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Summary
Residential buildings must fulfill a broad range of functional requirements in terms of thermal 
comfort, air quality and light and sound conditions, amongst others. In meeting such basic 
needs, residential buildings require considerable investment from society, draw significantly 
on natural resources and are the cause of large emissions to the environment. 

The overall research aim of the thesis is to demonstrate and apply novel methods to provide 
decision support in planning for low-energy buildings. The methods consider buildings’ 
functionality and environmental and economic performance.  

The first paper appended this thesis proposes a method for assessing renovation packages for 
multifamily buildings drawn up with the goal of reducing energy demand. The method 
includes calculation of bought energy demand, life-cycle cost (LCC) analysis and assessment 
of the building according to the Swedish environmental rating tool Miljöbyggnad (MB). The 
method is further explained and analysed by applying it in 3 case studies. In each case study a 
multi-family building representing a typologically significant class in the Swedish building 
stock is considered, and for each building a base case and 2 renovation packages with higher 
initial investment requirement and higher energy-efficiency are defined.  It is shown that 
higher efficiency packages can impact MB’s IEQ indicators both positively and negatively 
and that packages reducing energy demand by approximately 50 % have somewhat higher 
LCC.  

The second paper appended this thesis assesses three different construction alternatives 
(wooden frame, solid wood and concrete) and two different floor plans for new multifamily 
buildings in terms of global warming potential (GWP) due to material production and use 
stage energy demand. The work has been performed in the early stages of a real development, 
aiming at achieving passive house standard and gold certification according to the Swedish 
environmental rating tool Miljöbyggnad (MB). Sensitivity analyses show that emissions 
factors for bought energy and building lifetimes that were used had a significant effect on the 
total GWP as calculated. Other things being equal however the analysis shows that wooden 
alternatives have lower lifetime GWP than concrete.  

The final paper appended this thesis assesses the total GWP due to material production for all 
renovation measures required to reduce energy demand per unit heated floor area in the 
national stock of residential buildings by 50 % compared to 1995. This value is calculated to 
amount to 0.35 Mton CO2-e/year or only 12 % of the reduced carbon dioxide emissions (i.e. 
not other greenhouse gases) due to reduced energy demand arising from said measures 
according to other studies. Over 80 % of the GWP due to material production arises from 
window and ventilation measures. Amongst the measures most significant for demand 
reduction on a stockwide basis, exhaust air heat recovery ventilation measures were shown to 
have GWP due to material production of between 10 and 15 g CO2-e/kWh reduced energy 
demand. Compared with average Swedish district heating with GWP of about 90 g CO2-
e/kWh or a heat pump (with Nordic electricity mix) with GWP of about 40 g CO2-e/kWh, this 
GWP due to material production is not negligible. 

In light of the overall goal of this thesis, case study results in paper 1 show that no single 
renovation package is superior to all others amongst all impacts and functionalities included 
in the assessment. The narrow focus of papers 2 and 3 on GWP is justifiable in light of the 
broad aim of the thesis given the imperative to mitigate climate change. The results show that 
there are significant differences between the alternatives considered in each paper. Other 
common environmental impacts would be interesting to include in these assessments in the 
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future, for example primary energy.  It may also be interesting in the future to consider 
cultural, aesthetic and social aspects in renovation processes. 

Key words: Buildings, energy efficiency, life-cycle assessment, renovation, environmental 
rating tools 
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Sammanfattning
Bostadshus måste uppfylla ett flertal funktionella behov på bl.a. termisk komfort, luftkvalitet 
och ljus- och ljudförhållanden. För att uppfylla dessa behov krävs betydande investeringar 
från samhället och samtidigt skapas naturresursuttag och miljöpåverkande utsläpp. 

Det övergripande syftet med detta arbete är att demonstrera och tillämpa nya analytiska 
metoder för att ge beslutsstöd i planeringen av energieffektiva byggnader. Metoderna avser att 
avspegla byggnaders funktion och miljömässiga och ekonomiska prestanda.  

Den första artikeln i denna uppsats föreslår en metod för att bedöma olika renoveringspaket 
för flerfamiljshus med målet att minska byggnadernas energibehov. Metoden omfattar 
beräkning av köpt energi, livscykelkostnadsanalys (LCC) och bedömning av byggnaden enligt 
det svenska miljöbedömningsverktyget Miljöbyggnad (MB). Metoden illustreras genom att 
tillämpa den i tre fallstudier. Varje fallstudie utgörs av ett flerfamiljshus, för vilket ett basfall 
och två renoveringspaket med högre initial investering och lägre energibehov har skapats. 
Studierna visar att renoveringspaket med lägre energibehov kan påverka innemiljöaspekter 
som MB:s indikatorer belyser både positivt och negativt. Dessutom har paketen som minskar 
energibehovet med cirka 50%  något högre livscykelkostnader. 

I den andra artikeln jämförs tre olika konstruktionsalternativ (träram, massivt trä och betong) 
för ett flerfamiljshus avseende klimatpåverkan från materialproduktion och köpt energi i 
bruksfasen. Beräkningarna har utförts i tidigt skede av ett praktiskt byggprojekt, som syftar 
till att uppnå passivhusstandard och guldcertifiering enligt Miljöbyggnad (MB). 
Känslighetsanalyser visar att använda emissionsfaktorer för köpt energislag och vald 
livslängd på byggnaden har stor inverkan på den totala beräknade klimatpåverkan. Däremot, 
med allt annat lika, tyder analysen på att träalternativen har en klart lägre klimatpåverkan från 
ett livscykelperspektiv jämfört med betongkonstruktionen. 

Den tredje artikeln tar upp det svenska regeringsmålet att minska energibehovet i byggnader 
(per kvadratmeter uppvärmd area) med 50 % till 2050, jämfört med 1995. Artikeln beräknar 
total klimatpåverkan för materialproduktion för samtliga renoveringsåtgärder som krävs för 
att uppnå detta mål i det befintliga bostadsbeståndet på ett kostnadsoptimalt sätt. Denna 
beräknas uppgå till 0,35 Mton CO2-e/år eller endast 12 % av de minskade koldioxidutsläppen 
(dvs. inte andra växthusgaser) på grund av minskat energibehov som härrör från nämnda 
åtgärder enligt andra studier. Över 80 % av klimatpåverkan för materialproduktionen kan 
kopplas till åtgärder för fönsterbyte och ventilation. En av de viktigaste åtgärderna för 
minskat energibehov på beståndsnivå är installation av FTX-ventilation vars klimatpåverkan 
från materialproduktionen ligger mellan 10 och 15 g CO2-e/kWh minskat energibehov under 
bruksfasen. Detta kan jämföras mot genomsnittlig fjärrvärme i Sverige som ligger på runt 90 
g CO2-e/kWh eller värmepump (med el från nordisk elmix) som ligger runt 40 g CO2-e/kWh. 
I ett sådant fall är alltså inte klimatpåverkan från materialproduktionen obetydlig.

Artiklarna 2 och 3 fokuserar i stor grad på klimatpåverkan, vilket kan berättigas på grund av 
det stora samhälleliga behovet av att begränsa utsläppen av växthusgaser under relativt kort 
tid.  Resultaten visar dessutom att det finns betydande skillnader vad gäller klimatpåverkan 
mellan de olika undersökta alternativen. En annan miljöpåverkanskategori som kan vara 
intressant att undersöka i framtiden är primärenergi. I framtida forskning kan det dessutom 
vara intressant att beakta estetiska, kulturella och sociala värden vid renovering av befintliga 
byggnader.
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1 Introduction 
Buildings are functionally complex artifacts. At a very basic level, a primary function of any 
building is to provide a satisfactory environment for the building’s designated purpose. In the 
case of a residential building this means (amongst other requirements) ensuring adequate 
indoor environment – in terms of air quality, thermal comfort, lighting conditions and noise – 
for human habitation.  

In meeting such needs, buildings require considerable investment from society, draw 
significantly on natural resources and are the cause of large emissions to the environment. In 
particular buildings require substantial quantities of material in their construction and a large 
amount of energy to ensure the functional requirements considered above. Principal among 
energy needs are those for space heating to maintain satisfactory indoor temperature and 
humidity, hot water for sanitation, as well as electricity for a broad range of other functions 
e.g. refrigeration, lighting, communications. This thesis is written in light of the functional 
requirements of residential buildings, the natural resources and investments required to fulfill 
them, and the environmental emissions so produced. 

A specific concern in the thesis given that buildings are the cause of significant environmental 
emissions is the growing global awareness that anthropogenic greenhouse gas emissions need 
to reduce significantly and quickly from current levels in order to avoid the worst effects of 
climate change. A recent study by the International Energy Agency (IEA) finds that building 
operation globally accounts for nearly one third of final energy consumption, and for about 
one third of energy-related greenhouse gas emissions (International Energy Agency, 2013). 
The same report shows that on current trends global floor area in buildings will increase by 
about 74 % between 2010 and 2050. If this trend continues as expected, and the global 
community makes a serious commitment to limiting average surface temperature increase to 2 
oC, energy demand during building operation will only be allowed to increase by about 13 %. 
For such reasons, scenarios for reduced energy demand during building operation are a 
popular topic in research and planning, e.g. (Broin et al., In Press, Mata et al., 2013, Mattsson, 
2011).

Taking such work as a starting point, low energy demand in building operation is a central 
theme in this thesis and is considered in all three appended papers. In all three papers it is 
furthermore the intention to connect this theme with others, either to do with building 
functionality or to do with economic aspects and environmental impacts (in particular GHG 
emissions). On this note, Malmqvist and Glaumann (2009) for example cite a number of 
works that highlight the importance of paying attention to indoor environmental quality (IEQ) 
aspects when aiming for buildings with low energy demand, e.g. (Olesen, 2007, Roulet et al., 
2005).

Papers 2 and 3 apply a life-cycle approach to assess environmental impacts. This approach 
proposes that the environmental impacts due to a product or service be assessed in terms of 
the totality of actions over its entire lifetime. In the case of buildings, a recent European 
standard considers the lifetime to consist of four mandatory stages: material production, 
construction process, use (i.e. operation) and end-of-life (CEN, 2011). Papers 2 and 3 
appended this thesis add to the current body of literature focused on high environmental 
performance through low energy demand for building operation to also include global 
warming potential (GWP) due to material production. As with the general aim of a life-cycle 
approach, the approach adopted here presents a better understanding of the overall system 
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consequences of buildings with low energy demand in operation than is derived from 
considering energy in the use stage alone. 

The life-cycle approach in paper 1 is slightly different in that it is an application of life-cycle 
cost (LCC) analysis. In paper 1 it is applied to assess renovation packages of existing 
buildings. The specific systems perspective advantage achieved using an LCC is that those 
alternatives with the lowest LCC are by definition those with the best economic performance 
over the lifetime of the packages. This is not always the case when using for example pay-
back time as the criterion of comparison between different alternatives.

On top of life-cycle approaches, paper 1 also addresses the complex and connected issues of 
building function, natural resource demand and emissions to the environment by applying the 
Swedish environmental rating tool “Miljöbyggnad” (MB). As described at greater length in 
subsequent sections of this introduction, an environmental rating tool (ERT) assesses the 
performance of a building in terms of a given set of discrete indicators. Contrary to the 
name’s suggestion ERTs normally include (and MB is no exception) an assessment of other 
aspects of a building’s functionality than simply environmental performance. MB for example 
assesses three areas – energy, indoor environmental quality (IEQ) and hazardous materials. 
Key aspects of building functionality are not only addressed by indicators for IEQ, but also 
indirectly by hazardous materials, since the presence of hazardous materials also affects the 
health of building occupants.

1.1 Assessing renovation measures for existing buildings 
Primary functions that residential buildings provide, their resource use and environmental and 
economic impacts have been discussed in the first few paragraphs of this cover essay. 
Likewise the interest in scenarios for reduced use stage energy demand for buildings in 
current research. This section considers existing research on how measures aimed at reducing 
use stage energy demand in buildings may be assessed from the perspective of buildings’ 
multi-functionality, resource needs and environmental and economic performance (as in paper 
1).

The examples described below take into account such aspects as reduced emission of non-
GHG gases (e.g. NOx, SOx and PM), reduction of use-stage energy costs, capital investment 
costs for efficiency improvement measures, IEQ and increase in local employment due to 
efficiency programs. Many studies present economic evaluations, with a multitude of 
contrasting methods for overall economic assessment, e.g. payback time, savings-to-
investment ratio, net present value, net present cost, life-cycle cost. 

Other studies consider the life-cycle environmental impacts (often in terms of global warming 
potential and primary energy demand) of measures for decreased energy demand, e.g. (Dodoo 
et al., 2010) and (Wallhagen et al., 2011). For reasons of brevity these latter works are 
discussed alongside other studies with a life-cycle approach in section 1.2 in this introduction. 

Stansbury and Mittelsdorf (2001) present an example where cost benefit analysis has been 
used for the assessment of efficiency improvement in a single office building. Included as 
benefits in this analysis are annual energy cost reduction and reduction in “health costs” due 
to emissions reductions (specifically SOx, NOx and CO2) from reduced energy demand. 
However, possible changes in indoor environmental quality (IEQ) are not addressed. The 
economic approach applied here is an evaluation of payback time based on capital investment 
costs and total judged economic benefit from the measures.   

Another study looks only at economic aspects (Papadopoulos et al., 2002). It examines 
different methods by which capital investment for measures for increased energy efficiency 
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and the ensuing reduced energy costs are combined in calculations of measures’ overall 
profitability. In particular it examines direct payback and savings-to-investment ratio criteria. 

The EPIQR method meanwhile aims to identify refurbishment and retrofit measures based on 
investigation of a building’s physical status, IEQ as experienced by users and use stage energy 
demand (Jaggs and Palmer, 2000). Measures recommended by the method are assessed based 
on energy demand, IEQ and investment cost. The method does not include an overall 
assessment of the profitability of measures, nor an analysis of the external environmental 
impacts that renovation measures may have.  

A contrasting study describes a method for evaluating renovation proposals for an office 
building using indicators related to IEQ, energy/environment and to economic aspects 
(specifically investment cost for the measures and yearly operating costs for the building in 
question) (Rey, 2004). The identified indicators are then weighted and aggregated to facilitate 
the direct comparison of different renovation strategies.

Notable for the way in which economic effects of energy efficiency measures are analyzed on 
building level is a study where a net present value (NPV) approach is used, and the time 
period for the evaluation is based on the technical lifetimes of the assumed measures 
(Sunikka, 2006). Though not explicitly mentioned in this work, such an approach reflects a 
key consideration in the life-cycle cost (LCC) analysis of energy efficiency measures, the use 
of which has increased significantly in recent years.   For example, the consulting firm Davis 
Langdon reports multiple renovation projects where LCC has been used in the decision-
making process (Davis Langdon, 2010). Researchers have also recommended the use of LCC 
in construction and property management in the United States (Buys et al., 2011). Indeed, 
LCC analysis of renovation measures for as good as all multifamily buildings in Sweden (for 
each single building) was required as part of the national implementation of the first EU 
Energy Performance of Buildings Directive (EPBD) (Swedish Board of Housing Building and 
Planning, 2010, European Union, 2002). Furthermore the recast EPBD explicitly requires that 
member states’ minimal energy performance requirements are set with respect to the “cost-
optimal level” defined as “the energy performance level which leads to the lowest cost during 
the estimated economic life-cycle” (European Union, 2010).  

As well as approaches mentioned above, another possible method for assessing renovation 
measures (and one that is used in paper 1) is to apply an environmental rating tool. Use of 
environmental rating tools in renovation processes to assess renovation alternatives is 
documented in a number of cases, e.g. (Stott, 2010), (Dell'Agnese et al., 2008), (Blankin and 
Kenney, 2010), (Keeton, 2010) where different versions of the American LEED tool have 
been used to assess alternatives with the aim of achieving better building functionality with 
reduced environmental impacts after a renovation. The approach used in paper 1 differs from 
these aforementioned references in that it applies the Miljöbyggnad (MB), which as described 
below has a fundamentally different make-up to the LEED tool (USGBC, 2013) and therefore 
leads to a fundamentally different assessment.   

The assessment of energy efficiency measures using indicators from MB ought to be 
interesting for property owners. In a recent comprehensive survey of Swedish housing 
companies  respondents agreed with the statement that “we may consider unprofitable energy 
efficiency investments to strengthen our trademark” (Högberg, 2011). Therefore, using an 
environmental rating tool to assess energy efficiency measures may be interesting due to the 
fact that such tools function as trademarks for high environmental performance. Secondly 
respondents agreed with the statement that “we believe energy efficiency pays off even if we 
can’t show it in a calculation” (Högberg, 2011). It seems reasonable to conclude therefore that 
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owners perceive an added value associated with energy efficiency measures and it is possible 
that a tool such as MB may give expression to those added values. 

Ultimately such arguments are based in the fact that is important to establish energy 
efficiency initiatives in the broader sphere of property management in general. A recent 
governmental enquiry identifies factors such as lack of time and interest, or the prioritization 
of other things as significant barriers to higher energy efficiency in the property sector (SOU, 
2008). Application of MB to proposed energy efficiency packages may address such barriers 
since it formally and systematically places the goal for energy efficiency in the context of all 
the other factors that MB takes into account using standardized and credible indicators. 

Finally, it is important to note that at the time of writing MB is quickly becoming established 
amongst practitioners and it is therefore important to build on this by exploiting MB to guide 
renovation processes towards the necessary improved environmental performance.    

1.2 The increasing importance of GWP due to material production 
In contrast to the environmental rating tool approach of paper 1, papers 2 and 3 view the 
resource use and environmental emissions due to fulfilling buildings’ functional requirements 
from a life-cycle perspective. This proposes that environmental impacts due to a product or 
service be assessed in terms of the totality of actions over its entire lifetime. For buildings, the 
life-cycle or lifetime may be considered to consist of the following four mandatory stages: 
material production, construction process, use and end-of-life (CEN, 2011). Recent research 
suggests that the use stage is not the only stage with significant environmental impacts over a 
building’s lifetime.  

In a review paper, Sartori and Hestnes (2007) find that of the conventional buildings included, 
use stage primary energy demand accounted for between 62 and 98 % of the total over the 
entire building lifetime (Sartori and Hestnes, 2007). Meanwhile, of the “low-energy” 
buildings included in the study, use stage primary energy demand accounted for between 54 
and 91 % of the total over the entire building lifetime. 

Paper 3 also summarizes building level environmental assessments applying life-cycle 
thinking from the past 5 years, comprising (Hacker et al., 2008, Bribian et al., 2009, Blengini 
and Di Carlo, 2010, Rossi et al., 2012, Cuellar-Franca and Azapagic, 2012, Dodoo et al., 
2011, Dodoo et al., 2010, Van Ooteghem and Xu, 2012, Rai et al., 2011, Wallhagen et al., 
2011, Monahan and Powell, 2011). The review shows that in terms of both primary energy 
and GWP, it is material production and use stages that taken together dominate overall life-
cycle environmental impacts due to buildings. The data further show that the balance between 
these two life-cycle stages varies significantly between the studies and between the GWP and 
primary energy impact categories. In terms of primary energy the use stage energy demand 
accounts for between 98 % (Dodoo et al., 2011) and 39 %  (Blengini and Di Carlo, 2010) of 
life-cycle impact. Material production meanwhile accounts for between 56 % (Blengini and 
Di Carlo, 2010) and 2 % (Dodoo et al., 2011) of total life-cycle impacts in terms of primary 
energy. In terms of GWP, use stage energy demand accounts for between 89 % (Cuellar-
Franca and Azapagic, 2012) and 26 % (Wallhagen et al., 2011) of total life-cycle impacts.  On 
the other hand, material production accounts for between 74 % (Wallhagen et al., 2011) and 
10 % (Cuellar-Franca and Azapagic, 2012) of total life-cycle GWP. The differences shown 
here depend partly on actual differences between the cases considered. This comprises for 
example differences in construction materials (e.g. timber, concrete or steel) and in use-stage 
energy sources and total use stage energy demand. Differences may arise also as a result of 
the specific delimitations and assumptions made in the inventory methods each of the studies.  
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Paper 2 presents an assessment that is very similar to most of the works mentioned in the 
previous paragraph in considering the over the lifetime of the entire building. Paper 2 even 
uses the same assessment tool as Wallhagen et al. (2011). The approach in paper 3 takes 
conclusions of the aforementioned research, namely that impacts (specifically GWP) due to 
material production are not negligible. Paper 3 however considers a slightly different 
situation, namely the assessment of renovation measures for reduced use stage energy demand 
in existing residential buildings, and how GWP due to material production may affect the 
overall improvements in environmental performance from such measures. 

2 Aim 
The overall research aim of the thesis is to demonstrate and apply novel methods to provide 
decision support in planning for energy efficient buildings. The methods consider buildings’ 
functionality and environmental and economic performance.  

Each of the appended papers addresses this aim in a different way. Paper 1 answers the 
following more specific research question:

- What new knowledge for decision support does LCC and application of Miljöbyggnad give in
the assessment of renovation packages for reduced energy demand?

Papers 2 and 3 are both concerned (amongst other things) with the GWP due to material 
production in buildings. The related specific research question is: 

- Is the GWP due to material production significant for decision making for improved
environmental performance in

o Choice of construction material and design alternatives in new building projects?
o Prioritization of renovation measures of existing buildings for reduced energy

demand?

Paper 2 answers the first part of the specific research question above and paper 3 the second.

A unifying theme in the research carried out is that the papers aim to expand assessment of 
low-energy buildings from simply energy demand to include other important aspects, 
considering the previously mentioned building functionality and economic and environmental 
performance. Having said that, given this broad scope it is necessary to delimit already here 
the research aims. Notably papers 2 and 3 consider only GWP as an environmental impact. 
Also, since paper 1 considers the indicators of MB, building functionality is interpreted in this 
paper as meaning IEQ.  

The main objects of study in this thesis are: 
Renovation packages for three multi family buildings (paper 1)
Construction material and design alternatives for one residential building (paper 2)
Renovation measures for the Swedish residential building stock (paper 3)

2.1 Brief summary of papers 
The methods used to answer the research questions are outlined below and described in 
further detail in the Research Methods section. 

Paper 1 looks at 3 multi-family buildings. For each building 3 different renovation packages 
were drawn up, varying depending on the level of decrease in energy demand aimed for. The 
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packages were assessed using life-cycle cost (LCC) analysis, and the Swedish environmental 
rating tool MB. 

Paper 2 assesses the life-cycle GWP due to different design and construction material 
alternatives for a new multi-family residential development in the Greater Stockholm. Two 
different kinds of wooden structures, and one concrete structure were assessed giving three in 
total. Each were applied to 2 different building designs each with about 500 m2 heated floor 
area. Therefore six different cases were studied in total. 

Paper 3 calculates the GWP due to material production for measures to reduce the energy 
demand in the stock of existing Swedish residential buildings by 50 % compared with 1995. 

3 Research methods 
As established previously, this thesis is written in light of the complexity of buildings in terms 
of their functional requirements. Partly due to these requirements, assessing environmental 
impacts due to buildings is in turn a complex issue. This thesis considers two distinct methods 
to assess the environmental impacts due to buildings: life-cycle assessment and the 
environmental rating tool Miljöbyggnad. It also uses case study methodology. 

3.1 Case study research 
An important question in scientific procedure is the extent to which the research carried out 
may produce new knowledge that can be applied to understand cases distinct from those 
studied as objects of research. Reductionist natural science, e.g. chemistry is at one extreme of 
this spectrum where research objects are principally electrons that are combined in a myriad 
of ways, and it is assumed that any other electron in the same circumstances will behave in 
the same way. At the other end of this spectrum may be considered case study research, as 
discussed at length by Flyvbjerg (2006) and Johansson (2003). Case study research at this 
extreme often considers very complex social phenomena. The value of such case study 
research cannot derive from generalisability analogous to that of research where electrons are 
objects. Rather it derives from the very uniqueness of the observations. As Flyvbjerg (2006) 
points out, case study research is important specifically because to study these social 
phenomena the search for theoretical generalisations along the lines of natural sciences is 
often a vain one and that therefore context dependant knowledge is necessary. Flyvbjerg 
(2006) goes on to point out that formal generalisations are often overrated in the scientific 
enterprise while the force of example that comes from a case study is underrated. 

As artifactual entities, buildings require an investigative approach that bridges these two 
extremes. On the one hand much of the environmental assessment carried out relies on fairly 
highly generalisable natural scientific knowledge, e.g. greenhouse gas emissions due to fuel 
combustion, energy balance calculations as performed. On the other hand this knowledge is 
only meaningful when it is viewed in the context of a case of the artifactual objects in 
question, i.e. a building. As much as one building may be similar to the other, they are 
nonetheless complex enough artifacts that it is not entirely straightforward to generalise 
knowledge obtained from the study of one building to all, as is largely so for electrons. 

Indeed, in light of the research questions as posed it has been necessary to exemplify cases to 
provide satisfactorily answers. This is particularly so for the research carried out in paper 1, 
which answers the research question by ultimately proposing exemplary answers from the 3 
buildings and renovation packages studied.

On the one hand the three different buildings are interesting because they are all 
representative of buildings from the million homes program and are therefore widely 
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generalisable. On the other hand, the buildings designated 1963 apartment building and 1973 
apartment building may also show significant variation in initial energy demand before 
renovation, similar to the “maximum variation” as described by Flyvbjerg (2006). This is so 
because the 1973 apartment building represents a case where technologies relevant for the 
building’s energy demand are practically unchanged since construction. Bought energy 
demand in the 1973 apartment building is about 220 kWh/m2 HFA, year and very close to the 
national average for multifamily buildings of this vintage (see (Swedish Energy Agency, 
2012)). This provides for interesting contrast with the 1963 apartment building where 
significant technical measures have been carried out since initial construction with a 
significant impact on energy demand. The 1973 row house case further provides extra 
information since differs from the other cases in so far as it includes different construction 
technology and uses electric resistance based systems for space heating and domestic hot 
water. For each of the three buildings, 3 cases of (non-)renovation were considered:

- A base case where only measures necessary to maintain the current function in terms of
energy demand were considered

- A medium efficiency package, aiming at a moderate reduction in energy demand
- A high efficiency package aiming at significant energy demand reduction

The specific renovation measures included in each package were based on general knowledge 
of state of the art technologies for renovating existing buildings. 

Paper 2 has a strict focus on evaluating GWP due material production and the use stage for 
proposed new apartment buildings. Therefore it cannot really be argued that it attempts to 
capture the complexity of the case considered. However, in his defence of case study research, 
Flyvbjerg (2006) also argues that single cases are of research interest where they are examples 
of “extreme/deviant cases”, “maximum variation cases” or “critical cases”. Paper 2 is an 
example of (as Flyvbjerg (2006) would put it) an “especially good” case. This is firstly 
because there are currently very few examples in literature where life-cycle procedures have 
been applied to affect decisions in real building development processes. The building 
development project is also an “especially good” case because it is an example of 
technological best practice from the point of view of environmental performance – developers 
are aiming for the building to achieve a gold rating according to Miljöbyggnad and Passive 
house standard (i.e. a very high energy performance).  

3.2 Assessing buildings with an environmental rating tool 
Environmental rating tools have been developed internationally, each with a slightly different 
composition in terms of what aspects are assessed and how final scores based on the 
assessment methods are arrived at. LEED (USA, see (USGBC, 2013)) and BREEAM (UK, 
see (BRE, 2013)) are both examples of tools that are widely used in the countries where they 
were initially developed and have also been implemented to a certain extent internationally, 
increasingly so in Sweden.

In general, tools aim to assess a building firstly in terms of a number of discrete criteria (or 
indicators). An overall score is then assigned by weighting and aggregating the results of this 
discrete indicator score. The areas addressed by each of the criteria vary depending on the 
intended scope of the tool in question.

Table 1 compares LEED and BREEAM with the Swedish tool Miljöbyggnad. Miljöbyggnad 
aims specifically to assess those aspects that are specifically related to the building itself and 
is therefore limited to three areas – energy, IEQ and hazardous materials. LEED and 
BREEAM by comparison aim to be more comprehensive and account for transport, 
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principally for building users to and from the site (in LEED this is covered in the area 
sustainable sites), water use, ecological aspects related to the exterior site, and waste 
management in the building. The tools also differ in terms of how the overall building score is 
determined from the scores based on the discrete criteria that are assessed. BREEAM and 
LEED have a small number of points that are compulsory (i.e. all buildings certified by the 
scheme must meet these criteria), otherwise scores are aggregated first by weighting the 
different areas (reflecting the judged importance of each) and then by addition of area scores. 
Miljöbyggnad in contrast to these tools applies outranking whereby the overall score for the 
building is related to the lowest of the scores in the given indicators. This is intended to 
ensure that buildings that are poor in certain respects do not receive high ratings with the tool.

Notably, though collectively known as environmental rating tools, all the tools considered in 
Table 1 also consider IEQ. A building with poor IEQ clearly would be one that is insufficient 
from the functional point of view considered in this thesis. It is reasonable to consider 
therefore that such a building should not receive a high rating from an environmental rating 
tool.
Table 1: Comparing environmental rating tools LEED (USGBC, 2013), BREEAM (USGBC, 2013) and 
Miljöbyggnad version 2.0, existing buildings (Malmqvist et al., 2011b). 
Rating tool Number of 

indicators
(depends
slightly on 
version)

Areas assessed Aggregation
principle

Weighting 

LEED Approx. 35 - Sustainable sites
-Water efficiency
- Energy and atmosphere
-Materials and resources
- IEQ
- Innovation
-Regional priority

Addition
with some 
minimum 
requirements 

Implicit 
weighting based 
on the points 
accorded each 
area

BREEAM Approx. 50  -Management
-Health and well being
- Energy
- Transport
-Water
-Materials
-Waste
- Land use and ecology
- Pollution
- Innovation

Addition
with some 
minimum 
requirements 

Yes

Miljöbyggnad
(version 2.0, 
existing
building) 

14 - Energy
- Indoor environmental
quality

-Hazardous materials

Outranking No 



9

3.3 Applying Miljöbyggnad in research 
The Swedish environmental rating tool MB is used in paper 1 principally because it fulfills 
the aim of the proposed assessment methodology to account for environmental impacts and 
aspects of building functionality (i.e. IEQ) together. The tool is relatively easy to apply in 
what could be termed the screening process that is applied in the cases in paper 1, due to the 
relatively small number of indicators and the fact that the indicators are customized for 
Swedish building regulations considering e.g. ventilation inspections, measurement principles 
for energy demand and regulations concerning hazardous materials.  

MB uses indicators assessing the following: 
- In the energy area:

o Bought energy
o Heat loss factor (a measure of the building envelope’s thermal performance)
o Solar heat charge factor (a measure of the possible cooling demand)
o Energy mix (a measure of the environmental performance of energy carriers used)

- In the IEQ area:
o Radon concentration.
o Nitrogen dioxide in indoor air
o Moisture
o Thermal climate, winter
o Thermal climate, summer
o Day lighting
o Legionella risk in tap water

- In the hazardous materials area a building is assessed based on the presence of said
materials and whether or not building management keeps an inventory of these materials.

A complete list of indicators and summary of the methods used to evaluate them in the case 
studies to which it is applied is given in Table 6 of paper 1. The information required for 
evaluation was obtained from documents such as architectural drawings, reports from 
compulsory ventilation inspections, moisture inspections, energy demand data as well as site 
inspections of the buildings in question. Classification of buildings in base cases and after 
renovation packages was carried out with the simplified methods per the then-current MB 
manual (Boverket, 2010). 

MB specifically fulfilled the requirement to assess building functionality on the basis of the 9 
indicators focussed on IEQ. A further advantage of applying MB in this assessment is that it 
applies 4 specific indicators in the energy area that reflect more fully the environmental 
consequences of energy demand than fewer, arbitrarily chosen indicators in the energy area. 

MB is currently the most widely used environmental rating tool in Sweden, though there are 
relatively few examples where it has been applied in the renovation of existing buildings, 
which is another motivation behind writing paper 1.  

Note that the version of MB applied in paper 1 is 2.0 for existing buildings. Since the research 
for paper 1 was carried out, a newer version of MB has been established, version 2.1 (please 
see (SGBC, 2013)). MB for new buildings contains two indicators assessing hazardous 
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materials rather than the one for existing buildings in version 2.0. Two further indicators exist 
in MB each of which pertains to buildings with separate sewage treatment on the one hand 
and fresh water from a separate well on the other (SGBC, 2013). Neither of these applies to 
the cases considered in paper 1 however.  

3.4 Life-cycle approaches 
Life-cycle approaches here refer to methods that aim to account for impacts over the lifetime 
of the product or service in question. They may be concerned with environmental impacts, 
where in this thesis they complement ERTs as the second approach for assessing buildings’ 
environmental impacts. Examples in recent research of the application of a life-cycle 
approach for environmental assessment are given in section 1.2. Its application for 
environmental assessment in papers 2 and 3 is described in sections 3.4.2 and 3.4.3. As shown 
in Figure 1 paper 2 considers environmental impacts due to material production in initial 
building development and operational energy during the use stage. Figure 1 also shows that 
paper 3 considers impacts due to material production for renovations to improve the energy 
efficiency of existing buildings. 

Meanwhile paper 1 considers life-cycle cost (LCC) analysis, where the purpose is to assess 
the cost of a given product or service over its lifetime. As shown in Figure 1 the paper 
considers costs due to operational energy as well as material production and construction 
costs due to renovation measures for increased energy efficiency. Other recent applications of 
LCC are presented in section 1.1. Further details of the exact LCC procedure are given in the 
following subsections.

Figure 1: Coverage of building life-cycle stages (according to European standard (CEN, 2011)) for the life-
cycle approaches applied in each of the papers appended this cover essay.  

3.4.1 Life-cycle cost analysis 
MB does not evaluate economic aspects, e.g. construction costs, energy costs etc. Such were 
nonetheless of interest for the purposes of the assessment in paper 1 and therefore life-cycle 
cost (LCC) analysis was used.

Material 
production 
(initial 
development) 

Construction  
(initial 
development) 

Use 
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End-of-life 

Material 
production 
(renovation 
and
maintenance) 

Construction 
(renovation and 
maintenance) 

Paper 2 

Paper 1 
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Colour Key
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The LCC method applied in paper 1 draws to a great extent on the recommendations of the 
Swedish Board for Housing Building and Planning (Swedish Board of Housing Building and 
Planning, 2010). The paper uses a net present cost method to compare base cases and 
renovation packages. The period of analysis was chosen to be 50 years, since this is 
considered a reasonable lifetime for the building over which cash-flows will be of interest for 
decision makers now. A real discount rate of 5 % was used, based on historical analysis of the 
rate of return on Swedish government bonds (The Riksbank, 2011). 

Costs included in the calculation are initial investment costs for the renovation packages and 
the base cases, yearly energy costs and operation and maintenance costs required to maintain 
the established level of energy demand over the chosen period of analysis. Since many of the 
measures applied use systems with shorter technical lifetimes than the 50 year period of 
analysis of the LCC, appropriately discounted re-investment costs for such items are included 
in the LCC. As indicated in Figure 1 the analysis ignores end-of-life costs. A significant 
reason for this is that it is assumed that the buildings in question will not themselves be 
demolished at the end of this calculation period.  

Comparing packages on the basis of LCC avoids the trap that payback time-based methods 
fall into where measures with a high ratio between yearly reduction in energy costs and initial 
investment cost are favoured, even though they may be economically sub-optimising over the 
entire lifetime that is interesting for an investor. Comparison using LCC favours measures 
that over the period of analysis by definition minimise total costs over that period.   

3.4.2 Life-cycle approach in the development of new multifamily 
buildings 

The study performed in paper 2 was commissioned by a property developer to contribute to 
the knowledge base in the early stages of a specific development process for a site in the 
northern part of Greater Stockholm. 

The methodology applied draws on stages for life-cycle assessment (LCA) from ISO 14040 
Environmental management - Life cycle assessment - Principles and framework (International 
Organisation for Standardisation, 2006). Since the study was carried out in the early stages of 
the development process, the ENSLIC1 simplified tool (Malmqvist et al., 2011a), that was 
established with the specific intention of giving input (concerning life-cycle GWP) at this 
stage, was used.

In the framework of standardised LCA the goal for the study is as given in the Aim section of 
this thesis. Further aspects significant to standardised LCA such as the motivation for the 
study, users of the study’s outcomes are given in paper 2.  

As per the principles of the ENSLIC simplified method, the only environmental impact 
considered in the study is GWP. The life-cycle stages are limited to material production and 
energy demand during the use stage since these are considered the most important and since 
the scope of the tool is application in early design phases. Impacts due to construction and 
end-of-life stages are omitted. 

The ENSLIC simplified method further requires input in the form of basic dimensional data 
for the building in question (perimeter of outer walls, number of storeys, percentage glazed 
surface area), materials used and dimensions for important building elements (outer walls, 
inner walls, slabs, roof, windows) as well as lifetimes for said materials. The 2 different 

1 At the time paper 2 was written, the tool was known as ENSLIC. It is currently referred to as BECE – Basic 
Energy and CO2 Estimations for buildings. 
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building designs were specified in the form of sketches by the project architect. Dimensions 
and material choice for the building elements - external walls, internal walls (load-bearing and 
non-load bearing respectively), foundation slabs, intermediate floor slabs, roof/attic slabs - 
were supplied separately by each of the 3 construction contractors contacted. Each of the 
construction contractors were further invited to provide data for material lifetime as per ISO 
15686-2 (International Organisation for Standardisation, 2003) and for GWP due to cradle to 
gate material production based on an environmental product declaration based on e.g. 
(International Organisation for Standardisation, 2007). In the event none of the construction 
contractors could supply such data. Therefore generic data included as part of the ENSLIC 
tool for GWP for all building materials was assumed. Sources for this data are described in 
paper 2, Section 3 Method. All building materials were assumed to have a lifetime equal to 
that of the entire building, namely 50 or 100 years. 

The specific design data for the buildings, building elements and materials collected were 
used to calculate the total material quantity and thermal properties of each construction 
material alternative. This is performed automatically in the ENSLIC tool established in 
Microsoft Excel.  

On the basis of calculated thermal properties, the yearly energy demand of each construction 
material alternative was calculated with a heat balance developed specifically for the special 
thermal properties of passive houses. This is not an automatic feature of the ENSLIC tool and 
the details of this procedure are given in paper 2 section 3.3. Use stage energy demand for the 
buildings was used in combination with data for GWP for energy demand to calculate the 
GWP due to use stage energy demand in the cases considered. 

The material inventory calculated in ENSLIC for the cases studied was connected to 
ENSLIC’s data for GWP due to material production in the calculation of the overall GWP due 
to material production for the cases considered. 

3.4.3 Life-cycle approach in assessing GWP due to material production 
for renovation measures for multifamily buildings

The study in paper 3 has been carried out with the express purpose of contributing to the 
scientific literature in the field, where it has been shown (see section 1.2 in this cover essay) 
that for buildings with high energy efficiency and use stage energy demand met with energy 
from renewable sources, environmental impacts from material production constitutes a non-
negligible part of the building’s total lifetime impacts. 

The principle application of a life-cycle approach in paper 3 is that it specifically focuses on 
the GWP due to material production for renovation measures. The GWP due to each 
renovation measure are compared on the basis of a functional unit of one kWh of reduced use 
stage energy demand. In this way, the study succeeds in establishing data that facilitates a 
comparison between GWP due to material production and generic energy carriers for use 
stage energy demand. The study adds a life-cycle perspective to the large body of work that 
already covers assessment of renovation measures for reduced use stage energy demand. 

The totality of national renovation measures required to achieve the established energy goal 
were described by microdata from the “BETSI energy assessment” carried out as part of the 
“BETSI survey” (Swedish Board of Housing Building and Planning, 2009, Mattsson, 2011). 
This is an example of a study of renovation measures for reduced use stage energy demand 
that focuses only on the use stage alone. The “BETSI energy assessment” established the 
types of renovation measures (in total about 30 different measures) required and the extent 
each one be carried out in the national stock to achieve the goal of 50 % use stage energy 
demand reduction using a criterion of cost optimality. The BETSI energy assessment uses 
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1384 sample buildings, and the national stock is described from these by assigning up-scaling 
factors that express the quantity of the national residential stock that is represented by each 
sample building.  Paper 3 uses the results of the BETSI energy assessment that describe which 
renovation measures are carried out on which sample buildings, and how much energy 
demand reduction each one causes, up to the stated goal for 50 % reduction. In total this 
comprises about 8000 separate rows of data. Paper 3 also uses data describing the physical 
dimensions of each of the sample buildings such as floor area, external wall area, window 
area etc. 

The material requirement for each of the 30 renovation measures was obtained by consulting 
a Swedish standard reference, (Wikells Byggberäkningar AB, 2010). Finally GWP due to 
material production for renovation measures was acquired using inventory data from the 
EcoInvent database (Frischknecht and Rebitzer, 2005) and the CML 2 baseline 2000 V2.05 
impact assessment method (Goedkoop et al., 2010).   

Data from all the sources noted above was assembled and used to perform calculations that 
resulted in data sufficient to meet the stated goal of the study in paper 3. A more thorough 
description of this process, along with a table describing renovation measures is given in 
paper 3. 

4 Results 

4.1 Assessing renovation measures for building functionality and 
environmental and economic performance 

Paper 1 considered three multifamily residential buildings and applied to each two different 
renovation packages, with varying ambition for reduced bought energy demand. For each 
building, a base case was also considered, representing a situation where bought energy 
demand was simply maintained at the current level.  

The high efficiency packages considered in paper 1 decreased energy demand compared to 
base cases by approximately 50 % in all considered building cases. The LCC was between 10 
and 26 % higher than for the base case depending on the building in question. The energy 
demand reductions are all of a magnitude that, if implemented for buildings on a national 
scale, would contribute significantly to the goal of reducing energy demand by 50 % per unit 
heated floor area in the national building stock to 2050 compared with 1995 (see (Swedish 
Government, 2008, Swedish Government, 2005, Swedish EPA, 2011)). 

For the medium packages the results were less homogeneous. The 1973 row houses showed 
energy demand reductions of around 50 % already for the medium package at LCC only 
negligibly higher than for the base case. Such a large demand reduction is achievable because 
energy is supplied as electricity to the 1973 row houses, which is relatively more expensive 
than district heating. The 1973 apartment buildings showed energy demand reduction of just 
over 20 % with LCC about 20 % below that for the base case. For the 1963 apartment 
building, the medium package gave an energy reduction of barely 10 % at an LCC that was 3 
% above that for the base case.

Evaluation with Miljöbyggnad indicators showed changes in building functionality and 
environmental performance due to the renovation packages. All packages for all buildings had 
reduced bought energy demand, reduced heat loss (these two are rather obvious, admittedly) 
and improved thermal climate in winter (also quite obvious, but maybe less so). 

Cooling load requirement (i.e. solar heating in summer) and thermal climate in summer was 
worse for renovation packages for the 1963 apartment building. This is because the new 
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windows that were installed in these packages had low U-values (for improved environmental 
performance in many respects) but did not allow for blinds between panes of glass, giving 
worse solar shading. For other building cases and packages, cooling load requirement and 
thermal climate in summer remained unchanged or was improved.  In the case of the 1973 
row houses this was thanks to the fact that external shades had been assumed for exposed 
windows. These may also be applied to the 1963 apartment building to prevent the observed 
increases, though at increased cost. 

It was proposed for both medium and high efficiency packages for the 1973 row houses that a 
system with balanced ventilation and exhaust air heat recovery be installed.  For just this 
building it was possible to visit similar row houses where a pilot renovation with the same 
type of ventilation system had been installed. The listening test in these houses showed an 
increase in noise due to the flow of ventilation air in some rooms, and therefore there is 
judged to be a negative change in indoor noise conditions in the building. For other buildings 
the indoor noise conditions were judged to be unchanged.

There were other aspects of building functionality and environmental performance measured 
in Miljöbyggnad that proposed packages were not aimed at addressing. These comprise in 
particular energy mix, radon concentration in indoor air, nitrogen dioxide in indoor air, day-
lighting, legionella risk and hazardous substances. Therefore it was assumed in all buildings 
and all packages that performance in these areas was unchanged.  

Complementing and contrasting the approach of paper 1, paper 3 analysed the environmental 
performance of renovation measures for renovation of existing buildings on the level of a 
separate renovation measure (as carried out on the national stock) and on the level of the 
entire stock of residential buildings. The main indicators used for this purpose were GWP due 
to material production per unit reduced use stage energy demand (g CO2-e/kWh) and 
stockwide potential use stage energy demand reduction in TWh/year. 

Intermediate results from the study as reported in paper 3 are the GWP due to each given 
measure as calculated. In the majority of cases for envelope insulation measures it is the 
insulation materials themselves that are the dominant source of GWP due to material 
production. Having said that, in measures where they are required, GWP due to concrete, tile 
and brick dominate the total impacts for the measure (see paper 3 for examples of this). The 
results also show that material production for new windows has a GWP significantly greater 
than cases where old windows are renovated for higher energy performance.  

In common for the thermostatic valves and temperature reduction, low-flow fixture and 
circulation pump measures are that EcoInvent does not include specific processes for 
production of the products required for the measures. Therefore the product GWPs were 
calculated as the sum of impacts of constituent materials in a given product, estimated for 
radiator valves and low-flow fixtures based on a Swedish environmental declaration of 
constituent materials ((Mora Armatur, 2009) and (Ivansson, 2003)) and for circulation pump 
based on manufacturer specification data (Grundfos A/S, 2012). The GWPs for all the 
products mentioned in this paragraph are underestimates of the actual GWP because they 
ignore impacts specifically due to final product manufacturing. 

Table 2 summarises final results from paper 3 below. The most important results are in the 
cells highlighted in grey. The magnitude of the calculated GWPs may be understood in 
relation to the fact that the GWP due to average Swedish district heat is 88.6 g CO2-e and for 
a heat pump using Nordic electricity mix is 39.3 g CO2-e/kWh (Gode et al., 2011).

In the uppermost row in Table 2 are those measures that have a high stockwide potential for 
energy demand reduction. Particularly significant here are measures for installation of 
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thermostatic valves and temperature reduction and low-flow domestic hot water fixtures 
which have a very low GWP due to material production per unit reduced use stage energy 
demand. Table 2 also shows that for insulation of cellar walls and replacement of circulation 
pumps, the GWP as calculated is also notably lower relative to most other measures.  

The measures for EAHR ventilation also in the uppermost row in Table 2 are notable because 
their GWP in the context of the other measures is moderately high, at the same time as that 
they have a very high stockwide potential for energy demand reduction. Therefore the total 
possible GWP due to these measures on a stockwide basis are relatively high.

The only measure according to Table 2 with a very high GWP as calculated is insulation of a 
roof that requires the construction of a whole new roof structure, including new concrete 
roofing tiles (designated attic/roof 4 in the table, see also paper 3). The roofing structure itself 
in this case accounts for nearly 70 % of the total GWP. Table 2 shows that this measure is 
largely insignificant on a stockwide basis but of course on the building level this is 
nonetheless an interesting result.

The cells in Table 2 that are not highlighted in grey indicate that the measures in and of 
themselves are neither significant in terms of GWP as calculated nor for energy demand 
reduction on a stockwide basis. 

The total GWP due to material production for renovation measures applied nationwide is 0.35 
Mt CO2-e/year. An earlier study looked at nationwide use stage energy demand reductions for 
the Swedish residential building stock on a similar scale to the BETSI energy assessment 
(Mata et al., 2013) and calculated a reduction in carbon dioxide emissions (i.e. not other 
greenhouse gases) due to a reduction of 53.1 TWh/year of 2.9 Mt CO2-e. Compared with 
Mata’s study, the results from this study suggest GWP due to material production accounts 
therefore only for about 12 % of the reductions achievable in the use stage. Finally, 
comparison with data in Table 2 shows that over 80 % of the total calculated GWP due to 
material production for reduced energy demand nationwide are due to window and ventilation 
measures alone. 
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4.2 Considering new low-energy buildings from a life-cycle 
perspective

Paper 2 considered the life-cycle GWP due to different design and construction material 
alternatives for new multi-family residential buildings in Greater Stockholm. One finding was 
that the building shapes as considered (“long” or “square”) have little effect on the lifetime 
GWP as calculated. A second finding is that there is only a minimal difference in lifetime 
GWP as calculated between the construction material alternative “wooden frame” and “solid 
wood”. Summarising results of this paper henceforth will therefore select only numerical 
results that illustrate significant differences between calculated alternatives.  

Figure 2 shows results from the main calculations for paper 2 as well as additional 
comparison calculations carried out for this thesis as indicated in the legend. Figure 2 a and b 
show the results from the initial calculation that are included in the paper. These were based 
on GWP for district heating supplied by the local district heating company and for Swedish 
hydroelectricity from Vattenfall, as per the references given in the figure. This is compared 
with Figure 2 c and d where a new revised GWP for district heating from the local company 
has been used together with a new GWP for hydroelectricity as given by a new environmental 
product declaration from Vattenfall with reference given in the figure. Finally Figure 2 e and f 
show results from a calculation using data for Nordic grid electricity and average Swedish 
district heat.

Notable firstly are the large differences in the calculated lifetime GWPs based on these 
differing assumptions. Nevertheless, also noticeable is the fact that irrespective of which 
values for lifetime and GWP due to bought energy are chosen, the concrete alternative always 
has higher overall lifetime GWP other things being equal. Even where the difference between 
the lifetime GWP for concrete and the wood alternative is lowest (100 years, Nordic 
electricity mix, average Swedish district heat) the former is still higher than the latter by 25 
%.
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Figure 2 GWP for production of building material and bought energy during the use stage for concrete 
and wooden construction material alternatives (wooden frame long and concrete long as described in 
paper 2) for different assumptions of building lifetime and GWP due to bought energy. Data sources as 
shown in table below graph. Note that the calculations for the case using an up-to-date value for district 
heating from the local energy company were performed after paper 2 was written. 

5 Discussion 
In light of the research aim of the thesis it is important to discuss how significant the results 
given above are may be in providing decision support for the choices in question.

As pointed out in the introduction, LCC is beginning to be used more as a decision support 
tool by practitioners. The LCC method in paper 1 does not in and of itself intend to extend the 
method significantly beyond the aforementioned previous LCC applications. On this level, if 
the LCC application supplies new knowledge it is really only in so far as it has been applied 

Lifetime 
(years)

50 100 50 100 50 100 

GWP, 
electricity
g CO2-e/kWh 

5.2 9.9 85 
Swedish hydropower, 
(Vattenfall, 2005) 

Swedish hydropower, 
(Vattenfall, 2011) 

Nordic mix, (SABO, 2010) 

GWP, district 
heat
g CO2-e/kWh 

5.2 31.0 107 
Initial value from local energy 
company 

Up-to-date value from local 
energy company 

Swedish mix (SABO, 2010) 

(a) (b) (c) (d) (e) (f) 
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specifically for renovation packages, since LCC is often applied elsewhere. Nevertheless LCC 
is by definition the most accurate way of accounting for the totality of the economic impacts 
of investment decisions (assuming perfect foresight and all other things being equal). In 
comparison to e.g. payback calculations though, it does provide new knowledge, specifically 
about the long-term effects of investment decisions, which are not prioritized when making 
payback comparisons.

Some previous studies have established stockwide technoeconomic potential for demand 
reduction, (SOU, 2008, Mata et al., 2013). As far as a comparison can reasonably be made 
between building level data and stockwide data, the calculations in paper 1 corroborate the 
findings of the stockwide studies in broad terms of how much demand can be reduced and at 
what LCC.  

By using MB in the assessment the impact of renovation packages on important building 
functions not encompassed by the narrow scope of the LCC and energy demand calculations 
are taken into account. Given the way the indicators of MB and the methods used for their 
assessment, it is almost trivially true in the assessment that many will change due to proposed 
renovation measures. However the answers to the questions of which specific aspects and 
functions change, to what extent they do change, if they change for the better or for the worse 
and if the indicators adequately reflect intuitive notions of possible changes are non-obvious 
and are firmly established within the overall research aim of this thesis.  

Results in paper 1 pointed to the fact that many, non-obvious indicators do change. The 
investigation gave good grounds for believing that noise conditions may be worsened by the 
installation of balanced ventilation systems (see the 1973 row house results in paper 1). In this 
case such knowledge shows how MB may be important in procurement specifications and 
contribute to achieving better functional results in terms of IEQ as well as lowering energy 
demand.   

Experience from the case studies also showed that MB is much more sensitive to window 
measures (directly affecting five of the 14 evaluated indicators) than it is to ventilation 
measures (directly affecting only the ventilation indicator). This seemed to have a direct effect 
on the way that the different proposed packages were assessed by MB. The medium package 
for the 1973 apartment buildings was the only one that showed a noticeably lower LCC than 
the relevant base case alternative. It was also the only package that showed no change in MB 
indicators, except for energy demand (the paradigmatically obvious change given the 
renovation packages applied!). This in spite of the fact that proposed changes to ventilation 
conceivably reduce infiltration during the winter, arguably contributing to improved thermal 
comfort. In other packages it seems that the MB indicators did not give due credit to improved 
IEQ due to balanced ventilation systems.  A more in-depth research undertaking applying 
detailed indicator assessments per the MB manual and assessing in some way IEQ 
questionnaire results may be carried out to ascertain if indirectly affected indicators may be 
more affected by balanced ventilation than has been credited in this investigation. 

It may be said that the indicators that are not affected by the proposed packages may be 
considered at least as interesting as those that are. Here, the case studies have shown those 
functional areas that need to be improved in the buildings in order to achieve a higher overall 
rating as a result of MBs outranking aggregation principle. Here the investigation has 
contributed new knowledge in terms of those aspects that need to be addressed to increase the 
quality of the building (as interpreted by MB), e.g. the high radon concentration in the 1973 
apartment building or solar gain in the 1963 apartment buildings. 

The work in paper 1 was justified by previous research that suggested that property owners 
may consider measures for reduced energy demand even if they could not be shown to be 
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profitable (Högberg, 2011). The results of the MB assessment do in general reveal possible 
advantages of the high efficiency packages in spite of the fact that they have higher LCC. In 
this way paper 1 has shown that applying MB gives information that distinguishes certain 
higher efficiency packages from base cases. MB is therefore a useful tool in renovation 
processes since it uses well-accepted indicators that are systematically applied that may be 
reasonably considered alongside results of LCC analysis. It remains a question for future 
research the extent to which knowledge and communication of MB indicators and their use in 
a decision making process may affect decisions to adopt renovation packages that have been 
shown here to be economically worse for decision makers. 

The methods of assessment applied in paper 1 are particularly relevant for property owners, 
and the knowledge supplied is important to them. An implicit assumption that is made in 
paper 1 is further that the actors that will use the assessment do not have the power to change 
price setting mechanisms for costs included in the LCC. A further implicit assumption in the 
LCC method applied is that the actor that will use it is not directly interested in the real costs 
that are not encompassed by the price-setting mechanisms included. These seem quite 
reasonable assumptions for property owners. Following on from this, the LCC results suggest 
that property owners will have to choose economically suboptimal alternatives if they are to 
carry out measures that will lead to large scale reduction in energy demand in existing 
buildings such as those required to achieve national goals for energy demand in buildings, 
(Swedish Government, 2008, Swedish Government, 2005, Swedish EPA, 2011). There are 
however a number of real costs that are not included in the study that may have an effect on 
the outcome of the LCCs were they to be included. In particular there are few environmental 
costs that are explicitly included. A significant example noted by the Swedish EPA is that 
there are threats to biodiversity in Swedish forests, and that ash spreading after extraction of 
branches and tops for combustion (very often for district heating purposes) is insufficient to 
prevent nutrient leaching and acidification and may contribute to worsened conditions for re-
growth (Swedish EPA, 2012). Indeed, biofuel used in the residential sector in Sweden is 
exempted CO2 tax. Though the radiative forcing due to emissions from biofuel combustion is 
low compared to fossil fuels, recent research suggests that it may be noticeably different from 
zero (Gustavsson et al., 2012). In summary, it seems reasonable to say that from a research 
perspective, the LCC results in paper 1 may unduly favour lower efficiency packages because 
they fail to account for real costs that may be significant. Ultimately the small-scope actor 
such as the property owner may be sensitised to these costs by explicitly including them in 
energy costs and consequently they will be included in an LCC assessment of the kind 
performed in paper 1. 

In concluding statements, (Malmqvist et al., 2011a) suggest that one of the motivations of 
creating the ENSLIC tool is to increase the use of life-cycle thinking in practical design 
processes. The case study presented in paper 2 shows the power of the tool by demonstrating  
differences between considered alternatives at an early stage in the construction process that 
are robust even when considering the acknowledged uncertainty and variability. Focussing on 
the GWP impact category and limited quantity of significant stages of the building life 
certainly offers reduced complexity, and a certain clarity of result. 

An important learning outcome of the presented numerical results is that irrespective of what 
reasonably representative material lifetimes and GWP due to bought energy are chosen, 
timber structures have a discernibly lower life-cycle GWP than concrete for the studied case. 
This is dependent on the fact that building lifetime is assumed to be the same irrespective of 
which material alternative was chosen. Such an assumption was deemed reasonable since 
none of the contractors could provide  standardized lifetime measurements for building 
elements (International Organisation for Standardisation, 2003). The work carried out 
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illustrated how uncertainty in assumed building lifetime and GWP due to bought energy 
affected the absolute GWP due to the buildings, as illustrated in Figure 2. 

ISO 14040 emphasises the requirement for transparency in stating assumptions, which has 
been followed in the statement of the assumptions made in the life-cycle calculation process 
carried out. Distinguishing between GWP due to material production and to use stage energy 
demand also appears to have contributed to a discussion in the practical development process 
of which GWP factor for district heating should be used. Moreover the separate reporting of 
this data and data for energy demand makes transparent how the total GWP may change due 
to different assumptions about the GWP due to bought energy. On this point it is important to 
note that the reporting of the LCA in the practical project contained significantly more 
detailed data than that for which there has been space for either in this cover essay or in paper 
2. Transparency is nonetheless not an absolute concept and it may be increased beyond the 
extent to which it was applied in paper 2. The wider use of environmental product 
declarations (EPD) in building development processes and elsewhere may contribute to 
further increased transparency and is an opportunity for further research. Since the completion 
of paper 2, the development process of which it is a part has moved forward, though no final 
decision on structures, materials and design has been made.  

The results from the calculations in paper 3 justify the approach taken in the paper in 
expanding environmental assessment of measures for energy efficiency to include GWP due 
to material production. With reference to Table 2, different measures are clearly 
distinguishable from one and other on the basis of the chosen indicator, GWP per unit reduced 
use stage energy demand. For some measures of stockwide significance this indicator is so 
low as to suggest that it can be ignored and for others it is large enough to make a noticeable 
difference in the GWP reduction due to the measure. On a stockwide level, the assessment 
showed that though GWP due to reduced use stage energy demand was significantly larger 
than that due to material production for the measures, neither was the latter entirely 
negligible. Indeed, it showed that a large proportion of the impacts arose due to a very small 
number of measures, namely ventilation and window measures.  

In an interesting comparison, paper 2 compares construction material alternatives on the basis 
of kg CO2-e/m2 HFA, year. Meanwhile paper 3 calculates the GWP due to material 
production for stockwide renovation at 0.35 Mton CO2-e/year. Given the total heated floor 
area of the Swedish residential stock comprises about 425 Mm2 HFA, the total GWP for 
material production due to nationwide renovation measures considered is about 0.8 kg CO2-
e/m2 HFA, year. This is a not insignificant quantity compared with the values calculated for 
GWP for material production for the whole building in paper 2 (see Figure 2). This rough 
calculation suggests that it may be interesting to make a more formal comparison of the life-
cycle methods employed in paper 1 and paper 2. On the surface it can be seen that there are 
some notable differences - ENSLIC for example ignored GWP due to production of the 
ventilation system which have been calculated in paper 3. Paper 3 relies on data from the 
EcoInvent database (Frischknecht and Rebitzer, 2005) since this was considered sufficiently 
comprehensive for the screening nature of the study. Meanwhile the ENSLIC tool uses LCI 
data from a variety of sources (as noted in paper 2). 

Since the work carried out in paper 3 has been intended as a broad screening exercise it seems 
principally useful in directing the focus of further research. For example, continuing from 
where this study has left off is to establish, compile and compare life-cycle inventory for the 
material production beyond the generic data used in this screening. This could be directed 
towards measures that were identified as significant on a national scale, e.g. window and 
ventilation measures. 
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This screening assessment has aggregated data from almost 1400 different buildings. Standard 
deviations in GWP per unit reduced use stage energy demand on a per measures basis were 
calculated, and are due to variation in the microdata as to energy demand reduction per unit 
area (or similar) of application for the measure in question. The standard deviations do show 
that the microdata are sufficiently well grouped as to support a fair degree of precision for the 
calculated averages in GWP per unit reduced use stage energy demand on a per measure 
basis. Nevertheless, this approach does not preclude that in some specific buildings in the 
sample the actual GWP due to material production per unit reduced use stage energy demand 
reduction may be somewhat lower or higher than the calculated averages suggest. Future 
research may investigate this further by selecting certain building-level renovation cases 
where GWP due to material production may be calculated. 

Results from paper 3 do suggest that a governmental or corporate policy that implicitly or 
explicitly promotes e.g. installation of exhaust air heat recovery ventilation with a goal of 
reducing GHG emissions may be significantly more effective in achieving the stated goal by 
specifically designing the policy to minimise GWP due to material production. It may also be 
interesting for decision makers to consider the GWP due to material production for measures 
when comparing different alternatives. Having decided that a package of renovation measures 
should be applied, it may also be important for a high environmental performance to identify 
e.g. specific ventilation manufacturers that have worked actively to reduce impacts from their 
production, e.g. by using recycled material, renewable energy and high-efficiency production 
methods. It should be stressed again that since the results presented in paper 3 are a screening 
assessment, they should only be applied with caution in policy and management decisions as 
they stand. More in depth research on in particular life-cycle inventory for ventilation and 
windows could be very valuable for such policies. 

GWP due to energy carriers for use stage energy demand in most nations outside of Sweden is 
significantly higher at the time of writing than the values quoted for Sweden in paper 3. 
Having said that, environmental objectives to limit climate change mandate future reduction 
in GWP for energy carriers in those countries, e.g. USA, UK, Germany, etc. Therefore it is 
foreseeable that GWP due to material production (for especially new windows) may be 
significant enough that even there they figure in decision making.  

The methods applied in papers 2 and 3 both focus on the single indicator of GWP. As 
important as this is, this thesis aims to encompass effects on building functionality and 
economic and environmental performance. Using the example of window exchange, paper 1 
has shown that this can have a significant positive (but occasionally negative) effect on 
thermal comfort in a building, and it is important to consider such effects alongside the GWPs 
as calculated in paper 3. Looking from the other direction, paper 3 likewise suggests that the 
assessments in paper 1 are in fact missing the GWP due to material production as a significant 
parameter in environmental performance. In the direction of better understanding of 
environmental performance, other environmental impacts may be considered in a study such 
as paper 3, for example primary energy.  

In future work it may also be interesting to consider aspects important in building 
functionality that have not been considered directly here. Amongst others these include social 
cultural, and aesthetic values, all of which are important when considering renovating 
residential buildings.
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6 Conclusions 
In each of the papers appended this cover essay, the research has shown that the assessment 
methods used yield important, non-obvious information that can be applied by decision 
makers to choose low-energy buildings with better functionality or better environmental 
performance. Therefore these methods are valuable for decision makers. 

Paper 1, in addition to showing that packages reducing bought energy demand by approx. 50 
% come with a somewhat larger LCC, shows they also come with the promise of improved 
thermal comfort. It also identifies possible risks associated with such renovation packages, 
such as negative changes to noise conditions and even to thermal comfort if adequate 
measures are not taken to address them. The research also showed that applying MB 
indicators may be an important tool for strategic planning of initiatives for reduced energy 
demand.  The knowledge produced in paper 1 is suited for practitioners at building level, most 
obviously building owners. Costs in the LCC are however based on socially accepted but 
verifiably simplistic pricing mechanisms. Most notable here are real environmental costs 
which have not been included in the assessment in paper 1.  

Paper 2 meanwhile demonstrated the applicability of the ENSLIC tool, showing that the 
choice of construction materials would have a significant effect on the life-cycle GWP of new 
residential buildings in a real development project. Specifically it showed that other things 
being equal wooden alternatives are demonstrably favorable to concrete alternatives. 
Experience from the work in paper 2 suggested that construction contractors are not used to 
providing standardized data (based on (International Organisation for Standardisation, 2001) 
and (International Organisation for Standardisation, 2007) in this case). Such data would 
assist greatly in life-cycle calculations of this sort and further strengthen the usefulness of the 
results obtained. In revealing the significance of GWP due to material production, the work in 
paper 2 did make a significant contribution to the knowledge base in the development project 
of which it was a part.

Paper 3 showed that GWP due to material production for renovation measures required to 
reduce energy demand by 50 percent in existing residential buildings compared to 1995 is 
0.35 Mton CO2-e/year, or 12% of the estimated reduction in carbon dioxide emissions
achieved by the corresponding reduction in use stage energy demand. Over 80 % of the total 
GWP due to material production arose from installation of EAHR ventilation and from 
installation of new efficient windows. The analysis also showed that for certain renovation 
measures (notable on a stockwide level was installation of thermostatic radiator valves) GWP 
due to material production was so low as to be practically negligible compared to reduced 
GWP due to reduced bought energy demand. Meanwhile for other measures significant on a 
stockwide basis (e.g. installation of EAHR ventilation) the GWP due to material production 
was high enough that it was significant (though definitely not greater than) compared to the 
reduction from corresponding reduced use-stage energy demand for typical Swedish domestic 
energy carriers.
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