials are hard to
recycle at this moment, due to lacking means. At present, hemp- and flax wool are also hard to recycle
because of their support fibres. This combined with their relatively high environmental impacts and CED,
makes these materials unattractive for large scale use. Hemp- and flax wool are however subjected to
improvement, which is illustrated by the development of a cornstarch-based PLA support fibre instead
of polyester.

This leaves three materials: EPS, glass wool and rock wool. Apart from GHG-emissions, EPS performs
better from an environmental point of view than the mineral wools. As for the CED, the required energy
for EPS is higher for the production phase, but almost equal to the mineral wools in a cradle-to-grave
analysis. Both EPS and mineral wool have a large application range, as is shown in table 2.2. This large
application range combined with the low price of the materials has resulted in a large market share.
Both EPS and mineral wool have multiple end-of-life options, which is crucial for materials used on a
large scale. On top of that, the recycling of these products is already common practice an can be done
on a large scale. The downside of EPS and mineral wool are the health aspects. The fire retardant HBCD
used in EPS only represent 1% of the material. However, considering the large future demand as
estimated in section 3.6.4, this 1% could turn out to be a huge quantity. Next to this, the recycling of EPS
containing HBCD in the future is subjected to discussion and thus insecure. A replacement for HBCD is
needed.

For glass- and rock wool such a replacement has already been found in the form of a bio-based binder.
The use of the bio-based binder has eliminated the formaldehyde emission from the material, without
affecting the recyclability of the wools. Until now, Knauf is the only producer using this binder, but other
producers are likely to follow. Health aspects that will remain regardless of the used binder are the
irritating effects of the fibres. These effects mainly occur during the placing of the insulating materials
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and can be prevented by implementing safety measures and applying an airtight building envelope that
prevents fibres from entering the building.

Considering the fact that mineral wool and EPS: are used already on a large scale, have no exceptional
high CED or environmental impacts, have multiple end-of-life options, have health aspects for which
solutions already exist or are likely to be found in the near future, it can be concluded that EPS and
mineral wool are ‘the best’ materials for application in Passive house renovation. Besides this, both
mineral wool and EPS can also be used in common insulation of existing structures, such as cavity walls.
The high savings potential combined with the increasing standards set by regulation (e.g. building
decree and EPC), calls for materials with straightforward application, low environmental impacts, low
costs and proper end-of-life solutions. Therefore, EPS, glass wool and rock wool can be considered the
best materials available today for both Passive house and common renovation.

Recommendations for further research

The application of the Passive house concept has proven to be costly for renovation projects. It should
be investigated (and designed) how the Passive house concept can be applied in a cost-effective way. It
could be that prefab elements can provide smart structural solutions against a feasible price.

For now, EPS and mineral wools are the best choice when considering the end-of-life phase of the
materials. However, the insulation value of these materials is not so high compared to other insulating
materials. For materials such as PF-foam and PUR/PIR the recycling options should be widened and
enhanced. Recycling of these products could result in a lower price and lower environmental impacts.
Research should be conducted on further development of recycling options of PF-foam and PUR/PIR
insulating materials.

As mentioned above, a replacement needs to be found for HBCD. This flame retardant is bio-
accumulative and forms a health hazard. Research is needed to find a replacement for HBCD that does
not affect the properties of EPS. The decision on the recycling of EPS containing HBCD in the future
should not be awaited, but solutions must be found in any case.

The innovative materials shown in table 2.1 and appendix B are promising. The thermal conductivity of
vacuum insulation panels and aerogel could drastically reduce the thickness of walls that are currently
needed for Passive houses. Future research should focus on optimizing the production process of these
materials, so that the prices of these materials come down.

To improve the recycling of insulating materials, take back schemes could form an option. Producers
could for instance pay a certain amount of money for insulating material that is returned to them after
the useful life of the insulation material. It should be investigated what the effect of a financial incentive
is, or whether it is better to choose for a different type of return policy.
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A. Common building methods in the Netherlands
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Wall constructions

o Solid brickwork walls
Solid brickwork walls are the oldest type of wall. A solid wall is nothing more than a brickwork wall. In
the Netherlands, this type of wall was commonly used until 1920, after which the number of buildings
with a cavity wall started to become dominant (Jeeninga and Volkers, 2003).

e Cavity wall
The cavity wall consists out of four layers: the inner wall (or inner leaf), a layer of insulating material (if
build after 1975), an air layer followed by the outer wall (or outer leaf). The inner wall is usually
constructed out of sand-lime bricks or concrete. For the outer wall, bricks are used. The thickness of the
air cavity ranges from 0-6cm (Kooren, 200X). When there is no air cavity, the insulating materials should
be covered with a foil, to protect it against moisture. Common insulation materials in cavity walls are
panels made of mineral or glass wool and hard foams. The basic structure of the cavity wall is depicted
in figure 1.
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Figure 1, cavity wall (Adjusted from: Isover, 2008)

By connecting the inner and outer wall, the cavity wall becomes solid. This connection is made by
(stainless) steel wall ties that also hold the insulating material into place. The cavity wall concept is used
to prevent rainwater from seeping through the wall, which would otherwise create moist problems.
When water hits the outer wall, the water can seep through the wall until it is stopped by the air cavity.
At the bottom of the wall, some of the vertical joints between the brickwork are left open. These
openings enable the water to leave the cavity wall and allow for ventilation. This causes the inner wall
and insulating material to remain dry. In 1920, the use of a cavity wall was recorded into a model
building code for municipalities. In the period 1995-1999 over 95% of the newly build houses were
equipped with a cavity wall (Jeeninga and Volkers, 2003). This makes the cavity wall the most common
building envelope in the Netherlands. A cavity wall is easy to recognize by its brick pattern and open
vertical joints at the bottom, top and near window frames.
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e Dry cladding systems
These systems consist of a solid interior wall constructed out of concrete, sand-lime bricks or other
solids materials suitable for masonry. The interior wall can also be constructed out of (steel) beams, but
this way of constructing the interior wall is often used for utility buildings and industrial buildings
(Isover, 2008). On the outside of the interior wall, fixing rails (made of either wood or metal) are
mounted, to which both the insulation materials and the cladding is fixed. With the use of either plastic
or metal anchors, the insulating panels are mounted firmly against the wall. The cladding protects the
interior wall and insulating material against rain (Kingspan, 2011a). Multiple materials can be used as
cladding materials. In figure 2 the construction of a dry cladding system is depicted.

Solid interior wall

Insulation

Fixing rail

Cladding

Figure 2, example of a dry cladding system (Adjusted from: Kingspan 2011a)

e Wet render systems
The basis of wet render systems is a concrete, brickwork or timber frame wall. Insulating material is
directly fixed upon the wall with a fixing mortar and mechanical fixes (anchors). After fixing the
insulating material, a render finish is applied over a layer of reinforcing mortar which has been
reinforced with a mesh (Kuindersma, 2010). Figure 3 shows the different layers out of which the wet
render system consists. The render finish and reinforcing mortar are all that separate the insulating
material from weather influences. The render finish is however watertight and shelters the insulating
material underneath from rainwater. Next to finish renders, other options are possible as well, which
include options to mimic existing facades with the use of profiles and brick strips (Sto, 2011). An
example of such can be seen in
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Interior wall
Fixing mortar

Insulating
material

Reinfarcing
mesh

Reinfarcing
rorar

Render finish

Mechanical fix

Figure 3, example of a wet render system (Adjusted from: Kingspan 2011b)

Figure 4 fixing the stone strips (Habavo, 2011) Figure 5 finished result with stone strips (Habavo, 2011)
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o Timber frame construction
The timber frame construction uses wooden beams for the support structure of the building. Figure 5
shows the construction of a timber frame construction. The timber frame construction also makes use of
the cavity wall principle. This is done by creating an interior wall out of plasterboard (1) which is fixed to
the wooden support beams (4). In between the wooden beams, insulating material can be placed (3).
The exterior wall in figure 5 is constructed out of bricks (7), but the exterior wall could also be made out
of other materials, look wooden plating. The air cavity is indicated with number 6 in figure 5. In figure 5
the numbers 2 and 5 are special foils. Foil number 2 stops water vapour, whereas foil number 5 stops
liquid water, but not water vapour. This way the wooden construction will not rot.

Figure 5, timber frame construction (Isover, 2008)
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Roof constructions

e Flat roof
Flat roofs are constructed by placing a layer of plating on top of a row of beams which are mounted to
two opposite walls. The beams can be made out of wood, steel or concrete. The same goes for the
plating. An exception is the case in which thick concrete panels are laid on top of the walls, to create a
flat roof in one go. To make the roof watertight, bitumen are used. When the flat roof is insulated this
can be done on either side of the roof: insulating materials can be put in between the beams, or
insulating material can be put upon the roof and covered with bitumen. Figure 6 and 7 show an example
of both the insulating options.

1. Wooden bearms

2. %apour foll
3. Insulating matenal
4. Bitumen

F_igure 6, insulation between the beams (Isover, 200X) Figure 7, insulated on top of the roof (Rockwool, 2004)

e Pitched roof: purlin roof
There are two commonly used types of pitched roofs: the purlin roof and the rafter roof. Figure 8 shows
an example of a purlin roof. The large beams perpendicular with the cullis, are fixed to the brickwork.
After the purlins are fixed, wooden plates are mounted on top of them. Upon these plates, tile laths are
fixed to support the roof tiles. Before 1975, no insulating material is used. Retrofitting a purlin roof with
insulating matgrials is thgrefore done by adding insulating material inside the attic.

fAT T

Figure 8, example of a purlin roof (Adviesbureau Simons, 2009)
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When houses are build with a purlin roof nowadays, the basic structure of the wooden beams is still the
same. However, prefabricated roof panels exist that contain insulating material and tile laths, so they
can easily be mounted on top of the purlins. The roof panels provide both insulation and a base to
mount the roof tiles on. Figure 9 shows the mounting of such a roof panel.

9 % : --r-""—‘"'r' ; 5 '-_I- ..' ". . E -
: " .

Fig'ure 9 mountig of an insulated roof panel with tile'lafhs (NBD, 2010)
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e Pitched roof: Rafter roof
The rafter roof is constructed out of self supporting wooden beams (rafters). By cutting a small notch
into the rafters, they are able to rest on the outer walls of the building. Figure 10 shows how the rafters
rest onto the outer walls. In the figure the construction of the ridge can also be seen. By connecting the
rafters in the ridge of the roof by either wood or metal plates, a self supporting structure emerges.

Figure 10, construction of a rafter roof (Bouwinfo, 2008a)

Just like the purlin roof, the finished wooden structure (see figure 11) will also be covered in wooden
plates on which tile laths are mounted. In buildings build before 1975 that were not subjected to any
regulation considering insulation, the roofs are not fitted with insulating materials. When a rafter roof is
retrofitted with insulating materials, this is done on the inside of the roof (in the attic), between the
rafters.

Figure 11, example of a rafter roof construction (Bouwinfo, 2008b) B

When the rafter roof construction is used nowadays, the same type of plates that are placed on top of
the purlin roof can be used. This means that the rafter roof can also be finished with prefabricated roof
plates which are already fitted with insulating materials (see figure 9).
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Floor constructions

e Wooden floor (wooden beams with wooden flooring)
A wooden floor is a common type of floor in old houses. Nowadays almost all the newly build houses
have concrete flooring. The base of the wooden floor is formed by thick wooden beams that are fixed in
the supporting wall on both sides. Upon these wooden beams, flooring can be placed. To prevent the
wooden floors from rotting, an empty space is kept underneath the floor. This space is often called the
crawl space and contains plumbing and electricity connections. Wooden floors were usually not
insulated during construction. Figure 12 shows a schematic view of a wooden floor construction which is
retrofitted with insulating materials. These materials must be able to allow water vapour to pass

through, to prevent rotting.
2 TR e

Figure 12, schematic representation of a wooden floor construction (Isover, 2011)

e Solid concrete floors
Another way of constructing floors is by using solid concrete floors. These floors can be made at the
construction site, but prefabricated floors are also available. Most of the prefabricated floor panels are
already equipped with some kind of insulating materials. Polystyrene is the most commonly used
materials for insulating concrete floors, since concrete floors are not affected by water vapour or moist.
Many of the floors are however equipped with a crawl space. This not space is not needed from an
insulation point of view, but it is used for plumbing and electrical wiring. If the floor needs to be
retrofitted with insulating materials, this can easily be done by fixing insulating panels underneath the
floor, as can be seen in figure _13.

Figure 13, insulating an existing concrete floor
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1 Technical aspects of insulating materials
For a material to be considered an insulating material, it must hold certain properties. This section is
aimed at finding the technical aspects that are important for insulating materials.

1.1 Thermal conductivity

The main reason for using insulating materials is the reduction of heat losses from the inside of a
building to the outside. The barrier that stands in between the inside and outside is the so called
building envelope of a building. To accomplish a reduction in heat loss, the thermal resistance of the
building envelope must high. Insulating materials are used in order to reach a high thermal
resistance. How well an insulating material resists heat, is determined by the material’s thermal
conductivity (A) in W/m-K. Thermal conductivity can be seen as a measure of the effectiveness of a
material in conducting heat. The thermal conductivity of a material is needed in order to calculate
the heat flow through a piece of material, as equation 1 shows (Blok, 2009):

AT
Q= A-F-A=k-AT-A

equation 1.1 heat flow through a material

In which:

Q = heat flow [W]

AT = Temperature difference across the material [K]
d = Thickness of the material [m]

A = Surface of the material [m?]

A\ = Thermal conductivity of the material [W/m-K]

k = Heat transmission coefficient (\/d) [W/m?K]

Thermal resistance

From equation 1.1 it is clear that the lower the thermal conductivity of a material is, the lower the
heat flow and therefore the heat loss will be. For insulating materials, the thermal conductivity
therefore is an important aspect. In equation 1.1, the heat transmission coefficient k is used. When
this k-value is inverted, the thermal resistance for a particular material thickness is obtained (Blok,
2009).

The way thermal insulating materials resist heat flow depends on microscopic cells in which air or
other gasses are trapped and therefore still. Because the air or gas within the cells is still (prevented
from moving) convective heat transfer is suppressed. The insulating material itself is therefore not
the provider of thermal resistance, but the air or gas trapped inside the material. The theoretical
thermal resistance limit of insulating materials is set by the thermal resistance of the still air or gas
used within the material (Al-Homoud, 2005). The type of gas used within the material is therefore an
important aspect of the material, since it influences the thermal conductivity and hence the thermal
resistance. In table 1.1 the thermal conductivity of different gases used for insulating materials is
given. Another option is to not use a gas at all, but to work with (near) vacuums.

table 1.1 Thermal conductivity of gases used for insulating materials

Gas A [W/m-K], T=200K A [W/m-K], T=300K
Air 0.0184 0.0262
Co, 0.0096 0.0168
Pentane - 0.0144
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Declared thermal conductivity

From table 1.1 it is clear that the thermal conductivity of a gas changes with its temperature. The
determination of a materials thermal conductivity must be done uniformly, so that a fair comparison
between the materials can be made. In NEN-1068:2001 the way of determining the thermal
conductivity of insulating materials is prescribed.

Determining the declared thermal conductivity (Ap) starts with a series of tests in which the thermal
conductivity of a material is measured. A minimum of ten measurements is needed with an accuracy
of three significant figures at a temperature of 10°C. From these measurements, the Agpg0 iS
calculated. This is the statistically determined value of the thermal conductivity which represents
90% of the production with a reliability of 90%. It is calculated by equation 1.3

n

Z 21 _ﬂ’mean)z

g =4[
Agor00 = 4 +k-s, * n-1

average

equation 1.3 calculation of Agg/90 equation 1.2 spreading of measured values
In which:

Amean = mathematical average of the measured values
k = factor depending on the number of values (e.g. n=10, k= 2.07; n=20, k=1.77)
n = number of measured values
s) = standard deviation, calculated according to equation 1.2
A = value of measurement i
From the calculated Agp/90 Value, the Ap is obtained by rounding the Agg/q0 to the closest 0.001W/m-K
(NEN 1068, 2001)". Since all producers of insulating materials are obliged to use these norms, the
thermal conductivities are measured and calculated in the same way and can therefore be compared
to each other.

Density

Another factor that is of influence on the thermal conductivity of a material is the density of a
material. A lower density means that there is less material which can conduct heat and there is more
air or gas to resist the heat. However, for certain purposes like flat roofs or cavity walls, self
supporting materials or materials with a high compressive strength are needed. This can only be
achieved by a more dense structure of the materials. A denser structure results in a higher thermal
conductivity.

1.2 Fire classification

Thermal insulating materials must have a fire classification. This classification is important because it
can be of influence on the application of insulating materials. A fire classification is part of the CE-
marking that all construction materials are obliged to have (Bouwbesluit, 2003a). The classification is
prescribed in the European norm EN-13501-1. In the norm, seven main classes are specified: Al, A2,
B, C, D, E and F, in which Al is non-flammable and E is highly flammable. If a product has no
specification, or is extremely flammable, it will receive class F. Besides the main classes, there are
two other classes: smoke growth rate (s1, s2 or s3) and flaming droplets or particles (dO, d1 or d2)
(NEN-13501-1, 2009). During this research, only the main classes will be reported (A1, A2, B etc.),
because the latter two classes are more product specific than material specific. Next to that, it is the

! Note that for some materials, the aging of the materials (the leakage of gas from gas cells within the material)
needs to taken into account. For these materials (e.g., XPS, PUR, PF) this process is prescribed in NEN-EN 13164
to NEN-EN 13166 respectively.
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entire construction that is assessed for its fire class, not the separate materials. Materials with a low
fire class of for instance E or F, can still be used within a construction, as long as the required
classification for the entire construction is reached. However, although the requirements differ per
construction and residential function, the lowest classification is D, with smoke class s2. For flaming
droplets, there is no requirement in the Dutch building decree (Staatscourant, 2005).

1.3 Moisture

When the building envelope of a building is insulated, attention must be paid towards the prevention
of moisture problems. These problems are the result of condensing water vapour and can lead to
structural damage (rotting of wood) or wet spots that form a breeding place for mould. If warm air
with a high humidity diffuses from the inside of a building to the colder outside, the water vapour
could condense within the insulating material. This diffusion of warm water vapour to the less humid
outside environment occurs because of a difference in vapour pressure. The vapour pressure inside
the building is higher than the vapour pressure outside. By the diffusion of water vapour from the
high to the low pressure, this unbalance is cancelled out. The high humidity inside buildings is due to
the users of the building: cooking, showering, plants and the water vapour exhaled by humans,
contribute to an increasing humidity. (Van den Hout et al, 2005).

Water vapour diffusion resistance
To determine the vapour permeability of a material, equation 1.4 is needed to determine the water
vapour resistance of a material.

0,

air
equation 1.4 water vapour diffusion resistance

In which:

Z = water vapour diffusion resistance [m/s]

K = Water vapour diffusion resistance factor [-]

d = thickness of the material

8.ir = Water vapour conduction coefficient of air (0.185-10°)

When the water vapour diffusion resistance of an entire construction (e.g. wall, floor, roof) has to be
determined, the resistances of the individual materials can be added up. This leads to the expression
as given in equation 1.5.

>°7=54.10°-> u-d

equation 1.5 summation of resistances

From equation 1.5 it is clear that if the water vapour diffusion resistance factor (1) of a material is
known, the total water vapour diffusion resistance (Z) can easily be calculated. This Z-value can be
used for the calculation of the water vapour pressure change over the entire wall, roof or floor
construction. With this change in water vapour pressure, areas can be identified at which
condensation could occur and prevented if necessary (Van den Hout et al, 2005 & Hasselaar, 2004).

Water vapour diffusion resistance factor (p)
The p value of an insulating material gives the relation between how much water vapour diffuses
through a layer of air, and a layer of material of the same thickness:

_vapour diffusion resistance of a material with thickness d

vapour diffusion resistance of an air layer with thickness d
W is therefore a useful indicator for insulating materials, because it gives a good first impression of a
materials vapour diffusion resistance, which can be of influence on the practical application.When
building a vapour closed construction, it is useful to use materials with a high p. The pu value for
materials is greater than or equal to one (Hasselaar, 2004).
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Next to insulating materials, there are also materials that are used because of their high p-value. PE-
foil for instance has a p value of 50,000 and is therefore often used as a vapour barrier to prevent
water vapour from inside the house to enter the insulating material. This is usually done during the
renovation of pitched roofs with mineral wools, for these materials have a low u (1-2) (Isover, 2008).

1.4 Price

For the determination of the prices, the price of insulating a cavity wall to a certain thermal
resistance will be determined. This is done per material, so that insight is provided in both the
practical applications as the costs.

Cavity wall

To calculate the price of the materials, the thickness of the needed material must be determined.
This calculation is done according to the Dutch practical directive NPR 2068:2002. In this directive,
the legal method of calculation a cavity wall’s thermal resistance (Rconstruction) 1S prescribed. This
prescription is in accordance with the requirements of the 2003 building decree which requires cavity
walls to have a R. of at least 2.5 m®K/W (Bouwbesluit, 2003b). In 2012, a new version of the building
decree will come into force, in which the standard is raised to 3.5 m*K/W (Concept Bouwbesluit,
2011).

The calculation is best explained by using a sample cavity wall from NPR 2068. A cross-section of this
cavity wall is depicted in figure 1.4.1. The wall is constructed out of 100mm of brickwork on the
outside (1), a 40mm air cavity (2), a 100mm thick layer of insulating material (3) and a 100mm sand-
lime brick inner wall (4).

L t'u ] )
— ) - Ny S

1'- \ T i
V1 V2 \3 W4

figure 1.4.1 cavity wall from NPR 2068:2002

With the four elements of the cavity wall from figure 1.4.1, its R, can be calculated with equation 1.6.

Z R, +R,+R,

l+a
equation 1.6 calculation of R.-value

Rc = _(Rsi+Rse)

In which:

Rc = Thermal resistance of the entire cavity wall construction [m*-K/W]

Rm = Thermal resistance of the different materials [m*-K/W]

Rsi = Heat transition resistance of the incoming heat flow [m?K/W]

Rse = Heat transition resistance of the exiting heat flow [mZ-K/W]

a = Correction factor for the existence of internal convection and construction influences [-]
When cavity wall is constructed on the building site, the value for a is 0.05. For prefabricated
elements, o becomes 0.02. If cellular glass is used, a becomes 0.
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The thermal resistance of the different materials (Ry,) is calculated by dividing the thickness of the
material by its ‘calculation’ thermal conductivity (Az). This calculation thermal conductivity is derived
from the declared thermal conductivity (Ap) by using equation 1.7.

yl = Ayiareg - Fr . s

calculation eclared
equation 1.7 determination of A,

In which:

F: = 1.0 if the annual temperature is between 5 and 20°C, which for the Netherlands is true.

Fm = A factor to correct for the influence of moisture in certain situations, like inverted roofs. For
cavity walls and pitched roofs, this value is 1.

Fa = A correction factor for the aging of in-situ materials, like blown in foams or flocks. For Factory
made insulating materials the value 1 is used.

From the factors needed for equation 1.7 it can be concluded that in most cases Acalculation = Adeclared-

For the price calculation, the R. that needs to be reached is 3.5 m2-K/W. According to the directive,
the R, for the inner sand-lime brick wall, air cavity and brickwork are 0.10, 0.18 and 0.10 m*-K/W
respectively. The values needed for R and Rge are provided in NEN 1068:2001 and are 0.13 and 0.04
m2-K/W respectively. The only unknown value now is the thermal resistance of the insulating
material (Ryv).By rewriting equation 1.6, an equation is obtained from which Ry, can be calculated:

I:\)IM = _(Z Rcavitywallelements + I:\)si + Rse) +[(1+ 0{) ’ (Rc + Rsi + Rse)]
R, =—(0.38+0.13+0.04) +[1.05-(3.5+0.13+0.04)] = 3.3035 [m*-K /W]

equation 1.8 thermal resistance of insulating material in cavity wall

Since Ry is calculated by Ryy=thickness of insulating material / A, its thickness can be calculated by
filling in the A values of different insulating materials. With this thickness, a matching product
consisting of a specific material can be sought-after, from which the price can be determined.
However, the insulating materials are fixed by fasteners that stick through the material. These
fasteners influence the thermal conductivity of the material. Therefore, the influence of the fasteners
is taken into account by calculating a composed thermal conductivity according to equation 1.9.

1 _ (ﬂ“calculation ) AIM + ﬂfasteners ) Afasteners)

composed
(AIM + Afasteners))
equation 1.9 composed thermal conductivity

In which:

Acomposed = Composed thermal conductivity [W/m-K]
Afasteners = Thermal conductivity of the fasteners [W/m-K]
A = Net surface of the insulating material [m?]
Afasteners = Surface of used fasteners [m’]

For Afasteners aNd Afasteners Value from NPR 2068:2002 are used. This means stainless steel fasteners
with a diameter of 4mm and a thermal conductivity of 15W/m-K. The number of fasteners per m?
depends on the width of the cavity. In table 1.2 the number of fasteners per m” according to Rentier
et al. (2005) is given. When the cavity gets wider, this also has an effect on the thickness or material
of the inner wall. A cavity wall with a cavity wider than 150mm must have an inner wall made of
brickwork over 100mm thick, or has to be constructed out of concrete. The minimal thickness for a
concrete inner wall is 150mm according to Spierings et al. (2004). Producers of insulating materials
consider 160mm to be a commonly used thickness. 160mm is therefore the value used in
calculations, when the cavity exceeds 150mm. Calculation for a cavity smaller than 150mm, a 100mm
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sand-lime brick wall is assumed. With a A value for concrete of 2W/m-K according to NPR 2068:2002,
the R, value for a concrete inner wall becomes 0.08 m*-K/W.

table 1.2 influence of cavity width on fasteners and inner wall construction (Rentier et al, 2005)

Cavity width Fasteners Diameter fasteners Inner wall construction
[mm] [n/m’] [mm]

50-150 4 4 At least 100mm brickwork

150-300 6 4 concrete or >100mm brickwork

150-300 4 5 concrete or >100mm brickwork
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2 Categories of insulating materials
To compare the insulating materials, a division is made by setting up material categories. According
to Papadopoulus (2005) four categories can be defined that are based on the chemical composition
of the base material from which the insulating material is produced. These four main categories are:

1. Inorganic materials

2. Organic materials

3. Combined materials

4. New technology materials
For this research, the third category ‘combined materials’ is not used, because it lists insulating
materials that consist out of multiple materials (e.g. foam with plasterboard). Since the focus lies on
commonly used and new insulating materials, the fourth category is used together with category one
and two from the above list. This allows both new (high tech) and commonly used materials to be
divided into categories easily.

The three categories that remain are still very general and should be more detailed. To do so, the
organic materials are split into two groups: materials made from a petrochemical base (e.g. polymers
like polystyrene, polyisocyanurate) and materials made from renewable resources (e.g. sheep’s wool,
flax). This separation is useful, because the renewable materials are not common materials yet, but
might become so. The inorganic insulating materials have a mineral base material (cullet or basalt for
example) (VIBE, 2007). Another division that can be made according to Papadopoulus is the structure
of the materials (e.g. foamy, fibrous). This division does not cover all materials. Calcium Silicate for
instance, is a material that is inorganic, not fibrous, but also not foamy. Therefore the category
‘cellular’ is used (Al-Homoud, 2005). Since the structure of the material could be of influence on its
practical application, this division is made as well. Figure 1 shows the classification scheme that is
derived from both Papadopoulos and Al-Homoud. No fibrous petrochemical materials were
encountered during the search for materials, therefore the category ‘fibrous’ is left out.

Insulating
Materials
| |
Inorganic Organic New Technology
materials materials materials
|
. | : 1
| . | Cellular
—1 Fibrous Petrochemical Renewable
e —_— Foil
| Celua Cellular — Fibrous

— Cellular

figure 2.1 categorization of insulating materials

Categorizing the insulating materials allows a conveniently arranged overview to be created. In the
following chapter the different categories will be filled with materials, starting with the inorganic
materials from figure 2.1.
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3 Inorganic insulating materials
According to Papadopoulus, Al-Homoud, VIBE and Jelle (2011) the following inorganic insulating
materials are used for building insulation and are classified accordingly:
e Fibrous
= Glass wool
=  Rock wool
e Cellular
= Calcium silicate
= Cellular glass
= Perlite & Vermiculite

3.1 Inorganic: fibrous

Glass- and rock wool are produced from mineral fibres and are therefore often referred to as
‘mineral wools’. Mineral wool is therefore a generic term and not itself a material. Glass- and rock
wool are the most common type of insulating material used today. The combined European market
share of glass- and rock wool is around 60% (Pappadopoulus, 2005).

3.1.1 Glass wool

figure 3.1.1 glass wool panels (Isover, 2010)

Production

For the production of glass wool borosilicate glass (quartz sand), recycled glass (cullet) and additives
(fluxing agents like dolomite) are needed (Isover, 2009, Jelle, 2011). These base materials are melted
in a furnace at around 1450°C. From the melted materials, fibres are spun. This process is
comparable with the spinning of candy floss, in which sugar is melted and spun into fibres. During the
spinning of the glass fibres, a binding agent is injected. As a binding agent, phenol-formaldehyde-urea
resin is commonly used (Kowatsch, 2010). After the glass fibres are spun, they are shaped into form
and send through a curing oven, where the added binding agents give the glass wool its distinctive
yellow colour.
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figure 3.1.2 production of glass wool (Isover, 2009)
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After the curing oven, the glass wool batt is cut into shape. Glass wool comes in the shape of panels
(figure 3.1.1), rolls and flocks. In figure 3.1.2, the production process of glass wool is depicted
schematically.

Thermal conductivity and density

The thermal conductivity (Ap) of glass wool lies between 0.030 and 0.040 W/m-K (Jelle, 2011). Two
large producers of glass wool, Knauf and Isover, also present A, values for their products that fall
within this range. Since glass wool consists largely of air, its density is between 12-150 kg/m?
(Kowatsch, 2010). The varying in the density depends on the purpose of the glass wool. When
compressed into panels, the density goes up in order to reach a higher compressive strength, or to
make the panels self supporting.

Fire class

Fire class: Al and therefore no production of smoke or flaming droplets. However, glass wool
products (panels, rolls) can be layered with materials for either comfort, moisture or extra insulation
that can lower the fire class.

Water vapour resistance factor
p=1

Practical application

Glass wool can be used for the insulation of both walls, floors and roofs. It is an all-round material
that can be used in almost every type of building envelope construction. Due to alterations of the
different products, a glass wool product is available for almost every purpose. In all of these products
glass wool is the ‘working’ material.

Price

For the insulation of the cavity from section 1.4, many glass wool products are available. A large
producer of glass wool products is Isover. One of their products suitable for cavity walls is ‘Mupan’.
Mupan consists of glass wool panels, that come various designs. The most simple design is just a glass
wool panel with a glass film on both sides. This product has a Ap of 0.035 W/m-K.

When the calculation according to section 1.4 is performed, the needed thickness of the material is
118mm. Mupan is available in panels of 120mm thick. The price of these panels is €9.30/m”. (Isover,
2011). Two other Mupan designs are available as well: ‘Mupan plus’ with a Ap of 0.033W/m-K and
‘Mupan Ultra XS’, which has a reflective foil one side and a A, of 0.028W/m-K.

Another producer of glass wool products is Knauf. Their products are quite similar to the products
from Isover mentioned earlier. To make a fair comparison, these similar products are taken into

account as well. In order to reach R, = 3.5 m*K/W this gives the options as listed in table 3.1.

table 3.1 glass wool product prices to reach R.=3.5. All prices are without VAT (Knauf, 2011 & Isover, 2011).

Product Producer Ao Thickness Price
[W/m-K] [mm] [€/m’]
Mupan Isover 0.035 120 9.30
Mupan Plus Isover 0.033 115 11.75
Mupan Ultra XS Isover 0.028 97 13.30
Cavitec 036 Knauf 0.036 125 9.60
Cavitec 035 Knauf 0.035 120 11.10
Cavitec 032 premium Knauf 0.029 100 14.70
Cavity wool (flocks) Isover 0.045 149 15.76
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3.1.2 Rock wool

figure 3.1.3 rock wool panels (Passiefhuismarkt, 2011)

Production

Rock wool is produced from two minerals: diabase (dolerite) or basalt. Next to virgin materials, also
recycled rock wool can be added to the process as well as slag residues from the metal industry.
When only this slag forms the base material, the obtained product is called slag wool. The production
process of rock wool is similar to the glass wool production. The base minerals are melted inside a
cupola oven at around 1500°C. Cokes are used as fuel for the cupola oven (Jelle, 2011). As in the
production of glass wool, dolomite (limestone) is added as a fluxing agent (Kowatsch, 2010). From
the molten minerals fibres are spun, by pouring the molten material onto spinning disks through
which air is blown. The spun fibres are bonded with a binding agent, to create flocks, panels (figure
3.1.3) or rolls. For the binding process phenol-formaldehyde-urea resins are used (Kowatsch, 2010).

Thermal conductivity and density

According to Jelle (2011), typical thermal conductivity values for mineral wools are between 0.030
and 0.040W/m-K. Both Rockwool and Knauf, two large rock wool producers, produce their rock wool
with a thermal conductivity of 0.035W/m-K, which is right in between the 0.030 and 0.040W/m-K The
density values of rock wool are between 25 and 200 kg/m3 (Al-Homoud, 2005; IBU, 2008). A higher
density occurs when the rock wool is pressed into panels that need a higher compressive strength.

Fire class

Rockwool has fire class: Al (non-flammable) and therefore does not produce any smoke or flaming
droplets. Like glass wool, products (panels, rolls) can be layered with materials for either comfort,
moisture or extra insulation that can lower the fire class.

Water vapour diffusion factor
n=1to5.

Practical application

Rock wool is a versatile material that can be used for the insulation of walls, roofs and floors. For
virtually all the types of constructing a building envelope, a rock wool product can be used as
insulating material. During the installation of the rock wool, it should be kept dry at all times.
Although rock wool is treated against moisture, the thermal conductivity will get significantly lower
when it gets wet. A increase of the moisture content from Ovol% to 10vol% causes a thermal
conductivity increase from 0.037W/m-K to 0.055W/m-K respectively (Jelle, 2011). This also applies to
glass wool. Mineral wools should therefore be kept dry at all times.

Price

Mineral wool can be applied in cavity walls. Therefore the calculation from section 1.4 is used to
determine prices for Rockwool products in order to reach an of R.=3.5. For the determination of the
prices, the price catalogue of Rockwool (a large producer) is used. Rockwool provides four products
for the insulation of cavity wall (all panels). The simplest design is the “Spouwplaat 433 Mono” with a
Ap of 0.035 W/m-K. The most advanced product is a panel that is lined with a reflective foil on one
side with a Ap of 0.029 W/m-K. With the calculation method of section 1.4 and the Rockwool price
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catalogue, prices for insulating to R.=3.5 are obtained. Just like with glass wool, another producer of
rock wool is taken into account. Because Knauf also produces Rockwool, their product prices are used

as well. The total result can be found in table 3.2. The Knauf products from the table are rock wool

panels without any reflective foil.

table 3.2 rock wool product prices to reach R.=3.5. All prices without VAT (Rockwool, 2011 & Knauf, 2011)

Product Producer Ao Thickness Price

[W/m-K] [mm] [€/m’]
SpouwPlaat 433 Mono | Rockwool 0.035 120 12.25
SpouwPlaat 433 Plus Rockwool 0.033 115 15.80
SpouwPlaat 433 HP Rockwool 0.029 100 17.95
Cavity Slab Knauf 0.035 120 12.30
Cavity Slab HD Knauf 0.034 120 20.05
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3.2 Inorganic: cellular

3.2.1 Foam glass (cellular glass)

figure 3.2.1 foam glass panel (Foamglas, 2011)

Production

In figure 3.2.2 the production process of foam glass is depicted. To produce foam glass, a mixture of
recycled glass, feldspar, dolomite and other additives are used to create glass with the desired
properties for foam glass at a temperature of 1250°C. The produced glass is cooled down and milled.
Carbon is added during the milling of the glass. This mixture of carbon and milled glass is poured into
moulds. The filled moulds pass through the foaming furnace (8 in figure 3.2.2). In the foaming
furnace the temperature is around 850°C, causing the carbon to oxidise, creating CO,. The CO, is
trapped in the glass, creating a cell structure (hence, cellular glass). After expanding, the foam glass is
annealed and taken out of the mould. The newly produced foam glass blocks get trimmed and cut
into shape, after which they are ready to use (Foamglas, 2011). A trimmed and cut panel is shown in
figure 3.2.1.

figure 3.2.2 foam glass production process (Foamglas, 2011)

Thermal conductivity and density

Foam glass has a thermal conductivity ranging from 0.038 to 0.055W/m-K. The thermal conductivity
depends of the density of the foam glass, which ranges from 100kg/m? to 200kg/m?® (Foamglas,
2007).

Fire class
Because foam glass is entirely made of inorganic materials it has fire class Al (non-flammable).
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Water vapour resistance factor
The dense cell structure is complete made out of glass, giving the material an infinite y, no water
vapour can pass through the material.

Practical application

Due to the fact that foam glass is made of expanded glass, it has a high compressive strength, up to
3N/mm?Z. This makes the material very suitable for the insulation of flat roofs which are covered with
bitumen of other heavy substances. Next to insulating of roofs, foam glass can also be used for the
insulation of walls on both the in- and outside. Because foam glass is a vapour barrier, it is not
suitable for the insulation of pitched roofs and wooden flooring, therefore making it less suitable for
renovation.

Price

To calculate the price for the insulation of a cavity wall with foam glass according to section 1.4, the
price is based on products made by Foamglas. The only products suitable for cavity wall insulation is
Foamglas Wall Board T4+ (Ap = 0.041W/m-K) and Foamglas W+F (A = 0.038 W/m:-K). With the
thermal conductivity values the thickness of products can be determined to reach R. = 3.5. For
Foamglas Wall Board T4+, this gives 138mm and for Foamglas W+F this gives 129mm. The
accompanying product thickness and prices are presented in table 3.3.

table 3.3 foam glass product prices to reach R.=3.5. All prices exl. VAT (Foamglas, 2010)

Product Producer Ao Thickness Price

[W/m-K] [mm] [€/m?]
Wall Board T4+ Foamglas 0.041 140 62.37
Foamglas W+F Foamglas 0.038 130 46.46
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3.2.2 Calcium Silicate

figure 3.2.3 Calcium silicate panels (Kuhnen, 2011)

Production

By mixing chalk, pure sand, water and additives together a predecessor of the desired calcium silicate
is produced. The mixture is shaped into panels (see figure 3.2.3) that are placed in an autoclave (see
figure 3.2.4). Due to the high pressure and steam in the autoclave, the calcium silicate crystals form a
porous open structure that gives the panels their insulating properties. To provide extra strength,
cellulose fibres (up to 10%) can be added to the mixture before it enters the autoclave(Calsitherm,

figure 3.2.4 Calcium silicate panel autoclve (Calsitherm, 2010)

Thermal conductivity and density
The thermal conductivity of calcium silicate panels is between 0.059 and 0.065W/m-K when the
panels have a density between 200 to 240kg/m?>.

Fire class
Calcium silicate has fire class A1 (non-flammable).

Water vapour resistance factor
W =6-20

Practical application

Calcium silicate can only be used for the insulating of the building envelope from the inside. The
panels need to be glued to the inside of the exterior wall, after which they can be finished with for
instance a render. Because the compressive strength of calcium silicate panels can be around
2.8N/mm? it can also be used for blocking cold bridges. However, with an increase of the
compressive strength, the density increases as well. This density increase causes an increase in the
thermal conductivity. Calcium silicate panels are porous and therefore soft. This means that
whenever something needs to mounted to the wall (e.g. pictures, sinks, bookshelves), special plugs
or wall mounts are needed.

Price

Since calcium silicate can only be used as an insulating material indoors, it cannot be used within a
cavity wall. Besides that, the relatively high thermal conductivity of calcium silicate would result in
very thick layers (198mm for A=0.059 and 218mm for A=0.065W/m-K).
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3.2.3 Vermiculite & Perlite

Vermiculite and perlite are treated together, because the materials are quite similar. The ore of both
the materials gets crushed into granules, after which it is heated to expand the granules. The
structure of perlite and vermiculite are different, as can be seen in figure 3.2.5. Vermiculite has a
layered structure, whereas perlite has a non crystallized structure of cells in which water is bound.

Production

Vermiculite is a magnesium-aluminium silicate which is capable of expending at high temperatures
(900°C). The vermiculite ore has a layered structure in which water is bound. When the vermiculite is
heated, water vapour is set free and exfoliates the layered structure, leaving air cavities in the
vermiculite structure (Bouwcenter, 2007).

Depending on the raw material producing area, perlite consist for 65-80% out of silicon dioxide, 2-6%
water and other minerals. (Bouwcenter, 2007). Just like vermiculite, perlite is heated to a
temperature of about 900°C. At this temperature, the water vapour expands the perlite, leaving air
cavities within the material. The expanding of perlite is best compared to popping popcorn, only then
at much higher temperatures.

Thermal conductivity and density

Perlite has a thermal conductivity between 0.040 and 0.060 W/m-K and can have a density varying
between 32 and 176kg/m?. Vermiculite has a thermal conductivity ranging from 0.040 to
0.068W/m-K and a density between 64 and 130kg/m? (Reppel, 2005 & Al Homoud, 2005). The lowest
thermal conductivity value is for the pure vermiculite and pure perlite.

Fire class
Both perlite and vermiculite have fire class Al, independent of their form (panels or granules).

Water vapour resistance factor
For both perlite and vermiculite: u = 3-5.

Practical application

Both perlite and vermiculite are used to create insulating panels. To create such panels, fibres
(cellulose) and binding agents (starch) are added to the granules and pressed into panels. Panels
have a lower thermal conductivity than the loose granules: 0.051W/m-K. These panels are mostly
used for the insulation of flat roofs which are finished with bitumen (VIBE, 2007 & Johns Manville,
2010).

Next to panels, the vermiculite and perlite granules can also be added to concrete- and render
mortars, to create insulating floors and walls (albeit more for acoustic purposes). When the perlite
granules are impregnated with silicon, they can also be used within cavity walls for both new and
renovated buildings. The granules can also be impregnated with bitumen, to make them suitable for
levelling floors. The thermal conductivity of the impregnated granules is around 0.045W/m-K
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(Reppel, 2008). Vermiculite granules cannot be used to insulate cavity walls, because the granules
take up moisture.

Price

Since both perlite and vermiculite panels are not used to insulate cavity walls, calculation along
section 1.4 cannot be done. However, perlite granules can be used to insulate cavity walls. The
granules used in cavity walls must be treated with silicon, to make them waterproof. The products
from Knauf are perlite granules impregnated with silicon, so that they are waterproof. The Hyperlite
granules can be used in new cavity walls, whereas the Hyperdamm granules can be blown into
existing cavity walls. The price of both products is the same, but due to the lower A of Hyperdamm,
the price per m? is lower. Because the material is placed ‘in-situ’ the Ap has to be multiplied with 1.2,
according to NEN 1068:2001 to obtain the correct Acaiculate- The number of fasteners between the
inner and outer wall changes. This is because the width of the cavity becomes larger than 150mm, so
6 fasteners are now needed with a concrete inner wall. This gives a Acomposed ©f 0.055 W/m-K for
Hyperddmm and 0.061W/m-K for Hyperlite. With these values, the needed thickness the perlite
granules can be calculated according to section 1.4. The results are presented in table 3.4.

table 3.4 prices (ex| VAT) of vermiculite and perlite granules based on VIBE (2007) and NaturBauHof (2011) to
reach R:=3.5

Product Producer Ao Thickness Price

[W/m-K] [mm] [€/m’]
Hyperlite-KD Knauf 0.050 204 42.41
Hyperdamm Knauf 0.045 184 38.25
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4 Organic insulating materials: petrochemical
The organic insulating materials treated in this section are all derived from a petrochemical feedstock
and almost all of the materials are therefore polymers. For the petrochemical materials the
categorization is unambiguous: cellular. A material is cellular when the structure of the material
consists of pores or cells. This results in the following list of materials (VIBE, 2007, Bouwcenter, 2007,
Papadopoulus, 2005, Jelle, 2011):
e Cellular

= Expanded polystyrene (EPS)

= Extruded polystyrene (XPS)

= Polyurethane (PUR)

= Polyisocyanurate (PIR)

= Urea formaldehyde (UF)

=  Phenol formaldehyde (PF)

4.1 Cellular

4.1.1 Expanded polystyrene (EPS)

T

figure 4.1.1 EPS panels (Betonson, 2011)

Production

EPS is produced from the monomer ‘monostyrene’, which is derived from benzene and ethylene,
both petroleum products. By polymerizing the monostyrene with a blowing agent (pentane) and
hexabromocyclododecane (HBCD, a flame retardant), polystyrene beads are formed. These beads are
also referred to as polystyrene granulate. In the next step of the process, the beads are heated with
steam, causing the pentane to expand the granulate which is softened by the heat from the steam.
Within the granulate, a cell structure is created in which air has replaced pentane. After the
granulates are expanded they are called ‘pearls’. These pearls are blown into silos, where are cooled
down and stored until further process. To produce panels from the loose pearls, they are heated
once more and pressed into panels. Because of the heat and pressure, the pearls melt together into
the desired shape. The used pentane in the EPS is replaced by air. The EPS pearls are therefore only
filled with air. The flame retardant HBCD can be chemically bonded within the polystyrene during the
polymerization process, or physically bonded during the production of EPS products. (Kemisol, 2004
& Stybenex, 2007).

Thermal conductivity and density
The density of polystyrene can vary from 10 to 80kg/m? and the thermal conductivity ranges from
0.032 to 0.045 W/m-K (Kemisol, 2004).

Fire class

When EPS is treated with a flame retardant the fire class becomes E (untreated: F). When EPS is used
in a construction in which it is shielded from direct fire, the fire class of that construction can reach
class B (with additional: s1 d0) (Kemisol, 2004).
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Water vapour resistance factor
For EPS the u depends on the density of the product and therefore ranges from p =20 — 100.

Practical application

EPS is versatile in its applications. It is used for the insulation of (cavity) walls, roofs and concrete
floors. EPS is also used as a casting mould for concrete foundations of buildings. The panels are rigid
and therefore capable of supporting themselves. The compressive strength of EPS increases with its
density and ranges from almost none (at 5 kg/m?) to 0,6N/mm? at 80 kg/m>. When the EPS pearls are
not bonded together to create panels or other forms, the loose pearls can also be used to fill existing

cavity walls.

Price

EPS is produced by many companies. This means that a price comparison can be done between many

products. The company Isobouw provide products to be used in cavity walls: Isofort (A =

0.035W/m-K) and Polyfort (A\p = 0.027W/m-K). The low Ap of Polyfort is reached by a reflective foil on
side of the panels (Isobouw, 2011a). A second company is Knauf, which also provides EPS panels.
These panels do not have a reflective coating and therefore a Ap of 0.037W/m-K and 0.038W/m-K
(Knauf, 2011). The prices of the different products and their thickness are presented in table 4.1.

table 4.1 prices (exl. VAT) and thickness of EPS products to reach Rc=3.5 (Knauf, 2011 & Isobouw, 2011a)

Product Producer Ao Product thickness Price Flame
[W/m-K] [mm] [€/m?] retardant
Isofort Isobouw 0.035 140 8.60 HBCD
Polyfort Isobouw 0.027 93 17.35 HBCD
Therm 80 Knauf 0.037 130 9.90 HBCD
Therm 60 Knauf 0.038 130 8.90 HBCD
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4.1.2 Extruded polystyrene (XPS)

figure 4.1.2 XPS panels (DOW, 2009)

Production

XPS is produced from the same base materials as EPS and therefore also has crude oil at its basis. The
production process of XPS is only slightly different from EPS. Like EPS, polystyrene granulate is
created with either a hydrocarbon or CO; as a blowing agent. Instead of heating the polystyrene
granulates with steam, they are fed to an extruder, in which the granulate is heated. The extruder
produces a continuous length of polystyrene through a rectangle mould, creating a long rectangle
strip, suitable for cutting panels (figure 4.1.2). This polystyrene expands because of the pressure
difference between the extruder and its surrounding. By using an extruder, a closed cell structure is
obtained (Jelle, 2011). For XPS the same flame retardant is used as for EPS.

Thermal conductivity and density

Due to the closed cell structure in which the blowing agent is trapped, a somewhat lower thermal
conductivity is reached. For XPS, the thermal conductivity ranges from 0.025W/m-K to 0.040W/m-K.
The density of XPS ranges from 15 to 80 kg/m®>. Another advantage of the closed pore structure is the
high compressive strength at a relatively low density: 0,7N/mm? at 45kg/m? (Bouwcenter, 2007,
Papadopoulos, 2005, DOW, 2009).

Fire class
The fire class (when treated with a fire retarder) of XPS is E (Knauf, 2008).

Water vapour resistance factor
Because the structure of XPS is different than the structure of EPS, the p-value is of the materials is
different. For XPS, the u = 80-300.

Practical application

Like EPS, XPS has a wide variety of applications. It can be used for the insulation of every element of
the building envelope (Bouwcenter, 2007). However, because the material is extruded, no
polystyrene pearls are created. XPS can therefore not be used to insulate existing cavity walls by
blowing the material inside the air cavity.

Price

For XPS, the price of two products suitable for cavity wall insulation will be calculated. The first
product is from DOW: Wallmate CW-A with a Ap of 0.035W/m-K. This thermal conductivity will result
in a layer of at least 119mm. Because the maximum thickness of the product is 100mm, this means
that two product have to be put over each other to form a thick enough layer. The second product is
Styrodur, produced by BASF. This product has a A\p between 0.031 and 0.040W/m-K, depending on
the product thickness (the thinner the product, the lower the thermal conductivity). A third product
that is taken into account is Polyfoam D-350TG from Knauf (Ap=0.029W/m-K). With the found Ap and
the price catalogues of the different products, the price of reaching R.=3.5 can be determined. The
result are given in table 4.2.
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table 4.2 Prices (ex| VAT) of XPS products to reach R.=3.5 (Knauf, 2011 & Albintra, 2010 & Ravago, 2011a)

Product Producer Ap Product Price Gas in cells Flame
[W/m-K] thickness [€/m?] retardant
[mm]

Styrodur 3035 CS | BASF 0.033 2x60 18.72 Air HBCD
Styrodur 3035 CS | BASF 0.038 140 23.10 Air HBCD
Wallmate CW-A DOW 0.035 2x60 21.24 Isobutane HBCD
Polyfoam D- Knauf 0.029 2x50 18.00 1,1- HBCD
350TG Difluoroethane
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4.1.3 Phenol formaldehyde (PF)

figure 4.1.3 PF panel (Kingspan, 2011)

Production

Phenol formaldehyde is used to produce rigid foam panels. The used base products are phenols and
formaldehyde. Phenol formaldehyde is also called ‘Resol’. PF can be recognized by its distinctive red
colour (see figure 4.1.3). For the production of foam, the phenols and formaldehyde are mixed
together with a blowing agent and catalysts. The heat from the chemical reaction and the blowing
agent create a very fine closed cell structure in which the blowing agent is captured.

Thermal conductivity and density

The cell structure of PF is finer than the structure of PUR and PIR. The thermal conductivity of PF is
therefore around 0.021W/m-K at a density between 35-40kg/m? (VIBE, 2007 & Kingspan, 2011). The
range in values is small, and therefore, most products are rigid panels.

Fire class
The PF-Foam has a fire class E or F. Most products however have a layer or lining of a different
material, causing the fire class of these products to be in between B and D (Kingspan, 2009).

Water vapour resistance factor
The p-value for the foam itself is in between 30-50. However, when an extra layer of material is
added, (PE or aluminium foil for instance) the value changes.

Practical application
The rigid PF panels can be used to insulate all the elements of the building envelope.

Price

A product made of PF-foam is the Kingspan Kooltherm K8 panel. It is made of PF-foam with
perforated aluminium foil on both sides. This gives the panel a Ay of 0.021W/m-K. This low thermal
conductivity results in a needed thickness of only 72mm in order to reach R.= 3.5. The price is given
in table 4.3.

table 4.3 PF-Foam product prices (exl. VAT) in R, = 3.5 cavity wall (Kingspan, 2011)

Product Producer Ao Product thickness Price Blowing
[W/m-K] [mm] [€/m?] agent
Kooltherm K8 Kingspan 0.021 76 23.00 Pentane

112




4.1.4 Polyurethane (PUR)

figure 4.1.4 Rigid PUR panel (Recticel, 2011a)

Production

For the production of PUR, two basic chemicals are needed: isocyanate and (polyether) polyol. By
mixing the two chemicals, an expansion reaction is started in which PUR is formed. This expansion
reaction is created by adding a blowing agent to the mixture. The heat from the reaction between
the polyol and the isocyanate vaporises the blowing agent, creating a foam. During the reaction, the
pores are filled with an expansion gas, such as CO, or pentane (Proklima, 2009). From the created
product, rigid panels are cut (see figure 4.1.4). Next to panels, PUR is also available as a caulking foam
to close openings and seams in between insulating materials or other building materials.

Thermal conductivity and density

PUR contains a closed cell structure in which the blowing agent is sealed. Because of this very fine
structure, the thermal conductivity of PUR is between 0.022 and 0.035 W/m-K and a density varying
from 30-160 kg/m? (Jelle, 2011, Technisol, 2005). When the density increases, the thermal
conductivity increases as well.

Fire class

The fire class of PUR ranges from D to F. This depends on any extra layers of fire proof materials that
are added to the panels, like reflective foils (Recticel, 2011b &Technisol, 2005). The PUR foam itself
has fire class F.

Water vapour resistance factor
For the foam, the u = 50-100 (Recticel, 2011a).

Practical application

Insulating panels made from PUR can be applied to all elements of the building envelope. Because of
the low thermal conductivity, the material is able to reach high thermal resistances with a relatively
low material thickness. Another important aspect is that PUR can also be injected into existing cavity
walls, by using the existing openings and some extra holes. The entire air cavity can be retrofitted
with PUR foam.

Price

When PUR is used in cavity walls in the form of panels, the A, of such panels can be as low as
0.023W/m:-K. A product with this thermal conductivity is Eurowall, produced by Recticel. The low
thermal conductivity is partly due to the reflective foil on one side of the panel. Because of the low Ap
the thickness of the material needed to reach R.=3.5 is 79mm according to the calculation method of
section 1.4. In table 4.4 the calculated thickness and price of this product when used in a cavity wall
with R, = 3.5 are given.

table 4.4 Price (exl. VAT) of PUR panels when used to reach Rc, = 3.5 (Deschacht Plastics, 2011a).

Product Producer Ao Product Price Blowing
[W/m-K] | thickness [mm)] [€/m?] agent
Eurowall Recticel 0.023 82 2491 Pentane
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4.1.5 Polyisocyanurate (PIR)

figure 4.1.5 PIR panels (Ballytherm, 2007)

Production

The production of PIR is almost the same as the production of PUR. For the production of PIR a
polyester polyol is mixed with an excess of isocyanate (methylene diphenyl diisocyanate). This excess
of isocyanate causes the isocyanate to first react with itself, creating ring structured polymers. The
ring structure and left over isocyanate then react with the polyol. By adding a blowing agent, the end
product PIR is obtained (Bouwcenter, 2007). From the finished PIR product, panels are cut. 95% of
the PUR/PIR production in Germany is produced with pentane as a blowing agent. As a flame
retardant, Tris(2-Chloro-1-Methylethyl) Phosphate (TCPP, TMCP) or Tris(2-chloroethyl)phosphate
(TCEP) (Wecobis, 2011; European flame retardants association, 2006)

Thermal conductivity and density

The structure of PIR consist of a closed cell structure, similar to PUR. The thermal conductivity can
however be lower than of PUR: 0.020-0.035W/m-K, but the most common values are around >0.023
W/m-K (VIBE, 2007). The density of PIR equals the density of PUR. The density for panels ranges from
28-40kg/m? (Unilin, 2011 &

Fire class
The fire class for PIR is equal to PUR (class D to F, dependable of the used product, but F for the foam
itself) (Recticel, 2011b).

Water vapour resistance factor
Same as for PUR, p =50-100.

Practical application

PIR can be used in the same way as PUR with the difference that PIR cannot be used to insulate
existing cavity walls. There is no PIR foam that can be injected into existing cavity walls, because of
the difference in the production process compared to PUR.

Price

To determine the price of PIR cavity wall insulation, four products are looked into. All four products
(panels) have two things in common: their A;=0.023W/m-K and all the products have a tongue and
groove systems, to make the panels fit tightly. The four producers are Unilin, Xtratherm, Kingspan
and lko. Along with the calculation method of section 1.4 and the price catalogues, the product price
can be calculated. The results are depicted in table 4.5. Interestingly, all the panels have the same
product thickness. It could be that producers try to anticipate on building regulation.

table 4.5 Price (exl. VAT) of PIR products to reach R.=3.5 (Unilin, 2011; Ravago, 2011b; Kingspan, 2011;
Deschat Plastics, 2011b)

Product Producer Ao Product thickness Price Blowing
[W/m-K] [mm] [€/m?] agent
Utherm Wall R Unilin 0.023 82 20.51 -
Xtratherm XT-CW Xtratherm 0.023 82 21.46 -
Thermawall TW 50 Kingspan 0.023 82 23.50 Pentane
Enertherm Iko 0.023 82 22.45 -
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4.1.6 Urea formaldehyde (UF)

figure 4.1.6 UF-foam injected into cavity wall (Br-arch'itect, 2010)
Production
Urea formaldehyde is made on site by adding mixing the urea formaldehyde resin with a hardener
and a blowing agent. This mixture results in foam, that expands due to the blowing agent. No panels
or other types of insulating materials are produced from the foam, since it is blown directly into
empty cavity walls (see figure 4.1.6) or other structures that need to be insulated (Bouwcenter,
2007).

Thermal conductivity and density
The density of the foam is around 12kg/m>. The thermal conductivity of UF-foam is between 0.036
and 0.045W/m-K (Thermecon, 2007).

Fire class
UF-foam has a fire class in between D and E (d-isolatie, 2010).

Water vapour resistance factor
For UF-foam the p-value ranges from 1.5 and 2.4 (Thermecon, 2007 & d-isolatie, 2010).

Practical application

As mentioned above, the UF-foam is used for the retrofitting of existing cavity walls. However, due to
the fact that the foam shrinks after being injected into the cavity, cracks may appear in the foam, a
disadvantage of using UF-foam.

Price

Not used anymore in the Netherlands. This is because the foam shrinks during the drying process,
causing ruptures in the foam and eventually the foam getting loose from the walls. In figure 4.1.7 the
ruptures in the UF-foam are visible, after the out wall of the cavity wall is removed. Next to the
rupturing of the foam, formaldehyde continues to diffuse out of UF-foam during its lifetime
(Meeusen, 2006).

s.’;_.. oy
E} Av’\i % » 2 ' g S - TR

figure 4.1.7 cracks in UF-foam visible after the outer wall is removed (Meeusen, 2006).
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5 Organic insulating materials: renewable

The insulating materials covered in this section are based upon renewable resources, in other words,
the main material is bio-based. Since many plants contain fibres for their strength, it is no surprise
that almost all the materials in this section are fibrous. Expanded cork is the only exception, the
material is cellular. The following materials are treated within this section:

e Fibrous
= Cellulose (paper wool)
=  Flax (flax wool)
=  Hemp (hemp wool)
= Recycled cotton
=  Sheep wool
=  Wood wool

= Coconut
e Cellular
= Cork

5.1 Fibrous

5.1.1 Cellulose (paper wool)

figure 5.1.1 cellulose panel (Homatherm, 2011a)

Production

Cellulose insulating material is produced from recycled paper or wood fibre mass. This waste is shred
and unravelled, so that the cellulose fibres are obtained. The obtained cellulose fibres have a wool
like structure. In order to make the cellulose fibres moisture and flame retardant, boric acid and
borax are added. To give more strength to the panels, polyolefin fibres are added to the cellulose
fibres. From the treated fibres, panels, rolls and flocks are produced (Jelle, 2011 & Homatherm,
2011). An example of such a panel can be seen in figure 5.1.1.

Thermal conductivity and density
The thermal conductivity of cellulose lies between 0.038 and 0.040W/m:K. Its density ranges from
30kg/m? for flocks to 70kg/m? for panels (Isofloc, 2011 & Homatherm, 2011a).

Fire class
The fire class of cellulose panels and flocks is E (Isofloc, 2011a & Homatherm, 2011a).

Water vapour resistance factor

For cellulose panels the u is between 2 and 3 where for flocks this value lies between 1 and 2, so only
a minor difference.
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Practical application

Newly build cavity walls can be fitted with cellulose panels (if protected against rain water). Cellulose
cannot be used for the insulation of flat roofs or for the insulating on the outside of the building
envelope (wet render systems) (Bouwcenter, 2007). Its compressive strength is too low to support a
finish layer. Dry cladding systems also do not provide enough shelter for the panels to be used in
such an application.

Price

Panels of cellulose fibres are produced by Homatherm. The panels have a A, of 0.039. Although the
panels can be used within cavity walls, the producer discourages this (Vijfwinkel, 2011). This is
because the material is not water resistant. When the cellulose panels are used within a cavity wall,
they should be covered with a plastic (PE) foil to protect them from rain water. The thermal
conductivity of the panels is 0.039W/m-K. According to the calculation in section 1.4 this gives a
product thickness of 140mm. The price of the material per m? can now be calculated. The resulting
value is given in table 5.1.

table 5.1 Cavity wall insulation to R.=3.5 with cellulose products (Homatherm, 2011b)

Product Producer Ao Product thickness Price Flame
[W/m-K] [mm] [€/m?] retardant
FlexCL Homatherm 0.039 140 24.60 Boric acid
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5.1.2 Coconut

figure 5.1.2 coconut panels (Van Avermaet, 2011a)

Production

Coconut insulating materials are produced from fibres obtained from the coconut husks. The fibres
are obtained by soaking the husks in water and letting everything but the fibres rot away (the
coconut fibres do not rot). This process is done prior to shipping the fibres to the process plants. In
the process plants the fibres are fulled to produce panels and rolls (Hasselaar, 2004).

Thermal conductivity and density
The thermal conductivity of coconut based materials ranges from 0.040 to 0.045 W/m-K at a density
around 140kg/m? (Bouwcenter, 2007 & Hasselaar, 2004).

Fire class
Coconut has a fire class E (Van Avermaet, 20011b)

Water vapour resistance factor
Coconut panels have a u value in between 1 and 10.

Practical application

According to the Bouwcenter coconut panels has a very limited area of use. It can only be used for
cavity wall insulation for the insulation of floors (both wood and concrete). Also, there are just a few
suppliers of the material.

Price

Coconut panels are only available in thin panels. The maximum thickness that Van Avermaet (a
producer of coconut panels) produces is 25mm. Since this material has a A of 0.045, 7 layers of
coconut are needed to reach R, = 3.5. This results in the price given in table 5.2.

table 5.2 coconut product price (exl. VAT) when used in cavity wall with R.=3.5 (Bio Home, 2011)

Product Producer Ao Product thickness Price
[W/m-K] [mm] [€/m’]
Kokosplaat Van Avermaet 0.045 7x25 84.35
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5.1.3 Flax (flax wool)

figure 5.1.3 Flax wool panel (Ecobouwen, 2011)

Production

Flax panels and rolls are produced from the long fibres obtained from flax plants. Both the plant and
its roots are used for the production of flax. After the harvest, the plants are dried and the stalks are
separated from the seeds. The fibres from the stalks are impregnated with ammonium phosphate or
borax to make them fire resistant and resistant against organisms. The impregnated fibres are torn
apart to create a wool like structure. With the use of a binding agent (polyester support fibres or
corn/potato starch) rolls and panels are produced (Hasselaar, 2004)

Thermal conductivity and density
Flax wool has a density of 28kg/m®. Its thermal conductivity ranges from 0.035 to 0.040 W/m-K
(Hasselaar, 2004 & Isovlas, 2010).

Fire class
The fire class of flax is C (Isovlas, 2010)

Water vapour resistance factor
For flax, the water vapour resistance factor u = 1-2 (Hasselaar, 2004).

Practical application

Apart from flat roof insulation, flax wool products can be used for the insulation of every element of
a building’s building envelope. However, since flax wool is produced in rolls and panels, it is not
possible to used at a retrofitting material for cavity walls (it cannot be blown into the cavity).

Price

A producer of flax wool is Isovlas. Isovlas is not as strong as glass or rock wool, which means it has to
be supported by 8 fasteners/m?. The A, of the flax wool produced by Isovlas is 0.035W/m-K. The
needed thickness within a cavity wall of R.= 3.5 according to the calculation of section 1.4 is
120.1mm. A Isovlas panel with a thickness of 120mm would is therefore not sufficient. The next
product thickness is 130mm, of which the price per m? can be found in table 5.3.

table 5.3 Price (exl. VAT) of flax when used to reach R.=3.5 in a cavity wall (Isovlas, 2011).

Product Producer Ao Product thickness Price Flame retardant
[W/m-K] [mm] [€/m’]
Isovlas PN Isovlas 0.035 130 15.18 Ammonium phosphate
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5.1.4 Hemp (hemp wool)

figure 5.1.4 hemp insulation products (Hock, 2009)

Production

The production of hemp wool is similar to the production of flax wool. After the hemp is harvested, it
is dried. The dried hemp plant is separated into wood, fibres, leafs, seeds and leftover dust. For the
production of insulating materials, the fibres are of importance. The fibres are used to create a wool.
To hold the wool together, strengthening polyester fibres or (corn/potato) starch fibres are used. The
hemp wool with polyester fibres cannot be composted and should be treated as household waste.
(Holzhey, 2011). By the addition of ammonium phosphate or borax the wool is impregnated to
improve the fire resistance and the resistance against organisms (Hasselaar, 2004). From the wool,
flocks, rolls and panels are made (see figure 5.1.4).

Thermal conductivity and density
Hemp has a thermal conductivity between 0.038 and 0.040 W/m-K. Its density ranges from 30 to
42kg/m?® (Hock, 2009).

Fire class
Hemp wool has a fire class E. (Hock, 2009)

Water vapour resistance factor
The p for hemp wool is between 1 and 2 (Hasselaar 2004 & Hock, 2009).

Practical application

The practical applications for hemp are the same as for flax. This means that apart from insulating on
the outside of the building, all elements of the building envelope can be insulated using hemp. An
advantage of hemp over flax is that it is also produced in flocks.

Price

For hemp wool, two producers are taken into account: Hock and Steico. The hemp wool from Hock
has a Ap of 0.040W/m-K. Hock produces two types of hemp wool: one with polyester fibres (Thermo-
Hanf Premium) and one with corn starch fibres (Thermo-Hanf Plus). This Ap results in a minimum
thickness of 135mm according to the calculation method of section 1.4. The same is done for the
product ‘Steicoflex’ from Steico, which has a Ap of 0.038W/m-K. The accompanying product thickness
and price can be found in table 5.4.
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table 5.4 Hemp wool product prices (exl. VAT) in cavity wall with R.=3.5 (Hock, 2011 & Steico, 2011)

Product Producer Ao Product Price Support Flame
[W/m-K] | thickness [mm] [€/m?] fibres retardant

Thermo-Hanf Hock 0.040 140 15.13 Polyester Soda

Premium

Thermo-Hanf Plus Hock 0.040 140 19.45 Corn Soda

starch
Steicoflex Steico 0.038 140 18.40 polyolefin | Ammonium
phosphate
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5.1.5 Recycled cotton

figure 5.1.5 Recycled cotton panel (VRK isolatie, 2011)

Production

Recycled cotton is produced from clothing that is disposed of by consumers. This clothing is collected,
after which the hard items (e.g. buttons, zippers) are removed. The clothing is than shredded into
fibres. By adding polyester binding fibres, panels and rolls and flocks can be produced. The ratio
clothing/binding fibres is 85/15 (in which the 85% is 70% cotton and 15% wool/acrylic). Next to that,
Zink Pyrithione is added (<1%) against organisms. The used flame retardant in Metisse insulation is a
natural salt. The insulation panels go through a bath in which the salt is dissolved. After drying, the
salt sticks to the fibers making them flame retardant. Which salt is used exactly is confidential
information (VRK isolatie, 2011).

Thermal conductivity and density
The thermal conductivity of the material is 0.038W/m-K at a density of around 18kg/m? (VRK isolatie,
2011).

Fire class
Due to impregnation of the material, its fire class is E (VRK isolatie, 2011).

Water vapour resistance factor
Recycled cotton is a vapour open material, which means it has a water vapour resistance factor
between 1 and 5.

Practical application

The recycled cotton flocks can only be used in horizontal application, making them not suitable for
cavity wall or pitched roof after insulation. The rolls and panels can be used for the insulation of the
entire building envelope with the exception of flat roofs. However, when the material is used in
cavity walls or in roofs, it should be covered a waterproof foil, so the material will not get wet.

Price

A product made of recycled cotton is Metisse. Metisse is available in rolls, panels and flocks. Its
thermal conductivity is 0.038, which according to section 1.4, gives it a needed thickness of 130mm.
Both the rolls and panels are available in that thickness, which results in the price given in table 5.5.
The price for panel or roll is the same per/m?®.

table 5.5 price (ex VAT) of recycled cotton insulating material in cavity wall with Rc=3.5 (Ecologisch, 2011)

Product Producer Ao Product Price Support Flame
[W/m-K] | thickness [mm] | [€/m’] fibres retardant

Metisse MT+ panel | Le Relais 0.038 140 19.32 Polyester -

Metisse MT+ roll Le Relais 0.038 140 19.32 Polyester -
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5.1.6 Sheep wool

figure 5.1.6 Sheep's wool (Doscha, 2011)

Production

After the wool is shorn from the sheep (1 sheep produces 2.5-4kg of wool/year), its needs to be
cleaned to wash away dirt and to degrease the wool. To align the fibres into the same direction, the
wool is carded. Sheep do not have layers of wool as thick as 10cm on them, which means that in
order to reach the final product thickness, multiple layers of wool are fulled? to fix the layers. To
produce a sturdy product, the first layer of wool is densely felted. This is done with a dark wool, so
that this layer is easy to recognize (see figure 5.1.6). Sheep wool is available in rolls. The main
material in sheep wool is keratin. Because keratin is a protein, sheep wool must be treated to protect
it against mot’s and insects. This is done by adding either Mystox MP or Mitin FF. Another way of
producing the sheep wool is to add melting fibres to the wool, have these fibres melt around the
sheep wool. (Doscha, 2011 & Sheep Wool Insulation, 2011).

Thermal conductivity and density
Sheep wool has a thermal conductivity of 0.035 to 0.040W/m-K and a density ranging from 25 to
60kg/m°. (Doscha, 2011 & VIBE, 2007).

Fire class
The fire class of sheeps wool is E (Doscha, 2011).

Water vapour resistance factor
For sheep wool the water vapour resistance factor is 1,4 according to Doscha (2011) and between 1
and 2 according to Hasselaar (2004).

Practical application

Sheep wool can be used for the insulation of pitched roofs, newly built cavity walls, wooden floors
and for the insulation of timber frame constructions. The material is not very sturdy, which means
that it needs to be mounted in a way that there is enough support for the rolls.

Price

A producer of sheep wool rolls that can be used within a cavity wall is Doscha. Their products, Doscha
DB has a Ap of 0.035W/m-K. This results in a necessary thickness of 119mm. The needed product and
price can be found in table 5.6.

table 5.6 Sheep wool insulation product price (exl. VAT) (Groene bouwmaterialen, 2011)

Product Producer Ao Product thickness Price
[W/m-K] [mm] [€/m’]
Doscha DB Doscha 0.035 120 24.00

2 Fulling is a technique with which the wool is cleansed and condensed, to give it a higher density and water
resistance.
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5.1.7 Wood wool

figure 5.1.7 Wood wool (Homatherm, 2010)

Production

For the production of wood wool, waste wood from the pine wood industry (bark, sapwood, saw
residues) and forestry are used. The waste wood is chipped into small pieces. Consequently the chips
are soaked with steam at a pressure of 3-8 bar. The soaked chips are grinded to produce fibres. From
these fibres, panels are produced. To produce the panels, the fibres are bonded with their own lignin,
by pressing them together and drying them in a drier. The panels can also be produced in a dry
process, in which a binding resin (PMDI) is used. The produced panels have a thickness between 8-
30mm. For the insulation of buildings thicker panels are needed. These thicker panels are made by
gluing multiple thin panels on top of each other (VIBE, 2007, Pavatex, 2011a).

Thermal conductivity and density

Wood wool’s thermal conductivity ranges from 0.038 to 0.058W/m-K. The thermal conductivity
depends on the purpose of the material. The thick insulating panels for roofs, walls and floors (like
the panel in figure 5.1.7) have the lowest thermal conductivity at a density of 55 to 140kg/m? (for
comparison, particle board has a density around 660kg/m? with a thermal conductivity around
0.17W/m-K). Panels with a higher density are used to prevent cold bridges. Due to the higher density,
the thermal conductivity also increases. (Pavatex, 2011b).

Fire class
Wood wool panels have a fire class E (Pavatex, 2011b).

Water vapour resistance factor
According to Pavatex, their wood wool has a p-value of 5 (Pavatex, 2011b).

Practical application
As mentioned above, wood wool can be used to insulate all the elements of the building envelope,
including cold bridges and wet render systems (Pavatex, 2011b).

Price

A wood wool product that can be applied in cavity walls is Pavatherm-plus+, because this product has
a waterproof layer on one side. The A of the product is 0.045W/m-K. This means a minimal material
thickness of 152mm is needed to reach R. = 3.5. When Pavatherm is used, this means that a double
layer is needed of 2x80mm, since the maximum product thickness is 120mm. Homatherm also
produces panels that can be used within cavity walls: the HDP-Q11 standard with A;=0.038W/mK. In
table 5.7, the price per m? of the different panels can be found.

table 5.7 Price (ex| VAT) of wood wool products in R.=3.5 cavity wall (Pavatex, 2011c & Homatherm, 2011b)

Product Producer Ao Product Price Flame retardant
[W/m-K] | thickness | [€/m’]
[mm]
Pavatherm-plus+ Pavatex 0.045 2x80 37.83 Ammonium polyphosphate
HDP-Q11 standard Homatherm 0.038 140 26.60 Ammonium polyphosphate
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5.2 Cellular

5.2.1 Cork (expanded)

figure 5.2.1 cork panel (Van Avermaet, 2011c)

Production
Cork is produced from the cork oak. Every nine years, the bark is removed from the tree (see figure
5.2.2). This does not harm the tree because the bark renews itself. The harvested bark is placed into
an autoclave (like is done with calcium silicate). Inside the autoclave, the cork cells expand due to the
addition of steam and the high temperature and pressure inside the autoclave. The cork is bonded
into blocks by its own resins (suberin). From the blocks, flakes and panels can be produced. During
the autoclave process, cork obtains a dark colour (Van Avermaet, 2011c). A finished cork panel can be
seen in figure 5.2.1.

Thermal conductivity and density
The thermal conductivity of cork lies between 0.037 and 0.043W/m-K (VIBE, 2007, Bouwcenter,
2007). Its density is around 100kg/m? for granules and 120kg/m? for panels. (Van Avermaet, 2011c).

Fire class
The fire class of cork is E (van Avermaet, 2011c)

Water vapour resistance factor

Because cork is a cellular material, the water vapour resistance factor of the material is higher than
that of the other renewable materials: p = between 5 and 30 (Van Avermaet, 2011c).

Practical application

Cork insulation can be applied in cavity walls, roofs and under floors. It can also be used to insulate

walls from the inside.

Price
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Expanded cork panels are available in two types: one with and one without tongue and groove. Both

panels have a thermal conductivity of 0.040W/m-K. This results in a minimum material thickness of

135mm. Since this thickness is not available, two layers of cork are needed of 60 and 80mm thick. In

case of cork granuless, the factor for ‘in-situ’ placement has to be used. This results in a layer

thickness of The resulting price is given in table 5.8.

table 5.8 Price (exl. VAT) of cork panels in cavity wall of R, = 3.5. (Bio Home, 2011)

Product Producer Mo Product thickness Price

[W/m-K] [mm] [€/m’]
Cork without T&G Van Avermaet 0.040 60+80 40.79
Cork with T&G Van Avermaet 0.040 60+80 44.68
Cork granules Van Avermaet 0.040 164 25.58
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6 New technology materials
New technology materials are insulating materials are not used at a large scale yet, because the
materials are too new or too expensive. The materials/technologies covered in this section are:
e Thermosheets / thermoscushions
e Expaneded Polylactic acid
e Aerogel
e Vacuum panels

6.1 Foil

6.1.1 Thermosheets

figure 6.1.1 thermosheets underneath a concrete floor (Tonzon, 2011a)

Production
Thermo sheets are sheets made of a thin (12-19um) polyester foil, covered with a reflective
aluminium surface.

Properties

The principle behind thermo sheets is trapping air in between foils, creating pillows. This results in a
thermal conductivity that ranges between 0.029-0.045W/m-K. Because foils are used, the density at
which this thermal conductivity is reached, is low: between 3-3,5 kg/m? (Bouwcenter, 2007 &
Tonzon, 2008).

Practical application

Thermo sheets can be used to insulate walls and roofs from the inside. This can be done during
construction, or during renovation. Floors can also be insulated with thermo sheets, but this requires
the sheets to be mounted underneath the floor, in the crawl space. The thermo sheet must not be
punctured. The more layers (and therefore spaces) used, the better the total thermal resistance. In
figure 6.1.1 the sheets are used to create air cushions underneath a concrete floor. Also here, the
number of cushions determines the overall thermal resistance. For a wooden floor, the foil and
cushions are fixed by stapling the foil or cushions to the wooden beams and ceiling the end and
edges with tape. The same process can be used for roofs. Underneath concrete floors the mounting
can be done by gluing an adhesive strip to the concrete to which the sheets or cushions are adhered.
Another option is to use plastic plugs which are drilled into the concrete. For the insulation of walls,
the sheets are mounted upon battens of around two centimetres thick. Be creating multiple layers
with battens and sheets, a higher thermal resistance is obtained (Tonzon, 2011b).

Fire class
The used foils don not have fire classification. This is because of the thickness of the foils. The foils

are so thin, that they are not capable to set fire to wood or other materials (Willemsen, 2011). The
foil is therefore flammable, which would put it into class F.

Water vapour resistance factor

127



The p-value of the foils is high. According to Tonzon, the pd of their foils is 130m, at a thickness of
19-10°m. This gives a p-value of 6.8-10°%, which can be considered as vapour tight, almost no water
vapour can pass through the foils.

Price
The thermosheets and cushions cannot be used for the insulation of cavity walls.
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6.2 Cellular

6.2.1 Expanded polylactic acid

figure 6.2.1 Biofoam used for cavity wall insulation (Isobouw, 2011b).

Production

The production of expanded polylactic acid (EPA) is comparable to the production of expanded
polystyrene. Instead of styrene, lactic acid is used. This lactic acid is obtained from renewable sources
like sugarcane or cassava (Cobouw, 2011). The sugar cane is refined into sugar, which is fermented
into lactic acid. From the lactic acid, lactide is produced. This lactide is polymerised into polylactic
acid beads the size of sugar granules (Synbra, 2011a). These beads are expanded with temperature
and addition of CO,, forming pearls (like in the production of EPS, only without the use of pentane).
The expanded polylactic acid beads can be bonded into panels, which can be used for insulation
(Cobouw, 2011).

Properties

EPA has a thermal conductivity of around 0.034W/m-K at a density of 35kg/m?® (Synbra, 2011b). EPA
is a biodegradable material, which means that it can be composted. However, this composting has to
be done under industrial conditions (high temperature, enough water and bacteria) before
composting will take place. This means that the material should be collected in the end of life or
waste phase, so it can be composted under the correct conditions.

Practical application

The loose EPA pearls can be blown into existing cavity walls or other existing cavities. Next to that,
EPA panels are going to be produced that can be used for the insulation of roofs, walls (cavity and
wet render systems) and maybe even floors.

Fire class
The fire class of EPA is B, but this is when the product is used ‘within application’. This means that the

real fire class of the material is lower, around E or F (same as for EPS).

Water vapour resistance factor
Same as EPS, p =20-100.

Price
The insulating panels are not yet on the market.
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6.2.2 Aerogel

el

figure 6.2.2 Aerogel impregnated textile (Aspen Aerogels, 2010)

Production

The base material for aerogel is silicon. To produce aerogel, two steps can be defined: making the gel,
and drying the gel. The first step is to make the gel. This done by adding water to silicon alkoxide
precursors within an ethanol solution. The gel is created by the reaction of water with alkoxide,
forming SiO,. In a supercritical drying process, the fluids are removed, keeping the SiO, structure
intact. The structure is filled with gas (air) To make aerogel suitable for insulating, a textile made of
glass- and polyester fibres can be impregnated with the gel before drying. After the supercritical
drying, the aerogel textile can be used for insulating purposes. The aerogel textile is available in rolls
(Sattler, 2006 & Aspen Aerogels, 2011). Another option is aerogel granules that can be used for the
after insulation of for instance cavity walls.

Properties

The aerogel textile has a thermal conductivity of 0.013W/m-K. Its density is 150kg/m> (Aspen
Aerogels, 2010). The granules have thermal conductivity of 0.021W/m-K at a density of 100kg/m?
(Innodamm, 2011)

Practical application

When the aerogel is used to impregnate textile it can be used for the insulation of roofs, floor and
walls, both exterior and interior. The aerogel textiles are glued to the surface that needs to be
insulated. aerogel granules are blown into the cavity that needs to be insulated.

Water vapour resistance factor
Aerogel is a vapour open material. Its water vapour resistance factor is around between 2 and 3 for
granules and 5.5 for the textile. (Innoddamm, 2010 & Innoddamm, 2011).

Fire class
The fire class of the aerogel impregnated textile is C. The fire class of aerogel itself is Al (Innodamm,
2010 & LouRuis, 2010).

Price

Because of the low A value of the impregnated textile, a thin layer of material is needed within a
cavity wall: 46mm according to the calculation of section 1.4. An aerogel textile available on the
market is Spaceloft, produced by Aspen Aerogels. Spaceloft comes in rolls of 5 or 10mm thick. This
means that 5 layers of Spaceloft are needed to reach R. = 3.5. When granules are used, a layer of
86mm is needed. The density of this layer is 95kg/m?, because of the method with which the
materials are blown in. This results in the price given in table 6.1.

table 6.1 price (exl VAT) of Aerogel textile and granules within a R.=3.5 cavity wall (TSchopp, 2010 & Unser
Bausatzhaus, 2009)

Product Producer Ao Product thickness Price
[W/m-K] [mm] [€/m’]

Spaceloft Aspen Aerogels 0.013 5x10 61.50

Aerogel granules Innoddmm 0.021 86 111.12
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6.2.3 Vacuum insulation panels (VIP)

figure 6.2.3 structure of a VIP (Adjusted after: ECBCS Annex 39, 2010)

Production

The production of VIPs starts with creating a panel out of an open porous structure of fumed silica,
which is a by product of high-purity silicon production for the electro technical industry. The fumed
silica is compressed to a density of 200kg/m>. This compression creates a pore size that is well below
the mean free path of atmospheric gas molecules at internal pressures below 1 bar (Simmler and
Brunner, 2005).

The created panel is wrapped in metalized polymer laminate layers. Since the core structure is
porous, a vacuum can be applied to it. After this is done, the edges of the polymer layers are heat
sealed to maintain the vacuum. The structure of a VIP can be seen in figure 6.2.3. For the porous core
structure other materials can be used as well. However, for building insulation fumed silica is
commonly used (ECBCS Annex 39, 2010 & Jelle, 2011).

Properties

The thermal conductivity of a VIP just after production is very low: around 0.004W/m-K. However,
aging has a negative effect on the panels. This is because the envelope of the panels is not fully
airtight. The increase in thermal conductivity over the lifetime of the panel therefore depends on the
type of envelope used. In figure 6.2.4 the effect of different envelopes is plotted as a function of
thermal conductivity and lifetime. Three different envelopes were tested, namely AF, MF1 and MF2.
In total six panels were tested: three panels of 50x50x1 cm (AF-50, MF1-50 and MF2-50) and three
panels of 100x100x2 (AF-100, MF1-100 and MF2-100). The structure of the different envelopes is
described in figure 6.2.5. From the graph it is clear that the thermal conductivity increases strongly in
the first years, after which for most VIP a slow increase is seen. According to Simmler an Brunner
(2005), the most important mechanism of aging is gas permeation through the panel’s envelope.

According to the ECBCS Annex 39 project, a thermal conductivity of 0.008W/m-K should be used
when dimensioning VIP for building insulation. If the panels get aerated (punctured) the thermal
conductivity rises to 0.020W/m-K according to Va-Q-tec, a producer of VIPs. Va-Q-tec gives a service
life of 60 years for their panels (Va-Q-tec, 2011).
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figure 6.2.5 structure of the VIP envelope (Jelle, 2011)

The density of the panels is between 180 and 210 kg/m? (Va-Q-tec, 2011).

Practical application

The panels can be used for the insulation of almost every element of the building envelope. Only
existing cavity walls cannot be insulated with VIPs. Another important aspect of VIPs is that they
cannot be cut into shape at the construction site and are very vulnerable to puncture. If a panel is
punctured, air seeps in and destroys the vacuum, causing the thermal conductivity to increase.

Water vapour resistance factor
The water vapour resistance factor of the panels is almost infinite, since the panels are created to be
sealed from their environment.

Fire class

The fire class of the core material is A2 (ECBCS Annex 39, 2010). A complete panel is covered in
flammable polymer foils, giving it a fire class D.
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Price

If the calculation method from section 1.4 is used with a thermal conductivity of 0.008W/m-K, a
30mm thick VIP is needed to reach R.= 3.5. According to Jelle (2011), the price of a 6cm thick VIP is
around 200€/m?. This would mean that a VIP panel of half the thickness would cost 100€/m?. The
costs for VIPs with a A of 0.008W/m-K presented in the for a ECBCS Annex 39 study are 34.32€/m’ per
m2-K/W. In other words, the price of a VIP with a A of 0.008W/m-K to reach a R value of 1 is
34.32€/m’. In equation 1.6 of section 1.4 it is calculated that the insulating material must provide a
thermal resistance (R,,) of 3.305m*K/W in order to reach the R.=3.5 value. With the R,, of equation
1.6, the price of the VIP can be calculated by multiplying the value from the ECBCS Annex 39 study
with 3.305. This results in a price of 113.4€/m? which is in agreement with the price presented by
Jelle (2011). The German Institut Wohnen und Umwelt (IWU) of Darmstadt estimates the costs for
VIPs to be between 90 to 172.5€/m?. According to IWU the price depends on the type of VIP, a
normal VIP without any extra protection would costs 90€/m?, whereas a VIP packed in EPS would
cost 120 to 172.5€/m? (IWU, 2009). An example of VIP packed in EPS can be seen in figure 6.2.6. Its
application can be seen in figure 6.2.7. The panels can be finished with a render, making them very

suitable for renovation.
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