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Executive Summary

This report provides an analysis and evaluation of a state-of-the-art of internal insulation materials
and methods for application in historic buildings, and review on methods, tools and guidelines
used as the decision making tools for implementation of internal insulation in historic buildings.
Historic buildings in RIBuild represent all types of protected® and non-protected buildings built
before 1945. The survey is limited to buildings with heavy walls (stone, brick, timber framing),
thus excluding wooden buildings.

Methods of analysis include survey of scientific literature, data bases and other sources of
literature about insulation materials applicable for internal insulation as well as methods, tools and
guidelines used for assessment of internal insulation application in historic buildings.’

The literature review on insulation materials and their application for internal insulation show that:

e The research studies carried out can be broadly classified as based on:

o the insulation material itself,

o simulating properties of insulation materials,

o laboratory tests on insulation materials,

o case studies on the insulation materials suited for selected objects,

o in-situ measurements on the properties of internal insulation materials.

e The main focus of reviewed papers and studies is on thermal properties of walls after
insulation material is applied and on hygrothermal performance of the internally insulated
wall. Limited number of papers is available on heat transfer and moisture transport in-situ
measurements in historic buildings which have internal wall insulation.

e Research papers available on application of internal insulation in historic buildings with
massive walls are limited.

e Wide range of insulation materials is available on the market for application as internal
insulation in historic buildings either as single materials or pre-fabricated insulation
systems.

e Selection of insulation material is sensitive to the specific case study and there is not a
common solution for all possible cases and tailor made solution has to be found based on
number of parameters influences the final outcome and durability of the facades and walls.

e Moreover there is still lack of knowledge on the performance of building elements under
various conditions after internal insulation is applied. Especially better understanding of
hygrothermal behaviour mechanisms is needed, which will allow to better simulate real
life behaviour of the interaction between insulation materials, surrounding environment
and the composition and condition of the existing external wall.

Results of literature review on methods, tools and guidelines used as decision making tools for
implementation of internal insulation in historic buildings show that:

2 A protected building represented a potential high architectural degree of relevance and cultural heritage. The
definition can be given at the national or local levels.

3 Relevant articles were searched in the scientific databases of Scopus and Web of Sciences where peer reviewed
scientific papers are published. In the search procedure the key words used were: historical building, internal
insulation, historical building materials, energy efficiency in historical buildings.
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e The type and number of alternative energy efficiency measures determines decision
problems and the tools to solve these problems.

e Large number of parameters and variables, the non-linear relations between variables,
conflicting criteria and second-order effects makes global optimization of a building as a
whole a very complex problem. Hence in most cases improvement of building
performance is focused on specific actions and groups of actions and not on a global
approach.

e When discrete decision approaches are used, the process and decisions taken mainly
depends on experience and knowledge of building/energy expert and/or decision maker. It
implies that decisions are based on predefined solutions and alternatives and not all
feasible alternatives and criteria are taken into account.

e A number of challenges to implement energy modelling tools exist, e.g. unstructured
nature of current design process, research on designers™ decision making process in a
highly changing design practice has to be carried out, better communication between actors
has to be fostered as well as trust in modelling results and the role of uncertainties have to
be taken into account.

e Despite the use of sophisticated hygrothermal simulation tools their applicability in retrofit
decisions is limited by various factors, including uncertainty or simple lack of knowledge
about boundary conditions (climate and exposure) and material properties. There are
uncertainties coupled to the models for calculating impact indicators. These tools require
experienced professional and, moreover the obtained results are sensitive to the assumption
made by the program and modeller, therefore the results should be interpreted by the
person with the specific background knowledge. A major question is which damage
models or performance thresholds should be used to guide the interpretation of the model
results.

e Life Cycle Assessment does not have ability to be used as decision making optimization
tool as it is mainly used as an instrument to quantify inflows and outflows and
environmental impacts. If optimisation of different criteria is used in RIBuild WP6, it
should be discussed how Life Cycle Assessment can be adopted for optimisation tool.

e Uncertainties regarding results from the Life Cycle Assessment method require more
development on environmental impact from buildings, particularly concerning adaptation
to the various regional conditions.

As the result findings from this report will be used for project™s activities within WP2, WP4, WP5
and WP6. Based on literature review list of recommendations have been prepared for RIBuild
WP2, WP5 and WP6.
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1 Introduction

Historic buildings are a tribute to Europe®s rich cultural heritage. Historic building energy
efficiency potential is dependent on a delicate balance between energy efficiency measures and the
necessity to preserve the cultural heritage inherited in the building throughout different centuries
that the building has lived through.

Throughout Europe there are a large number of masonry buildings with poor energy performance
in need of upgrading and in certain cases also retrofitting. One retrofit option when considering
energy performance upgrading is to use internal insulation as part of an interior retrofit. This will
increase the wall insulation and could also improve the air tightness levels. This is often
considered for historic buildings where the aesthetic of the external facade is of great value and
sometimes external modifications are prohibited. Apart from energy savings, such measures
usually improve the thermal comfort for the users; raising the surface temperatures of the internal
walls and reduces draughts. However, there are several possible issues relating to durability of the
existing walls and materials and also questions regarding indoor air quality that need to be
addressed. External insulation retrofits, however, are more favourable from a hygrothermal point-
of-view, raising the temperature of the existing wall structure and increasing the drying potential
under certain conditions. Unfortunately external retrofit measures will have impact on the
aesthetical appearance of the buildings and is sometimes not a viable option, in particular for
historic buildings.

The general objective of RIBuild is to develop effective, comprehensive decision guidelines to
improve the energy performance of historic buildings by investigating internal insulation
measures. The conservation of historic buildings™ cultural values and the improvement of their
energy performance can be first seen as rather contradictory. Indeed, a thermal insulation cannot
always be applied on the external walls e.g., due to the preservation of the facade. In that case,
internal insulation measures should be investigated and currently represent the most difficult
retrofit measure in historic buildings.

The main objective of Task 1.3. of WP1 is to provide a state-of-the-art on insulation materials and
insulation methods for historic building retrofit projects with emphasis on internal insulation
materials. The study is based on extensive review of available literature sources and recently
published scientific papers and has to serve as basis for other WPs of RIBuild.

Task 1.4 of WP1 aims at review of existing guidelines and decision making tools related to
internal insulation of historic buildings.

At the beginning of the project, it was defined that “historic buildings” in RIBuild represent all
types of protected® and non-protected buildings built in Europe before 1945. In this report, the
“historic building” term will thus refer to this definition.

Literature review has been carried out based on a literature study.’

* A protected building represented a potential high architectural degree of relevance and cultural heritage. The
definition can be given at the national or local levels.
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The report consists of two main section covering literature review on insulation materials and
systems for internal insulation of historic buildings (Section 2) and existing main strategies and
methodologies used for retrofit of buildings, with focus on internal insulation of historic building
walls (Section 3).

Section 2 starts with an overview of the main aspects of application of internal insulation in
historic buildings (Section 2.1). These include the hygrothermal behaviour (Section 2.1.1),
material properties (Section 2.1.2), construction elements™ properties (Section 2.1.3), outdoor
climate (Section 2.1.4), indoor climate (Section 2.1.5), thermal bridges (Section 2.1.6), other
aspects (Section 2.1.7) and damage risks (Section 2.1.8). An overview of insulation systems
available for internal insulation and details about different insulation materials that can be applied
internally are given in Section 2.2 and 2.3. The findings from the literature survey on insulation
materials and insulation system are concluded in Section 2.4, followed a list of references (Section
2.6).

Section 3 starts with an overview of decision making tools and methods applied in energy
efficiency retrofit projects in buildings (Section 3.1). Section 3.2 illustrates how these tools have
been used for assessment of internal insulation applications in historic buildings. Section 3 ends
with conclusions and recommendations (Section 3.3) and a reference list (Section 3.4).

> Relevant articles were searched in the scientific databases of Scopus and Web of Sciences where peer reviewed
scientific papers are published. In the search procedure the key words used were: historical building, internal
insulation, historical building materials, energy efficiency in historical buildings.
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2 Insulation materials and systems available for
internal insulation of historic buildings

The building planning process spans a multitude of functionalities and properties of the
construction. An application of internal insulation affects the existing structure and functionality
of the building. Nevertheless these impacts are studied rarely.

An analysis of all relevant insulation layer properties is therefore essential and characteristic
values should be identified to enable a comparison of different insulation materials. Internal
insulation will likely influence the following functionalities of the building:

e Hygrothermal performance

e Energy performance and thermal comfort

e Sound protection

e Fire protection

e Robustness of the construction (susceptibility)

e Economic efficiency

When investigating the potential for existing buildings to be retrofitted using internal insulation it
is important to consider several parameters that could influence functionalities of the building.
These include hygrothermal behaviour (Section 2.1.1), material properties (Section 2.1.2),
construction elements® properties (Section 2.1.3), outdoor climate (Section 2.1.4), indoor climate
(Section 2.1.5), thermal bridges (Section 2.1.6), other aspects (Section 2.1.7) and damage risks
(Section 2.1.8).

2.1 Main aspects of internal insulation

2.1.1 Impact on hygrothermal performance of walls

A changed hygrothermal performance traces back to the reduced temperature level in the existing
construction. Resulting consequences can be high surface relative humidity or condensation,
interstitial condensation or high material moisture contents with several linked risks, e.g. frost
damage (Hens, 1998).

In a building physics context, external insulation of external walls is preferred to internal
insulation, as external insulation prevents the walls to be subjected to temperature levels below
freezing point and outdoor exposure in general. Further it reduces the negative influences caused
by thermal bridges. By choosing internal insulation the existing external wall becomes colder and
as a result it gets subjected to a number of potential hazards which may initiate the deterioration of
valuable construction elements. These effects makes it relevant to consider assessing suitable
methods for treatment of external walls to hinder potential damage caused by outdoor exposure,
i.e. wind driven rain.

One of the potential causes for damage is interstitial condensation which occurs due to the fact
that moisture interferes with applied material of internal insulation and cold surfaces and therefore
condensates inside the structure of wall (see Figure 2.1). The diffusion of the vapour or moist air
is slowed down or blocked by the applied internal insulation material thus creating the boundary
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of temperature difference where vapour condensates (Hens, 1998). In special cases summer
condensation can also take place. This phenomenon occurs after heavy rain; the facade is drying
due to solar irradiation and the vapour flow inwards and condensates on the surface of insulation
material (Wilson, 1965 in Carmeliet et al., 2003). The presence of condensate increases the risk of
mould growth, reduces service life of thermal insulation material and can give damage to the
structural components of the building, such as wooden beam ends or wooden studs
(Vereecken, 2013).

a) b) ©)

Figure 2.1. Temperature profile in brick wall a) without insulation, b) with external insulation and c) internal
insulation. Indoor climate is adjacent to left side, outdoor climate to the right side, black curves illustrate the dew
point temperature profile (equivalent to saturation pressure), blue curves illustrate the temperature profile
(equivalent to partial pressure), blue area indicates condensation risk (diagrams generated with https://www.u-
wert.net/)

Another potential risk factor is the reduced drying potential of the building elements, in detail
given in the studies by Kunzel (1998), Buxbaum and Pankratz (2008), Vereecken, (2013), Murgul
and Pukhkal (2015). The drying potential can be reduced for the moisture coming from the outside
environment and/or for the moisture trapped inside the building™s elements. The study by
Haupl et al. (2005) on renovated historical building showed that the increased moisture in the wall
was caused mainly by the driving rain but not condensation. Another aspect — trapped moisture —
was studied by Borsch-Laaks and Walther (2009), where authors found that the reduced drying
potential was found after the application of internal insulation.

Built-in moisture during installation and high internal moisture loads in cold climate have shown
to be a source for high relative humidity level and it can cause interstitial condensation when
adding internal insulation of polyurethane (PUR) board (0.05 m), polisocyanurate (PIR) board
(0.03 m), aerated concrete (0.06 m) and calcium silicate (0.05 m). Therefore the retrofitting period
should be careful chosen to avoid the risks of moisture capture in the structure of building. The
behaviour of four materials used as internal insulation in-situ for historic building in Estonia was
studied by KloSeiko et al. (2015). The original external wall is made of bricks (0.73-0.75 m)
composed of three brick layers, two air cavities and one layer with peat insulation. Temperature
sensors and relative humidity sensors were placed between insulation material and brick masonry.
Heat flow sensors were located on the surface of wall. Internal and external surface temperatures
were measured. Internal temperature was kept at +21°C and high internal load (the moisture
excess of +2.3 to +4.4 g/m’). The fastest drying out time was obtained for calcium silicate
material, followed by aerated concrete, however the same materials showed rapid increase of the
moisture level behind the insulation materials in case the moisture content in the room was
increased. In the case of PIR the moisture content between the insulation and the wall did not
increase as fast, nevertheless relative humidity exceeded the critical limit for mould growth. For
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all tested material relative humidity between the insulation and brick wall was suitable for mould
growth, in the case of aerated concrete even condensation occurred. Obtained results show that the
built-in moisture during installation is a source for high relative humidity level and it can cause
interstitial condensation.

After the system of internal insulation is installed, this system should be as much airtight as
possible (without open joint), otherwise the risk of interstitial condensation will be even higher
(Hens, 1998). Methods and models are described in detail in Section 3.

2.1.2 Properties of materials

Historic brick and stone facades and masonry walls have been exposed to moisture loads from
both external and internal sources for many years and are, depending on maintenance, in varying
shape and condition. It is always important to investigate the actual state of the facades and
material properties before considering any modification to the walls and in particular when
applying internal insulation. Bricks, stones, mortar and render are the materials that create the
whole unit and are commonly used in heavy walls.

Material properties such as density, thermal conductivity, and pore structure can vary more or less
because of the spread of use geographically. Each porous building material has its own response to
water vapour. As porous materials are non-homogeneous and anisotropic, saturation vapour
pressure and temperature have to be determined by means of sorption isotherm. Scientists have
studied and grouped many materials by means of representative sorption isotherms. Porous
materials are described by size and shapes of pores that are forming the structure of building
material. Porosity characterises the total volume of open pores while the pore size distribution
illustrates material in more details by dividing pore volume into fractions of pores. The latter
determines the equilibrium moisture content of a material as well as how the pores are interlinked.
The tortuosity — geometrical complexity of the pore structure — influences the moisture transport
properties. Moisture is well exchanged and stored in pores if they are open and connected to each
other. Water storage functions are based on different mechanisms and are illustrated by moisture
content curve. This curve is divided into three regions: the hygroscopic region, the super-
hygroscopic region and supersaturated region (see Figure 2.2). In the hygroscopic region the
moisture content curve is identical to the sorption isotherm. In the super-hygroscopic region the
water content is determined by capillary suction of liquid water. In the supersaturated region can
be brought into pores that are still empty by external pressure. When all pores are filled with
water, vacuum saturation is reached. Moisture is transported in porous materials either by
diffusion, capillary flow, hydraulic flow and surface diffusion. Diffusion takes place in the
hygroscopic region by means of a vapour pressure difference and is influenced by water content of
the material. Capillary flow takes place in the super-hygroscopic region and the main driving force
is internal pressure gradient in the capillary pores. In the supersaturated region moisture transport
is driven by external pressure and can be described by Darcy*s law.
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Figure 2.2. Water content curve for porous materials

Installation of internal insulation is expected to improve the energy performance. The improved
energy performance/reduced heat loss is mainly influenced by the thermal resistance of the
insulation layer and thus characterized by the thermal conductivity and thickness of the product.
Nevertheless the differences between measured and expected heat loss reduction might occur due
to increased moisture content of the insulation material (Haupl et al., 2005), leakages in the
insulation resp. sealing layer (Hens, 1998), disregarded thermal bridges (Smout, 2012) etc. In
general, internal insulation will decrease the thermal inertia of the room, since the external walls
after the application of internal insulation will no longer function as heat storage (Hens, 1998; Al-
Sanea and Zedan, 2001). Depending on the location (e.g. hot regions with required high thermal
storage capacity) and the usage (e.g. temporary used rooms with required short heating-up periods
and thus desired low thermal storage) this effect can be wanted or unwanted. Nevertheless, these
factors are strongly depending on the building™s characteristics and could therefore hardly be
described with material properties solely. The study by Hens (1998), showed that in the case of
poor installation unwanted air circulation between the insulation material and building™s structure
can result in the actual U-values (for one-dimensional wall) even 2.5 times higher than the
projected. These all mentioned risks together can hardly be characterized by specific values.

Some building material properties have a direct mutual impact. For example variation of porosity
in the brick generates different insulating capabilities; a more porous brick is more insulating. This
is due to the air having a low value of thermal conductivity, hence increasing the insulating
capabilities but it also requires the air to remain stationary. The content of moisture in bricks can
through micro-cracks become higher after an intense day of driven rain, thus decreasing the
insulating capabilities since water has a higher value of thermal conductivity than stationary air
(Kunzel, 1998). Bricks can in a worst case scenario suffer from frost weathering, which is caused
by stresses in the brick when water freezes to ice and expands in volume during intense freeze-
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thaw periods (Maurenbrecher et al., 1998). To counteract this problem hydrophobic treatment can
be applied on the outer surface to prevent rain from transporting inwards. This treatment also
requires that no cracks are present in the masonry wall; since it can give the unwanted effect
where high moisture loads accumulate locally and will take long time to dry out (Buxbaum and
Pankratz, 2008 in Vereecken, 2013), (Moller, 2004).

The physical parameters (density, porosity, size pore distribution, turtuosity) and moisture
parameters (moisture content) as well as moisture transportation properties of bricks are important,
e.g. Larsen (1995) carried out drying experiments of three types of historic bricks and has found
that moisture physical characteristics (pore structure, water vapour resistance, sorption) of historic
bricks are different hence modern industrially produced bricks cannot be used to simulate historic
brickwork. Similar interdependencies exist for other building materials used in historic buildings
such as sand stone, clinker bricks, dolomites etc.

Besides the development of models, even more research is carried out on laboratory measurement
of various internal insulation materials. Pavlik and Cemy (2008) showed that using the same
internal insulation materials for two different wall types, the obtained results can differ.
Hydrophilic mineral wool and vapour retarder on brick wall and on argillite stone wall was used in
laboratory conditions. Applied vapour retarder performed well on the brick wall, but failed on the
argillite wall because over-hygroscopic moisture was present on the argillite wall during the study
(expressed by relative humidity and volume water content).

In-situ research was carried out by Walker and Pavia (2015). The authors analysed thermal
performance of seven insulation materials on a historic brick wall (0.77 m) and compared them to
traditional lime plaster finish (0.007m). These materials are thermal paint (0.012 m), aerogel
(0.0195m), cork lime (0.04m), hemp lime (0.04 m), calcium silicate board (0.06 m), timber fibre
board (0.04 m) and PIR board (0.0375 m). Indoor temperature was kept at +18°C. In-situ
measurements show that U-value of insulated walls was reduced after insulation was applied in all
cases, except the case of thermal paint, which did not have any effect on the thermal performance
of the wall. On average the performance of insulation materials is overestimated by producers by
13 to 25%, except the case of cork-lime insulation. Authors conclude that aerogel and PIR showed
the best thermal performance in this case study.

2.1.3 Properties of construction elements

Structural strength in masonry walls depends on many factors: brick formats, porosity in bricks,
thickness of gap where mortar is applied, structural strength of the mortar and the ratio between
the height and thickness of the wall. Except homogenous masonry walls there are cavity walls
were an external facade made of bricks is being attached with anchors to the carcass. These
anchors have a minor effect on the total structural strength of the masonry wall. Reinforcing bars
are also used in masonry walls for different purposes. Both anchors and reinforcing bars made
their debut in the 1940“s and unfortunately it was commonly not made of stainless steel. It usually
ended with extensive corrosion, where the anchors and bars expanded and therefore initiated
cracks in the mortar and bricks (Zagorskas et al., 2014; Ionescu et al., 2015). or even resulted in
walls that tilted (Hansen and Egholm, 2005).

Solid masonry walls, for instance, could have a satisfactory performance considering both external
and internal moisture sources but any alteration of the wall could change this (Borsh-Laaks and
Walther, 2008). Vereecken and Roels (2014) in hot box — cold box laboratory measurements
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tested 11 different configurations of internal insulation materials for single leaf massive masonry
walls (0.29 m): mineral wool, cellular concrete, cellular glass, calcium silicate, wood fibre,
cellulose combined with smart vapour retarder and glue mortar. X-ray projection method was used
to investigate the moisture distribution. Temperature and relative humidity sensors were placed
between material layers. Experiments were performed for severe and rather unrealistic boundary
conditions (relative humidity in hot box 85% and cold box 45%; temperature in cold box 2 °C and
in hot box 35 °C). The results showed that the glue mortar accumulated large amount of the
moisture, thus leading to overall worse performance of capillary active insulation. A numerical
simulation on the hygrothermal performance of tested systems at less severe steady-state winter
condition and it showed similar behaviour. Based on the results vapour tight systems should be
preferred, but it should be kept in mind, that this research only studied insulation materials under
steady-state conditions. Therefore more research is needed to generalize findings.

Mortar and render used in historic heavy walls consists of a binder, sand and water. Different
types of binders and a variation of particle size in sand can be used to give both the mortar and
render its unique properties. Depending on the ratio between the binder and sand in the mixture
various values in structural strength and tightness are achieved. That is, if sand with bigger
particle sizes are added the overall structural strength will increase and if the content of binder
increases the tightness of the mixture will improve. Portland cement is well known for its high
structural strength and fast set time. This in turn means it is a brittle material and prone to initiate a
formation of cracks. Lime is another common binder and gives unlike the Portland cement a low
structural strength when mixed into a mortar. A positive factor about lime mortar is its
permeability which allows moisture to dry out more effectively. Another positive factor is that it is
less brittle and enables the brickwork to “react” on climatic conditions with introducing crack at
once (Zagorskas et al., 2014; Ionescu et al., 2015). Driving rain can be absorbed by the external
cladding and in addition flaws in the facade and the connections and fixings around for instance
windows can lead to transportation and accumulation of moisture in the walls (Haupl et al., 2005).
Depending on the performed maintenance over the years, this can be of small or significant
importance. Also, the drying potential of the walls may previously have been high due to a low
level of insulation and large heat flows throughout the walls. Similar interdependencies can be
found in other systems used for external walls in historic buildings (clinker brick, lime sand stone
etc.) (for more information see RIBuild deliverable D1.1).

2.1.4 Climate conditions

Depending on location and climate, orientation and even micro-climate, the facades are exposed to
varying hygrothermal loads including large temperature differences, solar radiation, wind and
driving rain.

Aspects of weather that causes degradation of building components:

e wind effects on buildings: interior-external pressure difference (convection), highest load
at corners of buildings and roofs where flow separation occurs;

e ambient air temperature: chemical and biological degradation usually accelerate at higher
temperatures, freezing and thawing are especially harmful for porous materials as brick;

e solar radiation: has a great impact on the material surface temperature but can also change
the atomic structure of a building material (destroys the bonds between the atoms);

e moisture: air humidity, condensation, precipitation, groundwater, higher vapour content of
the ambient air in summer and lower in the winter, driving rain (horizontal component of
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rain during windy conditions, part of the rain is absorbed, part may penetrate into cracks
and joints), freezing, deterioration by decomposition, corrosion of reinforcement.

2.1.5 Indoor climate

There are several factors to consider when investigating the sources of internal heat and moisture
in existing buildings. Apart from heat and moisture generated by the current use of the buildings,
there can also be substantial built-in moisture in the walls that need to be addressed before
applying any modification to the existing constructions (Borsch-Laaks and Walther, 2008 in
Vereecken, (2013)).

The indoor heat and moisture load can vary significantly from building to building depending on
its use, the buildings properties and the outdoor climate. However, a rough division can be made
between residential and commercial buildings.

The moisture generated in residential buildings by the inhabitants can vary. Usually more moisture
is generated in the mornings and late afternoons due to cooking, cleaning, showering etc. In office
and commercial buildings heat loads are concentrated during office hours and also often coincide
with solar gains. Similarly, for commercial buildings, moisture production is high during daytime
but often the ventilation rate compensates for this and the excess moisture is removed.

However, in naturally ventilated buildings, often the case for historic buildings, the ventilation
rates are governed by season and outdoor conditions and hence the ventilation can be low during
parts of the year and moisture loads can be higher. A high internal moisture load will lead to
diffusion throughout the walls if vapour open materials are used.

Besides the internal heat and moisture factors, the thermal capacity of buildings elements itself are
reduced after the internal insulation is applied (Hens, 1998). This occurs due to the fact that
external walls no more serve as heat storage after internal insulation is installed. The reduced
thermal inertia of the building has some advantages, e.g. lower heat requirements in intermittent
heating period and quicker reaction time when the heating is switched on, but drawbacks as well,
e.g. overheating risks in summer (Al-Sanea and Zedan, 2001).

2.1.6 Thermal bridges

In all possible methods for the thermal retrofit of exterior facades — external insulation, cavity
insulation, internal insulation — thermal bridging is a focal issue. In either of these approaches the
continuity of the introduced insulation may be compromised, at protrusions from the surface to be
insulated, or at connections with other building components (Hens, 1998; Theodosiou and
Papadopoulos, 2008; Ge et al., 2013; Sallée et al., 2014). For an internally insulated massive
facade, common walls, partition walls or internal floors exemplify the first category (Figure 2.3a)
while connections between walls and windows, roofs or foundations typify the last category
(Figure 2.3b).
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a b

Figure 2.3. Geometric configuration and simulated isotherms for massive facade connected with a) common wall
b) window lintel, without thermal bridge insulation (Smout, 2012). The massive facade is 29 cm wide.

Thermal bridges typically result in amplified heat transfers and reduced surface temperatures
(Ge etal., 2013; Finch et al., 2014; Sall¢e et al., 2014) (Figure 2.3). The latter may give excessive
relative humidity at the surface promoting mould growth and condensation; the former may un-
dermine the intended upgrade of the insulating quality of the facade. Special care should be taken
in the case of wooden beam ends, since they might be exposed to combined hydrothermal risk
(Vereecken, 2013).

Both impacts are typically undesirable, and correct solutions for thermal bridges are required
(Figure 2.4). These solutions generically intend to uphold the continuity of the introduced
insulation (Figure 2.4.b) or to extend the conduction path resistance through the thermal bridge
(Figure 2.4.a).

a b

Figure 2.4. Geometric configuration and simulated isotherms for massive facade connected with a) common wall
b) window lintel, with 2 cm thermal bridge insulation (Smout, 2012). The massive facade is 29 cm wide.

Thermal bridges typically result in amplified heat transfers and reduced surface temperatures. In
the literature, the first aspect receives much attention, while less is available for the second.
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2.1.6.1 Amplified heat transfer

Many studies have presented many results for different cases (Janssens et al., 2007; Theodosiou
and Papadopoulous, 2008; Cappelletti et al., 2010; Gronau, 2010; Evola et al., 2011; Smout, 2012;
Capozzoli et al., 2013; Berggren and Wall, 2011; Ge et al., 2013; Finch et al., 2014). It is however
not possible to join these disperse outcomes into generic results for the relative impact of thermal
bridges on the overall heating or cooling demands of dwellings. Everything depends on the
geometrical convention — internal or external dimensions (Berggren and Wall, 2011) —, the
dwelling typology — more or less compact buildings (Janssens et al., 2007) —, the insulation
thickness and position, the quality of the thermal bridge solutions, etc. They all however infer
that:
e unresolved thermal bridges may very strongly contribute to the heating demand of
insulated buildings, while slightly smaller impacts are observed for the cooling demand;
e resolved thermal bridges moderate these impacts significantly, but even then thermal
bridges may still add notably to the heating demand of insulated buildings. The impact on
the cooling demand, on the other hand, is in this case fairly small;

These findings are confirmed in a survey study performed within the ASIEPI project —
Assessment and Improvement of the EPBD Impact for new buildings and building renovation -,
where the results of numerous other case studies are collected and compared (Erhorn-Kluttig and
Erhorn, 2009). It should lastly be noted however that an economical cost-benefit analysis may not
always decide in favour of resolving thermal bridges, particularly for more “mild* climates
(Evola et al., 2011).

Some fragmented literature information allows discussing the required size of thermal bridge
insulation. Sallée et al. (2014) investigation results show that the efficiency of the thermal bridge
insulation wanes quickly once over 60 cm long. Besides that a decrease in width can be
compensated by an increase in thickness, but also that length should be prioritised over thickness
(at least up to lengths of 50 cm). Finally, with each doubling of the thermal bridge insulation
thickness, the linear thermal transmittance coefficient drops some 15 %. Studies by Smout (2012)
and Hermes and Kiinzel (2015) on the thermal bridge insulation in wall-window connections yield
a larger relative drop: doubling — from 2 cm to 4 cm — the thermal bridge insulation thickness in
wall-window connections reduces the linear thermal transmittance coefficient with roughly 30 %.

The general tendency is that more effective is internal insulation (thicker material or lower thermal
conductivity of the material), the more dominant becomes the heat losses from the thermal bridges
in overall heat loss balance (Vereecken, 2013).

2.1.6.2 Reduced surface temperatures

Much less information is available with regard to the reduced surface temperatures provoked by
thermal bridges (Mumovic et al., 2006; Gronau, 2010; Ge et al., 2013; Finch et al., 2014;
Sallée et al., 2014). These results can neither be synthesised into generic values. They all do
though confirm that:
e unresolved thermal bridges may lead to excessively low local surface temperatures, thus
invoking a risk on mould growth or surface condensation;
e resolved thermal bridges moderate this impact significantly, and generally sufficiently
high surface temperatures are obtained;
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The required size of thermal bridge insulation with respect to surface temperature is not analysed
in literature.

Implementing thermal bridge insulation is thus necessary to remediate the potential negative
influence. From all analysed examples, it can be deduced though that limited quantities of the
thermal bridge insulation suffice to that aim.

To prevent the mould formation, the various design rules and simulation tools can be used. Some
of them are: temperature ratio, biohygrothermal models, isopleth systems, mould prediction
models etc. (Anon, 1991; Hens 1998, Vereecken, 2013). However each of these tools have some
assumption and simplifications integrated within the model, therefore during the assessment of
mould formation risk, the influence of these simplification on the real system should be kept in
mind and not overestimated. More detailed review on the advantages and drawback of various
prediction models can be found in study by Vereecken and Roels, (2012).

2.1.7 Other aspects

Normally, internal insulation will not worsen the sound protection of the building in the audible
frequency range. The only risk can be seen in a displacement of resonance frequency into the
audible range. This is also not a material property but strongly depending on the constructive
system (fixation, distances, existing construction properties etc.) and can“t be characterized by a
material property.

Fire protection level of the building could be affected if flammable materials are used. A common
classification of building material“s fire protection levels is suggested by EN 13501. Construction
materials range from quickly flammable materials (Class F) to inflammable materials (Class Al).
There is furthermore a difference in the classification of installed and isolated materials.

There are different risks attributed to the installation of insulation layers. One could be an
under/overestimation of the underground (priming coat, non-supporting or sanding base materials
etc.) or the existing construction itself (wind driven rain protective coating or properties, moisture
content, material compositions, remaining installations in the wall etc.). Other error sources could
be an incorrect installation (insufficient drying periods, leaky connections etc.) or damage during
the usage (e.g. wall fixations permeating the sealing or/and the insulation layer and causing
thermal bridges or convection inlets).

Installation of internal insulation reduces energy consumption of the building. The amount of
saved energy depends on thermal properties of selected insulation material or system and the
thickness of material. Selection of both thermal properties and thickness of material depends on
predicted hygrothermal behaviour. An investment in internal insulation is generally lower
compared to external insulation as less material and labour is required.

2.1.8 Damage risks

In the case of seasonal variations in outside air temperature, damage to the external wall can
occur. The combination of the exposure of the building to the weather, especially wind driven
rain, the condition of the external wall and the outdoor temperature can cause freeze-thaw damage.
The damage could be amplified when internal insulation material is used, as the temperature in the
wall is reduced, especially at the inner part, closest to the internal insulation, as the insulation
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reduces the heat loss through the wall, thereby increasing the interstitial condensation potential
and reducing the drying potential (Scheffler, 2008). Currently there is a lack of reliable risk
assessment methodology for the identification of potential damages caused by the cycle of freeze-
thaw in buildings (Vereecken, 2013). Also salt efflorescence (salt deposits after the moisture is
evaporated) can occur due to evaporation of the moisture from the building facade, cause damage
to the building (Lstiburek, 2007) and increase the damage risk in the case of freeze-thaw cycles
(Ueno et al., 2013).

Impact of wind driven rain loads (WDR) on walls in moderately cold and humid climate is much
larger near the edges of the walls than at the centre, according to whole building hygrothermal
modelling (Abuku et al., 2009). The results also show that WDR can have serious impact on
mould growth especially at the edges of the walls and cause a significant increase of indoor
relative humidity and energy consumption for heating.

Probability of structural damages for historical buildings with internal insulation was studied by
Pasek and Kesl (2015). They have modelled 5 storey building with two thicknesses of external
brick walls (0.45m and 0.6 m) insulated internally with foam polystyrene (0.14 m). Internal
temperature was assumed to be +20°C and the measured internal and external surface
temperatures are used for simulation. They found that for central Europes climate conditions, the
risk of structural damage is especially high for internal insulation of bricks and stone masonry
with low strength mortar. Moreover two methodologies were presented to assess the damage risks
due to temperature changes after installation of internal insulation.

Kolaitis et al. (2013) compared application strategies for internal and external insulation in
buildings built before 1980 in Greece. The original external walls are composed of
plaster/brick/air cavity/brick/plaster with total thickness with U-value 1.262 W/(m?K). Internal
insulation of EPS (0.08m) is added. Indoor temperature was fluctuating between 20 and 26°C. The
performed simulations showed that in the warm Mediterranean climate negligible condensation
potential is obtained in the case of internal insulation strategy.

2.2 Insulation systems available for internal insulation

Products used for internal insulation can be divided into two main categories:

e Insulation system — pre-fabricated product containing layers of materials, e.g. insulation
material, vapour barrier, finishing material etc. to be used for insulation of building
envelope (Section 2.2)

e Insulation materials — stand-alone materials used for insulation of building envelope
(Section 2.3).

Two decisive material properties of internal insulation layers are thermal resistance and vapour
diffusion resistance. Neglecting the thickness of a particular chosen insulation layer, thermal
conductivity (A) and vapour diffusion resistance factor (1) can be identified as very basic
hygrothermal properties of insulation materials. A multitude of other material properties and
functions is relevant for hygrothermal simulations and partially simulation model depending.
Their explanation and identification requires an increased expenditure and will therefore be topic
of WP 2.

The overview of applicability of internal insulation materials or systems is presented in Table 2.1.
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Table 2.1. Assessment tool for the applicability of internal insulation (Steskens et al. 2013)

Internal insulation is applicable

Applicability is unknown

Internal insulation is not
recommended

Visible
damage

No visible damage (traces of
moisture in the internal/external
finish, such as irregularities,
stains) or moisture sources

No visible damage, however,
presence of moisture sources (for
example rising damp) which may

lead to moisture problems and

damage after installing the
insulation

Presence of moisture (stains,
moisture ingress, efflorescence
of salts, algae, cracks,
irregularities)

Moisture load and frost damage

Typolo

y of the existing facade and exposure to rain

Solid masonry facade having a
width of two stones or thicker, or
(< 1% stone) exposed to a
relatively small (wind-driven)
rain load Solid concrete wall
Non-insulated cavity wall
Insulated cavity wall Internal wall

1% stone (exposed to a
moderate/high rain load)

<1 stone (exposed to a
moderate/high rain load)

Floor construction

Concrete floor or wooden floor,
which is not connected to the
facade

Undamaged wooden construction
which is connected to the facade

Wooden construction,
connected to the facade,
containing moisture damages

Technical installations

Water pipes or ducts, which are
susceptible to frost or frost
damage are not present
Technical installations which do
not require the penetration of the
internal insulation are not present

Water pipes or ducts, which are
susceptible to frost are frost
damage are present

Material properties of the existing masonry wall

Exterior finish

No exterior finish or an exterior
finish which has a good
condition, has a good quality, and
is vapour-open

Exterior finish which has not a
good condition, and/or contains
damages Vapour retarding
exterior finish such as
varnished bricks, tiles, mosaic,
vapour retarding paint

Bricks

In accordance with national
standards

No visible frost damage

Visible frost damage, brick
susceptible to frost damage

Mortar joints

In accordance with national
standards

No visible frost damage
Lime mortar

Visible frost damage, mortar
susceptible to frost damage
(for example mortar containing
sandy clay)

Interior finish

No visible damage No
irregularities or loose parts
Smooth, non-structured surface

Irregularities and/or loose parts
Very structured/irregular surface
Interior finish which is susceptible
to moisture (damage) Vapour
retarding interior finish

Visible damage (for example
cracks, paint which is flaking
off, degraded plaster)

Indoor climate

Indoor climate

Indoor Climate Class 3 according
to ISO EN 13788

Indoor Climate Class 4 according to

ISO EN 13788

Indoor Climate Class 5
according to ISO EN 13788

HVAC system

Well-controlled and efficient
ventilation, climate control and
heating system

Insufficient ventilation
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In accordance to the basic properties and following WTA 6-4 and DIN 4108-3, existing product
range can be distinguished into three systems:

1. Condensate-preventing insulation systems

2. Condensate-limiting insulation systems

3. Condensate-tolerating insulation systems

Detailed information about insulation materials and material systems products and producers is
available in Appendix 1 of this report.

2.2.1 Condensate-preventing insulation systems

Condensate preventing systems disable vapour transfer from the room side into the construction
by a vapour barrier. According to WTA 6-4 and DIN 4108-3, vapour barriers are sealing layers
with a vapour diffusion equivalent air layer thickness s4 (product of p and layer thickness) of min.
1500 m. The barrier can be a separate layer at the room side of the construction or alternatively be
part of the insulation layer itself. Depending on the system only a minor or none interaction
between the construction (maybe inner cladding) and the room climate can be expected. Typical
application fields are buildings with high inner moisture loads, i.e. water vapour pressures like
indoor swimming pool. Temperature, dew point, vapour saturation pressure and vapour pressure
profiles for this system is seen in Figure 2.5.

a) b)

Figure 2.5. a) Temperature profile (black line) and dew point profile (blue line), b) vapour pressure profile (black
line) with vapour saturation pressure (blue), for a massive wall (2) with condensate preventing internal insulation
system including vapour tight insulation material (1) (diagrams generated with https://www.u-wert.net/)

Condensate-preventing system®s performance is normally independent on the room climate and
prevents moisture accumulation in the construction due to vapour transfer from inside to outside.
It is very sensitive to high moisture loads from outside, e.g. wind-driven rain, and other additional
loads, e.g. convective moisture input through leakages, because there is no drying potential
towards room side. An intact coating for the reduction of the wind-driven rain input and a precise
workmanship (esp. sealing around openings and junctions) are therefore essential for the
functioning of these constructions (Haupl et al., 2004). Furthermore, standard surface
requirements ensuring hygienic minimum standards (no mould growth, no surface condensation)
and comfort requirements (no strong radiant asymmetry resp. limited differences between
construction surface and indoor operative temperature) are to be ensured.
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Examples for condensate-preventing systems are vapour tight insulation materials (e.g. foam
glass, extruded polystyrene, polyurethane), and systems including metal sealing foils (e.g.
aluminium foils). Vacuum insulation panels (VIP) can be regarded as a special case of vapour
tight insulation materials. The work by Baetens et al. (2010) give a review of VIP.

2.2.2 Condensate-limiting insulation systems

Condensate- limiting insulation systems include, according to DIN 4108-3, a vapour brake with an
s¢- value of min. 0.5 m and max. 1500 m. Vapour control layer should reduce the vapour input
from the room side into the construction and has to be combined with a sufficient wind-driven rain
protection. The wide range of vapour resistances implies a great diversity of constructive solutions
and potential problems. In any case constructions with potential condensate must fulfil three
criteria beside standard surface requirements. These are no long-time accumulation of condensate
within the construction, sufficient drying-out of interstitial condensate during the drying period
(summer) and uncritical moisture loads of the particular material (e.g. wood). Temperature, dew
point, vapour saturation pressure and vapour pressure profiles for this system see Figure 2.6.

a) b)

Figure 2.6. a) Temperature profile (black line) and dew point profile (blue line), b) vapour pressure profile (black
line) with vapour saturation pressure (blue), for a massive wall (3) with condensate limiting insulation system
including vapour open insulation material (2) in combination with a vapour barrier (1) (diagrams generated with
https://www.u-wert.net/)

To fulfil the requirements for condensate-limiting insulation system, the physical characteristics of
vapour brake and insulation material should be such, that during the heating season vapour
resistance should be sufficiently high to avoid interstitial condensation, while during the oft-
heating season vapour resistance should be sufficiently low to allow drying out of the building
structures. Therefore Kunzel (1999) proposed a vapour barrier with variable vapour resistance
values depending on the humidity, a so-called smart vapour retarder. A smart vapour barrier
having variable values of vapour resistance depending on the humidity, was proposed (Kunzel
1999), (Christensen & Bunch-Nielsen, 2005).

Damage due to planning of these insulation systems might occur if boundary conditions, e.g.
influence of precipitation, are underestimated or material properties, e.g. performance moisture-
adaptive vapour brakes, are misjudged. The complex and non-linear interaction of materials due to
their properties (heat and moisture transfer and storage processes as well as boundary conditions)
requires a sound evaluation of these constructions. Use of HAMT simulation tools is
recommended.
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Moreover the precise installation and exploitation of these systems is crucial, since the research by
Slanina and Silorova (2009) performed wet-cup tests of vapour retarders and the results showed
that the performance is significantly reduced in the case the vapour barrier has some small,
artificially made damages.

Harrestrup et al. (2015), Morelli et al. (2010) and Morelli et al. (2012) report on a historic building
built in 1896 and located in Copenhagen, Denmark, where internal insulation solutions was part of
in-situ retrofitting measures, including also replacement of windows and ventilation system. One
facade of this building was insulated from outside using mineral wool (with thermal conductivity
of 0.039 W/(m K)) and remaining facades from inside using an aerogel/mineral wool mix (with
thermal conductivity 0.019 W/(mK)) and thermoset modified resin insulation ((with thermal
conductivity of 0.02 W/(mK)). The achieved energy saving was 47 % and specific energy
consumption reached 82 kWh/(m” year). From this energy saving around 40 % was achieved by
insulation, around 40 % by replacement of windows and remaining by mechanical ventilation with
heat recovery. At some spots the buildings had potential problems because of a high humidity
level, especially the facade not receiving sunlight. A solution was presented where the insulation
is stopped 200 mm above the floor, showing no risk of moisture problems, but the specific energy
consumption increased by 3 kWh/(m’year).

Examples for condensate-limiting insulation systems range from vapour open insulation material
with vapour barrier mineral wool based systems (mineral wool with PE-foil or SVR), EPS or PUR
based systems, wood or textile fibre based systems, or glass foam granulated systems to insulation
systems made of composite boards with vapour controlling sealing.

2.2.3 Condensate-tolerating insulation systems

Condensate-tolerating insulation systems consist of capillary active insulation material and glue
mortar. The only vapour resistance in these insulation systems is given by the material itself,
therefore they show very small vapour transfer resistances (sq value <0.5 m, according to
DIN 4108-3).

The main advantage of the application of condensate-tolerating systems is that they are not
dependent on the precise workmanship and additional climate or human behaviour factors, e.g.
wind-driven rain or temporary raised usage loads. This is because drying-out of these systems is
not hindered, neither inwards nor outwards.

Since the diffusion of moisture occurs freely in these systems, the material is porous and acts as a
sponge, which means that the insulation material is not moisture-sensitive and is able to absorb
and distribute water in its pores. As the material is diffusion open, water vapour penetrates into the
wall and condensates in the wall near the surface of original historic wall, e.g. brick or stone. At
some point inwards diffusion stops and equilibrium situation due to capillary forces is established.
In order for the moisture to diffuse evenly an air gap must be avoided as this will hinder diffusion
processes and condensation can occur. As drying periods for these systems are necessary to avoid
moisture accumulation and associated risks (e.g. frost damage), they cannot be applied for
buildings with permanently high usage or high loads of outdoor moisture, see Figure 2.7.
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Figure 2.7. a) Temperature profile (black line) and dew point profile (blue line), b) vapour pressure profile (black
line) with vapour saturation pressure (blue), for a massive wall (2) with a condensate tolerating insulation system
(1) (diagrams generated with https://www.u-wert.net/)

Examples of these systems are absorptive insulation boards with an additional cladding at the
indoor side (e.g. vapour-open internal plaster) and absorptive insulation plastering. As capillary
active materials in these insulation system wood fibre board, calcium silicate or aerated concrete
are often used. Recent products also contain multiple materials in one insulation board. For
example, wood fibre with mineral functional layer, PUR with calcium silicate or calcium silicate
with PUR, pyrogenic silica or VIP.

An internal insulation system with calcium silicate was first presented in 1995. Further research of
such systems focused on obtaining the same hydrothermal properties of glue mortar and insulation
material, and at the same time providing the glue mortar with higher thermal conductivity than the
insulation material (Scheffler and Grunewald, 2003). Haupl and Fechner (2003) proposed a
methodology to describe moisture storage and moisture transport in the insulation material. As
case study calcium silicate (capillary active insulation material) was modelled. Calcium silicate
was selected as it is used often as internal insulation in historic buildings. Insulation systems
containing calcium silicate are not cheap, therefore research on hydrophilic mineral wool is on-
going (Pavlik et al., 2005; Pavlik and Cerny, 2008; Pavlik and Cerny, 2010).

Complex retrofitting strategy was analysed by Ascione et al. (2015) for heritage building located
in Italy. The authors found that most economically viable energy efficiency measures included
replacement of windows, application of internal insulation and insulation roof slab. As the internal
insulation material thermal insulating plaster (with thermal conductivity of 0.058 W/(mK) and
thickness of 0.05 m) was selected. For the roof insulation expanded polystyrene panels of 100 mm
thickness was chosen.

Toman et al. (2009) studied thermal performance of an internally insulated historical brick
building located in Prague, Czech Republic which has been used for 4 year after the renovation.
The applied strategy for internal insulation was to use two types of hydrophilic mineral wool
insulation boards. Each of these boards has different bulk density and was tightly put together.
The “hard” board of 0.03 mm was used. This layer was used for moisture transport. The “soft”
board of 0.005 m was fixed to the brick wall. The water vapour retarder on lime-cement basis was
put on the brick wall. Surface finishing was done using plaster. The water condensation was not
observed during the 4 years period.
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Standard surface requirements ensuring hygienic minimum standards and comfort requirements
have to be provided as for the other systems, too. For absorptive systems, greater differences
between estimated and real thermal resistance might be a consequence of higher moisture
contents, since the thermal conductivity linearly reduces when the moisture content in the
insulation material increases (Haupl et al., 1995). Despite this, absorptive materials show an
increased tolerance against critical surface conditions because temporary surface condensate can
be distributed and the usually high pH-value (board systems) limits the risk of mould growth
strongly.

2.3 Insulation materials

2.3.1 Research fields on insulation materials

Insulation materials that can be used for internal insulation in historic buildings can be classified
according to various principles, for example, as coming from natural occurring materials or man-
made materials, or as traditional, state-of-art and future thermal insulation materials.

Research on insulation materials is widely covered by material science field. As given in the
review by Jelle (2011) most of the research fields today are related to nanotechnology insulation
materials and dynamic insulation materials, where cold outdoor air flows through insulation
material fibres and collects heat. However, some research directions are dedicated directly to
insulation materials for historic buildings, e.g. a new thermal insulating plaster used on a historic
building in Turin, Italy (Bianco et al., 2015). Preliminary results show that thermal conductivity of
the plaster is 2.5 to 3 times lower than conventional plaster, but more research is needed on the
long-term performance of this material. While Sallee et al. (2014) have designed, manufactured
and tested two types of new slim thermal breakers made with vacuum insulating panels for
internal applications in historic buildings. Both types of thermal breakers give 60 % heat loss
reduction

Therefore in the field of the insulation materials, both directions are studied — improvements of
current technologies and development of novel technologies.

Regardless of the classification chosen, the key parameter for all types of insulation materials is
their thermal conductivity. The aim is to achieve as low thermal conductivity as possible. A low
thermal conductivity, expressed as W/(m K), means that relatively thin layer of this material will
have high thermal resistance, expressed as mzK/W, and low thermal transmittance or U-value,
expressed as W/(m’K).

This report reviews natural (organic) as well as inorganic insulation materials such as:

e Cellulose

e Cork

e Mineral wool

e Polyurethane (PUR)

e Polyisocyanurate (PIR)

e Expanded polystyrene (EPS)
e Extruded polystyrene (XPS)
e Aecrogel
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e Vacuum insulation panels (VIP)
e Thermal insulating plaster (TIP)
e Calcium silicate.

2.3.2 Insulation made of natural materials

2.3.2.1 Cellulose

Cellulose (polysaccharide (CsH;0Os),) fibre is the basic raw material for both wood fibre and
wood wool insulation. The cellulose fibre comes from paper (fresh or recycled) or wood
(Rahul, 2012).

During the production process, the raw materials are shredded to create fibres, see Figure 2.8 for
the composition of cellulose under magnification. Binding products and additives® are used to
form final product. In final product 82 - 85 % by weight is cellulose, the remaining being chemical
fire retardant in form of dry powder (Jelle, 2011; Rahul, 2012).

Figure 2.8. Structure of cellulose insulation under magnification x400 (ERC, 2015)

Two final products can be obtained based on the thickness of the fibres — wood fibre or wood
wool. For wood fibre the typical ratio between the length and thickness is 20:1, for wood wool
even smaller. Typical wood wool products are distributed in as filling materials and mats. The
wood wool can be used to fill in cavities and also used in the same manner as mineral wool when
coming in mats. Wood fibre insulation is usually coming in boards (Jelle, 2011).

Thermal properties of cellulose insulation are dependent on temperature, moisture content and
mass density of the material itself. Typical values for thermal conductivity of cellulose insulation
is 0.04 — 0.066 W/(mK). Thermal conductivity of cellulose insulation depends on temperature,
moisture content and mass density and increases by 40 % (from 0.04 W/(m K) to 0.066 W/(m K))
in the case the moisture content in the insulation material increases from 0 vol% to 5 vol% (Jelle,

% usually boric acid and borax and ammonium sulphate for mould, insect and rodent resistance
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2011). For wood wool EN 13168:2012 gives values of 0.09 — 0.15 W/(mK) and for wood fibres
EN 13171:2012 gives values of 0.037 — 0.042 W/(m K), in both cases for dry material at 10°C.

2.3.2.2 Cork

Cork insulation is made from the protective layer of the cork oak tree (quercus suber L.) which
may be periodically removed from its trunk and branches to provide the raw material for cork
products.

During the production process, product is made from ground granulated cork expanded and
bonded exclusively with its own natural binder exuded from cork cell walls by heating under
pressure (Jelle, 2011); see Figure 2.9 for the structure of cork under magnification.

Figure 2.9. Structure of cork insulation under magnification x100 (UCMP, 2015)

Typical final products are distributed in cork boards and granulated cork. The perforation and
cutting can be done at the construction site without losing the thermal properties of the material
(Jelle, 2011).

The review by Jelle (2011) defines typical values for the thermal conductivity of cork insulation as
0.04 — 0.05 W/(m K), while the reference standard EN 13170:2012 gives values of 0.039 — 0.041
W/(m K) for dry material at 10 °C.

Cork can also be used together with the hydraulic lime or cement mortar, in that case the measured
thermal conductivity is in the range of 0.04 — 0.08 W/(m K) (Walker and Pavia, 2015).

2.3.3 Insulation made of man-made materials

2.3.3.1 Mineral wool

The basic raw material for mineral wool is sand and basalt rocks. These resources are abundant
and usually locally found. In the case only sand is used, the final product will be glass wool (fibre
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glass), in the case only slag and basalt are used, final product will be stone wool (rock wool). For
glass wool the recycled glass and fluxing agents are usually added (Rahul, 2012). Glass wool and
stone wool together are covered under the name mineral wool.

During the production process, the raw materials are melted in a furnace where the temperature
reaches 1300-1500 °C. The obtained liquid materials are going to fiberizing process. This process
takes place in a device where disks with small holes and centrifugal force or rotating nozzles are
used to create fibres, see Figure 2.10 for the composition of mineral wool under magnification.
Binding products and additives (usually dust abatement oil and phenolic resin) are used to form
the final product (Jelle, 2011; Rahul, 2012).

Figure 2.10. Structure of mineral wool under magnification x200 (TAMU, 2015)

Typical final products are distributed as mats and boards or sometimes as filling material. The
mineral wool can be used to fill in frames, cavities, floors and roofs. The perforation and cutting
can be done at the construction site without losing the thermal properties of the material (Jelle,
2011).

Thermal properties of mineral wool are dependent on temperature, moisture content and mass
density of the material itself. Typical values for the thermal conductivity of mineral wool is 0.03 —
0.04 W/(mK) (Jelle, 2011), while the reference standard EN 13162:2012 gives values of 0.034 —
0.045 W/(m K) for dry material at 10 °C. The thermal conductivity increases 30 % (from 0.037
W/(m K) to 0.055 W/(m K)) in the case the moisture content in the insulation material increases
from 0 vol% to 10 vol% (Jelle, 2011).

2.3.3.2 Polyurethane (PUR)

Polyurethane (PUR) insulation materials are made during chemical reaction of isocyanate7 and
polyols8. During reaction of these chemical compounds, a material with closed pores is obtained;
see

7 product of ammonia based product treatment with poisonous gas — 