Retrofitting an old warehouse using
vacuum insulation panels

Hygrothermal analysis and life cycle cost assessmen

Master of Science Thesis in the Master's Progran8trectural Engineering and
Building Technology

AUGUSTINE LAUBY

Department of Civil and Environmental Engineering
Division of Building Technology

Building Physics

CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2013

Master’s Thesis 2013:41







MASTER’S THESIS 2013:41

Retrofitting an old warehouse using
vacuum insulation panels

Hygrothermal analysis and life cycle cost assessmen

Masterof Science Thesis in the Master’'s Programme Strackngineering and
Building Technology

AUGUSTINE LAUBY

Department of Civil and Environmental Engineering
Division ofBuilding Technology
Building Physics
CHALMERS UNIVERSITY OF TECHNOLOGY

Goteborg, Sweden 2013



Retrofitting an old warehouse using vacuum insatapanels
Hygrothermal analysis and life cycle cost assessmen

Master of Science Thesis in the Master's Progran8treictural Engineering and
Building Technology

AUGUSTINE LAUBY

© AUGUSTINE LAUBY, 2013

Examensarbete / Institutionen for bygg- och mikdi&,
Chalmers tekniska hogska?®13:41

Department of Civil and Environmental Engineering
Division of Building Technology

Building Physics

Chalmers University of Technology

SE-412 96 Goteborg

Sweden

Telephone: + 46 (0)31-772 1000

Cover:
The former warehouse Kajskjul 113 in the port oftl&mburg (photo: Augustine
Lauby

Department of Civil and Environmental Engineeringt&éborg, Sweden 2013









Retrofitting an old warehouse using vacuum insafapanels
Hygrothermal analysis and life cycle cost assessmen

Master of Science Thesis in the Master’'s ProgranStrectural Engineering and
Building Technology

AUGUSTINE LAUBY

Department of Civil and Environmental Engineering

Division of Building Technology

Building Physics

Chalmers University of Technology

ABSTRACT

Due to global warming and climate change, it is messing to reduce the harmful
anthropogenic impacts on environment. The dailysoamed energy is still mainly
from fossil fuels so it represents a major souricgreenhouse emissions. Therefore,
the building sector, which accounts for 35% of timal energy consumption in the
OECD countries, is a sector with a strong potenfial abatement measures. In
particular, re-insulating old buildings, which awsually not or poorly insulated, is
considered as a promising measure for energy savirggday, the new Swedish and
European thermal regulations are getting striatek keeep inciting building owners to
retrofit their old deficient building facades. Talffll these new requirements, several
new insulation materials have been developed dweilast decades. One of them is
the vacuum insulation panel (VIP), a state-of-tle system, containing vacuum
encased in a polymer laminate envelope. Thus, Yiesent very efficient thermal
properties with a low thickness. This report focuse a case study: Kajskjul 113, a
former warehouse whose retrofitting was orderedtoypuilding owner, a municipal
company willing to move there its headquarterssThesis sought to determine if by
using VIPs for the retrofitting, the building ownevould fill its most relevant
requirements: hygrothermal improvements in thedagaaterials and cost efficiency.
First, a pre-study has established a promisingnatansulation following feedback
from previous research experiments. Then, the dvewpat of the solution has been
evaluated using a Life Cycle Cost analysis (LCAJ ¢he thermal improvements as
well as the new hygrothermal conditions in theaftted facade has been controlled
using the software WUFI 2D. It results that the ¥IBffer an efficient thermal
solution but the implementing VIPs is more expeasithat insulating with
conventional materials. Owing to this, it seemg tieainsulating Kajskjul 113 with
VIPs is not the most optimal solution. Indeed, doie¢heir high purchase price, the
VIPs are still too costly for conventional insutatimeasures. It is most probable that
due to their thinness and excellent thermal progsertthe VIPs would be more
adapted to insulating facade elements where theesgdimited such as windows or
door frames and windows casings.

Key words: insulation, building envelope, brick dde, vacuum insulation panels,
retrofitting, hygrothermal conditions, life cyclest
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RESUME

Les sérieuses conséquences du réchauffement cjureagur notre environnement ne
sont plus contestables. Il est donc nécessaireédaire ces effets néfastes et
notamment de diminuer les émissions de gaz a efteterre. L’énergie consommeée
au quotidien provient encore principalement de agstibles fossiles et contribue
donc au réchauffement climatique. Dans les pay®deDE, le secteur du batiment
consomme 35% de I'énergie disponible, ainsi, dams secteur, des mesures
d’économie d’énergie doivent étre entreprises. particulier, 'une des mesures les
plus prometteuses est de ré-isoler les batimemigrmn qui ont été peu ou pas isolés
au moment de leur construction. Ainsi, en Suedencerdans le reste de I'Europe, la
réglementation thermique, plus en plus stricte,itendes propriétaires a revoir
l'isolation de leurs batiments. Depuis quelquesedé@es, de nouveaux matériaux
isolants ont été développés et permettent d’atteirmbs nouvelles normes. Les
panneaux a vide isolant (PVI) sont un nouveau Bysté’isolation ultramoderne. Le
vide maintenu a lintérieur des panneaux permet wég bonne isolation dans un
systeme tres fin. Ce rapport présente une étudmsida rénovation thermique de la
facade d'un ancien entrepbt, Kajskjul 113 pour o propriétaire puisse y
emmeénager le siege de son entreprise. Ce travatheaché a déterminer si la
rénovation de la fagcade avec des PVI était a la fmie solution thermiquement
efficace et économiquement intéressante. Il eroreggie l'utilisation de PVI n’est
pas la solution la plus optimale. La pré-étude est modélisations informatiques
montrent que l'utilisation de PVI offre une solutidhermiquement efficace. De
bonnes conditions hygrothermiques dans les différeratériaux de la fagade seront
maintenues. Cependant, I'analyse du cout du cyeleiel de cette isolation indique
gue le systeme est encore beaucoup plus cher gigolagon classique. Les PVI sont
encore tres chers a l'achat et il semble donc g$dient plus adaptés a l'isolation
d’éléments de fagades ou la place est restreimeneples caissons de volets roulants
ou les cadres de fenétres ou de portes.

Mots-clés: isolation, enveloppe de béatiment, facddebriques, panneaux a vide
isolant, rénovation, thermique, conditions hygrothigues, colt du
cycle de vie.
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Notations and Abbreviations
Notations relative to the heat and water transfer

Roman letters

NXCHDUD®LO0QpPDT S

Greek letters

0

dy

&

A

Ainit

Xeﬁ
)\evacuated

u

e <<€ A9

Vi

[m?]

[m]
[J.mol™]
-1
[kg.m".s7]
[W.m2.K™]
[W.m2.KY
[-]

[m]

[m]

[m]
[m*.m?2.sY]
[-]

[m]
[m2/s]
[W.m?]
[W]

[m]
[M2.K.W1]
[J.K .mol™]
[K] or [°C]
[W.m?2.K™]
[W.KY
[s.mi]

W]l
[m2.s7]

[-]
[W.mtKY
[Wm%ﬂ
[W.m'l.K'l]
g

[W.m2.K4
[%0]
W.mt.K™*]
[kg.m?]
[kg.m]

Surface

Thickness of vacuum insulation panels
Activation energy

Transport extinction coefficient
Water vapour flow

Convective heat transfer coefficient
Radiative heat transfer coefficient
Knudsen number

Thickness of the insulation materials
length of the thermal bridges.
Mean free path

Air flow

Refraction index

Perimeter

Surface permeability

Density of heat flux

Heat flux

Diffusion thickness

Thermal Resistance

Gas constant

Temperature

Thermal Transmittance

Point thermal bridges

Water resistance

Characteristic pores diameter

Vapor permeability

Emissivity

Thermal conductivity

Thermal conductivity of a new VIP

Effective thermal conductivitgf a VIP

Thermal conductivity of a VIP when punctured
Water vapor convection resistance

Stefan-Boltzmann constant
Relative humidity

Linear transmittance
Humidity by volume

Water content
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Notations relative to cost analyses
Roman letters

A [m2] Surface covered by insulation

aCmaintenance  [€.year'] Annual maintenance cost

Cad [€/m?] Installation Costs

Ceooling [€.yeaf] Annual energy cost for cooling
CDD [-] Cooling Degree Day

Ce [€.kWHY] Electricity cost

Cenergy [€.m?.yeaf] Cost of energy

Ci [€.m?] Price of fuel

Cheating [€.yeal'] Annual energy cost for heating
Ci [€.m? Cost of the insulation material

Civestment  [€.m2.yeaf] Cost of investment

Cmaintenance

COP

Crental income

[€.m?.yeaf]
[-]

[€.m?.yea]

Cost of maintenance
Cooling system’s performance
Cost of rental income or loss

g [%] Inflation rate

h [m] Height of a storey

h [%0] Real cost of capital

HDD [-] Heating Degree Day

H., [J. m?] Lower heating value of the fuel

[ [%0] Interest rate

KR:spec [€.m™*. W3 Cost per thermal transmittance

LCCotal [€.m?.yeaf] Cost of the Life Cost Circle

L [m] Insulation thickness

N [yr] Period of calculation

P [yr] Pay Back Period

PWF [-] Present worth factor

U [W.m?2.K? Thermal Transmittance of the wall

Greek letters

n [-] Heating system’s efficiency

Mvip W.m*K? Thermal conductivity of the VIP

od [m] Difference of facade thickness

AKa [€.m?] Difference in cost of the thermal insulation
materials

Abbreviations

AF Aluminium Foil

BBR Swedish Building Regulation

EPS Expanded Polystyrene

LCC Life Cycle Cost

MF Metalized Films

PE Polyethylene

PET Polyethylene Terephthalate

PUR Polyurethane

VIP Vacuum Insulation Panel

XPS Extruded Polystyrene
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Introduction

This part is an introduction to the thesis. It givgeneral background information
about the European and Swedish legislative coraexk the current requirements
regarding the thermal insulation of buildings.I#cadefines the purpose, methodology
and limitations of this Master’s Thesis.

1.1 Background Information

Today, there is no denying the global warming d®ddimate change taking place all
around the world. Therefore, it is now pressingridertake the necessary measures to
reduce or at least limit our production of greerdeogases. By 2020, the European
Union has targeted a reduction of greenhouse gassiem to a level at least 20%
lower than the level of 1990 (European Commissifn&). McKinsey&Company
(2009) has evaluated reduction emissions opporsnifThey have reported 200
opportunities across ten different sectors, althefm are considered as promising
since they have a cost inferior to 60 euros perofoBO, equivalent (tC@e'") saved.

In 2005, the building sector accounted for aboup&&ent of the world greenhouse
gas emission by releasing 8,3 G#@OThis value is even higher in developed
countries where around 30% of the emissions ardused by the building sector.
Without any abatement measures, the emissionsxpexted to rise by 53% between
2005 and 2030. Therefore, it is now urgent to redowr greenhouse gas emissions
and important opportunities should be found in seeenergy efficiency measures
(McKinsey&Company 2009).

The building sector is an heavy-energy consumereMeary developed country, it
accounts for more primary energy than any othetosesuch as transportation or
industry. Thus, in the OECD countries, in 2008, theldings for residential and
tertiary purposes accounted for 35% of the finargy consumption, half of it used
for space heating (Bouquerel et al. 2012). And eteugh, today, in Europe, the
energy needs of new dwellings are three to fouesirrower than the ones of an
average building built in the 1970s, the overalergy consumption of the sector
keeps increasing due to the growth of the builditack. On the long run, it is not
viable since energy consumption produces greenhgases. Furthermore, the energy
used is mainly the energy from fossil resources imdvailability is lessening. The
Energy Information Agency (EIA) predicts that thatural gas stocks will last less
than 70 years and the crude oil reserves only 4Bsyd heir scarcity contributes to
their increasing prices, an upward trend whichkjgeeted to continue in the following
decades. In addition, most of the fossil resoulresight by the European Union are
imported from countries politically unstable, whightensifies the uncertainties
regarding the availability and prices of the resesr Most of EU members are now
willing to decrease their dependency on fossil Subly reducing their energy
consumption. As a consequence, over the last ydershuilding energy codes and
policies have changed to favor an overall decreédseergy consumption.

Thus, many new regulations have been adopted ®latt fifteen years. With the
Kyoto Protocol ratified in 1998, the European co@st aimed at cutting of
greenhouse gas emissions by 8% compared to this leflv&990 for the period 2008-

! The ton CQ@ equivalent (tC@e) is the unit defined by the Kyoto Protocol to sw@ the contribution
of every type of gas to global warming.
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2012 but the targets have not been reached (J&@)). In 2009, during the last
meeting in Copenhagen to discuss a new worldwidendwork after Kyoto no

agreement was found (Janson 2010). However, in,20@8European Union agreed
“to reduce, by 2020, overall greenhouse gas emmsdny at least 20% below 1990
levels” and in 2010, a new directive was passedutther regulate the energy
performance of buildings (European Parliament 2010)

In Sweden, the housing sector accounts for arodd df the total energy use and
heating and domestic hot water represent a largeopd, 57% and 19% respectively
(Gross 2010). Electricity, gas and fuel are thenmrsources of energy used in the
country. Their prices, as the ones within the wsEurope, have been increasing
during the last decades (see Figure 1.1). Betw&®0 Iand 2008, the prices of
electricity and oil have been multiplied respediMey 2.5 and 3.6 and the gas price
have been multiplied by 2.5 during the period 2Q008. In order to follow the
Swedish Building Regulations (BBR) and the Europagreements, the energy use
should decrease by 50% before 2050 (Boverket 2010).

Electricity
oil

District
Heating

e LT Wood Chips
AR e solar Energy
B9 90 91 92 93 94 95 9 97 98 99 00 01 02 03 04 05 06 07 08 09

Year
Figure 1.1 Evolution of the energy prices for Swedish baustomers (Gross 2010)

To implement energy consumption reduction in theildng sector,
McKinsley&Company (2009) has identified several iop$ including “Retrofit
Building Envelope” which represents a strong t€@batement potential. Indeed,
well-insulated building envelope enables importanergy savings, in particular
heating savings. Furthermore, thermal insulatioronie of the most cost-effective
measures, far more efficient than the use of splastovoltaic or energy wind
(McKinsley&Company 2009). The efficiency of the utation systems can be
improved using the new materials, techniques ohnelogies which have been
developed during the last decades. In particulanous new insulation materials for
building envelopes have been investigated. Amongmththe use of vacuum
insulation panels (VIPs), a state-of-the-art inSafa system, is considered as a
promising alternative.
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The VIPs were introduced in the building sectorthe 1990s when the insulation
systems containing harmful gases had to be replé8athner et al. 2012). They
consist of an envelope containing a filling nanestured porousnaterial at a very
low gas pressure, between 0.02 and 3 mbar (seaeFiy2) (Johansson 2012).
Therefore, the thermal conductivity of the panedsextremely small. It ranges
typically from 0.003 to 0.008 W.K™ when newly installed (Berge and Johansson
2012) up to 0.020 W.thK™ at the end of their life span (Simmler et al. 2005)
comparison, the thermal conductivity of conventianaulation materials is between
0.03 and 0.04 W.thK™. Many research projects have been carried oututdyshe
use of VIPs and all of them discuss their greatpibdl.

High barrier envelope

Filling material with fumed
silica core

Heat-sealed joint

Figure 1.2 Example of vacuum insulation panel (Tenpieri@®0

Today, most of the building owners want efficienilting envelopes and are more
willing to use new materials and systems to achigévéiowever, the cost of the
selected materials and systems is very often asrdeting as the searched thermal
efficiency. Thus, many buildings owners could bsesdaded by the high prices of
purchase of the VIPs.

1.2 Scope

This master’s thesis is based on a study caseaandes on the implementation of
VIPs to retrofit the insulation system of a facatlee hygrothermal performances will
be discussed as well as the costs of its instatiand maintenance.

The study case concerns the installation of VIPsannexterior wall of a former
warehouse in Gothenburg Port: Kajskjul 113. Theshmy company, Alvstranden
utveckling AB wants to retrofit the warehouse towadn their company headquarters
within 5 years. They were willing to test new maks. However, as for every
company, the decision of using VIPs to retrofit émtire facade cannot be undertaken
without being sure of the thermal and hygrometmpiovements carried out by the
system and of the profitability of the new system.

Therefore, the aim of this master’s thesis is iediome builders all the necessary
knowledge and tools so they will be able to evau#atVIPs can be successfully
implemented in their projects. The key questionweamed by this reports is “By
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implementing a thermal insulation system with vauouimsulation panels, will my
project be thermal efficient and profitable?”

1.3 Methodology

This project has been conducted following diststeps.

Firstly, a comprehensive literature of scientifi@pprs and reports has been read to
establish a short literature review that gathersk@mund information about the
function, use and main stakes concerning vacuunulahen panels. It also
contextualizes the study case which follows.

Then, a pre-study, based on the literature reviaw leen carried out to design a
promising insulation system with which refurbishj&tgul 113. The pre-study also
evaluates the thermal and economical potentiathefuse of VIPs in this case. The
thermal efficiency is roughly estimated in termlb#alue. The economical potentials
are evaluated with a Life Cycle Cost analysis (LCT)e LCC is mainly based on
literature review and the results were obtainedh &ishort model created with Excel.

Finally, to definitely validate the expected penfances of the selected insulation
system, a detailed hygrothermal analysis was mliwith the computer software
WUFI 2D. The performances of the retrofitted wak @ompared to the ones of the
older wall to evaluate the improvements. What isrendhe influence of different

parameters has been studied to evaluate potempbvements to the new insulation
system.

1.4 Limitations

This thesis only focuses on the use of the vacusulation panels as a solution to
retrofit the insulation of the exterior walls.

The main tool used was the software WUFI 2D. Thhs, temperature, moisture
control and moisture durability have been studi€de air flow and air pressure
control have not been taken into consideration. iaé limitations were due to the
level of accuracy of the model. In particular, ginthe VIPs are a rather new
technology, the materials VIP is not available he tdata base of WUFI 2D.

Therefore, the models including VIPs are not asuate as they could have been.
Furthermore, the windows cannot be modeled with \Wdlhough they play a

prominent part in the functioning of the facade.

Regarding the Life Cycle Cost analysis, the stugdpnly carried out on the use of

VIPs with an internal insulation. The results rapdrin this report are as accurate as
possible. Nevertheless, there are strongly depénalerthe input data such as the
energy prices, the different money rates.

1.5 Outline of the thesis

This Master’s thesis is divided in 6 chapters.

The first chapter is the introduction of the thesihe second presents some
background information about the role of the buiddenvelope, the heat and water
transfers through the building envelope. The thihépter gives a short literature
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review focused on the thermal properties of theuuat insulation panels and the
stakes due to their use. Chapter 4 is a pre-stodgerning the case study of the
thesis. Its purpose is to propose feasible solsttonretrofit the insulation system of
the facade of Kajskjul 113. The solutions use \VdRd are designed to be thermal and
cost efficient. Chapter 5 presents a detailed arslgf the solutions regarding the
thermal and hydrothermal behavior of the new facdéeally, the last chapter
discusses the results, in particular the resulibeaused and their validity.
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2 Background Information

2.1 Role of the building envelope

The building envelope refers to all parts of a i that form a barrier against the
outdoor climate: external walls, roof, foundatiomsndows and doors. Today, most
of the heat losses in buildings, approximately 8%8écur through the building
envelope including 30% of the heat lost throughwiwedows and external doors and
17% through the external walls (Gross, 2010)

A good, well-insulated and airtight facade condinucis a first compulsory step to
decrease the use of heating and cooling, a fadtayglabal warming. Indeed, it

prevents from too large daily temperature oscdlatiThus, in the building process of
passive houses, Gross (2010) advices “first anehfost” the construction of an air
tight and well insulated building envelope. Onlyteafthat, technical installation

measures, such as the system of heat and ventjlado be undertaken.

The potential of energy-efficient measures is en@re important when retrofitting
old building fagade. Indeed, the use of thermallaitson material became widespread
only after the 1973 oil crisis. In 1995, in the &pean Union, 72% of the dwellings
were built before 1975 and 50% of the total buddstock were not insulated at all
(Binz et al. 2005). Furthermore, since 1995, tliaduer of the existing building stock
renewal is slow: nowadays, there is one new coctstru for 100 to 200 older
constructions (Simmler et al. 2005). Retrofittingl@ing envelopes is almost certain
to produce an abatement of about 740 Mi€@er year. In cold area, it is assumed to
reach 48% savings (McKinsley&Company 2009). Thaesfehe thermal retrofitting
of the old building stock appears to be a new aibiog.

Today, the U value [W.ihK™] representing the total surface thermal resistdsce
internationally used to evaluate the thermal pentorce of a building envelope. The
U value represents how well a building section liatgs against heat leaks. A U value
of 1 W.m?.K™' means that the facade is losing 1 watt per metearsqfor a
temperature difference of 1 Kelvin between its face

In Sweden, for Passive House, the mean U-valuegague facades (facades without
windows) is 0.10W.m?K™ whereasin the Mid-Europe, a U-value inferior to
0.15 W.nm?.Ktis enough to reach the standards of Passive Hédseson 2010)The
current values imposed by the Swedish Building Remns for a fagcade including
windows are much bigger: 0.40 WK™ for dwellings and 0.60 W.fK *or non
residential buildings (Boverket 2011). For opaga€afles, most many European
regulations advise a value of 0.20 WA™ (Simmler et al. 2005).

2.2 Heat Transfer through the Building Envelope

Heat transfer is the process by which energy rssfrarted from one region to another
due to a temperature difference. In various fieidsluding the building sector, it is
important to accurately understand and quantify traasfer in order to better control
it.
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In building applications, three modes of heat tfankave been identified (see Figure
2.1)

+ Conduction
+ Convection
+ Radiation

T =T, Y - 4
R o : Surface, T}

ot
_,_,. j\‘\ Surface, T,
vz RN

(@) ) ©

Figure 2.1 lllustration of the modes of heat trarsfa) conduction, b) convection, c)
radiation (Ghiaus and Brau 2011)

The heat transfer is estimated either with the Haaf denotedQ, expressed in watt
[W] or2 with the density of heat flux, denotedcalculated in watt per meter square
[W.m™“].

In conduction, the heat is transported by diffusiaside a solid material dretween
solids in contactlt also takes place in liquids and gases. Thesegftect is less
important than in solids except in viscous liquadw in gases enclosed in materials
pores. In walls, partitions and floor, heat is nhaitransferred by the conduction
process.

The Fourier's Law is the constitutive law for coation. It relates the heat flux, Q
[W] and the temperature differenc€l [°C or K] and is expressed as follows:

Q= —2.A.AT (2.1)

g=—2.4T (2.2)

where the thermal conductivity [W.thK™], | the thickness of the materials [,
the surface of the solid perpendicular to the fieat[m? and AT [°C or K] is the
temperature difference between the two sides o$dhid.

Therefore, decreasing the density of the heattfuaugh a building envelope can be
achieved either by implementing thick insulationtenals or by selecting materials
with a low thermal conductivity.

In contrast, in convection, the heat is transfelngdhe movement of molecules inside
a fluid. It is very common in gases and liquidseTdonstitutive law is the Newton’s
Law, expressed as follows:

q = —he AT (2.3)

whereq the density of heat fluRW.m™?], h. the convective heat transfer coefficient
[W.m™?.K™? andAT the temperature difference [T or K] .
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Radiation is a heat transfer due to electromagmati@ation between surfaces which
are not in contact. The flux emitted by a surfaliee to radiation effects is expressed
with the Stefan-Boltzmann relation:

q = hr. (Ts - Tme) = &.0. (Ts4 - Tme4) (2.4)

where andh, the radiative heat transfer coefficient [WPidY], Ts the surface
temperature [K] andnethe temperature of the ambient air [Kjthe emissivity [-],0
the Stefan Boltzmann constant<5.670.1G¢ W.m2.K™®). ¢ is a number between 0
and 1 which represents the capacity of a materiahtit radiation.

2.3 Traditional Insulation Materials versus VIPs

According to the European Insulation Manufactumssociation (EURIMA 2006),
the European insulation materials market is culyesdmposed for 60% of inorganic
fibrous materials: glass and stone wool, and fd¥ 23f organic foamy materials:
polystyrene (EPS and XPS) and polyurethane. Thius, use of “conventional
insulation materials”, materials with a thermal doativity higher than
0.025 W.nm".Kis widely developed across EurofBouquerel et al. 2012aMineral
wool, expanded polystyrene (EPS), extruded polgsigyr(XPS), polyurethane (PUR),
loose-fill cellulose and cork are the most commonked ones. Their thermal
conductivity ranges from 0.025 Whk™ for the PUR to 0.050 W.thK ™ for the cork
(Jelle 2011) Their robustness and adaptability on site aratyr@ppreciated by home
designers. Moreover, they can be perforated withediicing their thermal properties.

Recently, in Sweden, various passive houses haste &ehieved with a conventional
insulation system. For instance, the external atgah of the facade of a passive
house, outside Linkdping was made of mineral waal &PS. The external wall
consists of prefabricated structural wood wall edats, insulated with 20 centimeters
of EPS, supplemented with mineral wool insulationtiee outer and inner face. The
total insulation thickness is more 44 than centarsiGross 2010). In the same way,
the houses from Brogarden in Alingsas, built durihg Million Program, between
1963 and 1975, were the first multi-family housesréach the passive houses
standards. To achieve it, the renovation measwasisted in changing the facade,
setting efficient doors and windows and better laguthe balconies. The old brick
facade was demolished and new walls were erectédnanlated with 44 centimeter
of mineral wool (Energi Princip n.d).

Therefore, in order to achieve the new thermal ledmns, the insulation thickness
required becomes thicker and thicker. Indeed, o usual to implement insulation
system of more than 30 centimeters. Today, theaaional materials are opposed to
what is called the “super insulation materials” tenals with a thermal conductivity
below 0.025 W.nt.K™* which enable thinner insulation systerf®ouquerel et al.
2012a) Their properties are compared in Figure 2.2.
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Figure 2.2 Thermal properties of Insulation Materials (adaptedm the values fro
Jelle 2011

The thickness required to get a U value of 0.10 Wiit, which is considered as an
efficient value for a passive house’s facdagely differs from a material to another
(Gross 2010). The VIPs allow an 8 centimeter thédsnwhereas the use of mineral
wool constrains to insulation four times bigger.domparison, 600 centimeters of
bricks would be necessary to obtain the same itisal&fficiency. One of the main
explanations is exposed in Figure 2.3 which reprssehe heat transfer in
conventional insulation materials. The gas condtgt{blue line) takes an important
part in the heat transfer. The gas conductivitgassible when some pressure stands
inside a material, which is not the case in VIPsewha very low pressure is
maintained.

Thermal conductivity x10% [mW.m™.K™

50 +

total
40 +

30 gas (air)

20 -
radiation

(

10 +

solid

0

0 2‘0 4IO 6I0 BIO 1(I)0
Density [kg/m?]
Figure 2.2 Heat transfer in conventional insulation materi@&@mmler et al. 2005)

Therefore, the main advantage of VIPs is their higgtmal performance with smaller
thickness than with conventional materials. In tase of external insulation, the
thickness of the thermal insulation is usually paiblematic since it does not affect
the living space. However, when an internal insafats implemented, the thinner the
system is the better. The internal insulation isnhgaset up to protect building

facades with historical features or for aesthetgzsons. Moreover, in most parts of
Europe, urban areas face high real estate pritesefore, the living space is valuable
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and the insulation thickness is limited. In thiseathe use of VIPs represents a great
advantage. For instance, when considering a rooftDoheters by 5 meters and the
insulation thickness described in Figure 2.2, we get an idea of the surface saving:
if the walls are internally insulated with 35 cemgters of mineral wool, EPS or XPS,
the available living area will be 36.frwhereas with 8 centimeter VIPs the surface
will be 30% larger.

2.4  The Insulation Systems

Insulation systems are set up on exterior wallsugd floor, in attic, around non

heated locals and in every element in contact with outside. For exterior walls,

there are mainly two options: internal or exterimsulation. Both systems face the
same challenges which are principally the reduabitihermal bridges and the risk of
moisture and mould growth. The following sectionssent these risks and draw a
short comparison between internal and externalatisa.

2.4.1 Thermal bridges

Thermal bridges mean the areas where a material a@iductive properties or low

thermal properties comes in contact with a matesidih better thermal properties

(Abel and Elmroth 2007). Thus, most of the therimadlges are found at structural

junctions between different materials. These jumdican be the areas with plane
change (wall with cantilevered balconies) or witrtgion change (between walls and
roof or walls and windows). These thermal bridgas be calculated as follow (Abel

and Elmroth 2007):

X (2.5)

whereyy [W.m1.K™Y] is the linear thermal transmittance for thermadigpes of typek
andl[m] the length of this thermal bridges. All thefdifent thermal bridges of a wall
must be added to get an overall value. Jhalues can be found in many handbooks.

There are also point thermal bridges to considéeyTare created by the fixation
systems used to fix the insulation to the buildifigeir values are denotet[W.K™]
and can found in many handbooks (Abel and EImrooi2.

The overall linear and point thermal bridges efeahust be considered when
calculating the average thermal transmittance eflthilding envelope, Yas follow
(Boverket 2011)

_ Y UiAi+ Y yklk+ Y Xj
o Aom

Where Uy, is the average U-value of the building enveloperfi®’K™], U; the U-
value for a single part of the building envelope.fié.K™*] and A its surface [m2]yx
the thermal transmittance for the linear thermaddek [W.m™.K™] andlits length
[m] X the point thermal bridges | [WK and Ao the overall surface [fh

Un (2.6)

The thermal bridges have two major consequencessirg heat flow through the
building envelope and a depletion of the surfacmperatures (see Figure 2.4)
(Hagentoft 2001).
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Figure 2.4 Example of a thermal bridge between a wall andad.sThe wall in mac
of concrete blocks with a gypsum board of oaatimeter thick. Red represents
warmer surfaces whereas blue represents the caddaces, one can observed -
the junction is older than the rest of the wall and slab. (souresvw.cellumat.i
2013

The low surface temperatures are problematic. khdéehe surface temperature is
lower than the dew point, then condensation ocdkos. instance, with an indoor
temperature of 20°C a relative humidity of 60%, thewv point is only 11.8°C, a
temperature that can easily be reached on a powllated concrete wall (Pouget
2011). According to the Fourrier law, the surfagemperature, J[°C], is expressed as
follows:

Rsi
Ts — Ti_ a.(Ti_Te) (27)

where T is the indoor temperature [°C]. The outdoor temperature [°C],siRhe
thermal surface resistance at the inner surfacek[i¥'] and Ry the total resistance
of the structure [m2.K.\W|. The usual value of Ris 0.13 m2.K.W (Abel and
Elmroth 2007). Equation 2.7 underlines the inflleen€the insulation quality.

We are used to condensation on windows, wherenthdation is weak, because the
liquid water is visible. However, although the cendation is invisible on porous
materials such as walls, the consequences araiseet surfaces are more likely to
attract solid particles, such as dust so mould deNelop. Mould can cause various
health hazards. Moreover, the thermal bridges ead to an unjustified heat demand
and extra energy consumption if the thermostat,d use regulate the interior

conditions, is placed on cold surfaces.

Therefore, it is important to reduce the thermatidgms effects to achieve a good
building envelope and thermal comfort for the bmigdoccupants. According to Abel
and Elmorth (2007), the overall effects of the thar bridges cause till 20-30% of the
total heat losses of a building.

2.4.2 Mass transfer through the exterior walls

The external walls are subject to numerous humgbiyrces: water vapour in outdoor
and indoor air, rain falls, leakages, moisture fritv@ ground, and occupants’ indoor
activities such as breathing, cooking and showerilmbe walls are porous materials
so they can transfer and store humidity. Howevdngh relative humidity and water
content can damage the materials. It is therefoqgortant to control the moisture
behavior in walls.

In this report, the relative humidity is denoied%] and the water vapour content is
denotedy [kg.m™]. They are calculated as follows:

_ mass of moisture (2.8 _ 2.9)

1m3 of gas

_ v
(p_‘l]S
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wherev is the humidity by volume [kg.ff} andvs the humidity by volume when the
saturation point is reached [kgin

In facade walls, three different moisture transfierdes can be identified:
e The water vapour diffusion
* The water vapour convection
* The capillary suction

They can occur at the same time but not necessdhgisame direction.

The water diffusion is due to a difference of vapooncentrations between two sides
of a wall. The diffusive flux is expressed with theek’'s law as follows (Hagentoft
2001):

nv

l (2.10)

gd = _6v.

wheregyis the diffusive flow [kg.m.s?], &, the vapor permeability [m2%§ v, andw
is the humidity by volume on the first and secomtk $kg.ni’] and| is the width of
the layer [m].

The Fick’s law is analogous to the Fourrier’s ldmthe same way, a water resistance,

Z, can be defined as,Z-% [s.m‘l]. Furthermore, the equation is only validvikvs,
Then, the saturation point is reached and condiensatcurs.

The water vapour convection is due a differencaimpressure caused by winds,
ventilation or thermal driving forces. This pressutifference between the internal
and external side of a wall leads to air flow thgbuhe building envelope which is
not perfectly airtight. The flux is from high prese to low pressure and it is
calculated as follows (Abel and Elmroth 2007):

ge =L (vi — (vs)e) (2.11)

wherelL is the air flow through the structure m?.s%], v; is the humidity by volume
inside the structure [kg.fh and {s)eis the humidity by volume at saturation point on
the cold surface [kg.H.

As a consequence, in winter the moisture trandfeusually transferred from the
internal to the external side whereas, in sumneas, in the opposite direction. Thus,
condensation is likely to occur in winter sincerthés a high risk that the air goes
through temperatures inferior to their dew poindn@ensation is especially important
when there are cracks or holes in the walls (Abdl Bimroth 2007).

Each material has its own resistance to water vdpfusion. It is a no dimensional
number denoteg. In order to evaluate, the water vapor diffusidnaomaterial, a
diffusion thicknesssy, expressed in meter is calculated as follows:

sa= .l (2.12)
wherel is the thickness of the materials [m].

Vapor barrier has high valug whereas materiathat are water permeable have low
sy value. This risk of condensation can be avoided gonstruction opened to water
diffusion, its materials should have a decreasesjstance from the internal to allow
drying to the external side. Vapour barrier onititernal side can also be a solution.
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The capillary suction is due to a difference in stmie content. It is strongly
depending of the materials properties as provethbyfollowing expression of the
flux due to capillary suction (Hagentoft 2001):

go =22 (2.13)

2.1

where A is the water sorption coefficient [kg7s®?, B the water penetration
coefficient [kg. nf] and! the thickness of the materials [m]. The valuesA@ndB
are found in handbooks.

Most of building materials withstand temporary censation. Nevertheless, for
longer periods, condensation can decrease the #hexnd structural properties of
materials. In particular, condensation increasesthiermal conductivity of insulation
materials. In cold areas, if the water inside tlal Weezes, deformations, cracks and
failures can occur. Moreover, condensation alsses mould growth. However, it is
important to notice that mould growth can starbbeftcondensation appears, when the
relative humidity exceeds a limiting value, usudl®f6 (Abel and Elmroth 2007).

As a consequence, a critical moisture levels shaoldbe overstepped. The critical
moisture condition is the limit over which changesnaterials occurs. It depends of
each materials and it is usually expressed.aq%], the critical relative humidity or
werit [kg/m?], the critic water content.

Moisture induces changes in materials such as @saofjtheir properties: strength,
creep, thermal conductivity or physical, chemicadl diological deterioration. It can
also cause discolouring, unwanted swelling, shgekamell and even health risks.

Re-insulating existing walls will change their ntai® conditions and behavior.
Therefore, before implementing any new insulatigstams, it is essential to deeply
understand the wall behavior and to foresee thesemprences in terms on relative
humidity and water content inside the walls. Thardes in term of structural and
thermal properties in materials must be controlled.

2.4.3 Internal or external insulation

A building fagade can be insulated from the insdefrom the outside. Figure 2.5
presents the main difference of the two systems hod the thermal and
hygrothermal conditions differ between both cases.

Concerning the facade retrofitting, external insatapresents many advantages over
internal insulation. It is usually more easily irapiented since it can be installed
without disturbing the building inhabitants. Theckmess of the insulation system is
less problematic because it will not lead to angcgpliving loss and the thermal
bridges are better reduced. Nevertheless, extammllation cannot always be
implemented, for instance when the facade is pretetor historical purposes but
internal insulation is not usually recommended. Tlmermal bridges effects cannot
really be suppressed and the moisture transfeoig problematic. The outer part of
the facade which is not protected gets colder mdle inside part of the wall is
insulated (see Figure 2.5). As a consequenceattalé is more likely to be subjected
to the action of freeze and thaw and to develop Ichguowth. However, various
solutions are already available and broadly useeédace these harmful effects, such
as the use of vapour barrier or the setting ofatads close to the windows. It is also
possible to entirely re-insulate a room from thabdio the ceiling. In this “box in the
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box”, the thermal bridges are suppressed

insulation depends on every project.

EXTERNAL INSULATION

18.5°C

Inside
18.6°C

20°C

18.3°C

Outside

2

(9]

Insulation Material
Wall to insulate
Gypsum Board

Protection for the insulation

Temperature

Relative Humidity

Inside
15.6%C

0°C

INTERNAL INSULATION

18.5°C  0.60°C

Outside

0.1°C

Figure 2.5 Principal differences between an intérimasulation and an external

insulation

Table 2.1 summarizes the main characteristics tf insulation systems.

(Plougdte choice of the type of

Table 2.1 - Comparison between internal and exteirmsulation system (adapted
from Gallauziaux and Fedullo 2010)

TECHNICAL
CRITERIA

INTERNAL |NSULATION

EXTERNAL INSULATION

be the solution

. . The heat can be accumulated|in
The thermal inertia of the wall cannpt L .
THERMAL INERTIA | - + | walls which improve the indoofr
be used .
conditions
THERMAL I . They will be almost completely
BRIDGES - | There will still be thermal bridges + disappeared
PROTECTION The external wall does not let the | ¢ €xternal ‘layer of the
AGAINST THE water to reach the insulation system + | insulation system offers an
DRIVING RAIN efficient rain protection
The wall dries more slowly in wintef .
. The external wall is protected
and the water penetrates deeper in|the . )
DRYING OF THE . . . ; from the rain and its temperatuyre
- | wall. During winter, if the water is ngt+ | .
EXTERNAL WALL ; . is rather constant all around the
evaporated, there is a risk of froze gnd car
therefore degradation of the wall. year.
The risk of condensation must be | Humidity must be able to move
HuMIDITY - | handled. The use of vapour barrier ga:x | to the outdoor through the

insulation system.

14
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3 Thermal properties of the VIPs

3.1 Description of the VIPs

VIP stands for Vacuum Insulation Panel. It is aheatnew insulation system
introduced in the building sector in the 1990s wlmsulation systems containing
harmful gases had to be replaced (Brunner et a2 hey were firstly developed in
the sixties to insulate different cooling systemghs as fridges, refrigerators or
shipping boxes. Indeed, the very small thicknessthefse panels enabled the
preservation of extra storage (Fricke et al. 2008).

They are considered as a promising state-of-thénartlation material since their
thermal conductivity is very small. It ranges fr@o 8 mW.nT.K* in the center of a

prestine panel (Berge and Johansson 2012). Thigpiso 10 times less than the
corresponding number of equally thick conventiomedulation materials such as
mineral wool or expanded polystyrene (Baetens.e2@)9). These excellent thermal
properties are mainly due to the very low gas prnesmaintained inside the panel.

The VIPs should be considered as a thermal insulaystem made of two
components: a filling material, the core, encapedl@n a thin barrier envelope.

The core can be made of different materials: ghassl, polyurethane, polystyrene or
silica (Berge and Johansson 2012). However, siniseeissential to keep the vacuum
and prevent any pressure increase to preserveotitethermal conductivity, the best
materials are the one which are less sensitive tesspre increase. Thus,
nanostructured porous materials fit the best. Iroge, fumed silica (Sig) also called
pyrogenic silica in some reviews, is the most comiypased material. It is produced
with the pyrolysis of silicon tetrachloride (Sikla material usually used in the semi-
conductor industry (Berge and Johansson 2012). @oedpto the other possible
materials, it has the advantages to have a loveeml conductivity at higher internal
pressure. Their thermal conductivity varies fro03 W.m'.K™*when new, at a very
low pressure, to 0.020 W:hK™* at atmospheric pressure (Simmler et al. 2005én t
sections that follow, only VIPs with fumed silicalvbe described.

The envelope plays an essential role since it ragstlow gas pressure inside the
core, initially around 0.2-3 mbar. There is no @&rip envelope that is perfectly air
tight which leads to an irreversible pressure iaseeand the ageing of the panels.
Two types of envelopes are usually described inliteeature: the aluminium foil
(AF) and the multi-layered polymer laminate (MFeésFigure 3.1). However, these
names are not generic names and the exact meahi8g§ and MF is specified in
each report.
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laminated multilayer membrane with
Aluminium Foil (AF) Metalized Films (MF)

-——— cover layer ———»
(PET 10-100 pm)

‘l
weld Iayer
(PE 20-100 pm)

aluminium foil metalized polymer
(Al 5-10 pm) films (Al 20-100 nm)

Figure 3.1 Design of VIPs envelope: Aluminium Fwitl Metalized Films (Bouquerel
et al. 2012a)

The AF membrane is made of laminated aluminiunsfofl5-10um protected by two
different materials. On the exterior side, the coleger is usually made of PET
(represented in light blue in Figure 3.1) and oa ititerior side, the weld layer is, in
most cases, made of PEn red in the Figure 3.1) (Bouquerel et al. 201Zese
aluminium foils have a very low gas and water vagmermeation rate (Baetens et al.
2009) but due to the high thermal conductivity afgoaluminium layer, around 210
W.m*.K™, the overall envelope is highly conductive (Birizak 2005). Historically,
the AF membranes were the first kind of envelopsduslevertheless, due to their bad
thermal properties, the MF envelopes are now predgiSimmler and Brunner 2005)

The MF membrane uses metalized multi-layers polyfitres, usually produced with
aluminum. This type of laminates encloses a higtsitg of defects, mainly pinholes,
which decrease the air tightness of the envelommsé&quently, several foils are
required to limit permeation phenomenon (Bouquetedl. 2012a). Furthermore, the
permeation properties can be improved by addingriagf inorganic material on the
polymer films, for instance a layer of 10-100 nmsdica, metal oxide or pure metal
or by integrating special getter to the systemgteBeare a material that continually
absorbs gases (Bouquerel et al. 2012b). As the Ambmane, the MF membrane is
coated with a cover layer usually made of PET anld avPE weld layer. Today, most
of the MF membranes are made of three metalizeghpal films with a thickness of
30-100 nm each. The MF membranes reach a life apanore than 50 years since the
exterior conditions in which they are used are exditeme. Indeed, oxidation might
damage the very small foils and so affect the tstalice life of the envelope.
However, oxidation effects get critical only foghi humidity levels (superior to 60%)
and high temperatures (above 80°C). These condit@wa not the ones of building
applications.

In order to improve their mechanical propertiesP¥bre often used encapsulated, in
structural sandwiches or with edge spacers.

VIPs can be encapsulated with EPS or mineral woothey get extra protection

against mechanical damages. There are two typeaaapsulated panels: the panels
wrapped with insulation materials on every side @r@dpanels encased only on one or
both surfaces. This system enables some adjustment® construction site since the
edges on the panels can be slightly cut. Furthesptbe thermal bridges effects due

2 PET : Polyethylene Terephthalate
 PE : Polyethylene
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to the envelope are reduced (Tenpierik 2009). Wrapp/'IPs in such a way does
thicken the size of the whole insulation systemyvéitheless, the system remains
thinner than with the use of only conventional mats. For instance, Nussbaunetr
al. (2005) used a 60 mm insulation system made of dBthick insulation panels
encapsulated in EPS. If they had only used EPStotlaé thickness of the insulation
would have been 3.5 times bigger.

The use of VIPs integrated in sandwich componelsts ianproves their protection.

The sandwiches are made of thin tape or a wealgrof concrete or in non-metallic

materials that do not have any structural properBesides, the thermal conductivity
is very good and the system very thin although tamthl structural elements are
required (Tenpierik 2009).

The spacer panels are VIPs whose top and bottamgface linked with edge spacers.
Unlike the sandwiches, these spacers have strugitoperties used to connect the
VIPs to the load bearing structure (Baetens e2@09). The overall system is thinner
than sandwich VIPs. However, the space edges caose thermal losses and the
spacers have to be chosen carefully. More detaeflsgaven in section 3.2.5.1. The
spacer panels are often used as an insulation dagggtem and their thermal
properties can be improved by the use of doubler&y/VIP (Brunner et al. 2012b).

3.2 Heat transfer in VIP

As pointed out in Figure 2.2, VIPs have a very lbw@rmal conductivity compared to
conventional insulation systems. It is due to th@mposition which leads to a
reduction of each component of the thermal condifgti

In VIPs, the three heat transfer processes: radiatiansfer, solid conduction and
gaseous transfer have been identified (Bouqueml @012a). The transfer due to the
thermal bridges inside and between the panels alsstbe taken into account. Thus
the thermal conductivity of a VIP can be estimaisdhe sum of different values as
follows:

Avip = Acop + lpvip- d% (31)
with }\cop: Arad‘}‘ Asol‘}')\g (+)\Cpl) (32)
where i, represents the overall thermal conductivity of & \VAcp the one of the

core andyp . d .% the one of the envelope due to thermal bridgiesesf,qStands

for the radiation transfehs for the solid conductiori,y for the gas conduction and
Acpl for the coupling effects (Bouquerel et al. 20124d)the processes are represented
in Figure 3.2 specified in the following to bettanderstand the potentials and
challenges related to the use of VIPs.
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Figure 3.2 Heat transfer through a VIP: influence of theafferent therme
conductivities (adapted from Bouquerel et al. 2Q12a

3.2.1 Radiation heat transfer

The transfer due to radiation is from the gray Rtzs®l approximation. In most
reports, it is calculated as follows (BouquerehleR012a):
16 o n? T3

Arad= =
rad 3 En)

(3.3)

where ¢ = 5.67.1¢ W.m?2.K* is the Stefan-Boltzmann constantjs the refraction
index (for fumed silica, #=l), T, is the Rosseland temperature expressed by

2 2
T3 = 2 :TZ .(T1+T2) (T1and T are the temperature on the VIP surfaces) and E
is the transport extinction coefficient.

For fumed silica),aq ranges from 0.001 to 0.004.m*.K™* at 1 mbar pressure. With
the use of opacifers, this value decreases to M001*.K™ (Baetens et al. 2009).

3.2.2 Solid Conduction

Empirical modeling with a guarded hot plate appagdtas established the following
dependence between the thermal conductivity dusolid conductionjsy, and the
temperature, T, for fumed silica filling materigBouquerel et al. 2012a):

Asol = 0.021(—8.5.1012. T# + 2.1.108. T3 — 1.95.10-5. T2 + 0.00883.T)
(3.4)

The value “0.0021" refers to a coefficient propefumed silica.

Usually, for core made of fumed silicais, Vvaries between 0.0021 and
0.0034W.m*.K* (Baetens et al. 2009)

Given that both radiation and solid transfer aregerature dependent, Baetens
(2009) combines equations 3.3 and 3.4 to calculsethermal conductivity due to
both solid conductivity and radiative transfer:

Asol + Arad = (0.0124.T + 0.0808).10-3 (3.5)

Thus, the temperature influences the radiativesteanand the solid conduction.
Simmler et al. (2005) have investigated the temperature effectsthe thermal
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conductivity: an increase in temperature leads tiseaof the conductivity. However,
in the range of the usual conditions of temperatanehich a building is in use, this
influence is not significant.

3.2.3 Gaseous Transfer

Gaseous conduction is the main component of thé traasfer in conventional
insulation materials (see Figure 2.3) and accotortsnore than half of the thermal
conductivity value. It is due to the presence oh-gonvective gas within the
materials hollows. There is so a great potentiabthuce the heat transfer by limiting
gaseous conduction.

Simmler et al (2005) has studied the thermal conductivity of due to gas
conductivity and it appears that it is a functiohtlee gas pressure and the pore
diameter of the materials (see Figure 3.3). Inipalgr, it decreases when the pores
size are small and the inside gas pressure is low.

Thermal conductivity [W.m™.K™
0.028

0.024
0.020
pore diameter 10 mm
0016 1 mm
0.1 mm
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aerogel
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1.0E-04 1.0E-03 1.0E02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03  Gas pressure

0.004

[mbar]

Figure 3.3 Thermal Conductivity of air due to gasductivity as a function of pore
diameter (Simmler et al. 2005)

For VIPs, a very effective measure would be tomemperfect vacuum inside the VIP
or at least to strongly decrease the internal gasspre to only a few mbar. Indeed,
when the inside pressure decreases, the meandtiee @f particles, that is to say the
average distance they travel between successivacisipis longer. Thus, fewer
collisions between particles can take place andghalue decreases. In VIPs, the gas
pressure is between 0.02 and 3 mbar which correspiona gas thermal conductivity
of approximately 0.003 W.ihK™ (Berge and Johansson 2012). Moreover, thanks to
the very tiny size of the silica pore, even at apieric pressure, the core has a low
gas thermal conductivity, around 0.020 W.K™". Indeed, as represented in Figure
3.3, the gas conductivity decreases also with tive gize of materials. Very lofy
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values can be obtained when the size of the lapgest of the material is in the same
order of magnitude as the free mean path of the Hass, the molecules can only
collide with the pores surface.

In most reports and experiments, The Knudsen effduth emphasizes these two
characteristics is used to calculate(Baetens et al. 2009). In porous materigss
written as follows:
Jy= =t
1+2.8Kn 1+ -2
Pg

(3.6)

wherelqois the thermal conductivity of free air [WhK™], K,the Knudsen number
and ap constant between 1.5 and 2.0 depending on thelgasplid material and the
temperaturep;, represents the pressure at which the air thermadwivity in the
material is half the one of the still air apglis the gas pressure in the VIP.

The Knudsen number is a dimensionless ratio betwleemean free path of the air
moleculesineanand the characteristic pores diameter of the e¢or:is calculated as
follows:

lmean
K, = = (3.7)

Equations 3.6 and 3.7 show in detailed how thedengias pressure of a materials, its
pore size and the free mean path of air molecutedirgked. In VIPs, since the free
mean path of atmospheric gas molecules is larger e characteristic pore size, the
free gas thermal conductivity is consequently reduSimmler and Brunner 2005).

Thermal Conductivity [W.m 1. K]
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Figure 3.4 Thermal conductivity of several porouatenials as a function of gas
pressure at 28C (Simmler et al. 2005)

As a consequence, VIPs have a higher thermal paltex@mpared to conventional
materials (see Figure 3.4). Indeed, their gas ccindty significantly increases only
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when gas pressure is superior to 10 mbar wheréesabntit is lessened to 0.1 mbar for
different foams and glass fibers materials.

However, the Knudsen effect underlines an importe@akness of the system: the
envelope around the filling materials should béigiit enough so the service life of
the panel can be extended. Obviously, a perfetglairenvelope is impossible to
obtain and the air and vapour permeation that tivelepe allows is one of the main
ageing factors. More detailed are given in secB@b.2.

3.2.4 Coupling Effects

The coupling effects\,, are a rather complicated phenomenon (Baeterls 20GD).

In most reportsicy is neglected which simplify the VIP’s heat tramgfgodel: every
heat transfer will be considered as caused indegrglyd In reality, it is not the case,
especially in filling materials where the radiatitransfer is important. There, the
coupling effects can greatly influence the totalueaof the thermal conductivity.
However, Bouqueredt al.(2012a) point out that, in fumed silica, the congleffects
can be neglected without leading to significanbesr

Thus, the overall thermal conductivity of the carethe center of a pristine panel,
ranges from 0.003 and 0.008.m™.K™ (Berge and Johansson 2012). The advised
design value is 0.008 W:hK™ for panels smaller than 1m x 1m (Simmler et al.
2005). However, this value increases with the tla¢bmidges due to the envelope.

3.2.5 Heat transfer through the envelope

The envelope is responsible of two phenomenons ldzt to an increase of the
thermal conductivity: thermal bridges and permeeiof air and water vapour. These
phenomenons are described in the following.

3.2.5.1 Thermal bridges

The barrier is responsible of thermal bridges, @alled edge effects which reduce
the thermal performance of the VIPs. These theimnialges are mainly due to the
continuity of the thin envelope which is in contagth the cold and the warm side of
the VIP and also due to the small air gaps betwaenadjacent panels. The heat
losses are more consequent through the cornersdmes of the panels (Baetens et al.
2009). The following expressions can be used toutaile their effect¢Binz et al.
2005):

Pvip. d.§ (3.8)

whereyyip [W.m1.K™] represents the linear thermal transmittartgm] represents
the thickness of the panel in the heat flux dimctp [m] the perimeter of the panel
surfaceA [m?.

The linear thermal transmittano@,i, , is a measure of linear thermal bridges. It is
function of the envelope material, its effectivertimal conductivity, its thickness, the
type of seams and the materials immediately sudiomgnthe VIP (Binz et al. 2005).
Many experiments have been carried out to estirttegelinear transmittance and
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Simmler and Brunner (2005) advise a design valu®.607 W.m™*.K™ for an AF
envelope and of 0.00v.m*.K* for a MF envelope.

Bouquerelet al. (2012a) have investigated different configuratiohpanels to figure
out the thermal conductivity due the edge effeEleir findings are reported in Table
3.1.

Table 3.1 Thermal conductivity due to edge efféattkapted from Bouquerel et
al.2012)

Typeof - AMINUM gpe mmm] yap.d.2 ¥ -[(j%-)]%/ heop
MF 90 nm 1x1x0,02 0,6 13
MF 300 nm 1x1x0,02 0,7 19
MF 60 Nm 1x1x0,02 0,1-1,1 3-27
MF - 0,9x0,9x0,02 2,1 38
MF 3 x 100 nm 1x1x0,02 1 25
MF 3 x 100 nm 1x1x0,03 1,2 30
AF 8 um 1x1x0,018 3,8 96
AF 9 um 1x1x0,02 3,3-4,4 66-88
AF 8 um 1x1x0,02 3,4-8,4 89-210
AF - 0,9x0,9x0,02 6,7 120

The MF envelopes produce less thermal bridges Afamembranes so this type of
VIPs reaches better thermal efficiency. As disptaye Table 3.1, when taking into
account the edge effects from the envelope, thal tbermal conductivity might
double compared to the single conductivity of tleec This is mainly due to the
composition of the envelope: the effective therroahductivity of an aluminium
envelope is around 200/.m*.K™* whereas the polymers conductivity only ranges
from 0.1 to 0.5 W.n.K™* (Bouquerel et al. 2012a).

The thickness of the membrane should also be cerexid Although, table 3.1 does
not point out any clear results, other studies hawderlined a link between a thinner
envelope and smaller edge effects (Baetens e0@9)2

Another important factor is the size of the paimdeed, to decrease the edge effects,
it is possible to minimize the rat% by using large square-shaped VIPs rather than
smaller rectangular-shaped ones. A general recomiatien advices the use of panels
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bigger than 0,50 m x 0.50 m (Binz et al. 2005)u§,Harge panels should always be
preferred.

On the scale of the whole systems, thermal bridlyesto edge spacers should be
considered. When not used in sandwich, the compofa&mgs of the VIPs are
mechanically jointed with edge spacers. The SubBask the Annex 39, an internal
research project on VIPs, proposes a detailed sifithe influence of the edge spacer
(Binz et al. 2005). It reveals that aluminium spacare not suitable because of a
linear transmittance which ranges from 0.010 to20.WW.m™*.K™ (Baetens et al.
2009). Plastic spacers or reinforced non-metalpes offer better performance.

3.2.5.2 Permeation of gas and water vapour

Since it is impossible to manufacture a perfecilyight envelope to wrap in the

filling material, the inside pressure will contidlyaincrease over the time due to
permeation of air and water vapour. The moisturé gas pressure rise leads to a
deterioration of the thermal properties of the Véikso called the “ageing effects”.

Therefore, it is crucial to select envelope withafimpermeation rate. The permeation
rates are usually separated in Gas Transmissioa (&KR) and in Water Vapour
Transmission Rate (WVTR). Many studies has beenechiout to determine the
permeation rates of the current membranes andaluae the higher rates that can
occur without compromising the VIP life expectan&wr a typical VIP with a MF
envelope, the GTR is around 2-520n*(STF)/m.day at 50% relative humidity and
the WVTR around 1-5.10kg/ nf.day (Baetens et al. 2009). The air permeation is a
bigger in the corners of VIPs (Simmler et al. 2005)

The water vapor penetration is a major problemesihcauses both pressure and mass
increase. However, due to their high porositycailmaterials have some hydrophilic
properties which explain their sensitivity to watemtent changes. The presence of
water inside the silica core leads to conductioa ttuwater vapour and to absorbed
water (Bouquerel et al. 2012a). A linear correlatibetween the total thermal
conductivity of the VIPs and the mass contanfkg/kg] has been established by
Simmleret al (2005). Thus, in order to take into account tftuence of the water
mass increase, the supplementary term: “0,@0Zhould be added to Equation 3.2
(see Equation 3.10), u is the water mass increAffer many experiments, a
saturation level has been noticed. The water maisteot stabilizes between 0.03 and
0.07 kg/kg which means a thermal conductivity iase of 0.0015-0.0038/.m™*.K"
(Baetens et al. 2009)

The increment of gas pressure has also been a$tathlas a linear relation.ntainly
intervenesthrough the gaseous transfer. An increase of 30mbdry gas pressure
contributes to a thermal conductivity increase dioa W.m'.K™* (Baetens et al.
2009). Since, no saturation level exists for thermal conductivity rise, it is
important to limit the rate of pressure increasés linked to the envelope properties
and greatly influenced the life expectancy of thagi.

Special getters can be added to increase the Wé&Psplan since they prevent from the
internal increase of gas and water vapour gas ymeg$Bricke et al. 2008). Thus, if the
core has not a function of getters, it is advised adld them although the

4 STP : Standard conditions for Temperature andsBres 273 K and 1 bar
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manufacturing of the panels will be more expensiuened silica does not need any
greeter (Baetens et al. 2009).

The temperature is the main influencing parameieafeing. In most of the studies
mass transfer phenomena is evaluated with a soratherm model. In this case,
GTR, WVTR or the surface permeabilihy; can be adequately approximated with the
Arrhenius type of equation (Baetens et al. 2008).iRstance the permeability of the
envelope can be calculated as follows (Bouqueral. &012b):

—Ea

Pei = peil. exp (——-) 3.9)

whereps is the surface permeability [m%/s]. tBe activation energy [J.mY| R the
gas constant .314 J.K.mol*) and T the temperature [K].

Thus, the aging of the panel is accelerated by keghperatures. It is even quicker
when both high temperatures and high relative hitynievels are gathered (Simmler
et al. 2005). Under 1 MPa, there is no significamluence of pressure and
concentration (Bouquerel et al. 2012b).

The permeation rate also depends on the envelofeziaia and the size of the panels.
In general, AF membranes are less permeable tharomMdB because there are less
pinholes in the foils. Figure 3.5 presents the gues increase and moisture
accumulation in different panels, all with a MF elope. These values were observed
in a laboratory at Z& with 50% RH, at 1 bar pressure. Therefore, @hsious that
the permeation effects are smaller for larger pandhces.

Pressure increase [mbar.yr] Moisture accumulation [%.yr™]
3 % % @ % 3
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Figure 3.t Moisture accumulation and pressure increas&/IR with MF envelog
(237%C, 50% RH, 1bar) (Simmler et al. 2005)
MF1, MF2, MF3 and MF4 represent different enveldpsign

3.2.6 General expression for,ip

Assuming that the coupling effects can be negleeted that the influence of the
moisture increase must be considered, the follonergression for the precise
calculation of\j, canbe used (Bouquerel et al. 2012a):
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Ag,0

P
1+ E

Avip = (0.0124.T + 0.0808).103 +

+ Puip-d. 5 + 0.0024.u (3.10)

Consequently, the components have to fulfill sdesrigeria so the thermal properties
are good. The core must have small pores dianmatespen cells structure so gas can
evacuate and it must be resistant to compressioasist the atmospheric pressure.
The envelope must be as air and vapour tight asildesto maintain good thermal
performances and be mechanically resistant tosstiad strain to resist puncturing
and tear during the life span.

3.3 Use for building application

3.3.1 Examples of constructions with VIPS

Many examples of how the VIPs have been used fddibg applications can be
found in the literature. A few examples from then&r 39 are briefly summarized
here to present the great potential of VIPs (Bihal€2005). The following examples
only concern refurbishment measures for facadeesines the main focus of this
master’s thesis.

Until now most of the applications in the buildisgctor are realized for research
projects and in Germany and Switzerland, the VIRwmket is at its early stage
(Simmler et al. 2005).

3.3.1.1 First use of the VIPs for an entire facade

The first privately financed building entirely idated with VIPs was built, in

Munich, Germany, in the beginning of 2000s. It sasen floors, the three bottom
ones dedicated to offices and the upper floorgdsidential purpose. The insulation
was made of around one hundred panels with a dofented silica (Pool, n.d). A

conventional insulation would have been 25 centnsethick resulting in 10% of the
living area consumed only by the insulation systdine VIPs used were only 2
centimeter thick and protected with 8 centimeterecmg material (va-Q-tec 2013).

3.3.1.2 External insulation facade

In 2000, in Nuremberg, Germany, a semi-detachedédoeeded facade retrofitting.
Special limitations regarding the insulation thieks were imposed by the German
Federal Department for Preservation of HistoricanMments. A system of 15mm

VIPs glued to 35mm polystyrene boards with a ptastetop was mounted on the
existing facade (see Figure 3.6). The U value wagroved by more than 60%

decreasing from 0.6-0.78/.m?%K™ to 0.19W.m2K™. After three years, infra-red

pictures pointed out that no panels had failedittihis case, the U value would have
reached 0.32 W.thK™, which is still less that the initial value.
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wall
Yyapour screen

— vacuum insulation 15 mm
Q/\ polystyrene 35 mm
PVC- rail

reinforcing plaster 3 mm
—— synthetic resin plaster 3 mm

Figure 3.¢ VIPs for anexternal insulation, Germany. On the left, a cresstion of th
facade. On the right, during the installation (Bieizal. 2005

3.3.1.3 Internal insulation facade

In 2003, a property in Zurich, Switzerland was obtred. The use of VIPs to

refurbish the thermal insulation was chosen as phra pilot and demonstration

project. The space saving was the clincher forithplementation of VIPs. The

system chosen is described in Figure 3.7. The Vé® directly assemblied on the
existing plaster. Then, an air gap of around lineter was left between the VIPs
and the solid gypsum board. A new interior plastas applied on the gypsum board
(see Figure 3.7). The air gap and the gypsum bo@m installed as a protection
against the daily use of the occupants.

Wall Structure:

External rendering,existing 20
mm

Quarry Stone wallexisting 430

) - =
e A )
VI mm

Interior plastergxisting 15 mm
VIP, new 30 mm (in blue)
Air gap: 10 mm

1T — Solid Gypsum boardiew 60 mm
0 10 20 3 4 5

Interior plasternew 5 mm

Figure 3.7Interior Insulation with VIPs in ZiricfBinz et al. 2005)

Since the insulation was internal, the thermal deglcould not be suppressed. Thus,
the architects chose to use cork in these areasibedt also has a good influence on
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the humidity level. The architects also set up ahmaical ventilation. As a result, the
risk of condensation was limited although in theasrof the thermal bridges, the cork
insulation was weaker than the one of VIPs. Duthéoretrofitting, the building has
reached the passive house standard regardingtiosula

3.3.1.4 Facade elements

Nowadays, the building envelope must be much nmweartal efficient so new facade
elements which used to be not or very few insul&tece to be insulated.

Today, more and more facades are built with sarfuwiements, usually made of
aluminium and glass that are not materials withdgtbermal properties. This type of
facade is very thin and there is no place for ekiglation so they might not be
thermal efficient enough to reach the thermal ragoms. Since the VIPs are very
thin, they can be introduced inside the facade etgsto insulate facade (Porextherm
2013).

VIPs can also be installed on windows and door émmwhere a thick but efficient
insulation is crucial. Baetens et al. (2009) haalated an improvement of 50% of the
windows and door transmittance with the use of VIBsually, most of the system
modules for shutters are not insulated. VIPs canséteinside the modules, for
example in roller shutter casings or lamellar blbakes. This insulation reduces the
thermal bridges caused by the conductive mateoélshe modules for shutters
(Porextherm 2013).

3.3.2 Main drawbacks

3.3.2.1 On the construction site

The installation of VIPs on a building is a deleahtervention. Indeed, since the
panels are a fragile system, they have to be hdndlkh care. It is recommended that
the setting up be realized by skilled workers vattapted tools. The VIPs supplier
might propose some of his trained workers as aqgidris supply agreement.

Furthermore, the installation of the panels shdaddolanned before the setting. The
VIPs are prefabricated systems and they cannotjustad on site. Otherwise, they
will lose their inside vacuum and consequently mafttheir thermal properties.

Therefore, during the planning phase, laying plsimsuld be drawn, in collaboration
with the VIPs supplier (Binz et al. 2005). Everytaileconcerning possible technical
issues should be considered before the installation

3.3.2.2 Durability

As all equipment used for buildings constructiodP¥ have to be durable, that is to
say they must not fail unexpectedly due to chenmocahechanical impacts. However,
their envelope is fragile and can be easily damagkd major risk is the loss of the
vacuum in case of puncturing or tearing. It canpeapduring the installation as
described in the previous section or during theiserlife. In the case of an interior
insulation, if the panels are not specially pratdctthere is a higher risk that the
inhabitants inadvertently puncture the panels logwing shelves, hanging decoration
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on the walls or with impacts against the wall. A&ansequence, a good way to
improve the durability of the VIPs is to use thenc&psulated in EPS and to educate
the inhabitants to this type of system.

3.3.2.3 Life Span

The life expectancy of VIPs is a particularly ckalljing point. Indeed, most buildings
are erected for 50 years and with little mainteeatizey often reach a life expectancy
of 100 years. Thus, thermal insulation is expetbelthve approximately the same life
span, especially for retrofitting measures thatexpensive. Today, the life span of
VIPs reaches 50 years old (Binz et al. 2005) amdes®IPs suppliers announce a life
expectancy up to 60 years (va-Q-tec 2013).

The life time of VIPs is usually represented byashtub curve (Simmler et al. 2005)
where the most fatal moments are the early andalgds, as plotted in Figure 3.8.

0.00004 1.0000
- = Bathtube curve
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= =
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c =
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©
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Figure 3.8 Bathtube curve (adapted from Simmlexl €2005)

The failures at early age are called “infant mawgl a term borrowed from the
reliability statistics to describe the decreasiaifufe rate in the beginning of the bath
curve. It represents all the defects and mistakesed by errors in the design, the
assembly or the production such as defective seanasm excess of pinholes in the
envelope. Today, only less than one percent op#mels are deficient just after their
production and most of the failures occur during thansport and the installation
(Simmler et al. 2005).

During the service life, the life expectancy depenthinly on the envelope since the
envelope keeps the low pressure inside the paha.ldw pressure is necessary to get
a small thermal conductivity. However, during th&P¥ life time, since there is no
absolutely airtight membrane, thermal conductivélying effects will take place
(Tenpierik 2009). According to Simmlet al(2005), aging designs “the continuous
process of performance degradation due to nornoal plermeation of atmospheric
gas molecules through the imperfect barrier”. Thesults in a non-reversible
degradation of the thermal properties. It is th@gpal cause for ageing. Figure 3.9
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clearly presents the increase of thermal condugtifor fumed silica due to air
pressure and water content.
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Figure 3.¢ Thermal conductivity of fumed silica as a functwair pressure an

water content, at external pressure of 1 bar angreal temperature 2C (Baeten
et al. 2009)

Concerning the VIPs, the service life usually medms time until the thermal
conductivityAyj, exceeds a certain limiting valug,. There is no common value for
Mim Or any standardized criterion to establish the @ifdlife of the panels.
Nevertheless, most specialists recommend a limitaige of 0.008V.m.K™ for the
core thermal conductivitgt 296 K(Simmler et al. 2005)Another limitation used is
when the inside air pressure increases of 100 nibare expect a life span of 50

years, the annual pressure increase should beointarequal to 2 mbaBerge and
Johansson 2012)

However, once set up, it is still hard to contitw quality of the panels. It is easy to

check if the panels are totally failed by visuatldraptic control, a good panel is a

plane and soft panel but it is more difficult tcakwate the state of the panel between
its pristine age until its total failure. The rddia existing methods are either too slow,
too expensive or too sensitive and usually hardiglemented on site. Therefore, it

might be difficult to detect the end of serviceldf VIPs.

3.3.2.4 Cost

The cost of VIPs is a second challenging aspeca famoader use. The purchase price
varies a lot depending on the choice of the ctre envelope and the manufacturing.
Indeed, the panels have to be prefabricated so ntdre economical for a building
designer to order panels of the same size. Howes@mpared to conventional
materials, the VIPs are far more expensive. OnécanfbVIP is 27 times higher than
the average price of mineral wool and 14 times éighan cork (Binz et al. 2005).
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A more precise comparison can be made when anglythe specific thermal
insulation cost, denoted Kpec (see Figure 3.10) which is calculated as follows
(Tenpierik 2009):

KR:spec = Ci.Aefr (311)

whereC; stands for the price of the thermal insulation @esic meter [€.A] and Aes
is the effective thermal conductivity of the maadsi\W.m™*.K™].
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Wool Insulation Materials

Figure 3.10 Values of the cost per thermal trantantte for different materials.

Price Base: October 2004. The price of installat@amd support structure are not
taken into account (adapted from Binz et al. (2005)

Figure 3.10 points out that VIPs are still arountintes more expensive than mineral
wool and twice more expensive than cork. Thereftine, use of VIPs is still too
expensive for ordinary houses. Nevertheless, thay loe cost efficient when a
minimal level of thermal performance is requiredhe current context of high prices
of the real estate or when the building absolute & limited. Their slimness enables
the gain of living space and the rent gained frtws textra” area will rapidly pay
back their extra cost (Jelle 2011).

The minimum required annual rentt §€.m2year'] of the living area can be
estimated with the following formula (Tenpierik Z)0
i-v=1 Ct. > AKa. h
(1+i)t od

wherei is the interest ratd, the time [years]AKa is the difference in cost of the
thermal insulation materials compared [E]Jmh is the height of one storey [m] and
od is the difference of fagade thickness with the ingulation materials [m]AKa

(3.12)

® The surface here refers to the surface of thelfaca
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and ¢d are usually calculated when comparing VIPs wittoaventional insulation
material.

This equation does not take into account the prar@tion of the materials. A first
approximation of the annual rent can be done byeg#dgg the interest year and by
considering that the price of the real estate stédly constant (Pool n.d).

Consequently, to rightly evaluate the price of thglementation of VIPs, it is
important to consider the system during its entife span: a Life Cycle Cost
assessment (LCC) would give more precise valueleedh, some other factors such as
the risk of early failure, the change of defectpanels, the extra-cost of skilled
workers to set up the panels would also be coreidek LCC is proposed in Section
4.3 for the building Kajskjul 113.

Specialists expect the price to decrease in thedufor them, the relatively young
age of the panels largely contribute to the higktsoThe production line is not
optimized yet and a mass production of the enveldmrild lead to cost reductions
(Binz et al. 2005, Simmler et al. 2005).

3.4 The VIPs market today

There are three main producers of VIPs in EuropeQwec, Porextherm and
Microtherm. This part aims at describing brieflyeithproducts in order to get an
overview of the VIPs market today.

Va-Q-tec is a German company created in 2000 .etigfizes on eco-friendly thermal
solutions by developing vacuum insulation panelsl dreat and cool storage
containers made of phase change materials. OnleedofVIP productsya-Q-vip B
received an official approval for building applicats from the Deutsches Institut fur
Bautechnik (DIBT, German Institute for Civil Engemng) in June 2007. The
approval was recently extended to June 2015. Kgydehermal conductivity is 0.008
W.m™.K?, it includes the thermal bridges effects and therageMore details about
this product are given in Table 3.2 (va-Q-tec 20I3) their official website, they
provide technical documentation, instructions aecbmmendations for a successful
installation as well as references (see Figure)3.11

Figure 3.11Warning labels designed for the va-Q-tec VIP (véeQ2013

Porextherm Dammstoffe GmH is also a Greman comphnyas been developing
innovative thermal insulation solutions since 138&h as VIPs and microporous
high-performance thermal insulation materials fational and international projects.
Their research and development department worktherextension of standardized
performed elements and products for individual @pgibns. Their range of VIPs, the
Vacupor, has an official approval from the DIBT. Futhermo¥&gcupor VIPs are

submitted to an Environmental Products Declaratidrich is part of a European
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norming project to develop a sustainable labeltfa& building sector (Porextherm
2013).

Microtherm International Ltd is a worldwide providef insulation solutions. The
VIPs they offer are developed under the brand Mi@on®. This brand belongs to a
Belgian industrial group that historically proposessulation for passive fire
protection and high temperature protection andsitnow developing a range of
products made of advanced microporous insulatitutiea (Microtherm 2013).

32 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2013:41



n—uuu_..muu.m s1 AD.E.NQ 2] u2agm Nh”_.w._.rﬁ.u.z—uﬁonu [eLIaq] ”ﬁmﬁhmam :

(Suu2ouiSuy (141D F0J2IN]1SUT UBTIIAL) ) JIUTo2NeY INJINI1ISU] Sa73sIna(]
paygmadsun :n)
§102]F2 25p2 pue SurSe papn[oul anfea-) =¥ ‘anfea-() [ENIUI = EWE)

§102I72 25p2 pue SUISE papn]oul AJIATIONPUOD [RWIAT] =42y “AJIAIJONPUOD [BILIAT]] [RIJIUL = EWmy

1RiEdo

- TILRIROI
auoN n n n <> SN 120°0 === 0t 01 9 i o wn ME:E%
g 7h00°0 = 7 TatA]od peziElet STy EJINIS R
DRII0TIE I 0.1
b6 = FE= 51070 = Pe=ey s1aty1aedo (wrgxarg)
191T n 0CT+ 01 0%- n = ' ) crmcl [E0] WWMIEITHENE PSIEUITEE] - .—uwm-nm.—.-uﬂ A
77 0 > L BO00 =27 EJES Poting -
£F00°0 = B
SopIs
e e e siaizoedo (I IERaTo )
PRy 04 U0 -IOTEE J0 188
191a n 071+ 1 05- n = pgg =y | 0007 corgp | PO O SAXTTHIRE 3035 + §-78-8dX
7T "0 = BRI 000 = ﬂEn..,,L._ 107 UMIUITME PARTET EJI[IS pawm aodnaey
¢ = papme, skiaedo TIRTIXEII0
1+ 01 - - A 61070 = Pewmy it (w=gpeiog)
La1ad n 0T1+ M 0% n = ba ) = EFE 100°0 = B 001071 [EO] TTIEITIANIE PRIEWILIE T + S-Td
{T 0> BRI C00°0 5 mREy BoMs paumg | -IN Zodnoey
2]} J2qIJ SSE[S JO .
c goedp .
SWON 09 01( 0L+ O QL- %m %m mD £= 81 ‘0= ERE) SE000 = FRIEY 0C | ¢ PRI TORNOIL O - m”% m»w LY
Wy JPLrEq YSIY e
. _— a[1%a1 12417 SSE[E JO
c .. 0T0°0 = P o A-
smal cen =50 | 0c o1 Q] PRI WONe10Id [EITUETDSTT (331-0-8A)
. o1 £01 Qf- = : = Py
. 1910 00 01 0L+ 01 QL 00 01 40y ¢ comman | m%% %u aly N N a dia D es
- U]y IRLIEq YSIH
SIESA : _ [233-0)-EA)
+ - 77y = TR : TERITr,
=2uou 0903 0L+01 0L 00 01 dn C= o 1 co00= ( 00101 Wy JeLEQ UEIY EJIIE patimn dir-D-2a
[avany]

. - [%] [2: AYAATTAA (roupz (M) L SSANMMIHI) N
TVAQHAAY | ¢ ipigvag ALITIEVIS A1 IVTMASSTg | SSDNDIEL) L3 ITAl o] IdOTIANT THOD STINFN
TVIDLAIO0 ) B ADTANIAS . [P gAY AIALIAANDD | SSINDIHI SL2NA0Hd

AIIOMNAH | TIAIVATIANTT 5VD AANIVA TVICUIHT
TYANIAINT

sponpodd sJ7A JouosLipduoy) 7 £ 3]qo T

33

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2013:41



4 Results of the Pre study

The following part briefly presents the building jglgul 113 and how its fagade can
be insulated with VIPs. Furthermore, a short Lifgle Cost analysis is carried out in
order to investigate if the VIPs system could lm®st effective measure. The purpose
is to propose a solution which fits with the cl€ntequirements, their financial
constraints and the current limitation on energg. isdeed, until now, the VIPs have
been mainly used for research projects so in daextend their use, it is essential
that the VIP system is cost efficient to make tbmpanies willing to use it.

4.1 Presentation of Kajskjul 113

The study case focuses on the thermal retrofitthd<ajskjul 113. It is a former

warehouse for steel products which stands in Gatlwgnharbor (see Figure.4.1). It
has been abandoned since the 1990s and today,utlting owner, Alvstranden

utveckling AB, plans to move its headquarters theithin 5 years. Alvstranden

utveckling AB is a municipal company whose purpss® develop the northern and
southern river banks of Gothenburg.

e —— e

Figure 4.1 Kajskjul 113 (Anderson and Olin 2008)

4.1.1 Historical fact

Frihamnen, which means “The Free Port”, is Gothegpbaoner harbor on the Goéta

Alv. It was inaugurated in 1922. At that time, m&siropean cities had their own free
port and it was therefore important for the ecorm@indevelopment of Gothenburg

that the city have its own. Thus, Frihamnen wagsl @sean international port where it

was possible to exchange goods without paying tatesever, when Sweden joined

the European Union in 1995, the area lost its itgmme and was abandoned in 1996
(Anderson and Olin 2008, Sepehr 2010).

Frihamnen is composed of three piers: Sddra Frileanithe easternmost, Norra
Frihamnen and Kuvillepriren, the westernmost. Theyer an area of approximately
60 hectares (Sepehr 2010). Kajskjul 113 is locatedNorra Frihamnen, as described
in Figures 4.2 and 4.3. Its construction was ordlénge the port of Gothenburg which
had chosen Alexander Ericsson to be the architeetas completed in 1964 and
served as a warehouse for metal items until theties. Then, it was abandoned
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except for the ground floor which is still usedaagacht parking (Anderson and Olin
2008). Since 2008, the city of Gothenburg is wglito reconvert the area for its
development.

Figure 4.2 Bird view From the left to tt Figure 4.3 Air view. From the left
right: Kvillepriren Peer, Norra Frihamne to the right: Kvillepriren Peer,
Peer, SO0dra Frihamnen Pe. Kajskjul 1131 Norra Frihamnenn Peer, Sodra

hooped in vellov(Sepehr 201 Frihamnen Peer. Kajskjul 113 is

hooped in vyellow (source:
Google Map)

4.1.2 Materials and techniques of the construction

Kajskjul 113 is a three-floor rectangular buildimgth 25 meters width and 125
meters length (see Figure 4.4). The building siten open site and Kajskul 113 is not
protected by any other buildings (see Figures Ad2a3).

Western 125m

facade

Figure 4.4 Representation of Kajskjul 113's ori¢iata

The building structure is made of circular concregams which support the floors
and the roof. The former use of the building asaelouse imposed a framework
with large spans and vast open spaces (Anderso@Bm@008). This structure gives
to Alvstranden utveckling AB flexibility to arrangés offices. The ground slab is
made of 240 mm thick concrete, designed to caeydhds of the entire building. The
foundations are wooden friction piles dung in cl@lge external walls are made of 80
mm thick yellow bricks, insulated with mineral wo@upporting pillars are placed
every four meter inside the external walls (Andaraad Olin 2008). More detailed of
the composition of the facade is given in SectichX4 The brick facade has been
damaged by the weather: the annual temperaturatieaas and the rain (see Figure
4.5). Around the windows and doors, the brick bearesrusting and corrosion can be
observed in various areas of the facade. Theretioeegamage bricks will certainly be
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changed and a protection against the capillarysprar through the wall will be
installed. Indeed, as detailed in Section 2.4.2 ¢basequences of water vapour
transfer can be serious. This yellow brick facasleconsidered as a part of the
historical heritage of Gothenburg and consequantigt be preserved (Anderson and
Olin 2008).

Figure 4.5Damaged brick on the fagade (Anderson and Olin 2008

The windows and doors have not been changed dieceréction of the building. For
this reason, it is rather obvious that they areem@rgy efficient enough to reach the
current thermal regulation. Moreover, both doorsl avindows are leaking. As a
result, they will be replaced during the retrofigti(Anderson and Olin 2008).

The roof is a lightweight concrete roof on pre-ssed concrete beams spaced of four
meters. The main problem of the roof is that itnist completely airtight and
waterproof. Similarly as for the external wallsgetimsulation of the roof is not
sufficient (Anderson and Olin 2008) and will beroditted.

As a result, the existing building envelope of Kais 113 is facing three main
problems: a poor insulation, air leakage and mdchardamages of the bricks
(Anderson and Olin 2008).

4.2 The thermal retrofitting of the facade

4.2.1 The facade before the renovation

The western and eastern facades of Kajskjul 113h&réongest ones. The openings,
windows and doors, represent a large part of tbad@, 21% of the eastern facade and
29% of the western facade including a quarter ef fdcade is windows. The case
study only focuses on these two facades since dhtharn and southern facades are
not made with bricks.
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Figure 4.6 presents a cross-section of the facaftedthe retrofitting.

12-6- 24cm
4+ —>
A Brick
Wood woal
1.33m
Concrete
bartar
\ i
< Window
1.22m
1.78 m Mineral Wool

>

12-8- 12 cm
Figure 4.6 Schematic representation of the exterior wall befothe retrofitting -
Vertical projection

Before the retrofitting, the bricks were damagedHh®sy wind, the driving rain and the
freeze and thaw. With the cross section of theeeasand western facade, given in
Appendix 1 and the schematic representation in rEigl6, a U-value can be
estimated. Table 4.1 summarizes the material ptiegarsed for the calculation.

Table 4.1 Materials properties (from Anderson ankih@008 and WUFI 2D data
base)

material IIm] | Minit WKZmY | Ayet WK LmY materials | Uwkm?
bricks 0.12 0.6 1.2-1.8 Windows 3.0
concrete 0.24 1.6 2.1

mineral wool 0.08 0.04 0.055

wood wool 0.06 0.08 0.2

mortar 0.12 0.08 0.08
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In order to evaluate the U-value of the wall, tlodloiving hypotheses have been
made: the bricks are considered as solid bricksnfasonry, the concrete is a C35/45
concrete and the wood wool is considered to berim fof boards. The U-value of the
windows is from Anderson and Olin (2008) and repnés the value of the overall
window: glass, glazing and frame included. The ordgurface heat resistance and the
outdoor surface heat resistance are 0.1&m/™* and 0.04 mK.W ™ respectively.

Two calculations were made: one considering thaintlterials were newf; values

in Table 4.1) and another considering that the nasewere deteriorated by moisture
accumulation in materialshfe: values in Table 4.1). Thus, the U-value before
retrofitting is between 1.07 and 1.86 WK™, As a reminder, the limit U-value set
by the SwedistBuilding Regulations for a facade of nonresidenbiaildings is0.60
W.m2K™ that is to say three times less than the estimidtedlue of Kajskjul 113
before the refurbishment (Boverket 201The retrofitting of the thermal insulation of
the facade is therefore necessary.

4.2.2 How to use the VIPs for the retrofitting

The use of VIPs to retrofit the thermal insulatafrKajskjul 113 must lead to the new
thermal regulations and preserve the historicdlfea of the facade.

From the main feedbacks from research and demdostrprojects explained
previously, it has been established that differemalys of implementing VIPs are
possible. The most challenging aspects of theseafsélPs are:

» the life span and the ageing processes,

* the fragility

e the thermal bridges

» the impossibility to adapt the panels on site.
e the price

These aspects should be handled before implemethiny1Ps on site to be sure that
the solution is efficient. Today, the producers\GdPs produce panels whose life
expectancy is more than 50 years and whose agéfiectis does not affect too much
the thermal properties of the panels when usearuual conditions. The fragility of

the panels and the thermal bridges issues canckkedaby choosing an adapted way
to install the VIPs. Eventually, the price conceiitli be further studied in Section 4.3.

Indeed, it is the same for all VIP products, indegently on the way they are set up.
However, the cost is still one of the most impartaiteria for a company planning to

implement a solution. Thus, special care is necgssa

First to get the most efficient thermal propertefs VIP as possible, the filling

materials should consist of fumed silica. Opac#figright be used to reduce the effect
of the radiative heat flow. To decrease the thermnialge effect, the envelope should
be a MF-envelope. Today, both types of envelopesasailable through the trade
(see Table 3.2). Moreover, the size of the pasktaild exceed 0.50 m 0.50 m.

Then, in order to avoid damaging the panels dutfweg setting up and to strengthen
their mechanical properties, encapsulated VIP ctnldused. Some VIP producers
offer VIP already encapsulated on their two largerfaces. Another advantage of
such an encapsulation is the ease of fixation enwll: the panels can simply be
glued on the existing walls. In some projects, \ties have been fixed with wooden
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laths or timber battening but these elements cnestee thermal bridges effects and
wood is a material very sensitive to humidity anoluhd growth.

Most of the VIP products presented in Table 3.2lfithe previous conditions for our
case-study. For Kajskjul 113, the panels usedbelencapsulated on both sides with
10 mm thick polystyrene coating and fixed on thdlsvavith polystyrene adhesive
that is available in the commerce (see Figure AAo of standard sizes available
correspond to the dimensions recommended by Biat. ¢2005). Table 4.2 displays
its main characteristics. The data sheet of thdymbis shown in Appendix 2.

Figure 4.7 VIP Vacupor®F-B2-S from Porextherm (Porextherm 2013)

Table 4.2 Characteristics of the Vacupor®PS-B2 @xtnerm 2013).

Jinit Stands for the thermal conductivity of a panelttad pristine agedes is the
designed value advised by Porextherm apdis the thermal conductivity of a pa
when aerated.

Core main component: Fumed silica
other: opacifiers, fiber filaments
Envelope alumimium foil
Materials for encapsalution polystyrene
Standard sizes Imx0,5m-0,5mx0,5m - 0,5m x 0,25m
Standard thicknesses 10-15-20-25-30-40-45-50 mm
Density [kg.m™] 150-300
Mo [W.M K] 0,005
Azerares [W-M_L-K_l] 0,019
Aef WM KT 0,007
Theoretical pressure rise [Pa.yr'l] 0,5

Obviously, on request, Porextherm can design amdlyme VIPs with different
thickness and sizes than the standard ones bgpritteewill increase. For this reason,
panels with standard size thickness will be usattesthe panels are not adjustable on
site, a detailed layout for every wall should btakkshed to order the exact number
of panels with the right dimension. According tee tavailable dimensions, panels
with different size should be used in order to cdhe largest surface as possible. The
parts of the wall that could not be covered withPVWill be insulated with
conventional insulation materials.
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4.2.3 Thefacade after the retrofitting

Before the retrofitting, preceding work is essdntidhe damaged bricks should be
changed and the mortar joints renovated so thdtd&no cracks or holes that might
lead to air and liquid water leakage. For the sa@ason, Binz et al. (2005) advice
that the cavities between the walls and the VIPsulsh be filled in with fiber
insulation so the surface of the brick be evenalyn the internal bricks surface
should be cleaned (Brandt et al. 2012).

The insulation refurbishment measure proposedesgnted in Figure 4.8

12-6- 24 cm

Wood wool
Concrete

1.33m

Cork

>

Detailed section in Figure 4.12

300m VIP encapsulated with polystyren

Gypsum board

kineral Wool

Brick

e ) )
12-8- 12cm

Figure 4.¢ Solution for the retrofitting of the fagcade — \fest projection

The upper and lower parts of the walls are reflmdylsin the same way. The
polystyrene encapsulating VIPs is glued on thetiegsnner walls and to complete
the parts of the wall without VIPs, cork is usedrkCgives more flexibility to adapt
the VIPs on the walls since there are tolerancetewf millimeters about the real
measurements of the panels. Cork is also integestinits efficient hygrometric and
thermal properties. A gypsum board is set to furfiretect the VIPs against the risks
of punctures during the VIPs life span. It will @lsontribute to decrease the thermal
bridges due to the edges of the panels. Figurerép@esents the layout of the
insulation system. The parts concerned by the pwmllation are the two bands of 8
and 3 centimeters above and below the windowsgesepted in red in Figure 4.8.

40 CHALMERS, Civil and Environmental Engineerind/laster’'s Thesis 2013:41



According, to the interior arrangement realizedibystranden utveckling AB and the
placement of the interior partition walls, cork Malso be set up around the windows
to fit with the size of the rooms.

100 cm 100cm
T 125
=32 ORK 82 STEORK
433 cm 433 cm 100cm
window
:235cm CORK
o2 cm 100 ¢m
50 cm N
100 cm 100cm

Figure 4.¢ Layout of the VIPsOn the left, layout for the part of the facadeh
windows. On the right, layout for the opaque facade

The thickness of the panels will be chosen in otdereach the current level of
thermal efficiency. The material properties usedtfe calculation are presented in
Table 4.3.

Table 4.3 Properties of the materials used for ¢éisémation of the U-value of the
retrofitted wall (WUFI 2D data base and Jelle (20111

The value of the thermal conductivity of the mihevaol and wood wool take into
account the effects of ageing

material A W.Ktm? material | U [W.K*m?|

bricks 0.6 Windows 1.2-1.5
concrete 1.6

mineral wool 0.055

wood wool 0.08

mortar 0.08

VIP 0.007

polystyren - EPS 0.035

cork 0.04

Gypsum board 0.2

Figures 4.10 and 4.11 present the U-value of thadia as a function of the thickness
of the panels.

The U-value of the fagade, including the windows baen evaluated with the same
method as in Section 4.2.1. The windows represéarige surface of the wall so their
thermal properties greatly influence the overalueaof the facade. They are expected
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to be changed for current dou-glazing and triple glazing windoWsvhose U-value
ranges respectively from 1.2 to W.m?%K™ and from 0.9 to 1.2V.m2.K™ (Sapa
2008) As can be seen in Figure 4.10, only by chanduegold windows for new one
with double glazing, the required thermal leveleached even if all the panels .
punctured.

1,00
— 0,90 ) windows = 1.2 W/(K.m"2)
£ 0,80
; 0,70 —— U windows = 1.5 W/(K.m"2)
=]
g 050 ee——] U windows = 3 W/(K.m"2)
Y= \
£ 040
s —"Uwindows = 1,5 W/(K.m"2)
2 0,30 - Panels punctured
S 0,20 —_—Limi
> ’
3 Limitvalue

0,10

0,00

0 0,01 0,02 0,03 0,04 0,05

VIP thickness [m]

Figure 4.10 Uvalue of the facade with windo

An estimation of the Walue for the opaque retrofitteca¢ade is displays in Figu
4.11and indicates the appropriate thickness of thelpaiie get a U value inferior 1
0.20 W.n%.K?, the VIPs should be 3 centimeter thick which letmls L-value of
0.16 W.n.K* for theopaque facade and 0.W.m2.K™*for the facade with window:
It is interesting to notice that to reach the staddvalue for Passive Hous
0.10 W.n¥.K*, an extr-insulation with conventional materials is needede
solution proposed in this thesis a realistic alternative due to technical
economical reason (see Figure ¢

® Valuesgiven for an opening windc with a height of 1.2 meters and for the entire windsystem
profile, glass, edge zone (Sapa 2C
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0,30

0,25 \

0,20 U value of the opaque
I\ facade

0,15 =

. \ —)=0,20 W/(I(.r'nf\z)

L

U value of the facade [W.K-1.m™]

0,10 —— I
0,05 . Possible thickness of the \ U=0,10 W/( K.m"Z)
G s o ==
0,00
0 0,02 0,04

VIP thickness [m]

Figure 4.11U value of the opaque facade

Figure 4.12 illustrates more accurately the newlatgn system that will be set up

and the connection between the lower and uppes parthe wall. The inner surface

of the wall is not flat since the extra thickne$she concrete part is not lined up with
the lower part of the wall. It could have been sepped by adding a 10 centimeter
additional-insulation between the inner brick fazaahd the VIPs. However, this

solution is more expensive and results in the tfsving space. It should not be

problematic that the wall is not lined up sincesthappens at three meters height.

10 cm

Polystyren — 1 cm
YIP 0.25mx0,5m — 3 cm

Cork

Gypsum hoard — 2 cm

YIF 1Tmx0,5m —3 cm
Folystyren — 1 cm

Figure 4.12Detailed Section of the retrofitted facade

4.2.4 Challenging aspects of the retrofitting

Setting new materials on the existing facade ldada change of its hygrothermal
properties. In order to be sure that these modifina will not affect the thermal and
structural properties of the wall, the followingpasts should be carefully studied.
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First, the temperature of the surface and insideatall should be considered. Indeed,
it is important that the temperatures of the s@fstay higher that the dew point of the
ambient air to avoid any risk of condensation whiglght lead to mould growth.
Bricks are also sensitive to condensation but fifer@nt reasons: if the condensate
freezes, the repeated actions of freeze and thdwdamage the bricks. The risk of
condensation is higher in winter when the air igenikely to be colder so the dew
point is lower. Indeed, in winter, due to the presdifference, the water vapour flow
is often from the inside to the outside which metnat the air is cooling down and
may get inferior to its dew point. The risk is aligher on the thermal bridges areas
such as the joints between the ceiling and the, wadl floor and the wall and around
the window frame.

Then, the critical moisture levels should not bached. When the critical relative
humidity value,qcit is overstepped for a long period of time, shrinkaggelling,
mould growth and rot are likely to appear. Furthemm an increase in moisture
content contributes to the increase of the theooatluctivity.

Interior insulation also increases the risk of camghtion since the cold part of the
exterior wall will be colder. Therefore, it is easial to control that the water vapour
can well evacuate in the outdoor direction. Brieksl cork have good capillarity but
the envelope of VIPs is vapour tight (Pouget 20Thus, water transfer should be
cautiously controlled.

These verifications will be carried out with a cargr model with the software
WUFI 2D. The results are presented in the Chapteiovever, before going this step
further, companies are willing to know more prelgisgbout the cost of the system
considered. Indeed, in most cases, if the costnsidered as too expensive, it is very
likely that the solution will not be implemented.

4.3 Life Cycle Cost

The financial situation of the building’s ownerasrucial point when considering the
type of renovation measures undertaken. Indeedn feo full renovation to the
demolition, different levels of renovation can bedartaken with a very large price
difference. It is therefore important for the binlgl owner to be sure that the budget
fits with the cost of the planned renovation. Thechasing price is often the most
important part of the client's budget but additibnasts such as the maintenance or
the replacement costs must also be considered #iegemight greatly influence the
total costs. Thus, a Life Cycle Cost Analysis (LC€)recommended to precisely
evaluate the total cost of a product or a measure.

4.3.1 Definition

A Life Cycle Cost is a common tool for decision pag for a long term perspective.
It provides guidance to decision makers when tresdnto buy a product, an engine
or an installation or when they need to choose betwdifferent conceptions.

To achieve this, the LCC considers the total céshe product or service, that is to
say that the investment cost and the operationsiscdrom the purchase until the
dismantling are considered as (IMdR 2009):
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total cost = investment cost + operational costs (4.2)

The investment cost is well known since it is pres®st such as the cost of purchase.
The operational costs have to be estimated, thetiori and the interest rates must be
used to predict the future evolution of the coBis: instance, the energy cost is an
operational cost subjected to monthly variationgmérgy prices. These adjustments
are important since the period of calculation camdiher long.

Usually a LCC is carried out to compare differemtrt considering solutions in order
to select the most cost effective one. Since al ¢bsts are considered, the less
expensive solution after a LCC is the optimal solutHowever, a LCC is only an
economical tool and some differences might be oesebetween the theory and the
reality (Gustafsson 2010).

4.3.2 Proposition of a LCC for our study case

In the literature, different LCC methods have bdereloped to evaluate the cost of
the thermal insulation systems. The common idehaisthe use of thermal insulation
decreases the operational costs by reducing theyyemensumption. However, the
investment costs are increased due to the purdaifase adequate insulation system
(Gustafsson 2010 and Ozel 2012).

The following LCC method is based on the reportenfrAlam (2011), Ozel (2012).
The total cost of the insulation systdn@Cia), is calculated as follows:

LCC total = Cinvestment + Cmaintenance + Cenergy (42)

where Cinvestment IS the investment’s initial CoStChaintenance IS the value of the
maintenance cosCenergythe cost of energy for heating and cooling. All tosts are
expressed in €.year

4.3.2.1 Cinvestment

The investment cost includes the purchase andh#tallation. It is expressed as (Ozel
2012) :

ICiLi + Cad
% A

(4.3)

Cinvestment =

whereC; is the cost of the insulation material per cubiten [€.n], L; the insulation
thickness [m], Cyq represents the costs of installation [€/mR], the period of
calculation [years] and the surface covered by insulation [m?].

4.3.2.2 Cmaintenance
The maintenance cost is calculated as an annuhdoedsan be estimated as follows:

1-(1+h)~N

h
whereacmaintenancels the annual maintenance cost [€.¥ah the real cost of capital
[%] and N the period of calculation [years]. The real cdstapital,h, also called the
discount rate is a rate representing the additipnafit that the company is expected
from its investment.

Cmaintenance = AC maintenance -

(4.4)
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Usually, there is no expensive and heavy maintemdacrealize on an insulation
system.

4.3.2.3 Cenergy

For insulation systems, service life costs are @aaprated to the costs of energy. Ozel
(2012) distinguishes the cost of heating and cgaddis follows:

Cenergy = (Cheating + Ccooling)- PWF (45)

where Cheating and Ceooling are respectively the annual energy cost for heading
cooling [€.yeal] and PWF is the present worth factor [-]. Indeed, since ¢nergy
prices undergo regular variations, it is importémtconsider the evolution of their
prices in the calculation.

The annual energy cost for heating and coolingaleulated as follows (Alam 2011):
86400. HDD . U. A. Cf

Cheating = 4.6

heating Hu. ( )
86400. CDD. U. A. Ce

Ccooling = 4.7

cooling 3.6.106. COP (4.7)

whereHDD is the Heating Degree Dag@DD the Cooling Degree Day] the thermal
transmittance [W.M.K™], A the surface towards the indoor air [m@],the fuel price
[€.m3], Ce the electricity cost [€.kWH, H,the lower heating value of the fuel [J: m
%, n the efficiency of the heating system [-] and C@P performance of the cooling
system [-]. The value 86400 is the number of sesdnda day and 3.6.10s the
conversion from kilo watts per hour for joules (1kW 3.6.16J).

The Heating Degree Day (HDD) represents the nurobetegrees that an outdoor
day’s average temperature is below a base temperathus, 1HDD means that the
outside temperature is, in average, one degreer tihedase temperature during one
day. The HDD can be calculated over any periodnoé tout in most of the available
data bases, the HDD is calculated for one yeathdrsame way, the Cooling Degree
Day (CDD) represents the number of degrees thatoatdoor day's average
temperature is above a base temperature. The éapertature is different depending
on the location and calculations due to historieasons and due to the thermal
characteristics of the buildings. However, it isial$y between 16°C and 19°C below
which the heating system is considered to be inamgkabove the one, the cooling
system might be required. The value of HDD and Gifab be found in text books for
different type of buildings depending on their sture.

When using an individual heating system, the coresutirectly pays the price of fuel,
C:. The fuel consumption depends on the efficiencthefheating systemn, and the
lower heating value of the fueH, [J. m?. Hy is a common parameter used to
compare the efficiency of different fuels. It repeats the lower amount of heat
produced during the combustion of one cubic mefefuel. In Sweden, heating
district system is largely used. It is a centraligistrict heating plant which produces
energy by burning fossil fuels, waste from housdboand from biomass so it
participates to greenhouse gases emissions (GI€¥).ZThere are different tariffs
according to the locations and the price is catedlan €.kWH (Gustafsson 2010).
The Swedish electricity market is interconnectedhs European market so Sweden
cannot determine its own electricity price (Gro84@.
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The prices of energy: fuels or electricity broadéries from one year to another. For
decades, the current trend has been an incredke pfices (Gross 2010). Therefore,
it is important to consider this evolution durinfgetperiod of calculation which is
done when using the present worth factor, PWF (Qa&P):

»y _ig
(1+r)N-1 {lf t>g 1= 1+g

PWF :J r(1+r)N

Lifizg

1+i

ifi<g r=% (4.8)

1+i

whereN is the period of calculation [year]js the interest rate [%] argithe inflation
rate [%]. The interest rate,is the rate applied by the banks when money isohed
whereas the inflation ratg, is the rate of the annual price increase.

4.3.3 Analysis of the model

The LCC is carried out to evaluate the total cdghe insulation system described in
Section 4.2.3. The software Excel was used.

The LCC is run for 50 years since it is the minimiife span expected for a building.
The calculation was realized for a part of the d&cavhich corresponds to the area
presented on the right in Figure 4.8. This are&38 meter height, that is to say the
height of one storey and 0.50 meter wide, the walftla panel. Then, to ease the
reading of the results, the LCC results are givefi.yr'.m?. The common input data
of the calculations are presented in table 4.4.tAd other values and results are
presented in the Appendix 3.

Table 4.4 Input data used for the LCC (Andin 208riderson and Olin 2008)

Input Data
Money exchange: 1€ 8,5 [sek]
M 30 [years]
A 2,165 [m?]
U 0,16 [W.m™ K]
Height of a storey 4,33 [m]
h 7 [%]
i 6 [3]
g 2 [%]

It was rather difficult and time consuming to fitlte exact type of data required by
the Equations 4.2 to 4.8 that were also reliableer@éfore, some formulas have been
lightly adapted. For instance, the price of thesyyp board was available in €m
whereas Equation 4.3 requires a value in“E.fithe price used for a VIP is 150€°m
the price given by Porextherm for a Vacupor® PSS2-

For the cost of investment, the costs of the ViRs,cork and the gypsum board were
considered. The cost of the installation was cated as the price of the skilled
workers employed to set up the insulation systetre price of an hour of work
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should be higher for the setting of VIPs than thieepfor the setting of conventional
materials (Tenpierik 2009).

The cost of maintenance is hard to predict. Wit ittsulation proposed, no special
maintenance is required during the 50 years ofutation but early failure of the

panels can happen during their early age. Thus,nthmtenance cost takes into
account the change of the failed panels duringr thaily age. In agreement with
Simmer et al. (2005), it has been considered thBt @ane percent of the panels will
be evacuated. The cost of the workers employedhamge these panels is also
considered.

The energy prices were calculated considering that heating is obtained with

district heating system. The weather data, HDD @b, are from the website Bizee
Degree Days (2013) which gathers weather datarfergy professionals. The base
temperature is 17°C and the year reference is tévqus year, from March 2012 to

March 2013.

Two LCC were carried out: one for the promisingulation system with VIPs and
one for an insulation made of 17 centimeter mingrabl. Both insulation systems
present the same level of thermal efficiency, aaltie of 0.16 W.M.K™.

The LCC for the VIPs system indicates that thigesyswill cost 10.9 €.yt.m? (see
Figure 4.13) whereas the insulation with mineralolvaill cost 8.8€.yt.m? (see
Figure 4.14).

LCC - Insulation with VIPs Distribution of the costs
Cost [€.yrim?]

10,0

8,0

6,0

‘M Total Cinvestment

m Total Cmaintenance

4,0 62%

[ Total Cenergy

20 'm TOTAL COST : 1%/

0,0

Figure 4.13 Results for LCC with an insulation systwith VIPs (N=50 years)
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LCC - Insulation with Mineral Distribution of the costs
Cost [€.yrt.m?) Wool

10,0

g0

1%

6,0

M Total Cinvestment

4.0 Total Cmaintenance
Total Cener

20 &Y 7%

J mTOTAL COST ;
0,0

& & ot <0
& a-:*"’& &F &
& & W \al
- L B ¥ 5!
o= < A& @

Figure 4.14 Results of LCC with a mineral wool iasion (N=50 years)

The total cost of the insulation with the mineralokremains cheaper than the system
with the VIPs, around 25% less expensive. Thus,,wdmnsidering the whole facade

concerned by the retrofitting, the VIP insulatiassts 5 500 € more per year which

represents after 50 years an extra cost of arodbd@0 €. As a result, it seems that
the solution with VIPs is not economically inteiagtfor Alvstranden utveckling AB.

It has been assumed that thermal efficiency impdsgdhe Swedish Building
Regulations should be reached with both systemsa é@nsequence, the energy costs
are the same in both cases: 6.76 €.

The difference of costs is mainly due to the inwesit cost. The VIP insulation
system has an investment cost more than twice ingsertant, 4.1 €.yt.m?, with
mineral wool, it only costs 1.9 €ym?. Most of the investment costs are represented
by the purchase price and as underlined by Birs €005), the purchase price of the
VIP is higher than the ones of conventional insafatmaterials. Concerning the
materials used for Kajskjul 113, the VIP is twetitges more expensive than gypsum
board and six times more expensive that cork soptivehase price of the VIPs
explains the higher investment costs of this sotutiThe price of VIPs is expected to
decrease (Binz et al. 2005). However, even wherptinehasing price it is divided by
two, the investment cost would still be 1.5 morpansive than with mineral wool so,
after 50 years, the total cost difference willldi#¢ important, around 144 000 €.

Over the years, for both systems, the cost of rananice is low because no expensive
maintenance has to be regularly realized. The sys¢edesigned to last 50 years
without too much reparation. The major uncertaicipcerns the early failure of the
panels but this rate is low, less than one pertmtdy (Simmler et al. 2005). As a
consequence, the maintenance cost is mainly dtieetaost of the workers paid to
change the few defective panels. However, whernrithéencing parameter, the time
of reparation, is increased, the impact on thd tmist stays small. For instance, when
the time of reparation is doubled, the maintenato= represents between 1 and 2%
of the total cost.
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The cost of energy is only 6.73 €ym™. It is a very reasonable sum of money for the
opaque parts of the facade because the new ireulaithermally very efficient.
Indeed, without retrofitting measures, the energgt evould between four to ten times
bigger due to a poorer U value comprised betweBf and 1.5 W.M.K™. It is also
interesting to notice that since the climate ibeatcold in Gothenburg, the number of
Cooling Degree Day is quite low, 82 compared toMHeating Degree Day (Bizee
Degree Days 2013). Therefore, the impact of théimgpsystem cost is not important.

The LCC assessments points out two main resuksptinchase price of the VIP will
be the main part of the client’s investment butttiermal efficiency of the insulation
will have positive effects on the energy costs thdit get rather low. Nevertheless,
the main advantage of the VIPs system is its tlasknThe VIPs system is more than
three times smaller than the insulation with mihes@ol. If Kajskjul 113 was
earmarked for renting, the extra living space ehm®uld have made the VIPs
system more economically efficient. This calculatie realised in the next section.

4.3.4 Other economical factors
4.3.4.1 The payback period

Another interesting economical factor that can &teveated is the payback period, it is
an “indication of the time required to recover tost of insulation” (Alam 2011). It is
a ratio between insulation cost and the annualggneavings. Different formula can
be found in the literature but the one propose®bgl (2012) is more accurate since
it takes into account the interest and inflationesa The payback periogy, is
calculated as follows:

In@-r. (ct.u; Cad))

Po =

(4.9)

1
In—
141

whereC;, L;, Cyq are described in Equation 413in Equation 4.8 an& is the annual
energy saving, that is to say the difference ofrgynecost without and with the
insulation.

The calculation of the payback period is partidylaelevant when different scenarios
are studied, especially when different insulatioatenials are considered. Due to its
still high purchasing cost, the payback periodhef YIP is still longer than the one of
conventional materials (Alam 2011). Consequentiyplementing insulation with
VIP is more often realised due to technical comstsathan for its economical
attractiveness.

4.3.4.2 Minimum required annual rent

Kajskjul 113 will be retrofitted by its building aver so Alvstranden utveckling AB

will move its headquarter there within some yedtuis, the building is not assigned
to rent. The LCC has pointed out that an insulaggstem with VIP is expensive.
However, to obtain a reasonable payback periodstédnden utveckling AB could

rent out some part of the realized offices.
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The minimum annual rent required to pay back thgingeof the VIPs has been
calculated with the method described in Section2343 It is often used by building
owners who use VIPs. In this thesis, three compasif©iave been made between VIP
and mineral wool, VIP and EPS and between VIP ad®&.PTable 4.5 presents the
characteristics of each insulation system. Thektigss has been calculated to get a
U-value of 0,16 W.i.K™?, the value calculated in Section 4.3.3. The exust is
calculated with the following expression presenteBquation 3.12:

AKa. h (4.10)

ad
where Ka is the difference in cost of the compatieekrmal insulation materials
[€.m?]", his the height of one storey [m] add is the difference of facade thickness
with the two insulation materials [m]

Extra Cost =

Table 4.5Input data for the calculation of the minimum anhrent with a U value «
0.15 W.nf.K™

materials AWtk ;thickr‘IESS [m] Eﬁd [m] Extra cost [€.m™]
VIP 0008 ! 0.03 ’

Mineral Woal | 0035 | 017 | 014 | 3061
eps | 0035 0.17 & 0.14 | 2835
PUR | 0025 | 012 | 009 | 4679

The minimum annual rent has been calculated féergift payback periods, from one
to ten years. It can be seen from Figure 4.15\R$ are economically profitable for
buildings assign to rent when the real estategh.hi

6000
= \lineral Wool
5000
EPS
= 4000 PUR
]
g
nl:' 3000 A\/nr:\gn Rental.cost
,,,E,; in Goteborg
8200 4 NN ==e= Average Rental Cost
in Paris
O e e
——
0 T T T T T 1
0 2 4 6 8 10 12
Years

Figure 4.15 Minimal required annual rent to pay kabe extra-cost of an insulation
with VIPs.

The average rental cost for offices in Gothenbsrd 0 €.rif which corresponds to
an average value of the European real estate (irhesT2013). Therefore, the extra

" The surface here refers to the surface of thelfaca
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cost of setting VIP compared to mineral wool or BB be paid back after 8 to 10

years. When comparing with the use of 12 centimibiek PUR, no payback can be
expected before ten years. A pay-back period betveeght to ten years might be
considered as a rather long for a insulation sysfiémat is the reason why, the setting
of VIPs is more profitable in areas where the msthte is high, such as Paris. In
Paris, the average rental cost for offices is 790%€one of the most expensive in
Europe (The Times 2013). There, the payback perodsshorter: between five and
six years compared to the use of mineral wool o6 BRd a little more than 9 years
compared to the implementation of PUR.

As a conseqguence, the implementation of VIPs resnapensive if no rental income
is received to pay back the extra cost. The prfgeuechase is much higher than the
one of the conventional materials is still the mexplanation. However, for Kajskjul
113, annual rental income would pay back the extst after less than 10 years. In
this case, the use of VIPs can be cost efficieevetheless, it is not the project of
Alvstranden utveckling AB who wants to retrofit veéaouse for its own purpose.
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5 Computer modeling and results

This chapter presents the results of several canpubdels realized in order to
control the thermal and hygrometric conditionsha tetrofitted facade. The influence
of punctured panels and the air gaps between thelpare also discussed.

5.1 Empirical design

5.1.1 Presentation of WUFI 2D

In order to control the thermal and hygrometric dibons after the retrofitting,
computer models have been realized with the so#WdUFI 2D. It is a commercial
hygrothermal analysis software to numerically cktaithe simultaneous heat and
moisture transport in multi-layer building compotgnn one or two dimensions. The
results can be viewed with graphs or animations.

It is not possible to model windows with WUFI 2D s following parts only deal
with the opaque parts of the fagcade.

In WUFI 2D, a large range of parameters should gexisied before the start of the
computation. They are presented in the followingisas.

5.1.2 Materials properties

WUFI 2D offers a large data base of materials. ifagerials used for the models are
presented in Table 5.1.

Table 5.1 Characteristics of the materials usedWFI models (from the WUFI 2D
data base)

Materials Properties

Materials thickness [em]i A KW m™ | p[kg.m?] T:f;;’ cp [V kg k7] g
Brick 12 0.6 1900 0.24 850 10
Concrete 24 16 2220 0.18 &850 248
Mineral Wool g 0.04 60 0.95 850 13

Wood Wool 6 0.08 450 0.55 1500 9
Polyvstyren 1 0.025 40 0.95 1500 50
Cork 4.1 0.04 150 0.9 1180 10
Gyvpsum Board 2 02 850 0.65 850 83
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For most of the materials, the moisture storagetfan, the thermal conductivity as a
function of the water vapour content and the difnsesistance as a function of the
relative humidity are also informed and taken icbosideration for the calculation by
the software.

The VIPs cannot be found in WUFI 2D data base soew material with the
properties of the VIPs has been created. The deaistecs of the modeled VIP are
presented in Table 5.2, below. They are from tha dheet of the product Vacugor
PS B2-S by Porextherm (see Appendix 2).

Table5.2 Characteristics to model the VIPs (Porexthefith®

Materials Properties
) . . porosity
Materials thickness [em]: A [K.Wl.m 2 p [kg.ma] [mg mgl cp [T kgt kY] ul-
VIP -new 3 0.007 200 0.96 830 inf
VIP - punctured 3 0.019 200 0.96 830 inf

The VIPs are made of two components, the core achvelope which have very
different properties. In WUFI 2D, the panels aredeled as only one material
because the minimal thickness that can be modeldd the software is only one
millimeter whereas the real thickness of the erpels around L@m (Bouquerel et
al. 2012a). The main property of the envelope ssdiffusion resistance factor, p,
which makes the VIPs vapour tight. For this reagsbe modeled VIP gets a very
high p value.

5.1.3 Initial conditions

For each material, the initial temperature andtirgdehumidity must be defined. Since
the temperature in building materials usually rescthe steady state in short period
of time the choice of the initial temperatures wdit influence much the results. The
moisture flow reaches the steady state in a lopgeiod of time, sometimes after
several years. As a consequence, in order to deoidong time of simulation, it is
important to start with initial relative humiditgvels not too far from the reality. The
initial conditions used in the models are presentetable 5.3.
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Table 5.3 Initial Conditions

Materials Usage of| Initial Initial  Relative
Kajskjul 113 | Temperature Humidity
Before the retrofitting All materials Warehouse 15°C 80%
After the retrofitting New materials Offices 20°C 80%
o . ) Defined with the results of the model o
After the retrofitting Older materials Offices the former facade

5.1.4 Boundary conditions

For each model, three different boundaries conubtiare defined: outdoor, indoor and

adiabatic conditions.

Two different indoor conditions are defined: thestfione “Before the retrofitting”

Table 5.4 Values for the Boundary conditions (Frim data base of WUFanc

Hagentoft (2001

Interior -Before the Interior -After the Exterior
retrof itting retrofitting
Materials Concrete and Bricks Gyspsum board Bricks
Surface Coefficient
Sd value 0 0 0
Heat transfer coefficient 8 8 25
Short Wave Radiation Absorptivity 0.55
Long Wave Radiation Emissivity 0.93
Rain water Absorption Factor 0.7
Climate
Cimate File Sine Curves Sine Curve Gothenburg
Mean Temperature [C] 15 20 3.8
Mean RH [%] 40 55 74
Azimuth 45
Inclination 90
Driving Rain Coefficient - R1 - - 0
Driving Rain Coefficient - R1 0.07

represents the climate in the warehouse and thendeane “After the retrofitting”
models the climate in the future offices. The ootddimate is the one of Gothenburg
(see Appendix 3), available in WUFI 2D data badee Values used are summarized
in Table 5.4.

The S-value represents the vapour resistance at thacguriThe natural diffusion
caused by the air is already computed but a vadnebe added if a surface layer has
to be considered. In our models, no surface lagegsconsidered. The heat transfer
coefficients are calculated with the resistancaieslof the indoor and outdoor air
defined by Hagentoft (2001). The indoor and outdoesistances used are
0.13 m2.K.W" and 0.04 m2.K.W respectively. The short wave radiation absorptivity
stands for the fraction of incident solar radiatwshich is absorbed by the material.
The long wave radiation emissivity represents tbeign of solar radiation that is
reflected by a material. The rain water absorpfamtor takes into account the part of
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the rain water that will not be available for cég¥ suction because it splashes off
due to the impact on the facade. For instance pozdntal surfaces, all the rain water
contributes to the capillary suction, the coefinties 1. For the vertical walls of our

model a standard value of 0.7 is used.

The indoor climate is not known and the valuesqméd in Table 5.4 are reasonable
estimations for the indoor climate. The relativerindity is set between 30 and 60%
and the temperature in the offices is set up t8C2Which are considered as

comfortable indoor conditions. The azimuth corresjsoto the real orientation of

Kajskjul 113 and the inclination is the inclinatimf the facade. Eventually, the

driving rain coefficients are standard values taleate the driving rain load on the

surface.

The calculation starts on thé& @f October. The period of calculation is set tgears
with a time step of 1 hour.

5.2 The older wall

The first model realised is a model of the facadfite the retrofitting. The purpose
of this section is to evaluate the main defectthefolder fagade and to determine the
thermal and hygrometric conditions in the differemdterials once the steady state is
reached. These data are necessary in order toeceasataccurate model of the
retrofitted facade and to estimate the improvemeuésto the retrofitting.

5.2.1 Mean temperature and relative humidity in the different
materials

According to the results from the computer modepesiod of calculation of two
years is sufficient to reach the steady-state endllder fagcade. Thus, it is possible to
search the mean temperature and relative humidigach material in the beginning
of October, the starting date of the calculatiohe Tata are presented in Table 5.5,
they will be reused in Section 5.3 as the initahditions in the retrofitted facade, in
bricks, concrete, mineral wool and wood wool.

Table 5.5 Temperature and relative humidity inllleginning of October based on a
two year hygrothermal simulation

MATERIALS TEMPERATURE [C] RELATIVE HUMIDITY [%]
Bricks — exterior layer 14.5 86

Mineral Wool 15 85

Bricks —interior layer 14 63

Wood Wool 145 88
Concrete 12 71

56 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2013:41



5.2.2 Thermal bridges and surface temperatures

According to the input data used, the average dant pf the surface is between 5°C
and 9°C. Figure 5.2 shows the temperature on tierelnt surfaces, the surfaces are
identified in Figure 5.1. It can be seen that the ¢hoint is never reached since all the
surface temperatures are over 10°C. Thus, verle ltbndensation might have

occurred on the surface during the usage of Kdjdkj8 as a warehouse.

However, it is important to remember that thisestagnt is only based on hypothesis.
Indeed, no accurate data were available abounhtteor conditions of Kajskjul 113 as
a warehouse so the input data used are only relisoestimations For instance, if
the indoor conditions were 20°C with 60% relativeriidity, the dew point would be
11.6°C; if it was 20°C with 65% relative humiditthe dew point would be around
13°C. In these cases, as it can be observed inrd-ig2, condensation might have
occurred on the surfaces.

Inner brick facade

IS Concrete ceiling

~ Concrete wall
(vertical part)

Bl — Concrete wall
(horizontal part)

Figure 5.1 Location of the surface where the swfaemperatures have been
calculate

® The estimations is based on a English law thaé staminimum temperature in workplace between
13°C and 18C according to the type of work (Health and Safetgcutive 2013)
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— Concrete wall (vertical part) — Concrete wall (horizantal part) — Concrete ceiling

— Inner brick surface

Figure 5.2 Temperature on the surface for the thfie materials

As it can be seen from the diagram, these surixo@eratures are rather high since
the indoor air is 15°G 1°C because there are no dominating thermal bsidyé¢he
facade, even before the thermal refurbishment.hdsva in Figure 5.3, the insulation,
made of mineral wool and wood wool and set all gldhe fagade, reduces the
thermal bridges effects. The mineral wool is repnésd in yellow and the wood wool
in light green. The resistance value of wood w@of5 m2.K.W", is lower than the
resistance of the mineral wool, 0.2 m2.K*Wrherefore some thermal bridges effects
can be expected in the areas of the details A arfseB Figure 5.3). However, the
results of the model do not reveal thermal bridgféscts on the area of detail B and
very few effects on the area of detail A. ThesedH can be observed during the
warmer season so their consequences are not ioaser

Detail A - ' of December ~ Detail A - I of May

Detail B

Fanl
Finn|
I rann

| —
T4 T
LT T

T

1 —

Figure 5.3Study of the thermal bridges effects in the fa¢aafere the retrofitting
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5.2.3 Hygrothermal behavior

Over the time, in the facade of Kajskjul 113, ishi@een noticed that the bricks have
been damaged by the action of freeze and thaw ({&ondeand Olin 2008). This can

be explained with the WUFI 2D model. Indeed, in Ufe 5.4, the temperatures,

represented in red, and the relative humidity, espented in blue, in the outer brick
facade are displayed. It can be noticed that thezerather long periods, marked in
orange in the figure, where the relative humiditythe bricks are high and the

temperatures are low. There, the risk of condemsaind by consequence of freeze
appearance is important. Then, the temperaturesase again, thaw occurs and later,
the external brick layer will start to dry out. Thmer brick layer does not face this
iIssue since due to the layer of mineral wool, #rageratures are higher, superior to
11°C, and the relative humidity lower, inferior7@% all around the year (see Figure
5.5)
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Figure 5.4 Temperature and relative humidity in theer brick facade
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Figure 5.5 Temperature and relative humidity in theer brick facade

Another hazardous effect due to a poor insulaty@tesn is the risk of mould growth.
WUFI 2D can display graphs called “isopleths”. Tikepleths are used to represent
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the average temperature of a selected part ofngdation over the temperature. On
the same graph, two limit lines are representenhitLti and Limit 2 which indicate
the minimal level for the appearance of mould growh interior surface. Limit 1 is
the limit for biodegradable material whereas Lin#t is the limit for non-
biodegradable materials. The evolution of the nadahumidity over the temperature
is plotted for the full time of calculation, theliter colours, in yellow tones, represent
the beginning of the calculation time whereas thker colours, in dark green tones,
represent the end of the calculation time. In theafle of Kajskjul 113, the limit
conditions for the appearance of mould growth arersiepped in both insulation
materials: the mineral wool and the wood wool ($g@gure 5.6). The insulation
materials have no capillary properties so in sumuwiesn the bricks release water, the
mineral wool and wood wool load up with this wateater, they can hardly evacuate
it. As a consequence, these problems must be swlitedhe new insulation system.
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Figure 5.6 Risk of mould growth in the insulatioaterials

In the outer brick layer, the same type of problsmetected. However, for bricks it is
not relevant to talk of problem of mould growth agidce it is the outer layer it does
not cause any health hazards but only aesthesogss With a regular maintenance
and cleaning of the facade, this matter could Haeen easily solved. In the inner
brick layer, the limit conditions for mould appeaca are not overstepped.

As a consequence, the main issues with Kajskjul &®3due to the water vapour
transfer. It seems that the facade is not watét 8g the capillary suction is important
when raining whereas then the water vapour evasuateslowly. Therefore, it leads
to serious problems of moisture and rot in insatatnaterials and also to damages of
the bricks and the mortar joints because of fregwkthaw.

The new insulation system integrates VIPs whoselepe is vapour tight. Therefore,
it is important to control that the hygrothermahddions of the facade will not get
worse with the setting of the VIPs.
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5.3 The retrofitted facade

The following step is to model the new insulatigstem proposed in the Figure 4.8,
Section 4.2.2, to control the changes in thermdltamrothermal conditions. The new

insulation must be more thermal efficient and tsues due to vapour water transfer
and moisture in the older fagcade must be suppreskrgever, internal insulation can

cause serious problems of mould growth since thepéeatures get lower and the
relative humidity higher in the cold parts of theéeznal wall.

5.3.1 The challenges of using a vapour barrier

The VIPs are modeled with a very high\&lue so the VIP surfaces have the same
role as a vapour barrier. In reality, the vapouribais created by the envelope of the
panels.

Usually, a vapour barrier is used to avoid the ngkondensation in the wall. They
are traditionally placed on the warm side of th&ulation material so there is no risk
of condensation in the wall (Brandt et al. 2012pwidver, they are a rather fragile
membrane that should not be punctured to be efficladeed, if the vapour barrier is
punctured or not absolutely airtight, the humid amatm air from the indoor can
circulate in the fagcade and condensation may odepending on the pressure and
vapour concentrations gradients.

The panels are set up on the wall as close ashpessdieach other to reduce the air
gap between them. Usually the size of the air gages from 1 to 5 millimeters due
to the tolerances of the size of the panels (Pbezrt 2013). Therefore, the vapour
barrier created by the envelope is not continudiee influence of the air gap is
studied in the Section 5.3.5.

5.3.2 Alternative 1

The first alternative is a model of the solutiotae$ished following the pre-study (see
Figure 4.8). The air gap between the VIPs is sen® millimeter to make the model
more realistic.

The results from the model prove that the issugbeformer wall are not solved with
this system. As it is displayed in the Figures &d 5.8, the outer bricks layer, the
colder part of the external wall, is still subjette the action of frost and thaw which
is one of the main drawback of the internal insafat The temperatures have not
changed but the level of relative humidity has waed.
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Furthermore, the existing insulation materials havkigher relative humidity level
and the limit for the appearance of mould growtbusrstepped.

The first reason of the bad thermal and hygromgteidormance may be due to the
poor evacuation of the rain water entering the dacaA solution is to apply a
hydrophobic impregnation treatment on the facademake the surface water
repellent.

Another reason might be the air gaps since theplerar leakages from the inside to
the outside. Brandt et al (2012) advise the usa m@fal non-punctured vapour barrier
or the setting of an insulation material with higapillary properties. The vapour
barrier should be set between the VIPs and theugyplsoard and the additional
insulation could be glued between the bricks amd\lPs to limit the problems of
mould growth. Adding extra insulation is an effigiesolution used for decades since
the capillary properties of the materials enablsagée equilibrium situation to be
reached. However, it will consume extra living spdlcat is the reason why, for the
second alternative a vapour barrier will be set up.

5.3.3 Alternative 2

For the second alternative, as advised by Brandl.e2012), a vapour barrier is
installed between the gypsum board and the VIPs @gure 5.9). The outdoor
surface is considered to be water-repellent dutne@capplication of an hydrophobic

impregnation.
Vapour
barrier

Figure 5.9 Localisation of the vapour barrier and the hyphobic impregnatiotior
the Alternative 2

Hydrophobic
Impregnation S
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Hydrophobic impregnations are a treatment for s$amade for mineral substrates
such as concrete, mortar, bricks, stones or tlless a liquid protection made of

silicon resin network whose organic components @gponsible for the water

repellent properties. Once applied on surfaces,stivéaces get water-repellent but
stay opened to water vapour diffusion. Using oriding facades, the hydrophobic

impregnation improves the aesthetics aspects anthémmal insulation by decreasing
the risk of efflorescence and micro-organisms ghowhd by reducing the water

absorption (Sika 2013). The hydrophobic impregmaitomodelled by decreasing the
rain water absorption factor which represents théign of water that is available for

capillary suction.

The vapour barrier and the water-repellent imprégnanave an effect on the relative
humidity and water content in the outer materidfggure 5.10 illustrates the
improvements of the hygrothermal conditions in dler brick layer. In average, the
relative humidity is 14 percentage points loweerthe refurbishment measures and
the water content is 82 % inferior. There is aipaldr reduction of the water content
in winter since it is in winter that the liquid veatis more likely to freeze. Thus, it can
be expected that the action of freeze and thawedsiaed. To analyze the water
content data, the manual of WUFI 2D advices to adynpare general long term
trends and not the numerical values which areelevant.
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Figure 5.10 Effects of the retrofitting on relatikamidity and the water content in the
outer brick layer

In contrast, the temperatures have not changed.i$liue to the type of insulation set
up: an internal insulation often leads to lower penatures in the outer part of the
facade than before retrofitting. However, as it b& seen in Figures 5.11 and 5.12,
the risk on mould growth is decreased since thellet relative humidity is lower.
The isopleths in the outer brick layer are underdtical limit which represents good
conditions for the durability of the fagcade.
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Figure 5.11 Temperature and relative
humidity in the outer brick layer.

In the same way, the hygrothermal conditions are acceptable in the mineral wool
and wood wool (Figure 5.13) because the insulati@ierials now face the same
temperatures as before but with lower relative llityievels. The relative humidity
has decreased because the hydrophobic impregrsgtiagied on the facade limits the
absorption of the rain water inside the fagadehénsame way, there is no issue in the
gypsum board.

Hygrothermal conditions in different materials

Isopleths in mineral wool iopleths in wood wool Isopleths in gypsum board

Ll HO

0% W5 bTY
Temperatura ['C] Temperature [*C] Temperature ['C]

‘ Hygrothermal condian = L .‘

Figure 5.13 Isopleths in different materials (thé lightest aot® represent tt
conditions in the start of the calculation time wéw8es the darkest colours repres
the end of thcalculation’

The temperatures on the indoor surface are vesedimthe temperature of the indoor
air, around 20°C. They are shown in Figure 5.1different position of the wall. In
these indoor conditions: 20°& 1°C and a 5% * 15% relative humidity, the dew
point ranges from 4°C to 14°C. As a result, th& o condensation is consequently
reduced with the retrofitting measures.
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5.3.4 Influence of a punctured panel

In this section, the influence of punctured parmisthe hygrothermal conditions in
the facade is studied. Once set up on the wallg pEnels are expected to early fail.
These failures can be due to manufacture defect® atamages caused by the
occupants’ behaviour. Thus, to make a realistichstonly one VIP is modeled as
punctured. The punctured panels have a higher #iezanductivity, 0.19 K.W.m™
(Porextherm 2013). Two different scenarios are rnembeith two different positions
for the punctured panel: alternative A and alteveaB (see Figure 5.15).

Figure 5.15 The different scenarios studied

Figure 5.16 displays the surface temperature omgyipsum board for the different
alternatives. When the panel B is punctured, th#ases are a slightly colder, in
average; the difference is 0.17°C. There is needkfice when panel A punctured.
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Figure 5.16 - Surface temperature on the gypsumdoa

Furthermore, there is no important temperatureedifice inside the concrete slab
which is a possible area for thermal bridges. Imtan, when the thermal bridges
affects are the most consequent, the temperatunelysl1°C inferior when one panel
iIs punctured. In the outer part of the facade, ehsrno perceptible change, the
hygrothermal conditions are identical. Therefome punctured panel does not lead to
perceptible changes for the users.

Although, punctured panels have a thermal conditigtivhich is four times bigger
than when evacuated, their thermal conductivityystéetter than the one of
conventional materials. Moreover, a failed panptesents only a small portion of the
facade. As a consequence, the influence of a fakaael on the overall thermal
conductivity is low. Furthermore, in these modetshas been considered that the
vapour barrier and the hydrophobic impregnation ewstill efficient so the
hygrothermal conditions have not changed.

To get an idea of what changes could be expecteédxieme case model has been
carried out. All the panels of the models are nowsidered as punctured. Therefore,
the U value of the wall rises to 0.28.m?%K™ instead of 0.16 W.f iK™ without
punctured panels. The influence of the failed parsl very small. The surface
temperatures are a little bit colder so the changmadd be hardly perceptible by the
future users. In the facade materials, bricks, naineool and wood wool, the thermal
and hygrothermal conditions are almost the same.

Since the rate of failure of the panels is low (®iehet al. 2005) early failure should
not jeopardize the overall efficiency of the ingida system and the durability of the
facade.

5.3.5 Influence of the air gaps between the panels

The edges of the panels are not perfectly flahsoetare tiny air gaps between them.
The tolerances related to the panel size are diyeihe VIP’s producers. The length

and width tolerances are usually up to 5 millimgtdie influence of the air gap size
Is evaluated in this section.

For the following models, the vapour barrier hasrbsuppressed in order to better
underline the changes. Four different air gap theslses have been studied (see Table
5.6)
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Table 5.6 Different alternatives studied

Alternative Name Alt.0 Alt.1 Alt.2 Alt.5

Air Gap Thickness [mm] 0 1 2 5

The temperatures and the relative humidity diffeemndue to the air gaps in the
different materials are not significant and vargading to the thickness of the air
gaps (see Figure 5.17).

Temperature difference Relative Humidity difference
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Figure 5.17 Influence of the air gap on the tempamaand relative humidity

The air gaps induce more air transfer between ldear and the outdoor which

explains why the materials of the facade: the irbovaxk layer, the mineral wool and

the wood wool are a little warmer and the indootenals such as the gypsum board
are colder. The thickness of the air gap influetheetemperature difference but in all
cases the differences is not significant, onlyaif.14% (see Figure 5.18).

Temperature difference in percentage Relative humidity difference in
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Figure 5.18 Influence of the air gap on the tempama and relative humidity in
percentage
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The general influence on the relative humidity &der to explain. Two different
behaviors can be underlined. One in the uppergfdatie facade where there are the
concrete element and on in the lower part of tigada where there is an inner layer
of bricks. In the lower part, it seems that whea #ir gap thickness oversteps a limit
value, the material of the outer parts facade didgsvhereas the inside materials fill
with water. There, the two types of materials apasated only with VIPs. In the
upper part of the facade, the behavior of the ikgatumidity in the wood wool is
different (see Figure 5.17). The wood wool contumlyg charges itself with water. It
might be due to the thick concrete block set upvben the wood wool and the VIP.
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6 Discussion

The method implemented in this thesis is quite lsintd the one used by companies
having to design technical solutions. Indeed, irsth@d the cases the first steps are a
well understanding of the general requirements reefealising a pre-study to select
one or various promising solutions. The econompeats are considered from the
pre-study because companies want to be sure thdinte and money they will later
invest in developing their solutions will be prafile. Eventually, once the cost
efficiency of the solution checked, detailed techhiverifications are carried on to
validate the solution that will be implemented. $&are the steps followed in this
work.

This section analyses and evaluates the resulénell It is divided in two parts: a
first discussion regarding the thermal improvemeatsied out by the new insulation
and the WUFI 2D models and a second discussionecoimg the LCC analysis.

6.1 Thermal efficiency of the retrofitting

Previous works have reported that the old facad€aggkjul 113 has been damaged
by the action of time, temperatures changes andltiveng rain. As a result, some

rust and corrosion can be observed on the facadi¢hanbuilding is not air and water
tight anymore (Anderson and Olin 2008). The divestalies realised in this thesis
point out the different defects of the older facattedleed, the insulation is not
sufficient enough to reach the current thermal leggan set by the Swedish Building

Regulations (BBR). The computer model underlineat tthe bad hygrothermal

conditions lead to an accumulation of water in timsulating materials, the

development of mould growth, the mechanical danwddbe bricks, the deterioration

of the thermal properties and as a consequendgedpardize of the historical yellow

brick fagcade.

For this reason, a thermal retrofitting of the fdgas necessary. The new insulation
will be internal due to the preservation of thetdrisal fagcade. After the pre-study, it
has been established that 3 centimeter VIPs enled@dun 1 centimeter polystyrene
on both side should be sufficient to reach themfaregulation imposed by the BBR.
The parts of the wall that could not be covered/tys will be covered with cork, an
insulating material with good capillary properti@sgypsum board will be added on
top to better mechanically protect the VIPs. Thhs,opaque parts of the facade reach
a U-value of 0.16V.m™*.K* whereas the BBR imposed a value of 0/g20n*.K™* . By
comparison, previously, the opaque parts of theroldcade had a U-value of 0,58
W.m*.K™. Moreover, since Kajskjul 113 facade present gdaurface of windows,
the replacement of the old damaged windows for rmves is necessary to
successfully complete the retrofitting.

The efficiency of this insulating system has beentiwlled with computer models
and a particular attention has been carried onhgfgrothermal conditions in the
external part of the facade since it is the coldes and so the more sensitive. The
computer models prove that hydrophobic impregnat®omequired to protect the
facade from an accumulation of water. As a consecpiewith the VIPs insulation
system and the hydrophobic impregnation, the redatiumidity is 14% inferior and
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do not lead to any conditions which threaten theakility of the facade. The thermal
bridges which used not to be too dominating are soywpressed. Therefore, this
solution is durable, thermally and hygrothermalfficeent and will contribute to a
healthy indoor conditions for the future users afskjul 113.

6.1.1 Possible improvements of the models with WUFI 2D

However, the results given by the software WUFI 2ight lack of accuracy for a
very detailed analysis and some approximations dugat be improved.

The first approximations were due to the input dadacerning the boundary and
initial conditions. The usual indoor conditions Kajskjul 113 when used as a
warehouse were not known. In the same way, theomdmnditions after the
retrofitting could only be estimated. In particyléine indoor relative humidity and
water vapour content greatly influence the therbettavior of the wall (Johansson
2012). Johansson (2012) presents a study carrietb @valuate the average relative
humidity in 1000 dwellings in Gothenburg during &yd in February. This study
points out that the relative humidity is very degemt on the season, the type of the
dwelling and on the occupants’ behavior. It usuabyges from 48% and 92%.
Although in office buildings, the relative humiditgvels are usually lower than in
dwellings, the relative humidity is very variabladaits evolution is still hard to
predict. Moreover, sine curves were used to siraulla¢ interior condition based on
reasonable estimations. The EN 15026 indoor camditcould also have been used.
They give the indoor temperature and relative hitynigs a function of the outdoor
conditions of the warehouse which is a little mprecise than sine curve. However,
the more interesting would have to investigaterda indoor conditions to create an
accurate file with the daily variations of the tearggure and relative humidity. In the
same way, the initial conditions in the older mialsrhave been estimated with the
results of the first model. In a real case, measumesitu could have been done to
determine the exact values.

The choice of the materials was also tricky. N@infation was available concerning
the characteristics of the facade materials somhbterials have been selected from
WUFI 2D database according to reasonable estinmtidhese estimations might
have led to some variations in the results thatlavbiave been interesting to study.
For instance, each bricks model presents veryrdifitehygrometric properties that
might influence the hydrothermal behavior of thealdes. Furthermore, the modeling
of the VIPs was a real challenge. It has been ddctbat only the core material be
modeled with the value of diffusion resistance bé tenvelope. Moreover, no
information was given to the software about thel@an of the thermal conductivity
with the water content or the moisture storage tionc It would be interesting to
develop a precise model to use with WUFI 2D. Timsdels for the moisture storage
function, the dependency between the thermal cdivitycand the moisture or the
dependency between the thermal conductivity and tdmperature could be
established for different type of panels dependingheir envelope, the composition
of their filling materials, their thickness, theincapsulating materials ... With these
accurate data sheets, the simulation should be prectse.

Another important factor is the grid chosen. Thenbar of elements in the x-
direction as well as in the y-direction can be #pt The finer the grid is, the more
reliable the results will be because neighboringemas will get elements with a size
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of the same order of magnitude. However, heighteriime number of elements
prolongs the time of calculation which can be readxtended with only few
additional elements. To optimize the grid, a prelany work could have been done
for each model in order to estimate the optimal bernof elements. Usually, after a
certain number of elements is overstepped, theltsesanverge while the time of
calculation increase (see Figure 6.1). This optimahber of elements of the grid
should be calculated for the water vapour transifeze it is longer to reach the steady
state than the heat transfer. This preliminary &djme consuming, that is the reason
why, it has not be done in this thesis.

Results

1 .
the results can be, for instance, the heat flowoulgh the whole
facade, the vapour content in a material ...

wa here, the results are stabilising

Number of elements

Figure 6.1 Proposition to find the optimal humbdretements for the grid in WUFI
2D.

As a result, almost all the limiting factors angagximations can be improved to get
more accurate results. However, the limiting tinleveed to realise this master’s
thesis has not made it possible to correct thecequpiations. In particular, the time of
modeling was rather long, up to half a day, soim@ber of simulation was limited.

6.1.2 Other ways to do the models

Some elements have been neglected in our modeldodiree software WUFI 2D.
First, it was not possible to model windows althougs underlined in Chapter 4, the
windows represent a large part of the facade ambtbre play a prominent part in the
thermal behavior of the building envelope. Furthemm since the model can only be
done in two dimensions, some elements have not lmedeled such as the
attachments between the bricks. The attachmentgllysnade of wood or steel are
likely to be subjected to mould growth or rot.

To complete the study, it would be interested tplement the new insulation system
on a part of the facade to measure in situ thegdgwmproduced. Indeed, Brandt et al
(2012) have underlined the fact that the appearahcaould growth is difficult to
foresee in brick facade. It is a seldom phenomenith a real installation, the
measures obtained might differ from the ones obthinith the computer models for
all the reason explained previously.
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6.2 The LCC model

On the whole, retrofitting the insulation systemadfcade is a cost effective measure.
Indeed, the LCC illustrates that with a well-ingathfacade, the cost of heating gets
much lower. With new double glazed windows and teoféted facade that reaches
the thermal levels established by the BBR, the ahnast for heating Kajskjul 113
would be approximately 62 000 € whereas it wouldehlaeen 182 000 € without any
retrofitted measures. The retrofitting enables ub the expenditures of heating by
three. However, the cost of the insulation matsiiglery variable.

The two LCC realised underline that the proposedilation system with VIPs is
around 25% more expensive than a conventionalatisal with mineral wool and for
the same level of thermal efficiency. For a lifeaspof 50 years, the solution with
VIPs will cost 10.9 €.yt.m? whereas insulating with mineral wool costs
8.8 €.yr.m? These expenditures include the purchasing, tretaliation, the
maintenance and the cost of energy to heat andkagekjul 113. As a consequence,
the solution with VIPs is not economically interegt for the building owner,
Alvstranden utveckling AB, who wants to retrofitettfiormer warehouse for its own
usage so no payback period can be expected fremta income.

The extra cost of the VIPs system is mainly du¢ht high purchasing price of the
panels which is still far more expensive than coie@al insulation materials. As a
consequence, the investment costs are doubled cedpaith the ones of an
insulation with mineral wool. Nevertheless, everthé VIPs purchasing price was
divided by three, the VIPs solution would have ramed more expensive than the use
of mineral wool. In 2005, Binz et al. announced ecrdase of the VIPs price.
However, between 2005 and 2013, it can be noticatithe price of the panels has
not decreased: in 2005, it was 129 €.fSimmer et al. 2005) and in 2013,
Porextherm, for the same product, gives a pricé thages between 120 and
130 €.n. The purchasing price of the panels is still aoser disincentive so it could
be interested to study how to decrease it. Untit,nib has been pointed out that the
high purchasing price is mainly due the expensilexg materials and to the
production process which is not optimized yet (Slemet al. 2005). It seems that
there are a lot of potential improvements in thesaa

Nevertheless, the calculation of the minimum reatst shows that an insulation with
VIPs is more profitable than one with conventiomalterials for buildings earmarked
for renting in urban areas where the real estategis. In this case, the living space
saved by the use of VIPs leads to a higher rentingme which will pay back the

extra cost of the insulation before 5 to 8 yeaim<idering that the life span of VIPs
is now up to 60 years, the payback period is rathert.

6.2.1 Imprecision of the LCC

The LCC implemented in this thesis is a rather $ifred model. However, it
highlights the main indicators of costs such aspiimehase price, the maintenance or
the cost of energy. It represents a broader glob#bok for a justified decision by
building owners.

The main approximations of the LCC are difficultcmrrect. The LCC is based on an
estimation of the future operational costs whoseeprin the future are unknown.
Indeed, the prices are subjected to various variatdue to the real cost of capital, the
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inflation and interest rates and the value of thies over the period of calculation can
only be estimated. Moreover, the considered ratescanstant over the period of
calculation which will never be the case in reali@ver a long period of the LCC
calculation such as in this thesis, 50 years, stienations can easily be too rough. For
instance, in our model, by changing the inflatiaterand the interest of more or less
one percent, the over whole price obtained varies 9.9 to 12.3 €.ykm? which
leads to a range of variation of the total coghefinsulation with VIPs of 313 000 €.

The maintenance costs are also hardly predictdible. early failure of the panels

occurs randomly and the cost of their replacemants with many parameters such
as the spatial location of the panels. The sciafiaecision support has established
various schemes based on the statistics and pfibpabathematics to evaluate the

occurrence and cost of failure during the life spaa product.

6.2.2 Propositions for different LCC models

A LCC is often implemented to compare differentusions to determine the less
costly one. If different insulation materials wecempared, it would have been
interested to integrate in the LCC some operatigaahs due to the rental of the
building. Indeed, the implementation of VIPs is tmadarly attractive for internal
insulation because living space is saved. In tagegcsince the VIPs are thinner than
the commonly used insulation materials, more livarga is saved so more surface
can be dedicated to hire. Therefore, the buildinger will earn more money from
the rent. Owing to this, when comparing insulathygtem with different materials, it
seems wise to take in consideration the rentalnme=o

A LCC can also be used to establish the optimaillat®n thickness (Ozel 2012), that

is to say the best thermal efficiency at the lowmstes. In order to do so, the total

price of the insulation system is calculated asiraction of the insulation thickness

and energy consumption cost. As it can been setfreiRigure 6.2, the insulation cost

increases when its thickness rises whereas theyermst decrease because the
building gets better insulated. Therefore, theroptiinsulation thickness corresponds
to the lowest total cost.

Cost [$.m ‘]
180 T
4 -5 Energy cost
160 :H &~ Insulalon cost |J
L‘.’:\ =i Total cost
o 1
LY
!
wl 4
hk\‘\,,, aact ™ o2’
oy &
® \ B ss o dedirlirt P 1
Al o ol
Q.JE!

L L 4 Optimal thigkness, L ]
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Figure 6.2Variation of cost with insulation thickness (Oz8IL2)
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The LCC emphasizes the importance of the choi¢keoheating and cooling systems.
Indeed, the type of energy used and their effigiegreatly influence the total cost. To
reduce, the overall use of energy in buildings, ediicient building envelope is
considered as the first step to be realised angltbeh, the heating system should be
optimized (Gross 2010). The combination of these measures undoubtedly largely
reduces the energy consumption of the building thedcontribution to the global
warming. A step further would have been the praduodf energy by Kajskul 11, for
instance with the use of solar panels that woulehmeen set up on the large flat roof.
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7 Conclusion

The aim of this thesis was to evaluate the insaatetrofitting of the old fagade of
the former warehouse Kajskjul 113 with vacuum iasoh panels. Three criteria
were considered: the compliance with the curren¢rntfal regulations, the

hygrothermal behaviour of the wall and the cosicefcy of the solution. A new

insulation system has been designed after prelesimos and pre-studies so the
building envelope complies with the new thermaluiegments. Then, computer
models were realised to accurately control the diyggrmal conditions in the

retrofitted facade. The cost efficiency has bedimesed with a Life Cycle Cost in

order to take into account all the expendituresiaed by the retrofitting measures
from the purchase price to the operational costs.

This master’s thesis concludes that today, the ¥tBsan effective insulation system
for building applications. The VIPs producers haveen improving the main
drawbacks of the panels. They now offer panels whids expectancy is around 60
years and provide a lot of technical documentaiiostyuctions and recommendations
to successfully set up the panels.

The internal insulation system proposed for Kajs&jil3 uses VIPs encapsulated in
polystyrene and cork to complete the parts of tiaisanot covered by the panels, a
gypsum board is added on top as a mechanical pimted hus, Kajskjul 113 facade

reaches the current thermal levels imposed by tBR:Bts U value is around 0.53

W.m™.K™*and for the opaque parts it is 0.M6m™.K™. To complete the system, it is

necessary to set a vapour barrier between the panel the gypsum board and to
spray an hydrophobic impregnation on the facade.VEtpour barrier is required since
the air gap between the panels enable part ofnide air to move inside the facade
materials and leads to an increase of the relativeidity in the insulation materials.

Thus, the hydrophobation of the facade is necegsgpyevent the rain water to enter
the materials. Indeed, once inside the facadewtter will hardly evacuate because
of the vapour barrier. Therefore with the new iasoh system, the hydrothermal
conditions are improved and do not enable the appea of condensation or mould
growth. Healthy indoor conditions can be maintained

However, the LCC has underlined the higher coghisfinsulation system compared
with conventional insulation. Insulating Kajskjul3 facade with VIPs would be 25%
more expensive than with mineral wool, that wodsduit of a extra cost of 275 000 €.
The expenditures difference is mainly due to thghhpurchasing price of the panels,
still more costly than conventional materials. @ety, the purchasing price of VIPs
Is expected to decrease, nevertheless, during abie dight years, no important
reduction has been noticed. In order to pay-bahls extra cost, it would be

interesting for Alvstranden utveckling AB to rentpart of its building. Indeed, by

renting half of its surface, the building compayld pay back the extra cost pointed
out by the LCC within 20 years.

To conclude, this master’s thesis should be reaal gecision support document for
building constructors and designers willing to iempkent VIPs to insulate their
buildings. Until now, most of the reports have feed on the thermal properties of the
panels, their ageing effects, their thermal bridgscts and have summarized much
feedback from research projects. Thus, this worlclvktands from the point of view
of a building company offers a new vision of thegmtials of VIPs.
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Appendix 1 - Cross Section of the external walls of
Kajskjul 113 from Alvstranden utveckling AB
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Appendix 2: Vacupor ® PS-B2-S, data from the
producer Porextherm

Characteristics

Vacupor® PS-B2-S is a microporous insulation material with
an extremely low coefficient of thermal conductivity, i.e. with
very good insulating properties.

Vacupor® PS-B2-S consists of inorganic oxides. The main
constituent is fumed silica. The other components are
opacifiers for minimizing infrared radiation, and fiber
filaments as reeinforcing fillers.

Under the certification number Z-23.11-1662 the German
Institut for civil engineering (DIBT) granted the approval by
the building authorities for Vacup0r® PS-B2-5. The approval
is valid for construction applications DAD, DZ, DI, DEO,
WAB, WAA, WH, WTR and WI according to standard DIN
4108-10, table 1 and for prefabricated fagade panels with
insulated glass character.

Vacupor® PS-B2-S conforms to Baustoffklasse B2.

The test of behaviour in case of fire according DIN 4102-1,
May 1998, Baustoffklasse B2, Testcertificate No H 3-
145/07 and H.3-146/07, was issued by the
Forschungsinstitut fur Warmeschutz e V. Munchen.

The core material of Vacupor® PS-B2-S is not flammable
and is classified A1 according to DIN 1SO EN 13501-1.

\a’acupor® PS-B2-5 is heat sealed in a barrier film under
vacuum. The very low internal pressure and the
microporous panel core 1s responsible for the extremely low
thermal conductivity values.

Application

Vacupor® PS-B2-S was specially developed for applications
in the building and construction industry where an approval
by the building authorities is required.

The low density and IR opacifiers contained in these grades
greatly reduce the thermal conductivity of Vacupor® P5-B2-
S Systems.

Due to the single- or double-sided coverage with
polystyrene sheets, Vacuporﬁ’ PS-B2-5 is excellently
suitable for all kinds of wall and floor layings.

The fixing of the insulation is substantially facilitated,
through the possibility of bonding with commercial
polystyrene adhesives.

Vacupor® PS5-B2-S s offered in two versions:

+  Vacupor® PS-B2-S 10/10, 10mm thick coating on both
sides

. Vacup0r® PS-B2-S 10/20 with 10 mm and 20 mm
coating for the use as an EWIS.
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Vacupor® PS-B2-S offers different advantages,
like e.g.:

* Increase of the heat support ability

» Decrease of weight and insulation volume

e Decrease of the land consumption

Vacupor® PS-B2-S is sucessfully used as
insulation material in the following areas:

«  External Wall Insulation Systems (EWIS)
* Reveal insulation
» Insulation of basement ceilings

Form of delivery

1. Standard sizes:

. 1000 mm X 500 mm
. 500 mm  x 500 mm
. 500 mm  x 250 mm

2. Standard thicknesses (without protection):

o 10,153, 20, 25, 30, 35, 40, 45 and 50 mm
e  Further thicknesses on request

3. Special formats available on request

Restrictions on Applications

The laminated aluminum foil of the ‘v’aouporﬁJ P5-B2-
S must not be damaged by drilling, cutting, milling,
nailing or the like, since the interior pressure of the
panel will rise and the special properties of the panel,
in particular its excellent insulation characteristics,
will be lost.

Shelf life
Vacupor® P5-B2-S has a very long shelf life. Please

also observe our pressure rise table: Thermal
conductivity as a function of interior pressure.
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Product data

Properties ]
(applicable to standard format) Comments Standards Units Values
Color Caused by film / coverage Silver / White
Density " kg / m® 150-300
Thermal conductivity @ 1 mbar¥ Measuredat225°C (725 py52612 W/ (mxK) <0,005
°F) mean temperature
@ ambient pressure W I (mxK) <0,019
U-Value W/ (mPK)
Thickness VIP [mm]
10 20 30
Vacupor PS-B2-S 10/10 0,52 0,30 0,21
Vacupor PS-B2-S 10/20 0,46 0,28 0,20
Rated value According to DIBT approval W (mxK) 0,007
number 7-23 11-1662
Heat resistance ¥ Caused by film weld seam °C 50 <T< 120
Maximum film projection mm 0
Interior pressure 3 As delivered mbar <5
Theoretical pressure rise Under standard conditions mbar / a 05
Maximum panel dimensions Length mm 150 - 1500
Breadth mim 150 - 1000
Thickness mim 10 - 50
Length and width tolerances 0 bis 500 mm mm +10/-20
501  bis 1000 mm mim +10/-40
> 1000 mim +10/-60
Thickness tolerances <20 mm mm 1,0
20 mm bis 30 mm mm +1,0 /-2,0
=30 mm mm +1,0/-30

The core material of
Vacupor® PS-B2-S is
insensitive to high and low
temperature thermal
shocks

Thermal shock resistance

Thermal conductivity (panel core) DIN 52612

0,008
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Compression behavior (panel core)
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Appendix 3: Life Cycle Cost Analysis

Data from: Anderson and Olin D (2008), Bizee Degiseys (2013), Boursorama
(nd), Eriksson Andin, M. (2011)

Insulation with VIPs

cinvestment
C\/|p 150 [€.m-2] Lyip 0,05 [m]
Cgvpsum board 5 [€-m- ] Lgvpsum board 0,02 [m]
Coor 3036 [€m?] Leork 0,05 [m]
Price of an hour of work 38,3 [€.hour"1] Hours of work 4  [hour]
Total Cipvestment 4,1 [€.year'1'm'2]

r nance
Cost of the new VIP 0,00 [€.year"1] Rate of early failure ‘ 1 [%]
Cost of the new gypsum
board - 3m? 0,3 [E.year']
Price of an hour of work 38,3 [€.hour"1] Hours of work ‘ 3,5 [hour]
Camaintenance 134,3 [€.YEB|’-1]
Total cmaintenance 0:09 [€.year'1m'z]

cenergy
HDD 4174 [-] CDD 82 [-]
Ce - district heating 0;059 [€ kWh»l] Ce- electricity 0; 106 [€ kWh»l]
cop 3,15 [-] cop 3 []
cheating 0;6 [€.year'1] ccooling 0;024 [€-Veal’-1]
PWF 21,8 [-] r 0,039 [-]
Total Conergy 6,76 [€.year'1.m'2]

TOTALCOST: 10,9 [€.year'm?]
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Insulation with mineral wool

cinvestment

Corw 174 [€.m7] Lo 0,17 [m]
nggsum board 5 [€m» ] Lgvpsum board Oroz [m]

‘ Price of an hour of work 33,3 [€.hour’1] Hours of work 4 [hour]
Total Cinvestment 1,9 [€.year'1m'2]

cm:-lintenan(:e

Cost of the new MW 0,03 [€.year'1] Rate of early failure | 5 [%]

Cost of the new gypsum board -

5m? 0,5 [Eyear’]

Price of an hour of work 33,3 [€.hour’1] Hours of work | 3,5 [hour]

Camaintenance 117,1 [€.year’1]

Total cmaintenance 0:07 [€-year>1m>2]

cenergy

HDD 4174 [-] CDD 82 []

[€.kWh
-1 1

Ce - district heating 01059 [€kWh ] Ce - electricity Or 106 ]

coP 3,15 [1] cop 3 [
[€.year

Cheating 0,648 [€.year’] Ceooling 0,024 1

PWF 21,8 [ r 0,039 []

Total Cenergy 6,76 [€.year'1m'2]

TOTALCOST: 8,8 [€.yearm?]
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Appendix 4: Gothenburg Climate Data from WUFI
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