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Abstract
According to the Swedish Government’s set targets for energy use

and environmental quality imposed by the European Union, the total
energy per heated unit area in residential and commercial buildings will
have to be decreased by 20% in 2020 and 50% by 2050 in relation to the
annual consumption of 1995. The building sector should additionally
be completely independent of fossil fuels for energy usage, with the in-
creasing sector of renewable energy continuously growing until 2020. In
its current state, the number of multistory buildings and single-family
houses in Sweden exceeds 4 000 000 units. In order to attain the set
goals, renovation of the existing housing stock is a necessity given its
current relatively slow turnover. As a result of the Swedish Million Unit
Program undertaken during 1965 − 1974, about 750 000 apartments
are currently in need of renovation in order to meet today’s building
standards. Simultaneously, new buildings are built with energy effi-
ciency in mind. In this study an early stage methodology is developed
for building refurbishment that takes advantage of a multi-faceted ap-
proach. The methodology comprises of multiple dimensions related to a
techno-economic, environmental and building occupancy approach. The
work presented herein includes a thorough literature review of decision
making tools within the built environment and identifies major research
efforts in sustainable refurbishment. The technical aspect of this study
deals with the proper identification of high-efficient insulation materi-
als that would serve one of the set purposes of energy efficiency when
utilized within building envelopes. Further, results are shown for case
studies, in which economic investments in Vacuum Insulation Panels
(VIPs) and a coupled heat and moisture transport for predefined con-
figurations of VIPs with supplementary insulation of balcony slabs and
wall cross-sections are considered. The developed methodology also ex-
amines simulations of the total energy consumption utilizing a set of dif-
ferent insulation materials such as mineral wool and VIPs, for a number
of locations in Northern and Southern Europe. The research findings of
this study identify several aspects of a new developed tool for decision
making, to be used in sustainable renovation and refurbishment.





Sammanfattning

Enligt den svenska regeringens fastställda krav för energianvändning
och miljökvalitetsmål i enlighet med uppsatta miljökrav inom Europeis-
ka Unionen, bör den totala energianvändningen per uppvärmd areaenhet
i bostadshus och lokaler minskas med 20% till år 2020 samt med 50%
till år 2050 i förhållande till årsförbrukningen 1995. Bebyggelsesektorn
skall dessutom vara helt oberoende av fossila bränslen för energianvänd-
ning, i fas med att andelen förnybar energi ökar med kontinuerlig takt
till år 2020. Det finns för närvarande cirka fyra miljoner småhus och
flerbostadshus i Sverige. För att uppnå omfattande energieffektivise-
ringar krävs dock renovering av det befintliga bostadsbeståndet, med
tanke på dess relativt långsamma omsättning. Till följd av det svenska
miljonprogrammet som genomfördes åren 1965 − 1974 byggdes unge-
fär 750 000 lägenheter och dessa är i behov av renovering för att mö-
ta dagens byggnormer samt krav på energieffektivitet. För att kunna
uppnå redan uppsatta energieffektiviseringsmål krävs att det befintli-
ga bostadsbeståndet renoveras med målsättningen att uppnå en nivå
som dagens byggnormer. Samtidigt bör nyproducerade bostäder byg-
gas så energieffektiva som möjligt. I denna studie har en metodik ut-
vecklats för byggnadsrenoveringar i tidiga skeden som drar fördel av en
mångfacetterad strategi. Den flerdimensionella metodiken relaterar till
en forskningsprocedur som innehåller tekniska och ekonomiska aspek-
ter, miljörelaterade hänseenden samt boendeanpassade strategier. Detta
forskningsarbete innehåller en grundlig litteraturgenomgång av metoder
som ligger till grund för beslutsfattande inom byggvetenskapen samt
identifierar viktiga forskningsinsatser inom hållbar renovering. Den tek-
niska aspekten av denna studie behandlar identifiering av högeffektiva
isoleringsmaterial som bidrar till energieffektivitet vid implementering
inom byggnaders klimatskal. Vidare presenteras resultat från fallstudi-
er där ekonomiska investeringar i vakuumisoleringspaneler (VIP) samt
kopplade modeller för värme- och fukttransport vid tilläggsisolering av
balkongplattor samt vägg- och golv tvärsnitt beaktats. Den framtagna
metodiken undersöker dessutom den totala energiförbrukningen vid an-
vändning av en rad olika isoleringsmaterial såsom mineralull och VIP,
via simuleringar får ett antal platser i norra och södra Europa. Forsk-
ningsresultaten från denna studie pekar på flera aspekter av framtagan-
det av ett nytt verktyg för beslutsfattande, lämpligt att tillämpas vid
hållbara renoveringar och ombyggnader.
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Nomenclature

Greek symbols

δ = Vapor permeability
λ = Thermal conductivity
Φ = Total normal heat flux
Ψ = Linear thermal transmittance

Latin characters

h = Heat transfer coefficient
m = Mass per unit area
r = Interest rate per annum
t = Thickness
D = Decisions
F = Density flux
I = Inputs
N = Integer
P = Processed output
R = Thermal resistance
Rw = Sound insulation index
T = Temperature
U = Thermal transmittance
Z = Vapor resistance

Abbreviations

ACES = A Concept for promotion of sustainable retrofitting and renovation
in Early Stages

ASREF = A sustainable refurbishment tool for the built environment
EPIQR = Energy performance indoor environmental quality retrofit
FORMAS = Swedish Research Council for Environment, Agricultural Sciences

and Spatial Planning
IARC = International agency on research on cancer
LCA = Life cycle analysis



MEDIC = Méthode d’évaluation de scénarios de dégradation
probables d’investissements correspondants

RWR = Renovation Workshop of Riksbyggen
VIPs = Vacuum Insulation Panels
WVTR = Water vapor transmission rate

Subscripts

coup = Coupling effect
cv = Gaseous convection
g = Gaseous
r = Relative to radiative thermal
se = External
si = Internal

Symbols
◦ = Degrees



Chapter 1

Introduction

According to the Swedish Government’s set targets for energy use and environ-
mental quality the total energy consumption per heated unit area in residential
and commercial buildings should be reduced with 20% by 2020 and 50% by 2050
compared to the annual consumption of 1995 (Scheurer, 2011). Furthermore it is
necessary for the Swedish building sector to completely act independently of fossil
fuels for energy purposes, in line with the continuous increasing amount of renew-
able energy by 2020 (Swedish National Board of Housing, Building and Planning,
2009).

There are currently about four million dwellings in Sweden. In order to achieve an
enhanced energy efficiency, renovation and refurbishment is required of the existing
housing stock, given its relatively slow turnover. Approximately 750 000 apartments
in Sweden are built during the Million Unit Program (1965 − 1974) and most of
these are in need of renovation. To cope with current energy efficiency requirements,
the existing housing stock has to be renovated with the goal of achieving the levels
of new buildings of today. In parallel, new dwellings have to be built as energy
efficient as possible. Societal targets for moisture, mould and other factors in build-
ings are important for achieving healthy buildings and good indoor environment.
The Swedish Government commissioned the Swedish National Board of Housing,
Building and Planning to conduct a survey of the Swedish building stock in order
to assess measures and expenses for amending damages or deficiencies required to
reach existing targets and to set new ones concerning the built environment. This
study moreover examines the driving factors in decision making for new renovation
projects.
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CHAPTER 1. INTRODUCTION

1.1 Document Structure

In Chapter 1 of this thesis an introduction is given to the topic of the study. In
particular the motivation of the study, its contributing factors and an introduction
to the sustainable renovation and refurbishment is given. In Chapter 2, the ACES
project is described in further detail. Chapter 3 of the thesis provides an overview
of the utilized methodology comprising of technical, economic and environmental
dimensions. The methodology is further completed by a building occupancy and
model development. Chapter 4, describes a glance at parts of the literature review
pertaining to the study. A more complete literature review is however presented
in Article I. Chapter 5, features a glance of high-efficient thermal insulation
materials. In Chapter 6, an excursion is taken into the economic aspect of utilizing
VIPs as an investment in the built environment. Chapter 7, features a description
of the model resulting from the methodology. In Chapter 8, a brief summary of
the findings of the thesis is presented and Chapter 9 features future work.
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1.2. LIST OF APPENDED ARTICLES

1.2 List of appended articles

The following articles are further appended in this thesis:

• Article I: Navid Gohardani, Folke Björk. ”Selected Approaches Related
to Sustainable Refurbishment in the Built Environment”, Smart and Sustain-
able Built Environment, Volume 2, Issue 2, Emerald, 2012. (Accepted for
publication)

Contributions: Gohardani performed the research and the literature re-
view. Björk contributed with an overall view about the topic and with a
number of references.

• Article II: Navid Gohardani, Tord Af Klintberg, Folke Björk. ”On An
Operational Decision Making Methodology For Sustainable Building Refur-
bishment: A Case Study - Riksbyggen Workshop For Renovation”, Building
Research & Information. (Submitted)

Contributions: Gohardani assembled the research findings and the liter-
ature review and designed the methodology. Af Klintberg contributed with
data to the study and useful sources implemented in the study. Björk improved
the methodology and contributed with improvements to the manuscript.

• Article III: Navid Gohardani, Kjartan Gudmundsson. ”Sustainable build-
ing renovation and refurbishment with applications of Vacuum Insulation
Panels”, SB11 World Sustainable Building Conference, Proceedings Vol. 2,
Helsinki, Finland, 18− 21 October, 2011.

Contributions: Gohardani conducted the research and simulations. Gud-
mundsson provided the graph on page 3 and the simulations on page 8 and
also contributed with improvements to the manuscript.

• Article IV: Navid Gohardani, Folke Björk. ”Economic and environmen-
tal benefits related to a sustainable building refurbishment”, Proceedings of
the 1st International Conference on Building Sustainability Assessment, Porto,
Portugal, 23− 25 May 2012.

Contributions: Gohardani conducted the research and simulations. Björk
contributed with improvements to the manuscript.

Article I, features a thorough literature review of the topic of sustainable refur-
bishment in the built environment. In this article selected refurbishment tools and
methods are examined in further detail and a regional glance at building refurbish-
ment is presented. In addition a suggested path forward is shown for continuous
sustainable refurbishment. Article II, investigates an operational decision making
methodology in the context of sustainable building refurbishment.
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CHAPTER 1. INTRODUCTION

Article III, considers the usage of VIPs for building renovation and refurbishment.
In particular simulations of the thermal performance for a number of different con-
figurations of insulation material placement in the building envelopes are actualized.
Similarly a supplementary insulation of balcony slabs are considered. Article IV,
provides an insight into the economic and environmental benefits related to a sus-
tainable building refurbishment.

1.3 Motivation

There are a number of motivational factors for the undertaken study. In particular,
the energy efficiency of buildings built during the last decades have contributed to
an inefficiency within the building sector (Ryghaug and Sørensen, 2009), which ul-
timately contributes to high greenhouse emissions and other environmental hazards
and to a waste in energy. Additional motivation for a study such as the current one
stems from the fact that both building owners and building occupants ultimately
seek to reduce their energy expenses with the ever increasing energy prices. Hence,
the combination of the aforementioned factors together serve as a good motivational
platform from which the current study has evolved.

1.4 Sustainable renovation and refurbishment

In this section the role of restoration is examined in sustainable development. A
macroscopic approach regarding this task encompasses multi-dimensional aspects in
regards of combined contributions ranging between the impact of quality assurance,
workers’ health issues and written evidence that would encourage stakeholders to
make and maintain their investments in sustainable renovation. In light of the com-
plex considerations within the aforementioned research domain, a key issue central-
izes around the economic and environmental evaluation of restoration. Moreover, a
crucial question that arises within this context is: What drives the economic and
environmental aspects of restoration? Evidently, the current insight of this rather
bilateral evaluation remains ambiguous and additional calls for a basic dissection
that would further reveal any contributing factors is beneficial. In this research
study, an initial step that pinpoints the necessity for restoration and a motivation
for its role, serves as a starting point for further progress. Additional details re-
garding renovation needs may also include current renovation measures in different
countries and considerations regarding renovation for a number of typical buildings.

Through additional pieces of information that investigate the advantages and disad-
vantages of restoration, both from an economic point of view and an environmental
facet, the basis for further discussions into the subject matter is set. Provided that
a balanced flow of information is shared for further evaluation of the advantages and
disadvantages for a combined economic and environmental evaluation outlook, a few
emerging factors will be considered throughout the course of this research. Demands

8



1.4. SUSTAINABLE RENOVATION AND REFURBISHMENT

for restoration might seem rather trivial in certain instances and not so distinctly
evident in others. A word check for the noun restoration in a dictionary returns the
following wording: ”a reconstruction of an ancient building, showing it in its original
state” (Random House Dictionary, 2010). Even though reconstruction of historical
buildings (Cox, 2010) does include a major part of building restorations, restora-
tion itself extends far beyond the premises of heritage restoration. Fire, flooding,
acid rain and natural disasters such as earthquakes are a few selected phenomena,
affecting the condition of buildings. Accordingly, the need to initiate a restoration
process should be considered in light of the benefits associated with such an ap-
proach, but also be aligned with a larger view that encompasses the impact of the
actual restoration on its surroundings.

One of the trade-offs in building preservation is the choice between complete restora-
tion and adaptive reuse. Given the expensive process of a full building restoration,
an adaptive reuse procedure can be regarded as an alternative practical approach
of preserving parts of a building’s historical fabric (Hein and Houck, 2008). In the
United States, a historical building is not necessarily removed from an economic
profitability domain, as preserving such a building involves many greater aspects.
In fact, in many cases building restoration is a vital economic vehicle. In 1997, it
was shown that historical preservation activities generated $580 million annually
in direct economic activity for the state of New Jersey (Garbarine, 1997). A total
demolition of a historical downtown building, with aims to build a new building is
comparable to the waste of 1 344 000 recycled aluminium cans and that does not
even include the impact on the landfill or the embodied energy that has been lost
(Rypkema, 2007). Thus, on one hand the environmental aspects of demolition efforts
versus restoration efforts are noteworthy, yet on the other hand, one may argue that
construction of new high-performance green buildings may very well contribute to
the global green agenda, by meeting all the necessary requirements for sustainability
(OPRHP, 2009). Having stated this fact, there is indeed a disparity in the demands
for sustainability for different countries. Within this context, one could link the
retrofitting needs of typical building complexes to sustainability. Retrofitting cost-
ing estimates can be made by EPIQR (Energy Performance Indoor Environmental
Quality Retrofit), a methodology capable of enabling apartment owners interested
in refurbishment measures with detailed cost analyses (Caccavelli and Genre, 2000).
As discussed earlier, the aim of this research project is to investigate the role of ren-
ovation and refurbishment with particular attention to the drivers of economic and
environmental aspects. Relevant details of this research question are discussed in
the subsequent sections.

Upon further reflection about the key question that seeks to find the driver behind
economic and environmental aspects of restoration, a theory needs to be formulated.
The author’s own theory regarding the choices between economic and environmental
evaluations of refurbishment should be based on the outlook for a potential snowball
effect, in which the effects of these factors becomes increasing significant with time.

9
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Further details about the snowball effect can be illustrated by a number of examples
through which the author makes arguments about the aforementioned hypothesis.
Principally, the snowball effect refers to a specific decision that systematically con-
tributes to a larger set of chain reactions capable of including both advantages and
disadvantages.

The decision platform for making correct choices between the economic and en-
vironmental aspects of renovation is rather vague and involves many degrees of
freedom. Perhaps, the most significant issue raised within these rather convoluted
choices is to recognize that sustainable and economic aspects are interrelated. In a
nutshell, the overall impact of all made decisions is of vital importance. In order to
place the snowball theory into practice, one can assume that a potential decision
maker is given the option to consider the restoration of a public administration
building as well as a residential building. Obviously the first consideration one has
to make is the location of these two buildings, since the stand-alone location de-
termines a number of factors regarding local attitudes versus sustainability. The
restoration of a public administration building is most likely restricted in many ways
as it may also involve preservation of certain structures of the building in harmony
with the surrounding landscape. These restrictions may further impose additional
economic burdens that prevent novel technical solutions to be implemented, with re-
spect to the substitution of historical traits of a building with modernistic approach.

Conversely, many technical solutions may equally maximize the desired building
performance and therefore be suitable for integration even in cases where historical
attributes for a certain building cannot be compromised. An example for such a
technical solution is Vacuum Insulation Panels (VIPs), which serve as an alternative
to conventional insulations (Nemanic, 1995). Given their low thermal conductivity
and suitability for refurbishment of historical and pristine buildings, these panels
are more expensive than conventional insulation pieces. Nevertheless, they also al-
low more living space due to their compactness (Baetens et al., 2010b). Hence, if
one would revisit the restoration ideas for a public administration building or even
a residential building, it has already been demonstrated that modern technical so-
lutions, such as implementation of VIPs, are readily available for a diverse set of
applications that cover the entire spectrum of both modern and pristine buildings.
Once the availability of a certain refurbishment technique has been established,
the next level of analysis is to consider the overall effect for such an application.
Ultimately, the overall decision has to be made in view of how many additional fac-
tors, a particular decision regarding a partial or complete renovation would activate.
Since refurbishment with VIPs has been discussed as a cross disciplinary approach
for a wide range of buildings, it would be suitable to use this technical option as
an exemplary case to uncover the discussed factors through seeking answers to a
hypothetical scenario for which a number of selected questions are posed:

1. Is there adequate technical data available for considerations of demolition,

10



1.4. SUSTAINABLE RENOVATION AND REFURBISHMENT

restoration and adaptive reuse of this building?

2. Which role does preservation of this specific building complex have?

3. Is there a particular need to only target the thermal insulation of this building
or are there other refurbishment needs?

4. What are the economic benefits associated with demolition, total renovation
and adaptive reuse of this building?

5. What are the sustainable implications for a possible demolition, total refur-
bishment and adaptive reuse of this building?

6. From a macroscopic vantage point, how does a decision within this context
impact the society?

Although, the list of these questions can be endless, the principal aim of this sec-
tion is to utilize these questions as interesting pivot points for further discussions.
The first question essentially determines if there is enough data gathered, regard-
ing preliminary decisions for further actions. This data could be related to climate
considerations and the needed energy efficiency measured for different building lo-
cations (Guertler and Smith, 2006). In order to answer the second question, one
should reflect upon the imposed necessity to preserve the building as a historical
building or alternative options. In many cases, a historical landmark will have
more criterion for limitations than a residential building would have. Thus, further
considerations of the answers to the third question, enable multiple assessments of
the refurbishment needs. Within these settings the made choices are driven both
from economic and sustainable agendas. Between the choices for demolition, total
restoration and adaptive reuse of buildings, the ultimate decisions result in a num-
ber of chain reactions that incur the earlier discussed snowball effect.

Major considerations of these effects should reveal the number of adjacent programs
estimated to be initiated, with such an initiative. Whether the goal is demolition, to-
tal restoration or adaptive reuse of a building, the final economic assessment should
consider how much the total economic benefits incurred by such a decision yields.
In other words, one should envision if the made decision would activate the global
or local building activities, related entrepreneurship endeavors, export and import
of building materials, tax deductions related to the building site and environmental
considerations. The environmental issues concern all possible interactions with the
surroundings and direct implication, such as preset emission reduction targets. CO2
emission reduction, which in part is directly related to effective thermal insulation,
represents an exemplary case that could potentially be achieved through the imple-
mentation of VIPs or other high-efficient thermal insulation materials.

The answers to questions five and six are highly interrelated and sustainability
cannot be treated in view of an isolated subject, independent of economic forecasts
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and vice versa. In many ways, the answer to the last question is a bold attempt to
consider an isolated event such as demolition, refurbishment or the adaptive reuse of
a building in a broader context. A historical building does not necessarily have the
same demands for preservation as residential buildings, as the difference between
these two types of buildings is rather large. Therefore the different mechanism in-
volved within the snowball effect theory can very well vary greatly on a case by case
basis. Possible disadvantages of using the snowball theory could emerge for certain
cases, confined to local politics. Consequently, if the findings from implementation
of a snowball theory result in a moderate impact on a local level, many decisions
that would encourage further advancement could be abandoned depending on the
circumstances. Hence, it is rather expected that the overall impact of the rolling
snowball should extend beyond the isolated problem and in the decision making
process, the greatest impact that would benefit society (both in terms of sustain-
ability and economy) should be endorsed.

Conclusively, in this section an attempt has been made to address a few viewpoints
that are concerned with the economic and environmental aspects of renovation.
Through the implementation of the snowball theory it has been demonstrated that
choices regarding refurbishment are rather convoluted and should be considered
from different angles and on different levels. Illustration of the aforementioned lev-
els within the suggested snowball theory has been discussed with selected exemplary
questions. It is suggested that the overall decision regarding the most appropriate
choice of refurbishment is based on the total impact of the final snowball size that
encompasses a notable impact on society, including both sustainable and economic
aspects.

12



Chapter 2

The ACES Project

The work presented in this study is a part of the project ”A concept for promotion
of sustainable retrofitting and renovation in early stage” (ACES), which is a joint
research project between Royal Institute of Technology (Sweden), Danish Technical
University (Denmark) and Frederick University (Cyprus). The motivation of the
ACES project stems from the fact that more than 40% of the total energy in Europe
is spent within the buildings sector, which significantly contributes in greenhouse
effects and air pollution. Further, approximately 85% of the 160 million buildings in
EU are thermally inefficient (Swedish ScienceNet, 2010). Hence, it is crucial for the
existing building stock to become refurbished. The hypothesis of this work hence,
relies on rational reasons for the buildings to operate in a sustainable manner, while
preserving a sound economic approach, resulting in a sustainable development.

The crux of this project lies in the fact that decisions about the refurbishment
measures are undertaken at an early design stage, when usually no decisions are
made about the refurbishment measures. Hence, by employing this approach a plan
is made for renovation measures that will result in the building operating in a sus-
tainable manner. This project seeks to underpin the motivation of building owners
to renovate a building for improved performance with regard to energy efficiency
and indoor comfort (Swedish ScienceNet, 2010). The objectives of the ACES project
can be summarized as follows:

• To exhibit that restoration resulting in a sustainable development can be
motivated by economic reasons

• To explain how quality assurance can contribute to a sustainable development

• To explain how workers’ health issues can contribute to a sustainable devel-
opment

• To produce documents that will motivate stakeholders to continue their de-
velopment towards sustainable renovation

13





Chapter 3

Methodology

3.1 Scope

The scope of the research undertaken in this study is based on five distinct pillars:
technical aspects, economic aspects, environmental aspects, building occupants and
development of a ”model” for a sustainable approach to renovation, as shown in
Figure 3.1.

    NAVID GOHARDANI    |   ACES – A CONCEPT FOR PROMOTION OF SUSTAINABLE RETROFITTING AND RENOVATION IN EARLY STAGES 

 

KTH’s research approach 

RESEARCH 
SCOPE 

Figure 3.1. The scope of the research.

The benefit of utilizing this approach stems from the independency of these topics
and their overall interdependency when the final model is developed. The indepen-
dent assessment of each of the aforementioned pillars of the project will provide an
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CHAPTER 3. METHODOLOGY

overall model for a sustainable approach within the built environment that encapsu-
lates all the mentioned features. Hence, this model will not suffer from shortcomings
of targeting only single features. The scope of the licentiate thesis presented herein
covers the technical, economic and partially the model for a sustainable approach.
Nonetheless, the remaining pillars, i.e. the environmental and building occupancy
aspects of the project are subjects of future research. As described, these dimensions
of the project are essential for the final model development.

3.1.1 Technical Approach

The technical approach in effect is concerned with the establishment of the technical
means which facilitate the actualization of sustainability within the built environ-
ment. One aspect of the technical dimension deals with the usage of high-efficient
insulation materials such as aerogels, Vacuum Insulation Panels, polyurethane, and
gas-filled panels, which are explained in further detail in the next chapter. In light of
this background, the technical dimension also includes the identification of the most
suitable high-efficient insulation materials to be utilized for retrofitting purposes of
buildings.

3.1.2 Economic Approach

The economic approach is one of the most important dimensions of a sustainable
implementation of refurbishment within the built environment. Regardless of the
benefits provided by the technical solution, the cost must be justified for each cor-
responding technical solution. Hence, in this study the benefits of utilizing high-
efficient insulation materials with regards to their economic benefits and geograph-
ical locations where they have been employed have been examined.

3.1.3 Environmental Approach

The environmental approach of a sustainable building refurbishment consists of
several different factors. It can for instance concern the geographical location of
the building in need of refurbishment or its design. Other factors that might be
of relevance are if the building is of historical value, and whether it is a residential
or commercial building. In particular the CO2 generated from the usage of energy
within the building is of interest as well as the contribution of solar radiation and
daylighting.

3.1.4 Building occupancy Evaluation

One of the fundamental aspects of building refurbishment concerns the occupants
of the building. In particular a sustainable approach within the built environment
necessitates both stakeholders and building occupants to have a positive attitude
towards a sustainable building refurbishment. While the benefits of such an ap-
proach often can be motivated by longterm performance and energy-efficiency of
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the building, in many instances these two factors are not sufficient for a change of
aptitude towards a sustainable renovation in the built environment. Instead both
stakeholders and building occupants strive to encounter the economic benefits of
sustainability. Depending on the object in need of renovation a positive attitude
towards sustainability can further be completed by the preservation of architectural,
historical and cultural values of a building. For residential buildings however, most
building occupants are solely interested in the lowest housing cost as possible, re-
gardless of the benefits that an early stage sustainability approach yields. In light of
this discussion one has to convey the message that in order to tackle the increasing
space heating costs and to meet today’s building standards, a sustainable approach
is indeed a necessity. It can thus be argued that even if the initial cost of renovation
would be slightly higher than if such an approach would not be undertaken, the long
term approach of sustainability helps both stakeholders and building occupants in
economic savings.
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Chapter 4

A Glance at Related
Literature Regarding
Sustainable Refurbishment

In consideration of the vast research areas of the built environment, Article I was
authored with the primary aim to identify a number of prominent research efforts
related to decision making tools within various building refurbishment projects. Fo-
cusing on energy conservation in the built environment, this review study identified
selected approaches in the direction of more sustainable refurbishment. Throughout
the early phases of this study, it was established that refurbishment brings notable
economic, social and environmental benefits in comparison to demolition (Power,
2008).

The debate regarding refurbishment of older housing and buildings versus demoli-
tion is constantly ongoing (Baker, 2005; Károlyi, 2007). There are many advantages
with refurbishment over demolition and many disadvantages of choosing demolition
over refurbishment (Power, 2008). Selected advantages of choosing housing refur-
bishment over housing demolition are as follows:

• Reduced transportation costs

• Reduced landfill disposal

• Retention of community infrastructure

• Greater reuse of materials

• Benefits in terms of local economic development and neighborhood renewal
and management
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Furthermore, selected disadvantages of choosing housing demolition over housing
refurbishment follow as shown below:

• Higher capital costs

• Greater use of aggregates and embodied carbon inputs, noise, and disruption

• Greater transportation need for materials and waste

Given that building refurbishment modifies the human living environment, it is crit-
ical that the financial and technical visions by engineers, architects and technical
experts do not limit people’s living environment (Gohardani, 2011). A number of
decision making tools combining technical, financial, energy and comfort analyses
for refurbishment were visited in this review study. Energy performance, indoor air
quality, retrofit (EPIQR) (Genre et al., 2000). The EPIQR toolset is however only
an instrument and has its own limitations.

TOBUS denotes another decision making tool capable of investigating different
indoor environmental quality aspects of office buildings and upgrade solutions (Cac-
cavelli and Gugerli, 2002). XENIOS, is further a proposed methodology for perfor-
mance of a preliminary hotel audit and an initial assessment of cost-effective energy-
efficient renovation practices, technologies and systems (Dascalaki and Balaras,
2004). Ultimately, MEDIC (Méthode d’évaluation de scénarios de dégradation prob-
ables d’investissements correspondants) is a proposal for a new method to predict
the future degradation state of a building (Flourentzou et al., 2000a). Adopting this
method, probability calculations for each element regarded in EPIQR for passing
from one qualitative condition class to another can be made (Flourentzou et al.,
2000a). A comparison between different systems or tools for building retrofits are
shown in Table 4.1. In this table it is indicated that, the majority of the available
tools only address a limited number of refurbishment criteria and thus the need for
a more robust approach is needed.
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System or Tool EPIQR MEDIC TOBUS Hotel buildings
(XENIOS)

Number 1 2 3 4
Building element

degradation including X X X X
residual life
Functional

obsolescence of X X
building

Fiber-Reinforced
Polymer structure

strenghtening
Indoor

environmental X X X
quality

Energy X X X
consumption

Electromechanical X X
installations

Solar system
and X

deslinations
Water recycling

and
management

Table 4.1. A selection of systems or tools considered for buildings retrofits,
with their corresponding features. Adapted from: Clark et al (2004). The
number column refers to different publications by different authors, as follows:
1: Flourentzou et al. (2000b), 2: Flourentzou et al. (2000a), 3: Caccavelli and
Gugerli (2002), 4: Balaras (2004).
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In this regard, one possible approach is to adopt a methodology for zero carbon
refurbishment according to Figure 4.1.

Retrofit 
fabrics 

More efficient 
equipments 

Micro 
generation 

Zero carbon 
refurbishment 

• Emerging 
insulation 
materials 

• Lighting sources 
• Heating sources 
• Ventilations 

• Generations of 
zero or low-
carbon heat 
and/or power to 
meet own energy 
demand on site 

Figure 4.1. A hierarchical process towards zero carbon refurbishment.
Adapted from Xing et al. (2011).

This methodology makes considerations of emerging insulation materials in its initial
phases. Zero carbon refurbishment is however, not the only refurbishment option
available. In fact, zero carbon is not entirely zero if embodied carbon is taken as a
principal metric in consideration of whole-life sustainability (Ayaz and Yang, 2009).
Despite these limitations, tailoring all the steps of the suggested methodology could
lead to energy savings on the expense of increased embodied carbon. Adequate
thermal insulation allows for a building to retain its generated heat within. The
indirect heat generated sources are heat stored in thermal mass or direct solar gain,
whereas human body heat and other heat generating activities such as cooking
contributes to additional heat within a building. Hence, a further insight into the
advantages and disadvantages of these thermal insulation materials is needed for a
better understanding of the refurbishment needs in the built environment. A pro-
found analysis of thermal insulation materials consequently provides an early step
approach in the quest for zero carbon refurbishment.
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Chapter 5

High-Efficient Thermal
Insulation Materials

5.1 Scope

In this section a number of properties associated with different insulation materials
have been considered for comparison purposes. In particular, attention has been
devoted to high-efficient insulation materials and the comparison of the aforemen-
tioned properties. Upon familiarization with the different insulation materials, the
advantages and disadvantages of all considered approaches can be viewed in light
of the objectives associated with this research project.

The demand for sustainability in the built environment has become an industry
driver that affects both future and the existing building stock. In conjunction with
increased energy costs, health and safety concerns and environmental impact aware-
ness, the demand for insulation materials that fulfill these criteria necessitates that
a review is carried out on existing building insulation techniques. High-efficient
building insulation materials are often distinguished by their low λ−value, which
is a measure of the thermal conductivity in a building technology context. In this
study the advantages and disadvantages of high-efficient insulation, related to cost,
environmental imprints and sustainability is discussed.

The analysis of this study is confined to Vacuum Insulation Panels and silica aero-
gels. It is notable that λ−values are often provided as a range as one particular
λ−value cannot be attributed to all forms of insulation, even within the same cate-
gory. The choice of insulation materials in this study are therefore not solely based
on the materials with the lowest λ−values, but merely materials that have the po-
tential to address the challenges of a sustainable building refurbishment. A study
carried out by Oak Ridge National Laboratory and American Society of Heating
Refrigeration and Air-Conditioning Engineers in the Unites States established that
fasteners for keeping the insulation in place can be responsible for a less effective
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CHAPTER 5. HIGH-EFFICIENT THERMAL INSULATION MATERIALS

thermal insulation in building refurbishments, due to thermal bridging effects. In
the conducted study the largest difference prior and after correct installation of
the insulation material was encountered for the fiberglass, with a 53% difference
and the lowest for 16% high-density spray polyurethane foam. The usage of green
technology is estimated by the American Institute of Architects to be implemented
by 90% of architects in 2012, with 88% having undertaken an element of education
within green building (American Institute of Architects, 2011).

The present study seeks to provide an overall review of the considered insulation
materials. The extent of this study is however only confined to general traits and a
number of properties are compared across the different insulation materials. Due to
the extensive literature that exist in particular within the thermal, manufacturing,
chemical composition and manufacturing of the aforementioned insulation mate-
rials, an in-depth analysis of these disciplines is outside the scope of the present
study. For this purpose, references have been provided to serve for further reading
into each corresponding subject.

5.1.1 Considered insulations

The main criterion for the selection of the insulation materials in this study has
been attributed to materials with low λ−values, e.g. materials with low thermal
conductivity. The relation between the overall heat transfer coefficient, or the U -
factor with the λ−value is given by U = R−1. Table 5.1, outlines an estimate of the
different λ−values for each corresponding material. Prior to considering the high-

Insulation material λ [W/mK]
Vacuum insulation panels 0.004
Polyurethane 0.025− 0.030
Gas-filled panels 0.011− 0.020
Aerogels 0.013

Table 5.1. Insulation materials with their corresponding λ−values.

efficient insulation materials that might be of interest in future building insulation
applications, it is essential to outline the theory behind achieving a low thermal
conductivity. Upon utilizing a low thermal conductivity, a thin building envelope is
actualized with a low thermal transmittance. In essence, the overall total thermal
conductivity, which is a measure of the ratio of a material’s thickness to its thermal
resistance, consists of the contribution of several factors as given as (Jelle, 2011)

λ = λs + λr + λg + λcv + λcoup + λleak (5.1)

In Equation 5.1 λs is the solid state thermal conductivity, λr represents the radiation
thermal conductivity, λg denotes the gas thermal conductivity, λcv is the convection
thermal conductivity, λleak denotes the leakage thermal conductivity, and λcoup

represents the term accounting for second order effects between various λn.
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5.2 Vacuum Insulation Panels (VIPs)

Vacuum insulation panels (VIPs) consist in essence of a filling material and an
envelope (Fricke et al., 2008). The core structure is hence micro-porous and upon
evacuation sealed in an envelope bag, which is gas-tight (Simmer and Brunner,
2005). A schematic of a Vacuum Insulation Panel can be seen in Figure 5.1, where
in particular the core of the panel, protective layer, barrier layer and sealing layer
make up the multilayer envelope.

4. VACUUM INSULATION PANELS 

A vacuum insulation material (VIP) consists in essence of a filling material and an envelope (Fricke, 

2008). The core structure is hence micro-porous and upon evacuation sealed in an envelope bag, which is 

gas tight (Simmler and Brunner, 2005). A schematic of a VIP can been seen in Figure 1, where in 

particular the VIP core, protective layer, barrier layer and sealing layer make up the multilayer envelope. 

 

Figure 1: A schematic of a VIP (Alam et al, 2011). 

 

4.1 The VIP elements 

The kernel of the VIP consists of porous materials such as powders, fibers and porous foams. The purpose 

of the core is to maintain the vacuum under a threshold value and support the VIP envelope. 

4.1.1 The protective layer 

The function of the protective layer is as its name suggests, to protect the core of the VIP from stresses 

caused by handling. Additionally, the protective layer also serves as a substrate for the barrier layer. 

4.1.2 The barrier layer 

The layer between the protective layer and the sealing layer is referred to as the barrier layer. The function 

Figure 5.1. A schematic of a VIP (Alam et al., 2011).

5.2.1 Elements of VIPs

The kernel of the VIP consists of porous materials such as powders, fibers and
porous foams. The purpose of the core is to maintain the vacuum under a threshold
value and support the VIP envelope.

The protective layer
The function of the protective layer is as its name suggests, to protect the core of
the VIP from stresses caused by handling. Additionally, the protective layer also
serves as a substrate for the barrier layer.

The barrier layer
The layer between the protective layer and the sealing layer is referred to as the
barrier layer. The function of this layer is to serve as a barrier against water vapor
transmission and air. Usually a three layer structure is utilized for this purpose for
a higher protection.

The sealing layer
The sealing layer is the inner-most layer, protecting the inner core of the VIP. One
of the factors that contribute to the gas passage is an improper sealing. A heat
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sealing at a proper temperature and duration is essential in order to achieve a good
sealing.

5.2.2 Thermal conductivity

The thermal transport in VIPs can for instance be expressed as the total conduc-
tivity given by Fricke (1993); Heinemann et al. (1999); Alam et al. (2011)

λ = λs + λr + λg + λcv + λcoup (5.2)

where each corresponding conductivity λ, with subscripts s is related to solid, r is
related to radiative thermal, g is gaseous thermal, cv is gaseous convection, and coup
is related to the coupling effect. The unit for the total conductivity is furthermore
given in W/(mK).

5.2.3 Acoustics

In their article Baetens et al. (2010a), differentiate between three different categories
related to the acoustic properties of VIPs:

• Properties of a single VIP

• Properties of VIPs with insulated sandwiches

• Properties of insulated massive walls with VIPs

Properties of a single VIP

In general, the law of mass is often applied in order to estimate the sound insulation
properties of a material or structure. This relation can be expressed as (Baetens
et al., 2010a)

Rw ≈ 20 log(1 + 3.4m) (5.3)

where Rw denotes the sound reduction index and m is mass per unit area. For a VIP
with a 10 mm thickness, the sound reduction index has been estimated to 19 − 26
dB and 10− 15 dB (Maysenholder, 2008). In order to account for the reduction in
thickness, a thicker facing in terms of vacuum insulated sandwiches can be utilized.

5.3 Gas-Filled Panels

5.3.1 Thermal conductivity

The thermal performance of gas-filled panels is attained through inhibiting mois-
ture and air penetration into the panels and by maintaining a low-conductive gas
concentration. At the initial stage very low theoretical thermal conductivities for
gas-filled panels have been calculated (Baetens et al., 2010a), but the prototypes
have only shown thermal conductivities about 40 mW/(mK).
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system, similar to VIPs. It should however be stated that vacuum serves as a better insulator than the 

applied gases in the gas-filled panels. 

6.1 Thermal conductivity 

The thermal performance of gas-filled panels is attained through inhibiting moisture and air penetration 

into the panels and by maintaining a low-conductive gas concentration. At the initial stage very low 

theoretical thermal conductivities for gas-filled panels have been calculated (Baetens, 2010), but the 

prototypes have only shown thermal conductivities 40 mW/(mK). 

 

Figure 2: The baffle and barrier foil of a gas-filled panel (Lawrence Berkeley National Laboratory, 2011). 

 

7. AEROGELS 

The potential of utilizing aerogels in a wide range of application has early been recognized by researchers 

(Gesser and Goswani, 1989). For building applications the usage of aerogels is indeed promising as a 

compliment and perhaps a substitute of existing insulation materials. With an 83 million dollar market in 

2008, the global market of aerogels is expected to reach 646 million dollars by the year 2013 (Cagliardi, 

2009). The aerogels were originally discovered in 1930s (Kistler, 1931), but the interest for these 

materials have increased considerably with the incentives to abate green house emissions (McKinsey & 

Company, 2009). Aerogels are essentially dried gels which are porous, a result from supercritical drying, 

allowing the sample to maintain its texture and wetstage (Baetens et al, 2011). 

Figure 5.2. The baffle and barrier foil of a gas-filled panel. Source: (Lawrence
Berkeley National Laboratory, 2011).

5.4 Aerogels

The potential of utilizing aerogels in a wide range of applications has early been
recognized by researchers (Gesser and Goswani, 1989). For building applications
the usage of aerogels is indeed promising as a complement and perhaps a substitute
of existing insulation materials. With an 83 million dollar market in 2008, the
global market of aerogels is expected to reach 646 million dollars by the year 2013
(Cagliardi, 2009). The aerogels were originally discovered in 1930s (Kistler, 1931),
but the interest for these materials have increased considerably with the incentives
to abate green house emissions (Company, 2009). Aerogels are essentially dried
gels which are porous, a result from supercritical drying, allowing the sample to
maintain its texture and wetstage (Baetens et al., 2011). Figure 5.3, shows aerogels
used as building insulation materials.

 

Figure 3: Aerogels as building insulation materials. 

 

7.1. Thermal conductivity 

In aerogels the conduction of gas is reduced by employing nano-scaled pore sizes. These materials are 

therefore good thermal insulators and have a low thermal conductivity (Kistler and Galdwell, 1932). The 

low total thermal conductivity is a result of several factors including, low gaseous conductivity, radiative 

IR-transmission and solid skeleton conductivity. Despite this observation, the contributions of each 

element in this regard by adding to obtain an overall value can be intricate, due to mode coupling (Baetens 

et al, 2011). The thermal conductivity of aerogels are ∼ 0.013 W/mK (Xing et al, 2011). 

 

In building applications, a promising application of silica aerogels can be actualized upon placement of 

the silica aerogel between two glass panes placed in front of a massive house wall (Fricke, 1992). Upon 

penetration of the solar radiation through the transparent layer, the dark house wall is subjected to heating. 

The superb thermal insulation of the aerogel minimizes the losses of heat to the environment and most of 

the heat can be transferred to the building. A shading device can further be utilized to protect the building 

from overheating.  

 

Figure 5.3. Example of aerogels utilized as insulation materials in buildings.
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5.4.1 Thermal conductivity

In aerogels the conduction of gas is reduced by employing nano-scaled pore sizes.
These materials are therefore good thermal insulators and have a low thermal con-
ductivity (Kistler and Galdwell, 1932). The low total thermal conductivity is a re-
sult of several factors including, low gaseous conductivity, radiative IR-transmission
and solid skeleton conductivity. Despite this observation, the contributions of each
element in this regard by adding to obtain an overall value can be intricate, due
to mode coupling (Baetens et al., 2011). The thermal conductivity of aerogels is
0.013 W/mK (Xing et al., 2011). In building applications, a promising application
of silica aerogels can be actualized upon placement of the silica aerogel between two
glass panes placed in front of a massive house wall (Fricke, 1992). Upon penetration
of the solar radiation through the transparent layer, the dark house wall is subjected
to heating. The superb thermal insulation of the aerogel minimizes the losses of
heat to the environment and most of the heat can be transferred to the building. A
shading device can further be utilized to protect the building from overheating.

5.4.2 Acoustics

The acoustic properties of monolithic aerogels have a speed of sound corresponding
to 40 m/s (Forest et al, 2001). The range is extended to approximately 100 m/s for
commercial products of non-monolithic nature Aspen Aerogels (2010). For sound
insulation purposes, layered structures of different granular sizes can reduce the
sound level with as much as 60 dB, within a 7 cm thickness (Ricciardi et al., 2002).

5.4.3 Safety aspects

One of the safety concerns with aerogel insulation can be attributed to dust pro-
duction, with an exposure limit of approximately 5 mg/m3. Despite the mentioned
concern, no studies related to human beings have been reported which would sug-
gest that aerogels cause silicosis (lung disease caused by inhalation of mineral dust)
upon prolong exposure to synthetic silica (Baetens et al., 2011). In addition, the
international agency on research on cancer (IARC) does not classify amorphous
silica to act as carcinogen to human beings (Merget et al., 2002).

5.4.4 The road ahead for aerogels

Together with VIPs, aerogels have emerged as promising candidates for building
insulation in the future. At the present, similar to any other new emerging tech-
nology, the production costs of aerogels are still high. The fragility of aerogels due
to their low tensile strength is presently a drawback. However, the implementation
of carbon fiber matrices may be able to increase the tensile strength. For building
applications the optical properties of aerogels are extremely interesting, as they of-
fer opaque, translucent and transparent solutions (Jelle, 2011).
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The transmitted light through aerogels appears red and reflected by aerogels blue.
The scattering of light in silica gels is due to Rayleigh-scattering, which takes place
due to present inhomogeneities in the solid upon interaction with the wavelength
of the incident light and is more pronounced when the mentioned wavelength is of
similar magnitude as the size of the particles. Depending on the number of pores
in this range, the scattering efficiency is dependent upon the number of scattering
centers. In addition, the adding of opacifiers can reduce the transparency of aero-
gels (Reichenauer et al., 2004) and transparency can be achieved at the infrared
spectrum. However, it should be noted that the overall thermal conductivity at
high temperatures increases due to the present transparency (Baetens et al., 2011).

5.5 High-efficient Insulation Material − Summary

This study has treated a number of high-efficient insulation materials through a re-
view particularly related to their thermal performance and highlighted some of their
advantages and disadvantages. In light of the findings of this study the following
conclusions can be drawn:

• The requirement of insulation materials of the future is for them to present a
thermal conductivity which is as low as possible.

• Solely a low thermal conductivity is however, not sufficient as effects of ageing,
building site adaption and perforation should also be considered.

• For the two high-efficient insulation materials namely aerogels and VIPs, a
lower value of the thermal conductivity is exhibited by the VIPs in comparison
to aerogels. However, in the long term perspective this value is increased due
to the influence of moisture and air penetration. Comparatively, aerogels have
not shown to exhibit increasing thermal conductivity values with time.

• Perforation is indeed a major obstacle for VIPs, as an adaptation to a building
site may become intricate for these materials.

• Some of the new insulation materials have only been studied towards ther-
mal performance and there is a paucity of the results related to their actual
implementation in building technology. One of the most important aspects
in this regard, is the acoustic performance study, which also is of importance
in building applications. This specific consideration is often lacking, even in
very thorough literature reviews regarding novel insulation materials.
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Chapter 6

Economic Aspects of Building
Refurbishment

In this study an insight has been provided into the economic aspects of building
refurbishment. It can be established that the usage of high-efficient insulation mate-
rials is often desirable in order to meet today’s new building standards. The higher
thermal performance however comes at the expense of more expensive insulation
materials such as VIPs and aerogels. Furthermore, it has to be recognized that the
usage of these building materials in refurbishment case studies have been limited
in particular due to their higher purchasing price in comparison to conventional
insulation materials.

The economic aspects of investment in more effective insulation materials is in-
deed an important discussion for stakeholders as legislations may introduce addi-
tional fees and environmental incentives that would result in higher penalty costs
for stakeholders that do not subscribe to the new building standards. In light of
this discussion it is further fruitful to convey that although the economic aspects of
refurbishment indeed are extremely important for both stakeholders and building
occupants, it remains with no substantial value, when viewed from a different per-
spective. From a historical or cultural perspective the refurbishment of a pristine
building exhibiting a nation’s heritage is indeed priceless if the building can become
refurbished without major alteration of its original state.

This study highlights the economic investment in VIPs for a period of time ex-
tending 50 years at three different interest rates, ranging between 3% and 7%. In
particular in Article III, it is shown that an investment in VIPs waives the deposited
amount after a time period of 50 years.
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Chapter 7

The ASREF Model

7.1 Model overview

As a result of the adopted methodology in this study, A Sustainable REFurbishment
tool for the built environment, henceforth abbreviated by (ASREF) is developed.
The model relies on a number of parameters for establishment of decisions about
sustainable refurbishment scenarios. In particular the model relies on inputs I,
decisions D and processed outputs P. Figure 7.1 depicts the ASREF model.

I1 
I2 
. 
. 
. 
IN 

D1 
D2 
. 
. 
. 

DN 

P1 
P2 
. 
. 
. 

PN 

PROCESSED 
OUTPUTS DECISIONS INPUTS 

Figure 7.1. The developed model for a sustainable refurbishment tool for the
built environment (ASREF).

7.2 Input parameters

The inputs parameters can be described by I = {I1, I2, . . . , IN}, where N is a
positive integer. In this context some of the input parameters can consist of:

• current insulation materials

• current legislation

33



CHAPTER 7. THE ASREF MODEL

• current energy price/usage

• current space limitation

• current expenses

• current emissions

The versatility of the model lies in that no restrictions are imposed on the number
of input parameters.

7.3 Model processing

In the model processing unit, decisions are made with regards to the number of
input parameters. The number of decisions from this module are denoted by
D = {D1, D2, . . . , DN}. For instance, if a particular type of insulation material
is specified as an input parameter depending on the desired output, the model can
be utilized to provide alternative insulation materials instead of the specified one.
Hence, depending on the number of input parameters the model processing unit
may require more or less sophisticated processing.

7.4 Output parameters

As stated earlier, the model processing unit relies largely on the number of input
parameters IN yielding the number of decisions DN . The processed output unit em-
ploys the decisions and based on the demand of the user, can provide him/her with
a suitable decision with regards to alternative scenarios. The output parameters of
the model are moreover denoted by P = {P1, P2, . . . , PN}.

7.5 Discussion

The presented ASREF model in essence, summarizes the findings of this study.
The idea behind utilizing the ASREF model is to provide the user with more in
depth overview of the decisions and the number of input parameters. Upon having
knowledge of these parameters, the user is apprised about the inputs. It is hence
evident that a large number of inputs into the model, renders the decision process
more intricate.
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Chapter 8

Summary

The presented work in this thesis has provided an overview of the sustainable refur-
bishment topic within the built environment by means of a literature review that
identifies existing refurbishment tools and methods that have previously been devel-
oped. In addition to the aforementioned study, a methodology has been developed
that considers retrofitting within the built environment based on a multitude of
dimensions. These dimensions include the technical, economic, environmental and
building occupancy consideration as part of a complete model of building refurbish-
ment. A model is moreover developed that features a finite number of inputs chosen
by the user. These inputs are thereafter considered within the model processing unit
to provide decisions based on the user inputs.

The presented study herein has identified that refurbishment presents advantages
over demolition and enables energy savings. The work has also identified that the
refurbishment tools often only target a limited number of refurbishment criteria.
Hence, more comprehensive tools are needed that target these needs. One such
tool is the methodology proposed in this study, Figure 3.1 actualized through the
presented ASREF model. As the conducted literature review further identified that
high performance thermal insulation solutions can provide a reduction in energy
consumption, a study was conducted that considered the placement of VIPs with
other building materials and the resulting energy efficiency thereof. This study
further sheds light on the importance of VIP placement and the effects of thermal
bridges by means of finite element simulations.

The strength of the developed methodology and and the ASREF-model is that
they consider the refurbishment process from a different perspective as opposed to
conventional methods which merely concentrate on either the economic or techni-
cal aspects of the process. This methodology can therefore facilitate the decision
making process, as the user becomes completely aware of the different inputs and
their crucial importance to the model.
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Based on their geographical positions, the total energy consumptions in five different
locations in Europe have been examined, upon utilizing VIPs instead of conventional
thermal insulation materials. The energy savings in percentage are in this context
higher in colder regions in comparison to warmer regions as exhibited in this study.

For decision making in the built environment, a universal methodology that in-
vestigates the building refurbishment domain on a profound level is intricate to
adopt due to various factors, such as geographical and environmental disparities.
In this study in accordance with RWR (The Renovation Workshop of Riksbyggen),
it is identified that the economic and environmental aspects are the most crucial
factors for renovation measures within the built environment. Furthermore, has
this project provided useful pieces of information about future renovations, of vital
importance for both building owners and occupants.
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Chapter 9

Future work

The present study has examined the technical, economic and environmental aspects
of building renovation within a sustainable built environment. Future work consists
of in-situ measurements of humidity and temperature within a renovated building
envelope according to the aforementioned sustainable approach. A climate chamber
will moreover serve as a basis for evaluation of a building envelope equipped with
high-efficient thermal insulation.

In order to close the loop for the scope of the research, a post occupancy evalu-
ation will also be undertaken, in order to identify the needs of renovation, based on
the opinions of the building occupants. The developed model from this study yields
a multi-faceted approach towards sustainability and refurbishment efforts within
the built environment.
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