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ZUSAMMENFASSUNG

In den letzten Jahren haben sich viele Forscher auf die Energieeffizienz und
Leistung bestehender Gebaude konzentriert. Um die hygro-thermische
Leistung vorherzusagen und das Risiko von Feuchtigkeitsschaden in
Nachriistungsfallen zZu minimieren, wurden benutzerfreundliche
Feuchtigkeitsberechnungswerkzeuge entwickelt. Es wurden jedoch Bedenken
geduBert, wie die Zuverlassigkeit solcher Werkzeuge erhoht werden kann.
Angesichts der Auswirkungen des Klimas im Innen- und Auflenbereich, der
Anfangsbedingungen und der Lage der Isolierschicht sowie der Komplexitat
solcher Wechselwirkungen werden zunehmend komplexe Modelle der
gleichzeitigen Warme- und Feuchtigkeitsibertragung verwendet, um die

Zuverlassigkeit von Gebaudeleistungssimulationen zu erhdhen.

Die vorliegende Studie verwendet Langzeitliberwachungsdaten und ein
kalibriertes Gebadudesimulationsmodell, um eine Reihe bestehender und
neuer Modelle unter Verwendung des Aerogels als Warmedammschicht zu
testen. Um dieses Problem anzugehen, werden in der vorliegenden Studie
langfristig Uberwachte Daten und ein kalibriertes Gebaudesimulationsmodell
verwendet, um ein genaueres anfangliches Simulationsmodell sowie die
Bewertung der Vorhersageleistung des Modells zu generieren. Die Modelle
werden im Hinblick auf ihr Potenzial zur Vorhersage des thermischen und
hygro-thermischen Verhaltens sowie auf ihre Wirksamkeit zur Verbesserung
der Zuverlassigkeit von Simulationsbemihungen zur Gebaudeleistung
bewertet. Dariiber hinaus wurde der Einfluss der Position und Dicke von
Aerogelputz auf die hygro-thermische Leistung von Wohngebauden mithilfe
eines kalibrierten Simulationsmodells untersucht. Generell kommt diese
Dissertation zu dem Schluss, dass die korrekte Darstellung des lokalen Innen-
und AuBenklimas die Modellvorhersagen erheblich verbessern kann. Ebenso
kann eine genaue Darstellung der Anfangsbedingungen (d. H. Startwerte der
Schichttemperaturen und -feuchten) zu zuverldssigeren

Simulationsergebnissen beitragen.
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SUMMARY

In recent years, many researchers have focused on the energy efficiency
and performance of existing buildings. In order to predict the hygro-
thermal performance and minimize the risk of moisture damage in
retrofit cases, user-friendly moisture calculation tools have been
developed. However, concerns have been raised as to how to increase
the reliability of such tools. Given the impact of indoor and outdoor
climatic, initial conditions and the location of the insulation layer and
the complex nature of such interactions, complex models of
simultaneous heat and humidity transfer are increasingly used to

increase the reliability of building performance simulations.

The present study uses long-term monitored data and a calibrated
building simulation model to test a number of existing and new models
using the Aerogel as a thermal-moisture insulation layer. To address
this issue, the present study deploys the data and calibrated modeles to
generate a more accurate initial simulation model, as well as the
evaluation of the predictive performance of the model. The models are
evaluated in view of their potential in predicting thermal and hygro-
thermal behavior, as well as their effectiveness to enhance the
reliability of building performance simulation efforts. Moreover, it
investigated the effect of aerogel plaster position and thickness on the
hygro-thermal performance of residential buildings using a calibrated
simulation model. In general terms, this dissertation concludes that the
correct representation of the local indoor and outdoor climate can
significantly improve model predictions. Likewise, accurate
representation of initial conditions (i.e., starting values of layer
temperatures and humidities) can contribute to more dependable

simulation results.
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CHAPTER 1.
INTRODUCTION

1.1 Motivation

Fossil fuels are the largest non-renewable energy resources that they
emissions CO, and greenhouse gasses when they burn, which
contributes to increases global warming. The biggest energy demand in
Europa are heating and cooling about 84% which, they are generated
from fossil fuels and it is expected to remain so (European Commission
2016). According to the Directive 2012/27/EU
(Http://www.buildup.eu/en, n.d.), based on the conclusions lead by the
Council on the Energy Efficiency Plan 2011, the construction sector
causes 40% of the energy consumption. Building sector is responsible
for one-third of global greenhouse gas emissions annually via consuming
of heating and cooling energy (Urge-Vorsatz et al. 2015). In Europe, 9
billion square meters of the residential stock have been built before
1975 with high-energy demand. Among them one third is multi-owner,
multi-story residential buildings. (“(WBCSD) World Business Council for
Sustainable Development, Geneva” 2009). In the past few years, high-
energy demand of existing buildings motivates retrofit campaigns and
raises issues regarding building envelope performance (Masera et al.
2017a). Because heat loss through the building envelope is a key
consideration. Some of the important measures used in the retrofitting
process of the building envelope include external walls’ insulation,
windows’ glazing type, air tightness (infiltration) and solar shading.
While Santamouris and Dascalaki (Santamouris and Dascalaki 2002)
suggest that the applying a thermal insulation layer is a common retrofit
solution for old and historical building facades. However, a considerable
fraction of existing building facades in Europe strongly articulated as
historical meaningful facades and preserve appearance of heritage
architecture is very serious. Moreover, the risk of interstitial

condensation resulting from improper thermal retrofit can lead to

1



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

undesirable consequences, such frost damage, mould growth and
unhealthy indoor environment (lbrahim et al. 2014). In this regard,
effective moisture control can reduce condensation risk and contribute
to energy use reduction (F. Pacheco Torgal et al. 2016). Therefore, the
best balance between reducing heat loss (thermal performance) and
moisture control (hygro-thermal performance) is affected by
characteristics and conditions of insulating system (e.g. locations of

insulation layers, insulation thickness, etc.) (Ozel 2014).

In this context, a recently insulating plaster based on the (super)-
insulating materials, silica aerogels with special properties (e.g.
lightweight, ultra-low thermal conductivity, permeability and
hydrophobicity behaviour), has been developed, which can be used in
various building components and it is an effective option in case of
buildings whose original facade appearance needs to be preserved
specially to retrofit of building facade (Schuss et al. 2017). Baetens et al
(Baetens Ruben, Petter Jelle Bjorn 2011) suggested aerogel as one of
the most promising high performance thermal insulation materials for
building applications. Thus, the main attention in this dissertation was
drawn to use the simultaneously heat and moisture transfer models in
building performance simulation to predict it’s potential in reduction of
condensation damage and energy consumption with regarding position
in wall configuration and optimal thickness. Hopefully, using optimal
thickness based on environmental assessments will support decision-
making process, which leads to conservation of energy and environment

with the best possible cost.

1.2 Background

According to the Directive 2012/27/EU (Http://www.buildup.eu/en,
n.d.), based on the conclusions lead by the Council on the Energy
Efficiency Plan 2011, the construction sector causes 40% of the energy
consumption. Building sector is responsible for one-third of global

greenhouse gas emissions annually via consuming of heating and
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cooling energy (Urge-Vorsatz et al. 2015). In Europe, 9 billion square
meters of the residential stock have been built before 1975 with high-
energy demand. Among them one third is multi-owner, multi-story
residential buildings. (“(WBCSD) World Business Council for Sustainable
Development, Geneva” 2009). High-energy demand of existing buildings
motivates retrofit campaigns and raises issues regarding building
envelope performance. Often, the only acceptable solution for the
energy efficiency improvement of the envelope is the internal
retrofitting of the perimeter walls. The type of insulation selected for
the retrofitting can affect the results, especially in case of inner retrofit.
The use of novel and high performance insulation could be competitive
to the conventional one, in terms of equivalent thickness for reaching
the same performance. (Kosny, Fallahi, and Shukla 2013). Some of the
important measures used in the retrofitting process of the building
envelope include: external walls’ insulation, windows’ glazing type, air
tightness (infiltration) and solar shading. In addition, multiple efforts
are being undertaken to derive more efficient retrofit solutions. For
example (El-Darwish and Gomaa 2017) showed that simple retrofit
strategies such as solar shading, window glazing, air tightness then
insulation can reduce energy consumption of an average of 33%. The
result of another study (Santamouris and Dascalaki 2002) presented
that the applying a thermal insulation layer is a common retrofit
solution for old and historical building fagades. Depending on the
requirements to maintain the style and shape of the facades, this layer
can be applied on the external or internal wall surface. They studied on
10 office buildings located in seven different climatic zones around
Europe, by performing the energy audits and monitoring activities,
specific experiments as well as an assessment of the potential of

proposed retrofitting scenarios for each building.

Aerogels were discovered in the early 1930s by Kistler (Kistler 1930).
Masera et al (Masera et al. 2017b) presented an innovative technical

retrofit solution: a lightweight, aerogel-based wallpaper that can be



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

easily installed on the inner side of perimeter walls. The system is
composed of an aerogel-impregnated textile layer, forming the
insulating core, and a fabric finishing that can be easily installed and
replaced thanks to a bespoke tensioning device. The cold bridges,
thermal capacity and environmental impact of system were analyzed.
Baetens et al (Baetens Ruben, Petter Jelle Bjorn 2011) suggested
aerogel as one of the most promising high performance thermal
insulation materials for building applications. Within this work, a review
is given on the knowledge of aerogel insulation in general and for

building applications in particular.

1.3 Research Objectives

The main objective of this study was to investigate effect of aerogel
plaster location (interior and exterior layer) and thickness on thermal
and hygro- thermal performance of residential building to retrofit of
building facade. This research has been conducted using two types of
methods: computational and experimental. On the one hand, simulation
software based on mathematical calculation of heat and moisture
transport were used to the predicting hygric and thermal conditions in
building envelopes as a computational method. On the other hand,
experimental measurements were performed via application of silica
aerogels on the external walls of a historical building fagades as a case
study. Long term-monitored data provided the basis calibration and

generation more accurate initial simulation model.

1.4 Structure of the Work

This dissertation is structured in terms of seven chapters. Chapter 2
studies the importance of building retrofit and how renovation
measures can be effective in controlling the heat loss from building
envelope, especially the significant number of residential buildings in
need of renovation in Europe. Humidity control also plays an important
role in this area. For this purpose, new material called Aerogel with

simultaneous heat and moisture control with unique properties has
4
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been introduced as super thermal insulation. Chapter 3 focuses on
simultaneous heat and moisture transfer in buildings components and
its assessment method. Chapter 4 deals with simulation model
calibration as an initial effort toward enhancing the reliability of
building performance simulations. The resulting calibrated simulation
model also serves as a platform for evaluation of the characteristics and
configuration of the insulating system in Chapter 5, whose output (e.g.,
locations of insulation layers, insulation thickness). Finally, Chapter 6
discusses the research conclusions and future outlook. In addition,

Chapter 7 lists the references, figures and tables.
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CHAPTER 2.
GENERAL APPROACH

2.1 Building Retrofit

In accordance with the Energy Efficiency Directive (EED) in Europe,
emission of CO; and greenhouse gases effect due to burning fossil fuels
must sharply reduce. According to the World Bank collection of
development indicators in the EU, 50% of final energy consumption in
2012 was allocated to heating and cooling which, 84% of heating and
cooling is still produced from fossil fuels that buildings represent 40% of
final energy consumption. Meanwhile, a large part of the existing
building stock in Europe was built before 1919 and 70% of them are
highly inefficient. With a view to improving energy performance of the
building stock and achieving the Union objective of reducing
greenhouse gas emissions by 80-95 % by 2050 compared to 1990,
renovation is one of the essential foundations for significant energy
demand reduction. Consequently, it will lead to reducing in energy costs
for households and businesses and important environmental impacts
(European Parliament 2012). The residential building stock accounts for
about 70% of the total building stock, the non-residential stock, with its
share of 30% is far from negligible. The basic data of energy balances for
2004 from the International Energy Agency (ltard et al. 2008) presents
that the residential sector is responsible for 30% of the total final
energy consumption, the non-residential sector for 11% and the
construction industry for only 2%. Dwellings are generally divided into
single-family houses and multi-family houses. In Austria, there is
approximately the same number of multi-family dwellings and of single-
family dwellings (around 50% for each). Retrofitting of existing buildings
presents by far the largest potential for the incorporation of renewable
energy technologies and energy efficiency measures into buildings
(Santamouris and Dascalaki 2002). In terms of retrofitting of the existing

building, heat loss through the building envelope is a key consideration

6
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because the users for comfort have to be produced more energy.
Therefore, more renovation of existing building facade has the potential
to lead to significant energy savings potentially reducing the EU’s total
energy consumption and lowering CO; emissions (El-Darwish and Gomaa
2017). Some of the important measures used in the retrofitting process
of the building envelope include: external walls’ insulation, windows’
glazing type, air tightness (infiltration) and solar shading. Meanwhile,
the role of exterior walls in reducing heat losses as a large part of the
building envelope should not be underestimated. It should not be
underestimated that more than half of existing building in Europe
strongly articulated as historical meaningful facades and preserve
appearance of heritage architecture is very serious. Based on Federal
Heritage Office regulates building renovation’s statement in Austria, the
main goal is maintenance of historical buildings with minimum altering
of original facades. According to the Austrian Institute of Building
Technology (OIB), application of exterior plaster insulation is acceptable

only in the following cases:

e Comparable insulating effect cannot be obtained by other types
of insulation

e Insulating materials are similar to those used in original
structure

e Layer thickness, material properties of the original plastering are
close to newly insulation, the connections, shapes and
dimensions of the architectural elements of the fagade must
correspond to the historical architectural concept

e Original construction is protected from damage via these

measures

2.2 Moisture control

On one hand, heritage buildings can only survive if properly maintained.
Increasing the demand for higher thermal comfort lead to install the

number of heating and air-conditioning systems in buildings. If the

7
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building envelope has not been designed to handle the newly imposed
temperature and vapour pressure gradients condensation may occur(H.
M. Kiinzel and Holm 2009). The occurrence of moisture problems can
lead to a host of undesirable consequences for construction and energy
efficiency. They can be wood decay, mold growth, corrosion of metals,
damage to materials and finishes from expansion or contraction, loss of
strength in building materials to the point of structural failure, poor
indoor air quality and loss of thermal resistance in wet insulation
(Ibrahim et al. 2014). Therefore, appropriate moisture control is a
prerequisite for energy efficient and damage free design of restoration
and rehabilitation measures for existing buildings (H. M. Kiinzel and
Holm 2009). On the other hand, good moisture control design depends
on a variety of parameters such as climate conditions and construction
type, which changes from region to region. Therefore, it is almost
impossible to establish general rules that apply everywhere and for
each construction. This is the reason why the considerable scientific
effort was committed to the development of hygro- thermal models
that help to predict the transient temperature and humidity conditions

in building envelope components like walls and roofs.

2.3 Silica Aerogel

In this context, regards to the retrofit of existing buildings with
considering the thermal performance based on keeping the original
historical facades and prevent of condensation risk and moisture
damage, insulating materials with recently insulating plaster based on
the (super)-insulating materials aerogels have growing interest (Schuss
et al. 2017). Although it was discovered in the early 1930s by Kistler
(Kistler 1930). The name "aerogel" refers to the way of its production: is
technically a gel, with a gas or vacuum filling its pores instead of a
liquid. Silica aerogel is the most widely used type of aerogel, which has
the chemical formula SiO,. It is insulating glassy material widely high-
tech and building applications. The high potential of silica aerogels is
due to their unusual solid material properties. Silica aerogel consist of a

8
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cross-linked internal structure of SiO; chain whit a large number of air-
filled pores. Due to its extraordinary small pore sizes and high porosity,
the aerogel achieves its remarkable physical, thermal, optical and
acoustical properties, while on the other hand this also results in a very
low mechanical strength (Baetens Ruben, Petter Jelle Bjorn 2011). The
high porosity makes aerogels the lightest solid material known at the
moment, which is composed of 98% air. It can result in a bulk density as
low as 3 kg.m3, e.g. compare whit the density of air of approximately

1.2 kg.m3 (F. Pacheco Torgal et al. 2016).

2.3.1 Structure characterization

Silica aerogel is characterized by 3-dimensional network of molecules,
containing solid state and pore structure, filled with air or vacuum. This
solid framework consists of nanoparticles of silica - the oxide of silicon.
The way that these nanoparticles connect together network differs and
mostly depends on a process of gel production. Primary nanoparticles of
silica aerogel, sized 2-50 nm in its diameter are connected together into
bigger spherical particles of a size 50 nm-2 um (2000 nm) in its
diameter. As the next step, they are linked together and result as cross-
linked polymers resembling a string of pearls. In case of acid-catalyzed
gel production process, smaller nanoparticles do not connect together
into bigger structures and thus form a structure resembling a leaf-like
shape (“Http://Www.Aerogel.Org/” 2019). Generally, synthesis of
aerogel is divided into three main steps: gel preparation, aging of the
gel and drying of gel under special conditions. They are dried by the
method of supercritical drying, so that high porosity of a wet gel state is

also kept in dried samples (Figure 1).
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Figure 1: Structure of silica aerogel (Xian Yue, Junyong Chen, Huaxin Li, Zhou
Xiao 2020)

2.3.2 Gel preparation

Firstly, the gel is prepared by using a sol-gel process, in which the solid
components of the gel are spread in a dissolvent liquid and after some
chemical reactions the mixture reaches the gel point. Typical precursors
for silica aerogel production are tetramethylorthosilicate (TMOS),
tetraethylorthosilicate (TEQS), polyethoxydisiloxane (PEDS),
methyltryethoxysilane (MTES), silicon alkoxide etc (Shukla, Fallahi, and
Kosny 2012). Process of hydrolysis requires a catalyst, i.e. acid or base
catalysis reaction. The sol changes its state to a gel, when distributed
nanoparticles group together and form rigid SiO2 network of particles
after their collision. Silicon alkoxides are very specific materials of a
high price and represent a challenge in a way of aerogel
commercialization. This fact forces replacing silicon alkoxides with
water glass or sodium silicate Na2SiO3, as they represent a cheaper raw

material.

2.3.3 Aging of the gel

After a sol reaches the gel state, its aging process begins. It might be
kept in a solvent for a sufficient amount of time till hydrolysis and
condensation processes are finished. Meanwhile strengthening of a gel
continues, its mechanical and permeability properties can be improved
by controlling the water content and concentration of the solvent and
its pH level. This process was researched by (Smitha et al 2016), who

found that bulk density and shrinkage decreased, in addition to the
10
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expansion of surface area, pore dimensions and its volume with the
increase of TEOS concentration in a solvent. During the process of aging,
two mechanisms take place, which affect properties and structure of
aerogel: transport of the material to the neck region and dissolution of
smaller particles into bigger ones (Soleimani Dorcheh and Abbasi 2008).
Transport of material is not affected by the process of convection due
to solid state of the gel, while diffusion itself is influenced by the
thickness of gel. At the end, required time for each mechanism
increases with aging of gel, which makes production of aerogels less

practical.
2.3.4 Drying of the gel

Drying is the final stage in the production process of aerogel. In this
step, the liquid inside the gel acquires a state of a gas and is removed
from the gel network. Though, due to the surface tension of the liquid,
it might damage the structure of gel network along with the process of
evaporation. As a result, gel volumetric shrinkage and network collapse
might happen. To avoid this scenario, the aged gel is placed under the
supercritical conditions. These conditions facilitate the absence of
surface tension; as distinct liquid-vapor phase boundary is absent.
Supercritical conditions suppose low or high temperatures depending
on a respective liquid (mainly alcohols, some water and catalyst), but
high pressure is a necessary condition. As a result, big surface area of

silica aerogel with high porosity and low density is produced.

2.3.5 Thermal conductivity

Aerogels have a very low thermal conductivity value about 0.015
Wm™K™!. Baetens et al. (Baetens Ruben, Petter Jelle Bjorn 2011)
suggested aerogel as one of the most promising high performance
thermal insulation materials for building applications. When the Nano-
porous material of aerogel is placed in moist environment, the solid
backbone of the material will adsorb the water vapor from the air, and

then the adsorbed water vapor will form a liquid water film attached to
11
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the surface of the solid backbone. Since the thermal conductivity of
water is much higher than air, the adsorbed water film will enhance
heat transfer in the material and the thermal conductivity of aerogel
increases up to 0.020 Wm™K™!, however they are remaining in the

superinsulation range (Nocentini, Achard, and Biwole 2018) .
2.3.6 Acoustic properties

Less studies are available on the acoustic properties of aerogels (T. W. L.
Forest, V. Gibiat 1998) (A. H. L. Forest, V. Gibiat 2001) (P. Ricciardi, V.
Gibiat, n.d.) (P. Ricciardi, n.d.) (Buratti, Merli, and Moretti 2017). In a
first study in 1998 (T. W. L. Forest, V. Gibiat 1998) the acoustic
propagation in aerogels was investigated and were compared with those
of a glass wool sample. Small and large granule aerogels were
considered and it was found that the glass wool exhibits better
absorption properties than large granule aerogels, while small granules
have a higher attenuation than glass wool. Furthermore, it was
demonstrated that the best behaviour of aerogel granules as audible
sound absorbers was found when used in coupled layers with different
granule sizes. It is confirmed in (P. Ricciardi, V. Gibiat, n.d.), a maximum
attenuation of about 60 dB was obtained for a sample constituted by
three layers 2 cm thick of decreasing diameter (3 mm, 1 mm, and 80
um). Granular aerogels with very low granule size (powders) were also
used to simulate the snow behaviour, in order to use the acoustic

emissions to predict avalanches (P. Ricciardi, n.d.).
2.3.7 Safety and health aspects of aerogel

Drying aqueous solutions of sodium silicate produce Silica aerogels. The
very low dust density has prevented the widespread application of
these materials in the past because of the potential health hazards,
which would occur as a result of inhalation (Cuce et al. 2014). Aspen
aerogels presented a report about the potential health problems, which
may be caused by aerogels as shown in Table 1

(“Https://Www.Aerogel.Com/Resources/Health-and-Safety/” 2019).
12
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Table 1: Potentials hazardous effect of aerogels on human health

Potential
health
effects

Inhalation

Eye contact

Skin contact

Skin
absorption

Ingestion

Acute health

hazards

Chronic
health

hazards

Medical
conditions
Aggravated

by exposure

Explanation

Inhalation of airborne dusts may cause mechanical
irritation of the upper respiratory tract

Exposure to dust from this product can produce a drying
sensation and mechanical irritation of the eyes

Skin contact with dust from this product can produce a
drying sensation and mechanical irritation of the skin
and mucous membranes

Material will not absorb through skin

This material is not intended to be ingested (eaten). If
ingested in large quantity, the material may produce
mechanical irritation and blockage.

Dust from this product is a physical irritant, and may
cause temporary irritation or scratchiness of the throat
and / or itching and redness of the eyes and skin

In 2006, the International Agency for Research on
Cancer (IARC) reclassified titanium dioxide as “possibly
carcinogenic to humans” (Group 2B) based on animal
experiments. In the draft Titanium Dioxide Monograph
(Vol. 93), IARC concluded that the human carcinogenic
studies “do not suggest an association between
occupational exposures as it occurred in recent decades
in Western Europe and North America and risk of
cancer”

Excessive inhalation of dust may aggravate pre-existing
chronic lung conditions including, but not limited to,
bronchitis, emphysema, and asthma. Dermal contact

may aggravate existing dermatitis

13
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2.3.8 Building application of silica aerogel

Silica aerogels are an innovative alternative to traditional insulation
especially whereas lack of insulation space, dynamic building physics
and preserving historical features are a challenge. Due to their high
thermal performance, flexible, hydrophobic and breathable format they
are, more and more, entering the building sector in a wide range of
applications including: Walls (internal & external), Floors, Ceilings,
Dormers and Pitched Roofs, Terrace & Balcony, Gutter & Soffit Window,
door and fenestration inserts, Point, repeating & linear thermal bridging
treatment, Services, ducts, hot water pipework. In addition to those
applications, aerogel is preferred for several purposes such as sound
insulation, fire retardation and air purification. Although their cost still
remain high compared to the conventional insulating materials.
However, intensive efforts are going on to reduce their manufacturing

cost and develop novel types of aerogels.

Aerogel applications in buildings for day lighting goals become
widespread. Two examples of translucent aerogel insulation as a high
performance thermal insulation solution for day lighting purposes are
illustrated in (Figure 2 to Figure 5) (Berardi 2015). Another application is
opaque ones or granular aerogel-based translucent insulation materials,
which used for thermal protection of envelopes, including walls and
roofs. (Figure 6) (Baetens Ruben, Petter Jelle Bjorn 2011). Wong et al.
suggested that transparent insulation materials not only performed
similar functions to opaque insulation, reducing heat losses and
controlling indoor temperatures but also allowed solar transmittance of
more than 50%. With a thickness of less than 20 cm, it could provide a

financial return to building occupants (Wong, Eames, and Perera 2007).
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Figure 2: Examples of translucent Silica aerogel insulation block form (Berardi
2015)

2015)

Figure 4: Granular filled aerogel windows: Detroit School of Arts, MI, USA (Berardi
2015)
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Figure 5: Granular filled aerogel windows: Nobel Halls at SUNY Stony Brook,
NY, USA applied over large areas in new buildings for day lighting purposes
(Berardi 2015)

Figure 6: Rendering Fixit 222 with aerogel (Proskurnina, n.d.)

Because of combination of a low thermal conductivity and a high
transmittance of daylight and solar energy, Aerogel is considered one of
the interesting translucent and transparent insulation materials.
Aerogel glazing provides diffuse natural light and good thermal comfort,
due to the low U-value the inside temperature of the aerogel glazing is
near the inside air temperature. Figure 7 shows the developed a
granular aerogel based window in Germany by ZAE Bayern, which is
stacked in a 16mm wide poly methyl methacrylate (PMMA) double skin-

sheet, between two gaps (i.e. of either 12 or 16mm in width and

16



respectively filled with krypton or argon) and glass panes (Beck et al.

2002).

Figure 7: Cross-section through the granular aerogel based glazing, consisting
of two glass panels with a low-e coating on the inside, two gaps and an
J. Manara, S. Korder, M. Arduini-Schuster, H.-P. Ebert 2005)

aerogel-filled PMMA double-skin-sheet double-skin-sheet (M. Reim, W. Kérner,

“Yay1o1|qig UsIp\ NL e 1ld ul ajqe|reAe si sisay) [e10100p SIYl JO UOISIaA [eulblio panoidde syl
“regBniian yayiolgig Usipn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiqg

qny aSpajmoud| INoA
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CHAPTER 3.
SIMULTANEOUS HEAT AND MOISTURE TRANSPORT IN
BUILDING COMPONENTS

3.1 Introduction

Recently, there is an increasing demand for calculative methods to
assess the moisture behaviour of building components. Because the
water leads not only structural damage but also the high initial moisture
content has strong impact on indoor condition and energy consumption.
Especially in cold climate where the moisture freezing in building
envelope would occur in winter. The amount of moisture diffuse from or
into the building envelope interior surface affects the indoor humidity
level and latent heat load of building heating or cooling energy
calculation, which are quite often ignored in whole building energy
analysis tools. While the heat and moisture transfer and moisture phase
change at inner building envelope affect the heat transfer coefficient
and therefore heat transferring rate, which are important parameters
for a building whether energy-saving or not. So, it is important to
accurately predict the hygro-thermal states of building envelope to
achieve useful envelope parameters result and take them (durability,
indoor humidity level and energy performance of the building) into
account as part of an optimized building design simultaneously (Kong
and Wang 2011). In the last century, the physics of heat and mass
transfer in porous media has been largely studied and a review of the
most widely used methods is presented. A brief overview of the
methods proposed by various authors for taking into account the effect
of a fluid flow over the heat and mass transfer in a porous media is
presented at the end of the chapters. In this chapter, a brief explanation
of the physical mechanisms of heat and moisture transfer in porous

materials and air is exposed.
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3.2 Hygric effect on heat storage and transport

The principles of calculating the thermal behaviour of building
components in dry condition are known in building physics. Since this
study is concerned primarily with moisture transport and its effect on
heat transport, we will not deal with the pure temperature dependence
of thermal quantities such as heat capacity, thermal conduction, specific
heat of melting and evaporation. The hygric effects on these quantities
are however so important that they have to be dealt with (H. M. Kiinzel

1995).

3.2.1 Heat storage in moist building materials

The heat content of a material under isobaric conditions is called the
enthalpy. In the temperature range, which is of concern in building
physics, there is an approximately linear relationship between the
enthalpy of a material and its temperature. The enthalpy of a dry
building material, related to the enthalpy at 0 °C, is therefore described

by means of the following equation:

Hy=pscsd Eq. 1
where
Hs [1/m3] enthalpy of the dry building material
Ps [kg/m3] bulk density of the building material
Cs [1/kgK] specific heat capacity of the building material
V) [°C] temperature

In the case of moist building materials, we must add to this enthalpy the
enthalpy of the water contained in the material. However, the enthalpy

of the water depends on the existing physical states.

19



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

3.2.2 Thermal conduction in moist building materials

This term is used "thermal conduction in moist building materials" only
to describe the effect of localized water on heat transport. While the
evaporation and condensation of transported moisture also contributes
to heat transport, it cannot be described in practical terms by means of
the thermal conduction equation. Information about the dependence of
thermal conductivity on the water content can be found in (Cammerer,
J. und Achtziger 1985) for various building materials. Since standard
measurements also include the effect of water vapour diffusion, the
results of measurements in the guarded hot plate apparatus for
diffusible materials, such as mineral wool, can only be used with
caution. According to (H. Kiinzel 1986), the following relation can be
used to calculate the moisture-dependent thermal conductivity A(w) of

mineral building materials:

A(w) = Ao(1+b-w/ps) Eq 2
where
A(w) [W/mK] thermal conductivity of moist building material
Ao [W/mK] thermal conductivity of dry building
material
Ps [kg/m?3] bulk density of dry building material
b [%/M.-%] thermal conductivity supplement

Supplement b indicates by how many percent the thermal conductivity
increases per mass percent of moisture. Its value is determined by the
type of building material, but in the case of hygroscopic materials, it is

largely independent of their bulk density.

3.3 Heat and moisture transfer at building component boundaries

The heat and moisture exchange between a building component and its
surroundings can be described by means of boundary conditions of the

first, second and third kind. Boundary conditions of the first kind, where
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surface conditions are the same as the ambient conditions, occur in
terms of heat and vapour transport only when the building component
is in contact with water or the earth. In the case of liquid transport, this
boundary condition applies when the component surface is completely
wetted from rain or ground water. Boundary conditions of the second
kind, which require on the surface a constant heat or mass flow,
characterize the influence of solar radiation on heat transport and the
uptake of rain water when the surface is not completely wetted.
Symmetry conditions and adiabatic or water and vapour-tight conditions
are covered by zero flows at the component boundaries. Boundary
conditions of the third kind, which require a transitional resistance
between the component surface and its surroundings, constitute the
most frequent kind of heat and moisture exchange. When two different
kinds of boundary conditions occur simultaneously, as in case of solar
radiation and convection at building facades, this can be covered in the

solution by using appropriate source terms(H. M. Kiinzel 1995).

3.4 Assessment of the calculation method

Below, it will be summarize the new calculation techniques and
functional characteristics of the newly developed calculation method,
which in some respects clearly differs from previous models.
Subsequently, it will be assess the Methodologies — new calculation vs.

previous models.

3.4.1 New calculation techniques and functional characteristics

A comprehensive list of studies and calculation methods to quantify the
moisture transport in building materials was already compiled by KieRlI
and Gertis (KieBl 1983), (KieBl, K. und Gertis 1980). In spite of the
theoretical possibility of converting one potential into another, the
choice of these potentials is of great importance for the general
applicability and accuracy of mathematical models and the computer

programs developed from them. Since in porous materials moisture can
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move in vaporous or liquid form, with different driving forces, most

publications assume two or more potentials for moisture transport.

Calculation methods are still being developed today, which as the
standard method based on Glaser (Glaser 1985) in standard DIN 4108
(4108, n.d.) - consider only the vapour transport in building
components. These methods use simplified calculation techniques to
determine moisture storage through sorption and moisture dependence
of vapour diffusion resistance. One of the first to study thoroughly the
moisture movements in porous materials under the influence of
temperature gradients was Krischer (Krischer, O. und Kast, n.d.). By
analyzing the water content of sand wetted and dried in temperature
gradients, he discovered that there are two transport mechanisms for
material moisture, which may also act against each other. One is vapour
diffusion, which at room air temperature can be described. Krischer
called the other transport mechanism "capillary water movement", and
he attributed it to the capillary suction stress, which develops as the
result of curved water surfaces in the pore system of moist building
materials. For capillary-active building materials with a broad pore size
spectrum he derived a material-specific connection between water
content and capillary pressure, so that the moisture transport in the
liquid region, it can be described with the water content as the driving

potential.

The method has been introduced was developed for the calculation of
the simultaneous one and two-dimensional transient heat and moisture
transport in multi-layered building components. The method takes into
account regarding the hygric material properties of porous building
materials. This means that as far as mineral building materials are
concerned, we assume that the vapour diffusion resistance is not
moisture- dependent, and that the transport phenomena observed in
higher moisture regions, which increase vapour diffusion under

isothermal conditions, are allocated to liquid transport.
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3.4.2 Hygro-thermal assessment

An alternative standard is increasingly being recognized as the way
forward. BS EN 15026:2007 ‘Hygro-thermal performance of building
components and building elements. Assessment of moisture transfer by
numerical simulation.” Hygro-thermal assessment is based upon the
analysis of heat; vapour and moisture transfer through the elements of
a building. The data provided by this method of assessment provides an
accurate measure to the temperature, relative humidity and water
content within the elements of a building measured over a specified
time period. The wuse of hygro-thermal assessment employs
sophisticated computer modelling to simulate the interactions between
building envelopes, building services and the use of buildings. Hygro-
thermal analysis will consider different climatic conditions and
realistically evaluate the potential moisture levels in building
components, identifying weaknesses, and thus enabling these to be

corrected at the design stage (Challenge 2018).

3.4.3 Accuracy of risk assessment methods

There is a growing understanding of the importance of condensation
control for all areas of the building envelope, in order to control
moisture, and protect both the building fabric and the health of its
occupants. Previously the methods for the assessment of the likelihood
of condensation have been limited and at best offered a simplified
average with limitations, however the newly developed computer
program called WUFI or WUFIZ [Warme- und Feuchtetransport

instationar zweidimensional = transient one or two-dimensional heat
and moisture transport], provides the coupled equation system and

the numerical solution technique. In order to provide more clarity in
the methods of assessment available and their uses, it has been
outlined a summary between the traditional Glaser method and the

latest software using the WUFI method of calculation below.
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3.4.4 The Glaser method

Traditional methods of assessment have in the past been based on the
Glaser method — a standard static interstitial moisture calculation. More
designers are recognizing the limitations of this method, which offers a
simplified approach, developed back in 1958 for use in lightweight
buildings. The simplified calculation used by the Glaser method is based
on average monthly temperatures, vapour pressure and steady state
conduction of heat to determine if critical condensation points are
reached within one year. The Glaser method identifies vapour diffusion,
how easily water vapour can pass through the fabric of the building.
However, limitations of this approach are that Glaser assumes vapour
moves only one way (inside to outside). It completely omits the key
feature of driving rain from its calculations, does not measure
absorption or porosity, and therefore misses the potential risk
attributed to the aspect of moisture storage (Challenge 2018). As it is
well known, the method has a lot of limitations. It cannot handle heat
and moisture capacity; neither can it handle air transfer through
structures and capillary liquid flow. As a result, constructions that are
qualified as good moisture design, may in reality, due to built-in
moisture, precipitation and air exfiltration face the problems mentioned

(Hagentoft et al. 2004).

3.4.5 The WUFI calculation method

The A. Proctor Group advises its customers using WUFI® software, which
is fully compatible with BS EN 15026, and dynamically predicts moisture
movement and storage as well as condensation for each location. Using
WUFI® enables architects, designers and developers to identify the
likelihood and risks of condensation, and enables designs to be
optimized for longevity of the building fabric, and for the health and
wellbeing of the buildings occupants. WUFI® software was developed by
the Fraunhofer Institute for Building Physics in Germany and provides

detailed heat and moisture calculations based on local climate
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conditions for building materials, multilayer components and even
whole buildings. The designer is able to achieve a minute-by-minute
prediction over a given period of years, as specified by the designer. The
program considers a worst-case scenario with the injection of a
moisture source at the source to predict the robust drying out of the
fabric build up. A further enhancement of using the WUFI® software is
that external weather including driving rain and solar radiation is
predicted in a cycle and the designer can choose the specific internal
environment that the building will be exposed to. This has proven
invaluable when assessing the correct position for high performance
vapour control and vapour permeable membranes to ensure a healthy

building fabric, whether it be roofs or walls (Challenge 2018).
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CHAPTER 4.
HEAT AND MOISTURE MODEL CALIBRATION

4.1 Introduction

Nowadays, whole building simulation is increasing used in design of
building heating, ventilation and cooling (HVAC) system. Presently
difference between simulated and monitored building energy
consumption has become a common research issue. In order to have
accurate results and make simulation predictions match closely real
consumptions, calibration has become an essential process to be carried
out for building simulation. The two primary reasons for adopting this
approach is that it allows (1) more reliable identification of energy
savings and demand-reduction measures (involving equipment,
operation, and/or control changes) in an existing building and (2)
increased confidence in the monitoring and verification process once
these measures are implemented. The present contribution includes a
case study regarding the reliability of a hygro-thermal simulation tool as
applied to an existing wall construction. Measured data was used to
define the model's initial conditions and to evaluate the validity of the
simulation results. Efforts were made to study the impact of input
assumptions pertaining to boundary conditions and component's
geometry representation (one versus two-dimensional) on the

simulation accuracy.

4.2 Methodology

Two types of criteria were considered in the framework of this

retrofitted project by applying aerogel plaster:

e Building energy (heating and cooling) demand as a function of
insulation thickness

e Moisture transfer and condensation risk as a function of the
position of the insulation layer
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4.3 Case Study Building

The case study of the present contribution is an office area in a
historical university building of TU Wien, Vienna, Austria. The test areas
were performed on three wall surfaces with different geographic
orientation, south, west and north. Every facade is divided in smaller
fields on which different finish layers have been applied, which can be

seen in Figure 8.

Figure 8: View of the test areas on the south facade (fields 1-4), west fagade
(fields 5-8), and north facade (fields 9-10) (Schuss et al. 2017)
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The old wall construction of the case study (with three layers including
gypsum plaster, hollow brick masonry and lime cement plaster) was
retrofitted by applying plaster system encompassing a highly-insulated
aerogel layer (Fixit 222) (Fixit 2018) on the existing construction (Figure
9). When the plaster is fully dried out a mineral based undercoat
stabilizer (FIXIT 493) is sprayed on the aerogel plaster to harden the
surface and give it a better grip for the finishing layers. In the next step
the fields got an additional reinforcement fabric mesh in an embedding
mortar to prevent cracks and get a more stress resistant surface. To test
different material variants, not all fields were done with this mesh. Than
every field got its unique finishing layer which consists out of a grained
material and silicate paint R6fix PE. Very important is that all this layers
should be diffusion open due to the properties of the aerogel plaster.
Table 2 shows the basic and hygro-thermal properties of the old wall
construction and new aerogel plaster. Moreover, four combination of

exterior plaster on fields 1 to 4 was detailed in Figure 10 and Table 3.

fu} Gypsum Plaster 15 mm
0 Hollow Brick 250 mm

! i Lime Cement Plaster

g —

Adhesive Primer

e =

oo

Aerogel Plaster 40 mm

Undercoat Stabilizer
FIXIT 493

G Embedding Mortar with
fabric Mesh 3-5 mm s
Plaster Fine/Coarse grain i

oy e ‘.
R
o e

:fc 1 mm. Table 3
K-

‘0
L]

Silicate paint. Table 3

Figure 9: The layer section of tested facade
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Table 2: Input data pertain to the thermal and hygro-thermal properties of

material
. . Rofix . .
Properties Unit 380 Aerogel Brick Interior plaster
Layer thickness [m] 0.002 0.04 0.25 0.02
Bulk density [kg-m3] 1000 220 1560 1721
Porosity [%] 0.24 0.92 0.38 0.31
Specific heat 1o
. [J-kg*-K'] 1000 1000 850 850
o | capacity
‘@ | Thermal
@ conductivity (dry [W-m1-K?!] 0.47 0.029 0.4 0.2
material at 10°C)
Water vapor
diffusion resistance [-] 12 4 14.93 13
factor
Reference water
[kg-m3] 45 6.6 11.80 1.77
content (RH 80%)
Free water
- saturation (RH [kg-m3] 210 213 368.9 264.2
£ | 100%)
2 | water absorption S
- . [kg'm™:s
& | coefficient (A- 05) 0.02 0.0004 0.51 0.30
h;n value)
T | Moisture-
dependent thermal o1
[%-M 1% 1] 8 0.5 8.51 3.23

conductivity
supplement

Figure 10: The south tested surface, which has divided four fields (Schuss et al.

2017)
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Table 3: Combinations of exterior plaster of fields 1 to 4

Sd-
Field Plaster Silicate paint value * Remarks
Value
(m)
Rofix 380 fine Rofix PE 819 Diffusion open,
S2 . . 0.0002 12-15 .
grained Sesco, lime wash stores moisture
ofi Rofix PE 225
s3  Rofix750 » _ 0.01 20  Diffusion open
coarse Reno, silicate paint
grained
) ) Rofix PE 819 Diffusion open,
S1 Ro6fix 380 fine . 0.0002 12-15 )
. Sesco, lime wash stores moisture
grained
R&fix PE 419 o
. . . Diffusion open,
sS4 Rofix 380 fine Etics, silicon resin 0.1 12-15

grained

paint

water repellent

Figure 11 and Figure 12 show the application and smoothing of the

aerosol plaster on the west fagade on 28.04.2016. The subsequent

production of the cover plaster system can be seen in Figure 13 and

Figure 14.

Figure 11: Adhesive primer (on the left), application of FIXIT 222 with a
plastering machine (on the right) (Proskurnina, n.d.)
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Figure 12: Levelling off FIXIT 222(left), surface of FIXIT 222(right) (Proskurnina,
n.d.)

Figure 13: Reinforcement mesh for corners of opening (left), application of
reinforcement mesh (right) (Proskurnina, n.d.)
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Figure 14: Applied reinforcement mesh (left), FIXIT 222 insulation plaster
(right) (Proskurnina, n.d.)

4.3.1 Monitoring data

In contrast to the other two walls, the south side was additionally
equipped with sensors. A set of sensors have been installed by the Swiss
Federal Laboratories for Materials Science and Technology (EMPA)
within different layers of the south oriented construction, which
enabled the in-situ measurement of temperature and relative humidity
levels in different positions in the testing fields. Additional, one sensor
installed in the external layer of each field to measure the heat flow.
Both of the position 0 and 1 lay directly under the exterior finishing
layer, which position 0 is equipped with the heat flow sensor and
position 1-5 are belong to temperature and relative humidity sensors.
Position 2 and 3 are located on the surface before the aerogel plaster
layer, from which number 3 is just a reserve sensor for in the case that
the other one has any malfunction. Position 4 is directly in the middle of
the masonry wall and the sensor in position 5 is directly applied on the
interior surface of the existing plaster. Figure 15 shows the detailed

section of the wall construction including the positions of the sensors.
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In this study, utilized the monitored data of sensors in node 1, 2, 4 and

5 for all fields.

Figure 15: View of sensors before the application of the aerosol plaster and
the Position of sensors in the layers of construction in south orientation
(Schuss et al. 2017)

To determine the boundary conditions, additional sensors for
temperature and humidity were installed. The interior sensor was
hanged in the middle of the ceiling, directly behind the south facade
and outside sensor was located on the south-facing test area, under the
roof overhang. The solar radiation on the surfaces was additionally
measured with a pyrometer directly next to the test areas (Schuss et al.

2017) (Figure 16).

T
2=

i
i

Figure 16: The solar radiation and temperature / humidity sensors (Schuss et
al. 2017)
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The project was carried out over period of almost three years, which
was beginning on 25.10.2013 at 01:00am and it last until 23.03.2016
1:00am. During the project, some problems with the sensors appeared
but all of them were solved as fast as possible. Due to these problems,
there were some days without data recording, which the Table 4
specifies the missed hours and days. In order to have an accurate
calibration, this study utilized the monitored data for a period of one
whole year of 2015 because it has fewer gaps in compared with other

years.

Table 4: The period of missed measured data

Date and time of missed measured data Period
12.12.2013 /11:00 - 12:00 2h

01.01.2014 / 05:00 — 11:00 7h

02.11.2014 / 23:00 — 02.12.2014 / 08:00 10h
04.18.2014 / 20:00 — 04.19.2014 / 01:00 6h

05.06.2014 / 15:00 — 05.21.2014 / 10:00 455h — 19 days
05.26.2014 / 01:00 — 06.02.2014 / 10:00 189h — 8 days
09.09.2014 / 16:00 1h

09.29.2014 / 15:00 — 19:00 5h

10.10.2015 / 20:00 — 10.12.2015 / 07:00 33h

4.3.2 Long-term evaluation of aerogel plaster with various finishings

The thermal insulation properties of the Aerogel high-performance
plaster were examined in real operation based on the measured data
from two heating periods. Specifically, the measured values for the heat
flow and the surface temperatures inside and outside were used to
calculate the (in situ) heat transfer coefficient according to the
averaging method according to I1SO 9869 (ISO 9869 1994). Figure 17 to
Figure 19 show the heat flows measured in position 2 (between the
existing wall and Aerogel plaster) for the heating periods 2013/2014,
2014/2015 and 2015/2016.
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001 T T T T
— WF10 ------ - WF20 —-—- WF30 ——— WF40
(3]
e Or | ]
2 (T
0.01 Ll \ j )
5 00 “'H“ 'W.{WI‘IJ“* J ‘ ' h“’/ﬁw‘}‘w\hl ‘ " “ \‘\‘.\ I ‘1 ".'-,‘“\‘ .! l
LL M / ‘ ! i ill‘ Ml
= ik w “i Alle ! i u' W
@ 0,02 [Uf 'L e } A ¥ f lF,ﬁ._ | RE L
[0} -, -. Y \.,
T 'I e o .
0,03 G R |
Dec 08, 14 Jan 05, 15 Feb 02, 15 Mar 02, 15
Figure 18: Heat Flow-Winter period 2014/2015
0.01 T |
. —— WF10 -~ WF20 —-—- WF30 ——— WF40
(\I‘E 0 | N
E o il I}‘ I | '.’ | N ;‘ ‘1‘5
23 -0.01 I ",\ | v 1“5 | Pl M ;( . il iy u ‘ HT" \
£ p i e il ‘“i,n iy o N
- 1 -‘.-". ! ',’ ‘.". e . “."Il B 'l
® -0.02 - v' e ! P{ ]| f, "'lﬂ[\’ \'"Jf\l[l
0 _ SR | B
I A
0.03 : % :
Dec 08, 15 Jan 05, 16 Feb 02, 16 Mar 01, 16

Figure 19: Heat Flow-Winter period 2015/2016
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The south-facing test areas S1 to S4 have been metrological recorded
since October 2013 to March 2016. Due to some missed data (Table 4),
the analysis of the performance and the hygro-thermal behaviour was
carried out based on whole period of year 2015 and the heating periods
from the 1st of October to the 1st of March of year 2015. By the Box-
plot diagram has been analyzed the distribution of data measurement

(Temperature and Relative humidity).

36



Position 05

|

Position 05

Position 04

Position 04

i
|
|
|
|
I
4
1
S2 S3 S1 S4 S2 S3 S1 sS4
¥ 1 7
T
e
|
| I
o
Q|
|
lH
1
|
I
I
|
|
1
| I
S2 S3 S1 S4 S2 S3 S1 S4

Position 02

T
|
|
|
|
|
|
|
|
|
|
|
|
|
4
1
S1 5S4
T
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
1
S1 54

T

Position 02

H

Position 01

positions of test areas / year 2015

[
[
[
[
|
[
[
[
[
[
[
[
[
[
[
[
|
[
[
il
1
S2 S3 S1 S4 S2 S3
T T
Position 01
i
| T
| I
I [
| |
I [
I [
| |
H [
I [
| [
I [
| [
I [
! [
| [
I
| |
' 4.
I
I
1 1
S2 S3 S1 sS4 S2 S3

H

Figure 20: Distribution measured temperature and relative humidity in all

1 | 1 1 1 1 1 1
= = S ° o 8 & S = 8 2 g R b4 =
[0.] @amesadwal ' [95] AuprwinH anuejay
"ayiol|qig uaipn NL 1. und ul ajge|reAe si sisay) [210100p SIYl JO UoISIaA [eulblo panoidde ayl any a3pajmou InoA

“regBniian yayiolgig Usipn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg AV—QF—H.O__G__m

37



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

T T T T T T T T T T T T
Position 01 Position 02 Position 04 Position 05

. Lo
40z
195

L+

10- —li]* 1
37

Temperature [°C]
w
T

:

| L I L i
§2 583 51 S4 S2 53 51 S4 52 S3 S1 54 52 S3 51 54

T T T T T T T T T T T T T T T
Position 01 Position 02 Position 04 Position 05
90 3 g
| =
I

Q% o
80 =

Relative Humidity [%]

501 4

a0

il -

H -1
i+
I}

L

S2 53 S S4 S2 53 SI S4 52 S3 S S4 52 S3 S1 s
Figure 21: Distribution measured temperature and relative humidity in
all positions of test areas / heating period 2015

38



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Temperature profile shows no major differences between the fields. For
a closer supervision of this topic the f value of the temperatures was
calculated. This was performed by using the formula seen in equation 3,
after the results were split in cold days (Be < 0°C) and warm days (e >
24°C), accordingly to the outside temperature. This step has been
performed for every sensor position in every field and presented in
boxplot diagrams.

_ ex,y_ge
FValue = e Eq. 3

Bx,y= Temperature of field x and position y
B.= Outdoor Temperature

Bi= Indoor Temperature

For exactly investigation of humidity effect and reduction of
condensation risk is needed to know the direct amount of water in the
air, in other words calculation of specific humidity can be helpful in this
study. The convert of relative humidity to specific humidity was

performed with formulas in equation 4 -6

_ 0.622¢.P,

v Eq. 4

with P, =P —P, and P, =¢.F Eq. 5
17.62Xt

Pg =611.2 X exp (m) Eq 6

P.= Saturation vapor pressure [Pa]
P,= Partial Pressure water vapor [Pa]
P.=Pressure of dry air [Pa]

P= Atmospheric Pressure [Pa] = 101325 Pa
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4.3.3 Hypro thermal simulation with WUFI Pro and WUF 2D

WUFI" is a family of software products that allows realistic calculation of
the transient coupled one- and two-dimensional heat and moisture
transport in walls and other multi-layer building components exposed to
natural weather. WUFI" is an acronym
for Warme Und Feuchte Instationar—which, translated, means heat and
moisture transiency. WUFI* software uses the latest findings regarding
vapor diffusion and moisture transport in building materials. The
software has been validated by detailed comparison with measurements
obtained in the laboratory and on IBP’s outdoor testing field (WUFI
2011). Using WUFI® enables architects, designers and developers to
identify the probability and risks of condensation, and enables designs
to be optimised for long life of the building fabric and for the health and
well-being of the building’s occupants. WUFI® software was developed
by the Fraunhofer Institute for Building Physics in Germany and
provides detailed heat and moisture calculations based on local climate
conditions for building materials, multilayer components and even

whole buildings.

WUFI* Pro is the standard program for evaluating moisture conditions in
building envelopes. Of all the programs in the WUFI Software Family, it
is the easiest to use. WUFI’Pro performs one-dimensional hygro-
thermal calculations on building component cross-sections, taking into
account (where appropriate) built-in moisture, driving rain, solar
radiation, long-wave radiation, capillary transport, and summer
condensation. Other programs and traditional methods, like the Glaser-
Method, do not consider these effects and are thus limited to only
evaluating winter condensation effects. WUFI* Pro determines the
hygro-thermal performance of building components under real climate
conditions. This type of comprehensive dynamic hygro-thermal analysis
is needed for accurate design and is required, for example, by the DIN
EN 15026 standard. WUFle 2D expands the scope of WUFI® Pro to two-
dimensional analysis. A one-dimensional WUFle Pro analysis cannot be
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used when regions next to the line of interest have different heat and
moisture responses. In particular, two-dimensional analyses are
necessary for complicated geometries, such as building corners, window
locations, and foundation connections and when there are non-uniform
sources/sinks of heat and moisture. Compared to WUFle Pro, the inputs
for WUFle 2D are considerably more complex, and the computational
time is also significantly increasing. Given the ease-of-use of WUFle Pro,
it is most desirable to keep the analysis one-dimensional. Indeed, many
situations, including those with ventilation and rainwater infiltration,
can still be effectively analyzed in one dimension. As such, WUFle 2D
should be more generally thought of as a complement and not an

alternative to WUFle Pro.

4.3.4 Program Setting and Inputs

The building model was generated and fed with the required input data
and program settings in one and two-dimensional geometry and the
position of sensors were specified in different layers of construction
(Nodel: interior surface, Node2: Aerogel layer, Node4: The brick wall

and Node5: Exterior plaster), which illustrated in Figure 24.

Figure 24: Layer's geometry modelled in WUFI Pro (left) and in WUFI 2D (right).

Table 5 shows the input information and settings; including the rain
coefficient and surface transfer properties, together with their initial
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values. The hygro-thermal and physical characteristics of the materials
required for the simulations in WUFI are presented in Table 2. The
properties of the materials were defined based on available information
(e.g., from material catalogs), measurements and observations. In case

of the missing information, the material data library of WUFI was used.

Table 5: General setting and input of WUFI (Pro — 2D)

Setting and inputs Value Unit

Height > 20 [m]
Orientation Inclination 90 [°]

Rain deposition
facto (FD)=1.5
Rain exposure
factor (FE)=1

Building height- Rain load
driven rain (According to the ASHRAE
coefficient Standard 160)

Thermal resistance of exterior
surface
Sd-value of exterior surface 0.0002 [m]

0.0588 [M2-k-W1]

Short wave radiation

2 -
Surface transfer absorptivity 0

coefficient Ground short wave reflectivity 0.2 -
Adhering fraction of rain No absorption -
Thermal resistance of interior 0.125 [M2-k-W-1]
surface
Sd-value of interior surface 0.1 [m]

4.3.5 Boundary Conditions

The boundary condition required for the simulations includes the
outdoor climate and indoor environmental conditions. Software
Meteonorm 7 was used (Meteonorm 2017) to create the local outdoor
climate file based on the measured values from the locally installed
weather station (i.e. Dry bulb temperature [°C], relative humidity [%]
and Global Solar radiation [J.cm™]). For this purpose, the software
required also the dew point temperature [°C], which derived from the

equation (7).

RE \0-125
Oap = (m) (1124 0.96,;,) + 0164, — 112 [°C] Eq. 7

Actual indoor environmental condition was generated by WUFI climate

file creator (WAC format) base on the measured indoor air temperature
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[°C], relative humidity [%], longitude [°], latitude [°] and altitude [m] of
city Vienna. Moreover, the initial condition (Table 6), i.e. the
temperature and water content of each layer at the beginning of the
run period, must be specified as a text file to import in the WUFI
software including the coordination of each node (Figure 25), initial
temperature and initial moisture in component. The initial moisture
(water content) for each layer was defined based on the corresponding

measured relative humidity (sorption isotherm - Figure 26) by equation

(8).

Wy—-W;
RH,—RH,

wi—w, = ( )-(RH; = RHy) Eq. 8

Table 6: Initial conditions assumptions in the initial simulation model

Initial conditions Unit Exterior Aerogel Brick Interior
plaster plaster

Destination [m] 0.0019 0.041 0.2034 0.3255
Temperature [°C] -1.88 13.37 17.05 19.18
Relative humidity [%] 72.09 31.64 41 22.37
Water content [kg-m3] 31.679 0.796 2.120 0.408

Exterior - Interior

0.%02 0.04 #% 0.25 gﬂ?

Thickness [m]

Figure 25: The monitor positions of each node according to the real condition
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Figure 26: Aerogel- based rendering sorption curve (lbrahim et al. 2014)

4.3.6 Sensitivity Analysis

There is a very large and diverse literature on sensitivity analysis,
however (Pannell 2017) express that the parameter values and
assumptions of any model are subject to change and error. Sensitivity
analysis (SA), broadly defined, is the investigation of these potential
changes and errors and their impacts on conclusions to be drawn from
the model. Sensitivity analysis is a data-driven investigation of how
certain variables impact a single, independent variable and how much
changes in those variables will change the independent variable. SA can
be used to assess the "riskiness" of a strategy or scenario. By observing
the range of objective function values for the two strategies in different
circumstances, the extent of the difference in riskiness can be estimated
and subjectively factored into the decision. In addition, it is a process of
creating new information about alternative strategies. It allows the
modelers to improve the quality of their subjective beliefs about the

merits of different strategies.

4.3.6.1 Model Evaluation

Model evaluation is used to assess goodness of fit between model and

data, to compare different models, in the context of model selection,
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and to predict how predictions (associated with a specific model and
data set) are expected to be accurate. The simulated temperature and
relative humidity at each layer were compared to the corresponding
measured values at each time step. Errors can be calculated as the
difference between the predicted values, i.e. simulation results, and the
measured values. In this study, some of statistical indicators as follows

were used.
4.3.6.1.1 Absolut and relative Error

Absolute and relative errors are two types of errors that are affected by
the accuracy of measuring tools. Absolute error is the amount of
physical error in a measurement, period. It is defined, the difference
between the measured value and the true value and it denoted by Eaps

(Equation 9).

Eapsotut = m; —S; Eq. 9
Relative error gives an indication of how good a measurement is relative
to the size of the thing being measured. That is affected by the accuracy
of measuring tools. Itdenoted by Ei and it defines
absolute error divided by the magnitude of the measured value
(Equation 10).

Erelative = e Eq. 10

m;

4.3.6.1.2 Coefficient of variation of Root-mean-square deviation CV

(RMSD):

The RMSD represents the sample standard deviation of the differences
between predicted values (simulated values) and observed values
(measured values). These individual differences are
called residuals when the calculations are performed over the data
sample that was used for estimation, and are called prediction
errors when computed out-of-sample. The RMSD serves to aggregate

the magnitudes of the errors in predictions for various times into a
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single measure of predictive power it is also a good measure
of accuracy, but only to compare forecasting errors of different models
for a particular variable and not between variables, as it is scale-
dependent. The CV (RMSD) is an aggregates time step errors over the
runtime into a single dimensionless number.

Xiz,(mi—s)?

RMSD = Eq. 11
RMSD
—

(CV)RMSD =

100 Eq. 12

4.3.6.1.3 Coefficient of determination R-squared

R-squared is a statistical measure of how close the data are to the fitted
regression line. It is also known as the coefficient of determination, or
the coefficient of multiple determinations for multiple regressions. The
R-squared it is the percentage of the response variable variation that is
explained by a linear model.
R-squared is always between 0 and 100%:

e 0 % indicates that the model explains none of the variability of

the response data around its mean.
e 100 % indicates that the model explains all the variability of the

response data around its mean.

Additional, the coefficient of determination R?, which describes the
proportion of the variance in measured data explained by the model

(Tahmasebi and Mahdavi 2013).

2

R2 — nY.misi—=Ym;%s; Eq 13
J(nzmf—(ZmiV).(nZsf—(zsi)Z)

In Equations 9 to 13, m; is the measured data at each time step, s; is
simulated data at each time step, n is the total number of time steps,

and m is the mean of the measured values.
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4.3.6.1.4 Cumulative percentage

The cumulative percent is the sum of all the percentage values up to
that category, as opposed to the individual percentages of each
category. It includes two parts as below:
e Input data is the data that would be to analyze by using the
Histogram tool.
e Bin numbers represent the intervals that should be the
Histogram tool to use for measuring the input data in the data

analysis. It must be entered in ascending order.
4.3.6.2 Selecting Calibration Variables via Sensitivity Analysis

In order to identify the impact of these uncertainties on simulation
results, a sensitivity analysis can be performed (Eisenhower et al. 2012).
In this order a subset of the input variables most likely to influence the
simulation results, first, the large number of candidate model
parameters was reduced to a certain extent via heuristically-based
considerations. This subset included 18 model input variables (Table 7).
Secondly, these variables were subjected to a sensitivity analysis. R?,
RMSD and (CV) RMSD of temperature and relative humidity were
calculated for the variables as a quantitative sensitivity measure in
comparison with measured data as a base case quantitative sensitivity

measure.
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Table 7: Variables subjected to SA and their ranges Variables

Basic

Material Properties

Hygro-Thermal

Exterior surface properties

Climat
e

Sensitive parameters

Bulk density [kg.m3] of Aerogel
Bulk density [kg.m3] of Brick
Porosity [m3.m3] of Aerogel
Porosity [m3.m3] of Brick
Reference water content [kg.m"
3

]

In relative humidity 80% _
Aerogel

Reference water content [kg.m"
3

]

In relative humidity 80% _ Brick
Free water saturation [kg.m3]
In relative humidity 80% _
Aerogel

Free water saturation [kg.m3]
In relative humidity 80% _ Brick
Water absorption coefficient
[kg.m2s0°] (A-Value) _ Brick

Sd-Value of exterior surface

Short wave radiation
absorptivity

Ground short wave reflectivity

Adhering fraction of rain

Rain load calculation

Indoor climate

Outdoor climate

Initial conditions

Benchmark .
Model Possible Values
220 146
1560 765
0.92 0.98
0.38 0.60
6.6 12.5
11.8 13
213 150
368.96 193
0.583 0.16
Stucco.Acry Stucco.mi
0.0002 lic n
1.00 0.20
Stucco.white No Sturcn::ino
0.20 absorption 0.40
Light
Standard No building
value 0.20 reflection surface
0.60
No I.Dep.end?ng on
. inclination of
absorption
component
ASHRAE . .
standard 160 Ramxv(ethtF:tZ;WInd
FE=1.5 FD=1 ¥
Meas
EN137 ASHRAE
EN15026 38 160 ured
data
Map file Local created weather
data
Constant In each Measured
across
layer data
component

Figure 27 and Figure 32 shows the analysed variables in order to explore

the potential of the sensitive variables. Based on these results, three
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variables, which have R? values higher than 0.6, were chosen to be
subjected to optimization-based calibration in the next stage. These
variables, their initial values and their allowed calibration ranges can be

seen in table x.

R-Squared Temperature

Indoor climate / import created fie # 0.85

Indoor climate [ ASHRAE 160 0.60
Indoor climate / En 13728 | ().
Initial conditions/ imported file 0.60
Initial conditions/In each layer 0.60
Ground short wave reflectivity/No reflection 0.60
Ground short wave r eflectivity/light building surface(0.5) 059
Short wave radigtion absor ptivity/Stucco white(0.2) 0.61
Short wave radistion absor ptivity/dark aged(0.6) I (0,55
sd-value/Supplier cataloge(D.0002) 0.60
sd-value/Stucco acrylic(1) 0.60
Rain load/Driving rain Co. 0.60
Rain load/ASHRAE/Low slop{0.5) 0.60
Heat resizance/0.04 Paper 0.60
Heat resigtance/Wind dependernt 0.60

Holiow Brick properties I | .59
Aerogel properties 0.60

Default s=tting 0.60

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

Figure 27: R? =Value of temperature of analysed variables

R-Squared Relative Humidity

Indoor climate / import created fie

Indoor climate [ ASHRAE 160

Indoor climate [ En 13728

Initial conditions/ imported file

Initial conditions/ In each layer

Ground short waver eflectivity/No reflection
Ground short wavereflectivity/light building surfacs({0.6)
Short wave radigtion absor ptivity/Stucco whits{0.2)
Short wave radistion absor ptivity/dark aged(0.6)
sd-value/Supplier cataloge(0.0002)

sd-value/Stucco acrylic|l)

Rain load/Driving rain Co.

Rain load/ASHRAE/Low slop{0.5)

Heat resistance/0.04 Paper

Heat resistance/Wind dependent
Holiow Brick properties GGG (.09

Aerogel properties IEEEEEEEEE—————— 0.10

'LocalCimate § 0.00

Default s=tting  EEG—————— 0.07
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Figure 28: R? —=Value of relative humidity of analysed variables
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Indoor climate / import created file

Indoor climate [ ASHRAE 160

Indoor climate / En 13788

Initial conditions/ imported file

Initial conditions,In each layer

Ground short wavereflectivity/No reflection
Ground short wave reflectivity/light building surface(0.6)
Short wave radiation absor ptivity/Stucco white(0.2)
Short wave radiation absor ptivity/dark aged(0.6)
=d-value/Supplier cataloge(0.0002)
sd-valug/Stucco acrylic(l)

Rain load/Driving rain Co.

Rain load/ASHRAE/Low slop{0.5)

Heat resistance/0.04 Paper

Heat resistance/Wind dependent
Hollow Brick properties

Aerogel properties

RMSD Temperature

Local Climate I .31
Default sstting I SO
0.00 0.50 100 150 200 250 3.00 3.50

Figure 29: RMSD —Value of temperature of analysed variables

RMSD Relative Humidity

Indoor climate / import created file

Indoor climate [ ASHRAE 160

Indoor climate / En 13788

Initial conditions/ imported file

Initial conditions,In each layer

Ground short wavereflectivity/No reflection
Ground short wave reflectivity/light building surface(0.6)
Short wave radiation absor ptivity/Stucco white(0.2)
Short wave radiation absor ptivity/dark aged(0.6)
sd-value/Supplier cataloge|d 0002)
sd-valug/Stucco acrylic(l)

Rain load/Driving rain Co.

Rain load/ASHRAE/Low slop{0.5)

Heat resisance/0.04 Paper

Heat resistance/Wind dependent
Hollow Brick properties
Aerogel properties

Local Climate

Default s=tting

0.00

I 099
I —— 15.01
e 17.36
I (.12
I
I 1411
I — 13.24
. 15.07
I 12 69
I 11.56
. 18.27
I 1550
I 15.80
I 1467
I 15.20

I ——— 1418
e 14.01
I 1191
I 1350

200 400 600 800 1000 1200

1400 1600 18.00

Figure 30: RMSD —Value of relative humidity of analysed variables
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(CV)RMSD Temperature

Indoor climate / import created fie I 1736
Indoor climate f ASHRAE 160 I 1045
Indoor climate / En 13785 |
Initizl conditions/ imported file I 1947
Initial conditions/In each layer I | 19.72
Ground short waver eflectivity/No reflection I 10.63
Ground short wavereflectivity/light building surface[0.6) I 159.51
Short wave radiation absor ptivity/Stucco white(0.2) I 2000
Short wave rad iation absor privity/dark aged(0.6) I | 10 71
sd-value/Supplier cataloge(0.0002) e 19,50
so-valug/Stucco acrylic(l) I 1057
Rain load/Driving rain Co. I 19.53
Rain load/ASHRAE/Low slop(0.5) I 1053
Heat resistance/0.04 Paper I | 1985
Heat resistance/Wind dependent I 10 36
Hollow Brick properties I | 19 81
Aerogel properties I 19.53
Local Climate I 12.20
Default s=tting I, 1053

0.00 5.00 10.00 15.00 20.00

Figure 31: (CV) RMSD —Value of temperature of analysed variables

(CV)RMSD Relative Humidity

Indoor climate f import created file I 10 01
Indoor climate / ASHRAE 160 | 31 40
Indoor climate / En 15722 |
Initial conditions/ imported file GGG 14.50
Initial conditions/ In each |ayer |
Ground short wavereflectivity/No refliection I 29.52
Ground short wavereflectivity/light building surface{0.6) I 2771
Short wave radiation absor ptivity/Stucco white(0.2) | 3154
Short wave radiation absor ptivity/dark aged(0.6) I — . 26 56
sohvalue/Supplier cataloge{D.0002) I 2410
‘sd-valueyStucco acry|ic ()
Rain load/Driving rain Co. I 08 28
Rain load/ASHRAE/Low slop(0.5) I 02 22
Heat resictance/0.04 Paper I 50,70
Heat resistance/Wind dependent I 2752
Hollow Brick properties I | 20.67
Acrogel properties I 20,31
Local Climate I 24.95
Default setting I, =22

0.00 5.00 10.00 15.00 20,00 25.00 30.00

Figure 32: (CV) RMSD —Value of relative humidity of analysed variables
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4.3.7 Calibration

To increase the credibility of the simulation outcomes, calibration of the
initial energy performance simulation models, assisted by monitored
data, has been presented as a promising method (Reddy 2006).
Measured data was used to define the model's initial conditions and to
evaluate the validity of the simulation results. Furthermore, the study
explores the impact of input assumptions, i.e. boundary conditions, and
layers' geometry modeling techniques (one versus two-dimensional), on
the rate of accordance between the measured and simulated
performance indicators' values. The results displayed that the predictive
potency of the simulation model can considerably improve by adjusting
the input variables based on measurements. Moreover, more
dependable simulation results were achieved as a result of the more

detailed representation of the component's geometry.

4.3.7.1 Simulation Scenarios

Scenarios were designed based on alternative configurations of input
data (i.e. initial condition, indoor and outdoor climate, layers'
geometry) to explore the reliability of hygro-thermal simulation models
and potential model calibrations. These configurations (labeled as Initial
Model, Scenario 1, Scenario 2, Scenario 3, and Scenario 4) are listed in
Table 8. Note that, general setting and material properties presented in

the Table 2 and Table 5 were kept constant in all configurations.

Initial model: Initial conditions in this model were the default values
suggested by the program (temperature 20°C and relative humidity 80%
for each layer). The outdoor climate was selected from the database of
WUFI for the city of Vienna, Austria. Indoor climate was automatically
derived in the program based on outdoor climate, by using standard

EN15026 (EN15026 2007) recommended by WUFI.

Scenario 1: Similar to the initial model, however in this case the initial

condition for each layer was defined based on the measured data. In
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fact, the initial conditions were imported as a text file including

measured values at the beginning of the run period.

Scenario 2: Similar to Scenario 1, with the imported actual indoor
environmental conditions, instead of the calculated indoor conditions.
Scenario 3: An outdoor climate file was created based on the measured
values from the locally installed weather station. Software Meteonorm

7 was used for this purpose (Meteonorm 2018).

Scenario 4: To evaluate the impact of detailed modeling of the
component's geometry on simulation predictions WUFI 2D was used in
this Scenario instead of WUFI Pro (Figure 33). All other input

assumptions were kept exactly the same as in Scenario 3.

Table 8: Simulation Scenarios

Simulation .. . Indoor .
'mu ,' Initial conditions .. Outdoor climate WUFI
scenarios conditions
Constant
. Calculated by Reference
Initial software default . .
model values equal for software using Vienna weather  Pro
9 EN15026 [9] file
all layers
Calculated by Reference

Measured values

Scenario 01 for each laver software using Vienna weather  Pro
v EN15026 file
Reference
. Measured values Measured Indoor .
Scenario 02 . Vienna weather Pro
for each layer climate file
. Measured values Measured indoor Local weather
Scenario 03 . . . Pro
for each layer climate file Vienna
. Measured values Measured indoor Local weather
Scenario 04 . . . 2D
for each layer climate file Vienna
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WUFI 2D WUFI PRO
JIN ouT

ouT |-

Node 01  Node 02 Node 04 Node 05  Node 01  Node 02 Node 04 Node 05

Figure 33: Layer's geometry modelled in 2D (left), and WUFI Pro (right)

4.4 Evaluation Method

The simulation results of the hygro-thermal performance indicators,
namely temperature and relative humidity, were compared with the
corresponding measured values at each time step. For a better
comparison, four statistical indicators were used. The first measure is
the coefficient of variations of root mean squared deviations CV
(RMSD), which aggregates time step errors over the runtime into a
single dimensionless number. Moreover, the coefficient of
determination R? was used, which describes the proportion of the
variance in measured data explained by the model (Tahmasebi and
Mahdavi 2013). In addition, the absolute and relative errors were

calculated for each scenario in this study.

4.5 Result and Discussion

Figure 34 and Figure 35 respectively present the distribution of relative
humidity and temperature in each node in different simulation
scenarios as well as measurements. Based on these results through the
simulation scenarios, the relative humidity in nodes 2, 4, and 5,
(aerogel, brick, and interior plaster, respectively) improved significantly
and became closer to the measurements. The temperature results
illustrate some improvement in all nodes.
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Figure 36 show the R? values of relative humidity and temperature of all
scenarios in each node, respectively. The model in scenario 3 generated
outputs with acceptable R? values, for both relative humidity (more
than 0.8) and temperature (more than 0.94). There was a significant
improvement after feeding in the actual indoor conditions (Scenario 2),
in three layers of Aerogel, brick, and interior plaster. Moreover, feeding
the local outdoor climate (Scenario 3) improved the result of relative

humidity and temperature in the exterior plaster layer.

Detailed modeling of the layer's geometry (Scenario 4) was slightly
effective in improving R? values for relative humidity. However,
temperature values appear not to be sensitive to detailed geometry

modeling in our case.

Figure 37 illustrates the calculated CV (RMSD) for each node in the
corresponding scenarios. The calculated errors are below 10% and 5 K
for relative humidity and temperature, respectively, except in node 01,

which shows higher corresponding errors (13% and 15 K).
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R-Squared/Relative Humidity

Exterior Plaster Aerogel Layer Brick Layer Interior Plaster
R-Squared/Temperature

linitial Model|| T
[ scenario 01
Il Scenario 02| -
[Scenario 03
[ Iscenario 04| |

Exterior Plaster Aerogel Layer Brick Layer Interior Plaster

0.9

Il initial Model
[l Scenario 01
[ Scenario 02
[IScenario 03
[ |Scenario 04

Figure 36: R? of relative humidity (left) and temperature (right) of all scenarios
in each node
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55 T
Bl nitial Model
50+ IsScenario 01 -
[ scenario 02
45+ [IScenario 03|
[ IScenario 04
40+ -
35k 1
30 E
25} -
20f .
15} -
10F .
5 L .

Exterior Plaster

Aerogel Layer Brick Layer Interior Plaster

CVRMSD/Temperature

M initial Model
Il Scenario 01
I Scenario 021
[Iscenario 03
[ IScenario 04

Exterior Plaster

Figure 37: (CV) RMSD of relative humidity (left) and temperature (right) of all

Aerogel Layer Brick Layer Interior Plaster

scenarios in each node
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The calculated absolute and relative errors (see, Figure 38 to Figure 43)
further confirm the above-mentioned results. Calculated absolute errors
of less than 1K for the temperature and 5% for the relative humidity
show considerable improvements in all nodes (Figure 38Figure 39). The
rate of errors in exterior layer is slightly higher as compare to the other
layers (i.e. 2K and 8% for temperature and relative humidity,

respectively).

A similar pattern of improvement was observed in relative errors. Figure
43-40 indicate the cumulative percentage of relative errors for relative
humidity in all nodes. Note that, except for the interior plaster layer,
Scenario 4 (modeled in WUFI 2D) has the minimum rate of relative error
in all nodes. Scenario 4 especially performs better in the Aerogel and
brick layer. In case of the interior plaster layer, Scenarios 2 and 3 were
more effective. As shown in Figure 44, detailed geometry modeling of
hollow brick, namely two-dimensional modeling, improved the relative

humidity predictions.
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Figure 40: Relative error of relative humidity of exterior plaster
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Figure 41: Relative error of relative humidity of Aerogel layer
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Figure 42: Relative error of relative humidity of Brick layer
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Figure 43: Relative error of relative humidity of Interior plaster
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Figure 44: Trend of relative humidity in middle of the wall-Brick layer
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CHAPTER 5.
EVALUATION OF THICKNESS AND LOCATION OF
INSULATION LAYER IN WALL CONFIGURATION

Application of insulation to external walls can represent an effective
measure (Xin et al. 2018). However, a considerable fraction of existing
building facades in Europe must be protected in view of historical
significance. Moreover, the risk of interstitial condensation resulting
from improper thermal retrofit can lead to undesirable consequences
(Ibrahim et al. 2014). In this regard, effective moisture control can
reduce condensation risk and contribute to energy use reduction (F.
Pacheco Torgal et al. 2016). Insulating plaster-based materials involving
silica aerogels could represent a potential solution for thermal retrofit
of facades, whose original appearance must be preserved (Schuss et al.
2017). Respective solutions must address both energy use reduction and
moisture control via consideration of the characteristics and
configuration of the insulating system (e.g., locations of insulation
layers, insulation thickness)(Ozel 2014)(Stahl et al. 2012). Such solutions
can be assessed proactively using appropriate software (Mundt
Petersen and Harderup 2013). For the purpose of the present
contribution, a typical Austrian residential building was selected as a
case study to investigate the effect of aerogel plaster position
(specifically, inside versus outside) and thickness (from 3 to 10 cm) on
the thermal and hygro-thermal performance by using a hygro-thermal
simulation model. One set of results pertains to the influence of
insulation on energy use. We specifically considered variables pertaining
to heating and cooling loads compared to the reference case (fagade
with conventional plaster). A second set of result suggests that the
position of aerogel plaster noticeably influences the condensation and
mould growth risk in the winter period. Specifically, exterior positioning

leads to a preferable performance.
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5.1.1 Case Study

To examine annual energy demand (HWB) as performance indicator, a
typical multi-unit apartment building in the city Vienna, Austria was
selected as a base case. Figure 45 shows the typical plan and section of
this building. The building has two blocks (A and B) in six floors,
connected via staircase and corridors in Habichergasse20, Vienna. The
attic space of block B and basement of block A are unheated. The
building entails residential units with a total net heated space area of
1737 m?. The assumed data on the building's construction in Fehler!
Verweisquelle konnte nicht gefunden werden. were assumed based on
its construction date (TABULA 2018). The existing wall construction of
the case study (with three layers including gypsum plaster, solid brick
masonry and lime cement plaster), was assumed to be retrofitted by
applying a solution encompassing the highly insulating Aerogel layer
Fixit 222 (2018). Table 2 presents the assumed hygro-thermal

characteristics of the component layers.

Table 9: Construction data on Austria building types

Elements Roof Wall Floor Window
i it |
Schematic ’%
U-Value 0.08 1.10 0.71 2.20
[W.m-2, k-]
. Wooden ceiling with . . . . .

Constructio _ . Solid brick Brick vault Single glazing

filling, wooden .
n wall ceiling box

planks
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5.1.2 Simulation Tool

Energy Plus™ is a whole building energy simulation program that
engineers, architects, and researchers use to model both energy
consumption for heating, cooling, ventilation, lighting and plug and
process loads and water use in buildings. The base simulation model is
created according to current construction details, materials, and
systems in the case regions in Sketch up software - Open studio, which
plug in on Sketch Up program helps to apply the thermal conditions of
zones and surfaces, in order to import to energy simulation programs

Figure 46

The purpose of creating a base model is to estimate the annual energy
consumption of conventional construction practice for the case study
project without retrofit. The building was modeled in Energy Plus v8.7.0
(2018). Equipment, occupancy and lighting schedule derived from the
schedule’s library of the program. The air change rate was assumed to
be 0.5 [hl]. As the second step to evaluate effect of insulation position
in the layer of construction on moisture transfer, the external wall
construction was modeled in WUFI Pro v5.3 (2018). The inputs and

settings were defined base on previous calibrated simulation model.

5.1.3 Simulation scenarios

Multiple retrofit solutions for external wall were defined based on
insulation thickness (3, 5, 7, and 10 cm) and position (inside vs.
outside). To evaluate the hygro-thermal performance of retrofitted
building model, eight scenarios were designed based on alternative
configurations of thickness and position of insulation layer. These
configurations were labeled as Scenario Al to Scenario D2, as listed in

Table 10.
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Table 10: Retrofit scenarios

Scenarios Aerogel Thickness (m) Aerogel Position
Base case - -

Al 0.03 Outside

A2 0.03 Inside

Bl 0.05 Outside

B2 0.05 Inside

C1 0.07 Outside

Cc2 0.07 Inside

D1 0.10 Outside

D2 0.10 Inside

It should be noted that, general simulation settings and material

properties were kept constant in the aforementioned configurations.

5.1.4 Performance criteria

Two types of criteria were considered in the framework of this

retrofitted project by applying aerogel plaster:

e Building energy (heating and cooling) demand as a function of
insulation thickness
e Moisture transfer and condensation risk as a function of the

position of the insulation layer

It is well known that the heat transmission load declines with increasing
insulation thickness, however, the reduction rate of heating loads as the
thickness increases, will be a significant challenge to achieve the
optimize thickness. From this aspect, the rate of changing heating and
cooling loads, which derived from energy plus simulation tool, were
investigated. To assess hygro- thermal behaviour of the wall structure,
condensation risk and mould growth potential, aforementioned
scenarios (Table 10) were evaluated using WUFI simulation program. In
this purpose, the hourly total water content values of different
construction configurations (Table 2 presents the assumed hygro-
thermal characteristics of the component layers.) over a period of three
years (offered by the software) were analysed. Their initial water
content corresponds to software settings at 20 °C and 80% relative

humidity. Moreover, condensation risk assessment in middle of the wall
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structure was conducted by comparing the brick layer temperature and
respective dew point temperature over a period of three years for all

scenarios.
5.1.5 Result and discussion

The simulated annual heating demand for the base case amounts to 115
kWh.m™2, which is similar to the TABULA project value (109 kWh.m?2)
given for a building of this category (multifamily apartment) and age.
Figure 47 illustrates the monthly heating loads (months without heating
load are excluded) for the base case model and various insulation

thickness values (scenarios A1, B1, C1, and D1).

B Base Model W Scenario Al W Scenario Bl M Scenario C1 [JScenario D1

24
2
520
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Heating Load [kwh.m
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Figure 47: Comparison of the simulated scenarios (see Table 10) in terms of
the resulting monthly heating loads (months without heating load are
excluded)

As it can be seen, in January and December (peak demand of heating
load), scenario Al (applying 3 cm thickness of insulation plaster) leads
to a 21% reduction of heating load, while the rate of decrease drops
down to 6, 4, and 2% as the insulation thickness increases in scenario Bl
(5 cm), C1(7 cm), and D1 (10 cm). Annual heating and cooling reduction
for various insulation thickness values (scenarios A1, B1, C1, and D1) are

compared to the base model in Table 11. Whereas the heating load

72



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

reduction potential is noteworthy (23 - 36%), cooling loads are only

slightly reduced with increased insulation thickness (scenario A1— D1).

Table 11: Annual heating and cooling reduction (as compared to the base
model) for various insulation thickness values (scenarios A1, B1, C1, and D1)

Scenarios Al B1 Cc1 D1
Heating load 23% 29% 33% 36%
Cooling load 3% 2% 1% -0.5%

Figure 48 shows the total amount of water content for different
construction configurations over a period of three years. Thereby, the
influence of the assumed initial conditions on the early phase of the
simulation period can be seen. The results suggest that the total water
content values of the wall structures were significantly higher when the
insulation layer is positioned inside (scenario A2-D2) rather than outside

(scenario A1-D1), especially in the winter period.
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Figure 48: Simulated whole construction water content over a period of three
years for different configurations

Figure 49 to Figure 51 show the brick layer temperatures and
corresponding dew point temperatures for the base model, scenario B2
(insulation positioned inside), and B1 (insulation positioned outside). As
it can be seen from these figures, in case of B1, condensation is unlikely.
However, it can occur in case of B2, and to a lesser extent, in the base

case.

73



Dew Point

- - -Temperature

rroz/zr/1e

r— L10z/TT/1E
LTI0Z/TT/TT
rozfeofzz © g g
S t10z/s0/zz £ w
£102/80/€0 o _ O o
2 © L10z/80/50 23
ao/solrt 3 2 <
- LT0Z/90/4T U
10z/vo/sT o € © o
> o Loz/vo/sz =
£102/£0/90 gy 2 0
o ®© 5 .2
L10Z/10/ST ge e ® m
a
i 2 i ° & Lroz/T0/5t 2 9
. 910Z/11/92 - 9 o
. hiluh.] - N a 9r0Z/11/92 S5
|piallnw||lr 910Z/0T/L0 (=g 3 .M 7
.N”..l' © »n ] 910zZ/0T/L0 o <
o T 910z/80/81 v g e =
< i o @© U =
i!ﬂl. 5 W 9102/80/8T < o
= gt0z/90/6z o >+
et T 190/ © g 9102/90/62 k)
— T [J] [} H =
o 910z/50/0T O ©
e oz 150/ m. = = s TTI L 910z/50/01 W n_VL.
S st0z/e0/iz 3 ® e S
e = - O - gl 910z/80/12 o %
v.llllll — a e -
l.....n.nnu.lqhn.....? 910Z/10/1€ g .w £ e e 9102/10/T€ 5 <
e P ] S5 >
g stoz/erfer @ g - =32 st0z/zT/eT IR
~==E iy o
e - I -
Sakmaier stoz/ot/sz g ! . st10z/01/52 x 3
g 5 . L T
e oo - @ . s10z/60/50 S g
- 3 b~ S ke
.mnu.ﬂni ST0Z/L0/51 ..m ° > st0z/c0/st Q ©
) —_— |m.rﬂ.ul.. —
- s102/50/92 S S ot s102/50/92 = g
—— 1S ..qua. e = o
...ﬂs.uﬂ.a..! sT0Z/v0/90 ) _nd .....i..uu.nn. sT0Z/v0/90 m o
b mnl = .. p .l..l\ o S -
s sweofst 9D g e stoz/20/St = 2
R, S < o) B irirink _koJ ©
.......... o #102/21/L2 o & s e s e S vroz/en/ez o O
— I o0
T e
[D,]24mesadwa) 2
[D.]24mesadway
aylol
Yay1olqig usip NL Je ud ul s|ge|reAe si sisayl [e101o0p SIY) JO UOISIaA [eulblio pasoidde sy any a8pajmou 4noA

“regBniian yayiolgig Usipn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg AV_UF—H.O_—D_m

74



3
7
r -V
=i
-
-
-
>~
452
T
o=
esZT
~
-
1
ﬁ-.lll
- a
= H
] I
o .h...
=
3 ¥
] =
o e
L
P
= =
mnﬂ.l
e
o £
1™ —
3 .
..n.m . -
- S
o -
=% st
E =3I
5
P 5
| a0
! >
1 -
27
—
——
“Z-
o
J—lu’ll -
'runhh\
wT T
-
5
-— -
rh
.
_—

[D,] 2amesadwa)

L10z/fzt/1e

L10z/TT/T1 _

+~ Q@

L10z/60/22 S

o 2

£102/80/€0 o o

z <

L102/90/0T v 5
he]

c

L10z/vo/sz W. S

—

£10Z/€0/90 w 3

o

L102/T0/ST W o

[ )

9102/T1/92 - T

22

910z/0T/L0 S5

o

910Z/80/8T e

> O

- 4

910z/90/6T c w

—

U ©

910Z/50/0T a3

g >

9102/€0/12 o w

= O

9102/10/18 =

> +

—

stoz/zt/et S

s10z/ot/eT b,w .w

— e

5102/60/€0 o g

T a

S102/£0/8T L

T

s102/50/92 S o

€ o

S102/¥0/90 = o

>

s10z/20/ST ﬂ 2

v102/21/L2 o =

o o

S5 QO

a £

C o

It

"}aylolgig Uaipn N.L 1e wuld ul sjgejiene si sisayl [2l0100p SIYyl Jo uoisiaA Jeulblio paoidde ay 1
“regBniian yayiolgig Usipn NL Jop ue 1sI uoneuassiq Jasalp uoisiaAfeulbuO aponipab ausiqoidde aiqg

qny aSpajmoud| INoA

Srayrolqie

75



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

CHAPTER 6.
CONCLUSION

6.1 Contributions

This contribution explored the application of Aerogel plasters to
historical building envelopes. The application of such systems has a high
impact on the thermal and hygro-thermal performance building
components. If properly planned, it is possible to significantly reduce
both the building’s heating demand and the impact of moisture
damages, without compromising the building’s architectural
appearance. Moreover, it entailed the results of a case study on the
predictive performance of hygro-thermal simulations of an existing wall
retrofitted with an Aerogel-based plater layer with different finishing
plaster systems in real conditions. The test areas were measured and
analyzed over three heating periods. The calculation of an in-situ heat
transfer coefficient does not show any significant differences to the
one-dimensional calculated value based on the material parameters.
With regard to the hygro-thermal behavior, the detailed analysis shows
no significant differences between the examined versions of the
finishing plaster systems. Measured data was used to both deploy a
more accurate initial model and to evaluate the accuracy of the
simulation outcome. The results presented the potential of empirically
based model calibration for improving simulation tool's predictive
performance. Specifically, using local indoor and outdoor climate data,
accurate representation of initial conditions, and detailed
representation of the building component layers (in this case for hollow
brick layer) can yield more reliable simulation results. The study also
documented an insulating rendering based on silica Aerogels to be
added to the existing external walls without changing the overall
appearance. Different insulated wall configurations are studied to
compare the thermal and hygro-thermal performance of each one.

Results show that interior thermal insulation systems can lead to
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moisture problems and condensation risk. The base model, un-insulated
wall, has also moisture risks and very high heat losses compared to the
other insulated ones. Adding the aerogel-based rendering on the
exterior surface of wall reduces significantly or removes the moisture
risks. It also reduces considerably the wall heat losses. In terms of
thickness evaluation, application of aerogel plaster could reduce annual
heating loads from roughly 23% to 36%, depending on the layer

thickness.

6.2 Future Research

In author’s view the study results have implications beyond the
performance comparison of the models considered. Achievement to the
optimized thickness of insulation is needed to consider simultaneously
other effective parameters, which will deal with in the future study.
Comparing the initial material price and payback period of this system
with other similar common material, in order to analys of life cycle
assessment could be more generally clarify the importance of utilities
such new materials. Moreover, as stressed before, the present study
was based on a limited set of data obtained from one office area.
Ongoing and future — more extensive — cross-sectional investigations in
this area are expected to utilize a larger empirical foundation and thus
lead to more representative and inclusive development and evaluation
of simultaneously thermal and hygro-thermal behavior models that

could be embedded in high.
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7.5 Building Matrix

Construction data on Austrian building types (TABULA project)

Roof Wall Window Floor
SFH (single-family ; 27
house) . : :
U=1.4 W-m2K?* U=1.1 W-m=K" U=2.2 W-m=K* U=1.6 W-m>K?

Construction time till

1919 tilted wooden roof,

plastered, clay tile

solid brick wall

single glazing box-

type windows

TH (terraced house)

Construction time till

U=1.1 Wem%K?

U=2.2 W-mZK*

U=0.71 W-m*K*

1913 wooden ceiling

with filling,

wooden planks

solid brick wall

single glazing box-

type windows

brick vault ceiling
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MFH (multi-family

house)

Construction time till

1919

U=1.95 W-m2K*

U=2.2 WmK*

U=1.08 W-m>K*

wooden anchor
beam ceiling with

filling, wooden

salid brick wall

single glazing hox-

type windows

Concrete ceiling

AB (apartment block)

Construction time till

1919

planks’
= /B /u :
1 A
__Zi__ /‘"‘/%/ &
£ . e N7

U=0.8 W-m>K*

U=1.1 W-m2K*

U=2.2 Wm2K*

U=0.71 W-m=K*

wooden ceiling
with filling,

wooden planks

solid brick wall

single glazing box-

type windows

brick vault ceiling
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7.6 Documentation of a building in Habichergasse 20, Vienna

Vertical sections of a building in Habichergasse 20, Vienna
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7.6.2 Facades of a building in Habichergasse 20, Vienna
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7.6.3 Roof plan of a building in Habichergasse 20, Vienna
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7.6.4 Plan of the first floor of a buiding in Habichergasse 20, Vienna
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