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“Towns should be built in order to protect the inhabitants 
 and at the same time to make them happy.” 

 
– Aristotle, Ethica Nicomachea 
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ABSTRACT 
 
In order to control climate change it is important to limit the atmospheric 
concentration of carbon dioxide (CO2). Increased energy efficiency, as well as a 
shift from fossil fuels to renewable resources can reduce net CO2 emission. The 
energy required for constructing and operating buildings is significant in many 
countries, and it is thus important to design energy efficient buildings and energy 
supply systems. 
 
Improvements in existing buildings are needed in order to achieve short-term 
emission reductions. The Swedish building stock expanded greatly during the 
1960s and 1970s. The energy efficiency of these houses was often quite low, and 
many of them were built with resistance heating. In this thesis increased energy 
efficiency in such buildings is studied, as well as conversions from resistance 
heating to other heating systems, and various technologies and fuels for the 
production of electricity and heat. The effects of these measures are analysed with 
respect to primary energy use, CO2 emission and societal cost. The studies were 
performed using process-based systems analysis in a life-cycle perspective. The 
system boundaries include energy chains from the natural resources to the useful 
electricity and heat in the houses. The results show that the choice of heating 
system in the house has a greater effect on the primary energy use than measures 
on both the house envelope and the energy supply chains. District heating based 
on cogeneration of heat and electricity and bedrock heat pumps were found to be 
energy-efficient systems. The net emission of CO2 is dependent on the fuel and the 
CO2 emissions from these systems are comparable to those from a wood pellet 
boiler, if biomass-based supply chains are used. Conversion from resistance 
heating to any of the other heating systems studied is also profitable from a societal 
economic perspective. 
 
The decision to implement energy-efficiency measures or install a new heating 
system in a detached house is taken by the house owner. In order for successful 
implementation the alternatives must either be sufficiently attractive or incentives 
or policy instruments that affects this large, inhomogeneous group must be 
implemented. In this thesis, the house owners’ economic situation when changing 
the heating system and implementing energy-efficiency measures on the building 
envelope is analysed. The economic analysis includes current Swedish policy 
instruments, such as an investment subsidy for heating system conversion, an 
income tax deduction for replacing windows, levying a consumer electricity tax 
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and increasing real estate tax. House owners’ perceptions of different heating 
systems are analysed through the results of comprehensive questionnaires. Societal 
economy, private economy and individuals’ perceptions are compared. The 
conversion subsidy provides some incentive to house owners to act according to 
the national energy policy, as does the electricity tax, which has a significant 
influence on consumer costs. The use of economic instruments seems efficient in 
promoting systems in line with environmental goals since environmental factors 
are ranked much lower by the home owners. However, the effect on the annual 
cost of most of the policy instruments studied is smaller than the price variations 
between different energy suppliers. Energy suppliers thus have considerable 
opportunity to influence house owners. 
 
To achieve long-term changes in the building sector new houses should be 
constructed with as low primary energy use and emission as possible, seen over 
their entire life cycle. The primary energy use is analysed for both the production 
and operational phase of several types of residential buildings. When the demand 
for operational primary energy decreases, due to a high energy standard or 
energy-efficient supply, the relative importance of the energy required for 
production will increase. The amount of primary energy required for the 
production of a new low-energy building is significant compared with the primary 
energy required for space heating. One way of reducing both primary energy use 
and CO2 emission in the production phase is to use constructions with wood 
frames instead of concrete. 
 
The energy supply system is nevertheless still important also for low energy 
buildings. A new house built to passive standard, heated with fossil-fuel-based 
resistance heating gives rise to higher primary energy use and CO2 emission than a 
conventional detached house from the 1970s that is heated with an energy-efficient 
biomass-based heating system. The results thus indicate that wood-framed houses 
with a high energy standard, together with efficient energy supply systems, could 
be an option for sustainable residential construction. 
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SAMMANFATTNING 
 
För att begränsa klimatförändringarna behöver utsläppen av koldioxid (CO2) 
minskas. Detta kan ske både genom effektivare energianvändning och en övergång 
från fossila bränslen till förnybara energikällor. I många länder används en 
betydande mängd energi inom byggnadssektorn och genomtänkta strategier för 
förändring av den bebyggda miljön och dess energitillförselsystem är därför 
viktiga.  
 
För att uppnå utsläppsminskningar på kort sikt krävs det åtgärder i den 
existerande bebyggelsen. Det svenska bostadsbeståndet expanderade kraftigt 
under 1960- och 1970-talen. Energistandarden i husen var inte särskilt hög och 
många av dem konstruerades för uppvärmning via direktverkande el. I denna 
avhandling analyseras både energieffektivisering i byggnaderna, konvertering från 
direktverkande el till andra värmesystem, samt olika tekniker och bränslen för 
produktion av el och värme i tillförselkedjorna. Dessa förändringars effekter 
analyseras med avseende på primärenergianvändning, CO2-utsläpp och 
samhällsekonomisk kostnad. Analyserna bygger på processbaserad systemanalys i 
ett livscykelperspektiv och innefattar hela energitillförselkedjor, från naturresurs 
till el och värme i husen. Resultaten visar att valet av värmesystem i husen har 
större effekt på primärenergianvändningen än både åtgärder på husens klimatskal 
och i tillförselsystemen för el och värme. Kraftvärmebaserad fjärrvärme och 
bergvärmepump är energieffektiva uppvärmningssystem. Nettoutsläppen av CO2 
beror på valet av bränsle och om biobränsle används så är utsläppen från 
fjärrvärme och värmepump jämförbara med de från ett system med pelletspanna. 
Det visar sig också vara samhällsekonomiskt lönsamt med konvertering från 
direktverkande el till alla de studerade värmesystemen. 
 
Besluten kring värmesystem och energieffektiviseringsåtgärder i småhus tas dock 
av husägarna själva. Om en implementering skall ske krävs det att de är tillräckligt 
attraktiva för husägarna eller att politiska styrmedel lyckas nå denna stora, spridda 
och inhomogena grupp. I avhandlingen analyseras villaägares ekonomiska 
förutsättningar för att byta värmesystem och energieffektivisera byggnadsskalet. I 
de ekonomiska analyserna inkluderas aktuella svenska politiska styrmedel såsom 
investeringsbidrag för direktels-konvertering, skattereduktion för  fönsterbyte, 
elskatt och fastighetsskatt. Dessutom inkluderas villaägarnas personliga 
uppfattning om olika värmesystem genom att analysera resultat från omfattande 
enkätundersökningar. Det samhällsekonomiska, privatekonomiska och personliga 
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perspektivet jämförs sedan med varandra. En slutsats som kan dras är att 
ekonomiska styrmedel borde vara effektiva för att främja mål inom miljöområdet 
eftersom husägarna prioriterar miljömässiga faktorer lägre än ekonomiska när de 
gör sina val. Elskatten och konverteringsbidraget är samhällsekonomiskt 
motiverade och uppmuntrar husägare att agera i linje med de energipolitiska 
målen. Resultaten visar också att energibolagen har en mycket stor möjlighet att 
påverka husägarna, både deras ekonomiska villkor och i förlängningen deras 
attityder till olika värmesystem. 
 
För långsiktiga förändringar i bostadssektorn är det även viktigt att minimera 
nybyggda bostäders energianvändning under hela deras livscykel. I avhandlingen 
studeras primärenergianvändning i både produktions- och brukarfas för olika 
typer av bostadshus. När primärenergianvändningen kopplad till brukarfasen 
minskar p.g.a högre energistandard på klimatskalen eller effektivare tillförsel-
kedjor så ökar den relativa betydelsen av produktionsfasen. För ett nybyggt 
lågenergihus utgör primärenergi för produktion en betydande del av total 
energianvändning. Ett sätt att reducera både primärenergianvändning och CO2 
utsläpp i produktionsfasen är att använda konstruktioner med trästomme istället 
för betong. Tillförselkedjorna är dock viktiga även för lågenergihus. Ett effektivt 
biobränslebaserat värmesystem i en 70-talsvilla leder till lägre primärenergi-
användning och CO2-utsläpp än för ett nytt hus med passivstandard, om det 
värms med fossilbaserad direktverkande el. Resultaten indikerar att välisolerade 
träbyggnader med lågt energibehov och effektiva tillförselsystem är ett lovande 
alternativ för hållbart bostadsbyggande. 
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1 
INTRODUCTION 
 
 

1.1 Energy use and sustainable development 
It is already 20 years since the Bruntland Commission defined sustainable 
development as a guiding principle for steering away from the global problems of 
today’s civilization. A process of change towards a sustainable society must 
include several perspectives. These are often grouped together and some of the 
most common labels on the different perspective groups are ecological, 
economical, social, political and cultural. All perspectives of sustainability are 
dependent on one another, overlap, and boil down to providing long term support 
of the citizens, allowing people to live good lives and satisfying their basic needs, 
without impoverishing the environment and the natural resources on which we 
depend. This requires the use of renewable resources, recycling and efficient 
systems.  
 
One of today’s greatest challenges in achieving sustainable development is tackling 
climate change, which may affect ecological systems, natural resources, the cultural 
and social environment, as well as the possibilities for people to support 
themselves. The issue of climate change has attracted increasing attention in recent 
years, from the scientific community as well as from politicians and the general 
public. There is a general consensus that the climate is changing as a result of the 
increased emission of greenhouse gases caused by human activities. In an attempt 
to address climate change, a number of countries have made commitments to 
reduce their emission of carbon dioxide (CO2) as well as other greenhouse gases. In 
the Kyoto Protocol the European Union (then EU15) committed itself to reducing 
the emission of greenhouse gases by 8%, compared with the level of 1990, during 
he period 2008 to 2012 (UNFCCC 1998). Sweden has also set the long-term goal of 
reducing its CO2 emission by 50% by the year 2050 (Swedish Government 2006). 
The current average emission of CO2 per capita in Sweden is about 8 tonnes per 
year. Carbon dioxide is not the greenhouse gas with the greatest global warming 
potential, but the large amount of CO2 emitted makes it the main driver for 
enhancing the natural greenhouse effect. When the energy embedded in natural 
resources is converted into useful services, CO2 is emitted from many processes in 
the energy chain, from the extraction of resources to fuel combustion. More than 



 

2 

half of Europe’s energy supply in Europe is obtained from oil and coal, which 
results in high net CO2 emission upon combustion (Swedish Energy Agency 2005). 
Energy systems in Europe are becoming increasingly integrated. For example, the 
Nordic electricity grid is connected to Poland, Germany, Russia and the Baltic 
countries, which in turn have connections to the rest of Europe. Therefore, 
integration must be considered when analysing energy systems, since electricity 
use in Sweden affects the European CO2 emission, despite the fact that domestic 
Swedish electricity production is based mainly on hydro- and nuclear power. 
Several strategies will probably have to be implemented to reduce the emission of 
CO2 and its effects on our climate, including a reduction in energy demand, 
increased efficiency in supply chains, greater use of renewable resources instead of 
fossil fuels and non-renewable materials, and carbon capture and storage. These 
strategies can be applied in many areas, but the focus in this thesis is on the 
housing sector. 
 
In the industrialized world, a comfortable indoor climate is taken for granted. This 
requires heating or cooling and ventilation. We also expect certain services, such as 
hot running water, and household appliances like televisions, computers and 
refrigerators. Houses hence account for a large part of the primary energy use in 
Europe, and in Sweden about 35% of the final energy is used to provide space 
heating, hot water and electricity in buildings. The building sector can thus play an 
important role in mitigating climate change (Swedish Energy Agency 2005; UNEP 
2007). There is considerable potential to reduce energy use and CO2 emission from 
both the existing housing stock and new constructions, by improving house 
envelopes and developing energy supply chains with higher efficiency and greater 
proportions of renewable resources. In the context of sustainable development it is 
important to identify measures that are efficient in terms of both cost and natural 
resources. Forest biomass can, for example, play an important role in Sweden, but 
wood resources will always be finite, and it is important that the available 
resources are used efficiently.  
 
The aim with the research described in this thesis was to analyse the cost- and 
resource efficiency of strategies for reducing CO2 emissions resulting from the 
energy used to building and run Swedish residential buildings. The focus is on 
space heating, which is important in the cold Swedish climate. However, the 
conclusions and several of the technological options are applicable in warm 
climates where there is a need for cooling. 
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1.2 Background  

1.2.1 Existing buildings 
To achieve a significant reduction in energy use in the residential building stock in 
the near future, existing houses must be addressed, as the building stock is 
renewed only slowly. As can be seen in Figure 1, the construction of new Swedish 
dwellings peaked in the 1960s and 1970s, and many of these are of quite low 
energy standard. There is thus a potential for improved energy efficiency through 
implementing measures in the existing buildings, such as extra insulation, 
reduction of cold drafts and controlled ventilation with heat exchange. The term 
house envelope measures is hereafter used to denote the kind of measures that affects 
the heat demand. 
 
The driving force for energy efficiency has been weak in Sweden for the past 15 
years and a large part of the potential estimated in 1995 has still to be realized 
(Dahlenbäck et al. 2005; Nässén and Holmberg 2005). House envelope measures 
can be cost-efficient when coordinated with renovation. Since the large housing 
stock from the mid-1900s is more than 30 years old, renovation of both the house 
envelope and the heating system is often needed. Erlandsson et al. (1997) 
concluded that the manufacture, transport and waste management of extra 
insulation materials had a small pollutant effect compared with the reduction in 
emissions resulting from the decrease in heat demand. Over the years, several 
studies on energy efficiency in buildings have been performed, for example, by the 
Swedish Council for Building Research (1987). Some have shown that improved 
home insulation is profitable for the house owner, especially in cold climates 
(Norrman and Johansson 1995), in houses in need of renovation (Gustafsson and 
Karlsson 1997), and if the U-value1 is significantly improved (Erlandsson et al. 
1997). However, others have concluded that the cost to house owners would be 
unrealistically high (Blomsterberg and Kronvall 1993). Gustafsson (1994a) analysed 
the societal cost of several house envelope measures in houses heated with district 
heating. They found some of them to be profitable (attic insulation, heat recovery, 
adjustment of heating and ventilation systems) but the profitability was often low 
and depended on the assumptions made. 

 
1 U-value=5.682/R-value 



 

0

20000

40000

60000

80000

1958 1963 1968 1973 1978 1983 1988 1993 1998 2003

Single-family houses
Apartment buildings

N
um

be
r o

f n
ew

 h
ou

se
s

Year  
Figure 1. Construction of new dwellings in Sweden (Statistics Sweden 2007). 

 
A significant proportion of the many single-family houses built in the 1960s and 
1970s (approx. 23%) were designed for resistance heaters (electric radiators) as the 
end-use heating system (Statistics Sweden 2004). Electric heating has high 
conversion losses in the supply chain of stand-alone electricity production and is 
thus inefficient. The energy efficiency can be improved through conversion to 
other end-use heating technologies (hereafter denoted heating systems). A reduction 
in the electricity demand for heating purposes could reduce Swedish electricity 
imports and increase the amount of exported electricity from hydro- and nuclear 
power. This would reduce the European CO2 emission by replacing fossil-fuel-
based electricity production. 
 
Already in the mid-1980s the political will to reduce the use of electricity for 
heating purposes was formulated in Sweden. Means of achieving this have 
included stricter building codes for new houses if heated by resistance heaters, 
restrictions regarding investment subsidies and loans when installing resistance 
heaters, conversion subsidies and discussions on prohibiting resistance heating in 
new houses (The National Board of Housing, Building and Planning 2003a; 
Swedish Government 1997). Despite these efforts many houses are still heated by 
electricity alone, and an additional proportion use electricity in combination with 
other energy carriers. Figure 2 shows the distribution of different types of heating 
systems in Swedish detached houses in 2005. Besides the 17% of existing houses 
that are heated by resistance heaters, 14% are heated by electric boilers and 25% by 
electricity in combination with other systems. Other systems include fireplaces, 
small pellet stoves or combined electricity and oil-fired boilers.  This resulted in 25 
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TWh of electricity being used for household purposes in detached houses in 2006. 
Sweden has also had the ambition to phase out oil for heating. However, oil boilers 
still heat more than 8% of detached houses, resulting in the use of 3.4 TWh of 
energy from oil for heating purposes (Swedish Energy Agency 2005; Statistics 
Sweden 2005). Both resistance heaters and oil boilers can be replaced by more 
energy-efficient heating systems with lower CO2 emissions. 
 

0 5 10 15 20 25 30 35

Other

Heat pump

District heating

Oil boiler

Biomass stove or boiler

Combinations

Electricity

Detached houses 2005 (%)

Electricity + oil
Electricity + biomass
Oil + biomaass

 Resistance heaters

 Electric boiler

 
Figure 2. Heating systems used in Swedish detached houses during 2005 (Statistics Sweden 2005, 
2006). 
 
As in the case of house envelope measures, the conversion of heating systems has 
been studied previously. However, many of the investigations are case studies of 
technological and economical aspects from some years back (Kellner et al. 1988; 
Plogner and Stillesjö 1990). The analyses were often initiated by governmental 
inquires or research councils, and performed by construction companies and 
energy suppliers. Most studies analyse related issues, such as the energy use and 
the environmental effects of different heating systems (Persson 2006; Wahlström, et 
al. 2001), historical trends, national or regional goals, or political strategies 
(Johansson et al. 2006; Schipper et al. 1997), and not the conversion issue per se. 
Some studies have been devoted to investigating one conversion option in depth, 
for example, district heating by the Swedish District Heating Association (Nilsson 
et al. 2007), and the combination of pellet boilers and thermal solar panels by 
Persson and Henning (Henning 2004; Persson 2004). 
 
Most of the studies dealing with house envelope measures or conversion options 
focus on the impact on the house owners’ private economy, and neglect the societal 
economic and environmental perspectives. Investigations into the environmental 
effects of heating systems generally do not include conversions or house envelope 

  5 



 

6 

measures, and thus miss the connection between supply and demand, or do not 
consider full energy chains. 
 

1.2.2 Energy chains 
One of the aims of the work presented in this thesis is to base the analyses on 
detailed studies of the energy chains. A heating system in a house is the final link 
in an energy supply chain that starts with a natural resource. All the processes 
along the chain, from the extraction of the raw material through refining, transport, 
conversion to heat and electricity to distribution to the user, can be performed in 
different ways with different energy efficiency and varying emission. All the 
energy input and emissions from these processes must be included to provide a 
complete description of a particular energy system. In this thesis, the concept of 
primary energy is used to denote the energy needed to generate the final energy 
service, including inputs and losses along the energy chains. Karlsson made an 
extensive comparison of energy supply systems for heating purposes and 
demonstrated the relationship between different parts of the supply chain, such as 
fuel, end-use conversion and large-scale heat and power production technology 
(Karlsson 2003a).  
 
When evaluating an energy system comprehensively, both the demand and the 
supply must be considered. When several house envelope measures are 
implemented together in a building, the effects interact and together influence the 
heat demand. The size of the heat demand in turn influences the type and capacity 
of the heating system required and consequently also the supply system. Both 
Larsson et al. (1991) and Gustafsson (2000) concluded that house envelope 
measures and heating system measures should be considered together, but did not 
include the entire supply chain in their studies. Gustavsson (1994b) analysed the 
effects of house envelope measures on district heating system design and cost and 
found it important to analyse expected changes in the existing building stock when 
new heat and electricity production capacity is planned. Nässén and Holmberg  
(2007a) posed a similar research question, and found the electricity production 
technology available to be decisive for the cost-effectiveness of house envelope 
measures in houses supplied by district heating.  
 
The relation between energy demand and supply must be understood when 
evaluating modifications to existing houses and their heating systems with respect 
to the environmental effects and the societal economic cost implications. This is 
one of the points emphasized in this work. 
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1.2.3 Implementation 
For any kind of change to be implemented it must be perceived as sufficiently 
attractive by the actors making the decision. Whether changes are perceived in this 
way or not, and how this can be influenced, depend to a large extent on who the 
actors are. In the case of residential buildings, owners make many decisions 
themselves, including the implementation of house envelope measures and the 
installation of new heating systems. This results in a large number of scattered 
actors, and influencing such a group, which moreover is not homogeneous, can be 
difficult. The Intergovernmental Panel on Climate Change (IPCC) is of the opinion 
that the potential improvements in energy efficiency in the residential sector can 
only be realized through a diverse portfolio of policy instruments combined with 
good enforcement (IPCC 2007). Analyses from several countries concur, 
underlining the importance of the active involvement of governments to create and 
implement a suitable policy framework (Amstalden et al. 2007; Tommerup and 
Svendsen 2006; Owen 2006). Economic factors are generally important in decision 
processes, and economic instruments and incentives are recognized as effective 
means of encouraging stakeholders (i.e. house owners) to take measures. However, 
many factors besides economy determine the implementation process and 
influence house owners in their decision-making. Mahapatra (2007) outlines the 
decision-making process that house owners go through when adopting a new 
heating system. In order to develop efficient policy instruments, detailed 
knowledge is needed on the house owners’ perceptions and attitudes towards 
energy efficiency and heating systems.  In this work, both the perceptions of home 
owners and their economic situation are analysed. This is related to societal 
economic and environmental perspectives.  

1.2.4 New buildings 
Buildings and infrastructure are designed to have a lifetime of many decades. It is 
therefore important not to become locked into poor or suboptimized solutions. 
Although the greatest potential for decreasing energy use and emissions from 
residential houses in the short term is to apply measures to existing buildings, new 
houses should be constructed with as low primary energy use and emission as 
possible, seen over the entire life cycle of the house. 
 
Building life cycle 
The life cycle of a building can be divided into several phases, including the 
production of building materials, construction of the building, operation, 



 

maintenance, disassembly and waste management. All these phases have to be 
considered in order to minimize the life cycle primary energy use and CO2 

emission. However, the phase that has previously received most attention in 
energy discussions is the operation phase. This has led to a decrease in energy use 
per unit area heated. In Sweden the reduction was substantial between 1970 and 
1985, due to the erection of many new constructions with higher energy efficiency 
than the older ones (Swedish Energy Agency 2000). Figure 3 illustrates the 
reduction in final energy use for the operation of the building stocks of houses and 
apartment buildings, together with the final energy use for new houses, as a 
function of the year of construction. When comparing the statistics it should be 
remembered that the results depend on the boundaries of the energy calculations. 
For electric heating, for example, the conversion losses outside the houses are not 
included. The expansion of electric heating during the 1970s at the expense of oil 
boilers therefore gives the impression of increased efficiency in the stock, although 
the primary energy use in fact increased. The volume heated per unit area also 
decreased during this period due to lower ceilings, and although the heat demand 
per unit area decreased, the total heated area increased. 
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Figure 3. Data on final energy use for space heating and hot water in the housing stock together with 
the final energy use in 2005 of new houses, as a function of the year of construction (Swedish Energy 
Agency 2000; Persson 2008; Statistics Sweden 2005; Wall 2005; Warfvinge 2005). 
 
The addition of new houses to the building stock has improved the average energy 

efficiency during the past 35 years, but the improvement of new constructions has 
been slow during the same period. The operation phase still accounts for the major 
energy use in conventional houses (Winther and Hestnes 1999; Scheurer et al. 2003; 
Adalberth 2000a). Adalberth (2000a) studied the life-cycle energy use in seven 
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Swedish houses built in the 1990s, and stated that about 85% of the energy use over 
the life cycle, and 70-90% of the environmental impact occurred in the operation 
phase.   
 
At the same time, individual houses and apartment buildings that require 
considerably less energy for heating than the mainstream ones have been built. 
This is exemplified in Figure 3 by a low-energy house and two low-energy 
apartment buildings (Warfvinge 2005; Persson 2008; Ruud and Lundin 2004). 
Different types of low-energy houses are being built, and the term covers a variety 
of concept names such as passive houses, zero-energy homes, self-sufficient houses 
and Minergie houses (Minergie 2008; National Renewable Energy Laboratory 2001; 
Passive House Institute 2007; Feist 1997). Most concepts refer to houses constructed 
with the aim of minimizing the final or purchased space heating demand. This is 
mainly achieved by improved insulation, reduced leakage through the house 
envelope and by heat recovery from ventilation air. These measures result in 
increased material use and thus an increase in energy use in the production phase. 
Few life-cycle studies have been performed on low-energy houses, especially in a 
cold climate. Some of those that have been carried out conclude that it is still most 
important to focus on the operational energy (Feist 1997; Winther and Hestnes 
1999), while others show that as much as 40-60% of the total energy use can be 
consumed in the production and construction phases (Thormark 2002). However, 
as the operational energy decreases, it becomes more important to consider to the 
other phases of a building’s life cycle, in order to further reduce its energy use. In 
life-cycle optimization all the life-cycle phases must be considered (Verbeeck and 
Hens 2007; Citherlet and Defaux 2007). 
 
Construction materials 
The choice of construction materials affects the life-cycle energy use (Winther and 
Hestnes 1999; Feist 1997). Thormark (2006a) has shown that for Swedish low-
energy houses material substitution could reduce the proportion of energy used in 
the production phase by about 15%. In light of this, wood construction is 
interesting since studies from several countries have shown that wood-framed 
constructions usually require less energy and emit less CO2 during their life cycle 
than other materials such as concrete, brick or steel (Börjesson and Gustavsson 
2000; Lippke et al., 2004; Buchanan and Levine, 1999; Goverse 2001; Gustavsson et 
al. 2006). Using wood-based building materials can affect the energy and carbon 
balances in several ways: less fossil energy is needed to manufacture wood 
products compared with alternative materials; more biofuel from the wood 
product chain can be used to replace fossil fuels; carbon is physically stored in 
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wood building materials, and process-related CO2 emission from cement and 
concrete production is avoided. Furthermore, using biomass for direct substitution 
of fossil fuels or fossil-fuel-intensive materials provides a permanent and 
cumulative reduction in CO2 emission. Sequestration of carbon is on the contrary 
typically limited, because the carbon stock eventually becomes saturated, and 
stored carbon can also be released to the atmosphere at a later point.  
 
Energy supply systems for low-energy houses  
Low-energy houses are often evaluated by comparing the operational energy, 
expressed as final or purchased energy, with that of conventional houses. 
Purchased energy can often not be used to compare constructions since it depends 
on the heating system used. Final energy expresses the energy demand of the 
house, but does not account for primary energy use and, hence, does not include 
the environmental impact resulting from the supply systems. In a discussion on 
sustainable buildings it is therefore important to distinguish between building 
concepts that strive to “minimize the final energy” or to “minimize the resource 
use and emissions”. These goals are far from the same. Passive houses are defined 
as a type of low-energy building, designed to reduce the purchased energy by 
covering the final space heat demand with “passive” heat sources such as internal 
gain from people and appliances, and solar gain through windows (CEPHEUS 
2007; Passive House Institute 2007). However, passive houses in cold climate still 
have a space heating demand. Passive houses often do not have traditional 
radiators for space heating and the use of electric-powered air heating has been 
advocated (Feist et al. 2005).   
 
When performing environmental life-cycle studies of houses it is important to also 
apply a life-cycle perspective to the energy use, and hence include the primary 
energy used for electricity and heat in all phases. Most Scandinavian life-cycle 
studies of low-energy houses only consider the final energy use for operation 
(Thormark 2006b; Adalberth 2000a). Sartori and Hestnes (2006) also showed that 
methods vary, and that in several life-cycle studies the type of energy considered is 
not even stated. This shows that the methodology used to evaluate energy use in 
buildings varies. One of the aims of this work was to investigate the importance of 
construction materials and supply systems in life-cycle comparisons of energy and 
resource use, for conventional and low-energy buildings. 
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1.3 Objectives 
The objective of the research presented in this thesis was to evaluate the cost- and 
resource efficiency of strategies for reduced CO2 emission from Swedish dwellings. 
Both existing and new houses were studied, and both buildings and energy chains 
are analysed in a life-cycle perspective. 
 
The following specific research questions were posed:  
• How do changes to the envelope of an existing detached house and to the 

energy supply system chains affect the resource use, CO2 emission and societal 
economic cost?  

• Do the size, construction and climatic location of the house affect the answers 
to the above question, and does expected technological development affect the 
strategies for minimizing the above parameters?   

• What are the economic conditions for Swedish house owners when applying 
energy-efficiency measures to the house envelope or when converting from 
electric heating? 

• Do current Swedish policy instruments encourage house owners to implement 
changes in accordance with the goals of decision makers?  

• How important is space heating reduction and the choices of construction 
materials and supply system in minimizing life-cycle energy use in buildings?  
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2  
METHODOLOGICAL FRAMEWORK 
 
 

2.1 Energy systems analysis 
In this thesis, systems consisting of residential buildings and their energy supply 
chains are analysed. System theory states that the components of a system interact 
and that the system as a whole works towards an objective, with properties 
different from those of the individual components. A systems analysis approach to 
a problem can hence be defined as an approach that takes a broad range of aspects 
into account, and includes the interaction between the different parts of the 
problem (Checkland 1999). This approach can be used to tackle complex problems 
within various disciplines. Systems analysis was developed within engineering 
and defence economics. It is closely related to systems engineering, and both 
approaches start with a problem definition, select an objective and evaluate 
alternative solutions. Some use the terms interchangeably today. Others still claim 
that while systems engineering leads to the selection of the most promising 
alternative, which is developed into an entity or procedure, systems analysis 
assesses the cost and other implications of meeting the objective in various ways, 
providing a basis for those making the choice (Checkland 1999; Gibson et al. 2007). 
 
Two very different approaches to systems analysis are the bottom-up and top-
down methods.  Bottom-up models are based on a detailed understanding of the 
fundamental elements and processes of the system. To determine the total energy 
use of the complete system the final output is traced upstream by examining the 
inputs to each preceding process. As the analysis expands further away from the 
output, it becomes difficult to determine all the indirect inputs to the processes, 
and to quantify their energy requirements. The exclusion of many small inputs 
generates a truncation error. Top-down models begin with an aggregate 
description of the system and proceed to subdivide it to understand the 
functioning of the different parts. Input-output analysis is a top-down approach 
that models the flows of products between sectors of an economy, and the detailed 
processes are represented by the average monetary values of each sector. 
Truncation errors are avoided because contributions from the entire economy are 
included. However, it provides a limited understanding of the relationships 
between different processes and the ways in which they can be altered to achieve 
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improvements. Treolar (1998) described some of the errors interwoven in top-
down energy analyses caused by inherent assumptions of homogeneity, 
proportionality and the handling of imports and economic data.  
 
In the work described here a bottom-up approach was used to study the energy 
use of buildings in a systems perspective. This allowed the interaction of different 
processes in the energy system chains to be analysed in great detail. It also allowed 
the evaluation of the effects of new technologies and potential improvements in the 
systems, which top-down methods are less suited for since they are based on 
statistical data concerning historical or current practice. The truncation error is a 
small problem in comparative studies like these, where different alternatives are 
set against each other, since the error is similar for all the alternatives and therefore 
do not affect the comparison between them. 
 
 As systems analyses often aim at solving large socio-technical problems, real-life 
experiments are not suitable, or even possible. Models therefore replace reality, 
and the outcomes of variations in the models provide insight into possible 
improvements of the real systems upon which the models are based. Models of 
flows of energy, materials and CO2 were used in this study. The result of a systems 
analysis model is a single observation statement, since it is carried out with a 
specific set of data and certain system boundaries. Finnveden (2000) stated that 
with such a result one must be careful not to draw too generalised conclusions, 
since the results only hold under the assumptions made, but that the results and 
conclusions still can be useful. When setting up models and performing systems 
analyses, several considerations and assumptions must be made, in a methodical 
way. Schlamadinger et al. (1997) described considerations that are important when 
comparing greenhouse gas balances in fossil fuel and biofuel energy systems, and 
those recommendations were adopted when performing the analyses. In the 
following sections the most important methodological assumptions are described. 
 

2.2 Life-cycle perspective 
The systems analysis approach in this work employs a life-cycle perspective to 
both buildings and energy. The energy use is consistently expressed as primary 
energy. All the main processes in the energy supply systems are evaluated, from 
natural resource to useful energy in the buildings (from cradle to grave).  
 
This may sound similar to life-cycle assessment (LCA), which is also a 
methodology employed for analysis in a life-cycle perspective, and which can 



 

serve as a basis for decision-making (Tillman 2000). However, an important 
distinction should be noted. A full LCA includes an impact assessment and 
classification of the environmental burdens identified. The burdens are also 
sometimes weighted against each other (Lindfors et al. 1995). Here, no attempt to 
value or aggregate the analysed burdens was made, except that the inclusion of 
external cost calculations may be seen as a valuation of the environmental burden 
of CO2 emission. The analyses therefore rather resemble a life-cycle inventory 
(LCI), which is the phase of an LCA in which the material and energy flows are 
compiled and quantified. There are two main types of LCI, depending on the goal 
and scope of the study: retrospective and prospective (Ekvall et al. 2005). 
Retrospective (accounting) LCI describes the environmental effects arising from 
the life cycle of the investigated product/phenomenon. Prospective LCI models the 
environmental consequences of a change in the studied system (life cycle). The 
method used here can be likened to a prospective LCI.  In a prospective LCI the 
broad approach of the LCA, covering all relevant environmental aspects, is 
reduced to include only the aspects relevant to the change. In accordance with 
systems analysis methodology the analyses described here are reduced further, to 
include only the aspects relevant to the problem definition. 
 
A study of a house over its life cycle includes all temporal phases: production, on-
site construction, operation, demolition and waste management. This is a complex 
issue due to the long lifespan, the many actors and processes involved and the 
uniqueness of each building. When evaluating new constructions (Paper VI) 
attention was concentrated on detailed studies of the production and operation 
phases. Already existing buildings were analysed with respect to the energy use 
during operation over the expected remaining life. A distinction was made 
between the demand (need) for energy, depending on the building construction and 
the activities inside, and the use of energy (primary energy) depending also on the 
supply systems (Abel 1994). The assumed activities were the same throughout the 
analyses since only residential buildings were included. To maintain an indoor 
climate suitable for residential purposes, buildings need energy in the form of both 
heat and electricity. The energy required to cover these demands can be supplied 
through separate or combined systems, as schematically illustrated in Figure 4. For 
example, a district heating system can cover both space heating and hot water 
demand, and an electric supply system can cover the total energy demand of a 
building, including heating with resistance heating, an electric boiler or a heat 
pump.  
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Figure 4. Outline of how the energy demand of residential activities can be covered by the supply of 
electricity and/or heat.  
 
The domestic hot water and household electricity use depends to a large extent on 
the users. When including the annual energy demand for these entities in the 
analyses, they were therefore standardised for all buildings, using estimates from 
the Swedish National Board of Housing Building and Planning (2003b): 
 

Qwater =1800 kWh*number of apartments +18 kWh/m2 of heated area 
Qel =2200 kWh*number of apartments +22 kWh/m2 of heated area  
 

However, the heat generated from electric appliances contributes to the heating of 
the indoor air. In low-energy houses this heat is of importance and may change the 
residents’ habits (Boström et al. 2003). The interaction of the household electricity 
and heating system energy was not accounted for in this work, other than that 
excess heat from normal appliance use was accounted for in the energy balance of 
the buildings. 
 

2.2.1 System boundaries 
The boundaries of a system act as a cut-off, and the burdens outside the 
boundaries are not considered. In comparative studies it is important to use the 
same system boundaries for all the systems, since the choice of boundaries may 
influence the outcome. When including biomass-based systems in a study of 
greenhouse gas balances it becomes especially complex, due to the characteristics 
of the carbon cycle. Important considerations in choosing system boundaries when 
comparing biomass-based energy systems with fossil-fuel-based ones have been 
thoroughly discussed by Schlamadinger et al. (1997).  
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The official statistics on energy use in Swedish buildings is based on the amount of 
fuel, heat or electricity that is purchased for heating purposes. This implies a 
system boundary around the house envelope. Radiators and internal distribution 
systems are included within the boundaries, while power plants and distribution 
systems external to the house are not. The large variation in primary energy use 
between different heating systems is then not considered. In this work, all stages of 
the energy system chains were covered, from natural resources to useful energy 
services in the house. Hence, upstream processes and not only the end-use 
conversion were evaluated. Four variables in the energy chains were changed: the 
heat demand as a result of applying house envelope measures, the end-use 
conversion technology (heating system), the electricity and district heat supply 
technology and the type of fuel (natural resource), as illustrated by the shaded 
boxes in Figures 5 and 6. The supply system interacts with the heat demand, which 
is also included in the total system boundaries of the analysis. System boundaries 
were not only placed on physical parameters, but also on time. The total estimated 
remaining lifetime of the studied houses was included. 
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Fuel chain

Natural resource 

Heat 

Demand

End-use heating 
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Fuel-based boiler heating system 

Power production
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Figure 5. Simplified energy chains of an electrical (left) and a fuel-based boiler (right) heating system. 
The dotted lines delineate the electricity supply systems, the dashed lines show the boundaries of the 
total supply systems and the black lines define the system boundaries of the analysed systems. The 
fuel chains include recovery, refining and distribution of fuels. 
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Figure 6. The system boundaries applied to the district heating system based on cogeneration. 
 
Every process in the energy system chains also has branches that reach out far to 
the sides. For example, as electricity is used for diesel production and diesel is used 
for electricity production, this forms a never-ending loop. Therefore, the system 
boundaries must cut these branches at a suitable place. This is necessary to 
facilitate the computations, but must be performed so that not too much 
information is lost. When setting the boundaries The Swedish Environmental 
Management Council recommends using the principle of “limited loss of 
information at the final product” (Wahlström et al. 2001). This means that the loss 
of information, as a result of omitting processes, is accepted as long as it 
corresponds to a contribution to the environmental impact not exceeding 1% of the 
total impact. The ENSYST software, employed to calculate the energy chains in the 
operation phase of the buildings, is based on this principle (Gustavsson and 
Karlsson 2002). The third sub-chain in the diesel production branch is hence 
neglected, as it represents less than 1% of the total energy flow and emission, as 
illustrated in Figure 7. The energy incorporated into materials and facilities, such 
as plant buildings and electric wires, was not included when calculating the 
operational primary energy, but this is also expected to be small (Karlsson 2003a).  
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Figure 7. Energy chain for diesel production. The third sub-chain was not included in the calculations. 
(Adapted from Gustavsson and Karlsson (2002).) 
 

2.2.2 Marginal electricity 
Different types of electricity production technology and fuels give rise to different 
primary energy use and CO2 emission. When assessing the effects of electricity use 
one must therefore consider what type of electricity generating process that is 
affected by the studied phenomena. Many guiding principles exist (Sköldberg et al. 
2006) and one widespread method is to assign each kWh the value of the average 
composition of the electricity produced within the system. The system boundaries 
can, for example, be defined around a country or region. However, when studying 
the consequences of a change in electricity use it is common to use marginal 
electricity, in the same way as it is common to use marginal data in general, for a 
prospective LCA (Ekvall et al. 2005). Marginal electricity is that generated by the 
technology used to increase production when the demand for electricity increases. 
In this work marginal electricity is chosen as the reference when changes are 
analysed, for example, the conversion from electric heating to other supply 
systems. Sweden is part of an integrated Nordic electricity system, and trades 
electricity on the common spot market, Nord Pool. The Nordic grid is in turn 
connected to other grids in Europe. Reduction in the electricity use in Sweden can 
therefore lead to increased export of electricity and thus a reduction in the 
production of marginal electricity in another country. Electricity production is 
today included in the EU Emissions Trading Scheme. When emissions are 
decreased somewhere, emission allowances can be sold to someone else who can 
increase their emissions, keeping the level constant. However, the idea is to reduce 
the total cap on emissions as energy efficiency increases, thus reducing CO2. 
  
The technology used for marginal electricity production in northern Europe today 
is coal-fired condensing plants (Swedish Energy Agency 2002). In the long-term 
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perspective this may change, since new investments in electricity production 
technology are affected by changes in consumption, costs and political incentives 
(Sjödin and Grönkvist 2004). Investments in Norwegian natural-gas-fired plants 
represent relatively low costs and the distribution capacity between Norway and 
the other Nordic countries is large. Natural-gas-based electricity may become more 
important in Sweden in the future (Sköldberg et al. 2006). It was included here to 
show the impact on the results of power production with less carbon-intensive fuel 
and high conversion efficiency. 
 

2.3 Reference system and functional unit 
Evaluating the use of a certain system means that the system of interest has to be 
compared with a reference system. The choice of reference system is crucial for the 
result. The reference system should represent the course of events in the absence of 
the system being evaluated. It is of course not always possible to predict the path 
of the future – the reference system might be changed over time. Gustavsson et al. 
(2000) comprehensively discussed the choice of reference systems and argued for 
accuracy, comprehensiveness, conservativeness and practicability as the four main 
guiding principles. When evaluating changes in the existing building stock, several 
reference systems were used, see Chapter 3. 
 
The basis for a comparison between systems is a functional unit that can be applied 
to all the systems considered. When comparing different supply systems for the 
operation of the same building (Papers I and II) the functional unit was chosen to 
be the energy needed to heat the house for one year (heat and electricity). When 
comparing several different buildings the energy required per unit area (m2) to 
heat the house for one year was used. The energy needed for domestic hot water 
and household electricity was only included in the analysis presented in Paper VI, 
where the total production energy was compared with the total operation energy.  
 
It is not implicit how to choose the functional unit when the two systems to be 
compared provide different functions. For the district heating systems analysed 
here, cogeneration plants, which generate both heat and electricity were assumed 
to cover the base-load heat demand. This creates a difficulty in allocating the 
analysed parameters between the cogenerated heat and electricity. Allocation 
always involves a subjective assessment and the International Organization for 
Standardization (ISO) recommends that allocation be avoided wherever possible 
(ISO 14041 1998). System expansion is a recognized way of avoiding allocation 
(Finnveden and Ekvall 1998; Lindfors et al. 1995). When one of the systems is 



 

expanded to include an extra process, the function of the systems can be made 
equal. 
  
The product of greatest interest in this work was heat. The subtraction method of 
system expansion was used, and it was assumed that the electricity cogenerated in 
the district heating system replaced electricity that would otherwise have to be 
produced elsewhere. It was assumed that it replaced electricity from condensing 
power plants based on similar technology and with the same kind of fuel as the 
corresponding cogeneration plant (Gustavsson and Karlsson 2006). This alternative 
electricity was hence subtracted from the cogeneration system to give heat as the 
output function of the system. It was then comparable to, for example, a domestic 
boiler system (Figure 8). An underlying assumption here is a demand for electricity 
produced in stand-alone plants. This assumption was based on the fact that about 
75% of the electricity generation in the EU is based on such production 
(Gustavsson and Madlener 2003).  
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Figure 8. System expansion for a cogeneration system, using the subtraction method and subtracting 
alternatively produced electricity from the cogeneration system. (Adapted from Karlsson (2003a) and 
Finnveden and Ekvall (1998).) 
 
Another way of performing system expansion is to use the multifunctional 
method, where the system producing a single output is expanded to also become 
multifunctional (Figure 9) (Finnveden and Ekvall 1998). The functional unit can 
then be defined as the sum of heat produced in order to heat the house and the 
maximum amount of electricity cogenerated by any of the systems when 
producing that heat. For all systems that could not generate the maximum amount 
of electricity, stand-alone power plants with corresponding technology and fuel 
were assumed to cover the electricity deficit (Gustavsson and Karlsson 2006). In 
Paper III analyses based on both system expansion methods are presented, to 
illustrate the importance of the choice of method when comparing cogeneration 
with separate heat and electricity generation. 
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Figure 9. System expansion for a cogeneration system, using the multifunctional method and adding an 
alternative way of producing electricity in the boiler system. (Adapted from Karlsson 2003a) and 
Finnveden and Ekvall (1998).) 
 

2.4 Parameters analysed 
Primary energy use, CO2 emission and cost were compared for all energy system 
alternatives. The primary energy use can be taken as a measure of the energy 
efficiency of a system. It indicates how efficiently natural resources are used. 
Increased energy efficiency is defined as obtaining the same service while using 
less primary energy, or obtaining a greater service without changing the amount of 
primary energy. The energy input and energy efficiency at each stage in the energy 
system chain were taken into account, and the CO2 emission was estimated for 
each process. Adding the results from each process gave the total emission and the 
total primary energy use of the system that produced the functional unit. The CO2 
release by burning biomass fuels was assumed to be balanced by the CO2 removed 
from the atmosphere during the growth of new biomass. Thus, the emission of CO2 
from the biomass-based systems depended on the amount of fossil fuel used in the 
energy chains, for example, in transportation. The CO2 emissions are expressed as 
the amount of carbon emitted. The total cost of heating the house includes the cost 
of investment in plants and end-use heating systems, fuel, operation and 
maintenance, heat and power distribution and house envelope measures. 
Investment costs were annualised, using a 6% real discount rate for the societal 
economic perspective, excluding Swedish energy taxes, subsidies and 
environmental fees, and a 3% discount rate for the house owners’ perspective. 
 
The three parameters described above (primary energy use, CO2 emission and cost) 
can be combined to describe the effectiveness of CO2 mitigation (Gustavsson and 
Karlsson 2006). In the analyses presented in Papers I, II and V, the mitigation cost 
is calculated. The CO2 mitigation cost (Mcost) of a change is defined as the cost per 
unit reduction of carbon, compared with a reference system, and is expressed as: 
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where C is the cost and E is the carbon emission resulting from the production of 
the functional unit. The subscripts ref and i denote the reference system and the 
system under comparison, respectively. A system with a high proportion of 
biomass fuels will typically have a lower CO2 emission than one that is dominated 
by fossil fuels. However, since the access to biomass fuel is limited, the use of a 
high proportion of biomass in one system will reduce the possibility of replacing 
fossil fuels elsewhere. It is therefore desirable to identify systems that minimize 
biomass use and CO2 emission at the same time. The biomass cost (Mbiomass) is 
defined as the increase in biomass use per unit reduction of carbon, compared with 
a reference system, and was calculated in Paper I as: 
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where B is the amount of biomass fuel used.  
 
The external costs of the studied systems were estimated and are presented in 
Paper IV. Estimates of the “cost of emitting carbon” are subject to great 
uncertainties due to the large time span of the global effects of CO2 emissions. The 
cost of future climate change depends not only on the carbon emitted today, but 
also on the cumulative emission due to future practices. The IPCC concludes that it 
is difficult to determine the monetary value of changes in health, biodiversity and 
future generations, but that it is still meaningful to try. Efforts to quantify the cost 
of climate change can be useful as an input in policy decisions concerning climate 
change and can thus help societies to apply the appropriate policy instruments to 
internalise these costs. Stern et al. (2006) used integrated assessment models to 
simulate the socio-economic impacts of climate change including, at least to some 
extent, the cost of non-market impacts. They estimated the cost of emitted carbon 
to be €260/t C (2006) if carbon emission continues along a business-as-usual (BAU) 
trajectory. If action is taken to reduce greenhouse gas emission and stabilise the 
atmospheric concentration at 550 ppm CO2, the impact of climate change would be 
less, and Stern et al. estimated the cost of carbon in that scenario to be €92/t C.   
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2.5 Data input and simulation software 
The energy used for space heating and ventilation during the operation phase of a 
building was estimated by computer modelling with the Enorm program, when 
input data were available. The data were gathered from floor plans, construction 
documents and from investigations on site. Enorm is commonly used by Swedish 
consultants, contractors and authorities (EQUA 2001). It calculates the annual 
energy and power demand on a 24-hour basis. It accounts for factors including the 
orientation of widows, thermal transmittances and the area of the building 
envelope, i.e. foundations, external walls, windows, doors and roof. It is intended 
for residential houses and is not suitable for buildings with large window areas or 
a large heat storage capacity. It does not include heating from sun radiation on 
outer walls or roofs. When construction data for the buildings were not available, 
the energy demand for operation was collected from literature describing the 
energy use in the buildings. The data in the literature ware based on calculations in 
Enorm and other energy demand software and on measurements of the actual use. 
 
The calculations of primary energy use, CO2 emission and societal cost were 
performed with the Microsoft Excel model ENSYST, developed by Karlsson in 2003 
(Karlsson 2003b). The energy system chains are evaluated in ENSYST, from natural 
resources to energy services in the house. The analysis requires a large data set, but 
all the assumptions are shown clearly in ENSYST. The key data are also given in 
the papers. The cost of house envelope measures was based on information from 
Swedish manufacturers and retailers. The customer prices of electricity and heat 
were gathered from energy suppliers. 
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3  
EXISTING HOUSES – THE SOCIETAL PERSPECTIVE  
 
 

3.1 Case study houses 
Papers I to IV describe the evaluation of energy-efficiency measures for existing 
houses in a societal perspective. The starting point was two detached houses, both 
built in the 1970s but with somewhat different constructions. The first house 
located in Odensala had 1½ floors and no basement, and an area of 144 m2. The 
second house, in Frösön had 2 floors, and half of the ground floor was below 
ground level, as a basement. The area of this house was 236 m2. Odensala and 
Frösön are two districts in the city of Östersund in central Sweden (lat. 63°N). Since 
the current building stock is composed of a multitude of designs, we investigated 
the possibility of generalising the results depending on 3 parameters: the house 
size, the energy standard of the house envelope, and whether or not the house had 
a basement. The two constructions were compared and the heated area of the 
houses was varied by ± 30% (Paper III). This gave six designs (3 for each house) 
with heated areas between 100 and 306 m2 and heat demands between 28 and 47 
MWh annually. The values used are given in Table 1. The relation between the area 
to be heated and the heat demand is not linear, which means that the heat demand 
decreases by less than 30% when the area is reduced by 30%. The heating 
requirement of the house in Frösön was also determined for three different heat 
loss rates, to study the effect of varying energy standard. Eight different reference 
house configurations were therefore studied. Frösön* has less energy standard 
than Frösön, with U-values in between the actual values and those in line with the 
building code effective between 1961-1976. Frösön** has even less energy standard, 
with U-values in line with the building code effective between 1961-1976. 
 



 

 
Figure 10. The easterly facade of the house in Odensala. 
 
 

 
Figure 11. The westerly facade of the house in Frösön. 
 
 
Table 1. Heated area (m2) and annual space heat demand (MWh/year and kWh/m2, year in brackets) 
for the eight different reference house configurations. 
Ref. configuration -30% Nominal area +30% 
Odensala 100  144  186  Area heated 
 28 (275) 32 (223) 36 (194) Space heating demand 
Frösön 165  236  306  
 31(188) 40 (169) 47 (153) 
Frösön* 236   
(Larger heat loss rate than Frösön) 46 (196)   
Frösön** 236   
(Larger heat loss rate than Frösön*) 56 (237) 
 
Sweden covers a number of climatic zones, so in addition to analysing the house in 
Odensala at its original location (lat. 63°N), simulations were also performed for 
the heat demands of the same house located at Pajala in the far north (lat. 68.4°N) 
and Malmö, in the south (lat. 55.4°N) of Sweden (Paper V).  The mean annual 
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temperature in Pajala is 0°C, and that in Malmö is +8°C (SMHI, 2007). Östersund 
has a yearly mean temperature of +2°C. 
 

3.2 House envelope measures 
House envelope measures aimed at increasing the energy efficiency were analysed 
for three different parts of each construction: the attic, windows and 
basement/foundation. Extra insulation in the attic consisted of 200 mm blown stone 
wool. Existing windows with a U-value of 2.7 were replaced by new windows with 
a U-value of 1.2. The new windows were triple-glazed; two panes with a low 
emissivity coating separated by argon formed a sealed unit. In Frösön the outer 
basement walls were clad with 100 mm thick expanded polystyrene boards. 
Basement insulation of older houses is often profitable for house owners. This was 
compared with a house envelope measure for the house without a basement. In 
Odensala, the same type of boards was laid out in the ground horizontally from 
the foundation. The reference and new U-values are given in Table 2. The different 
heat demands resulting from different combinations of the above measures were 
estimated using Enorm. In the studies reported in Papers I, II and IV an indoor 
temperature of 20°C was assumed, while in those described in Papers III and V, 
22°C was used. It has been shown that 22°C is common in Swedish homes today 
(Larsson et al. 2003). The energy demand for hot water and household electricity 
was not included in the analyses presented in Papers I to V. 
 
In the house in Frösön the measures were actually implemented in 2005, and the 
cost estimates were adjusted so as to be in accordance with the real costs, although 
the adjustments were insignificant. The expected remaining lifetime of both houses 
was estimated to be 50 years. Due to the age of the houses and the need for 
renovation, a new drainage system, upgraded heating system and painting of the 
windows were included in the reference systems.  
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Table 2. U-values for the nominal reference houses. Reference U-values, new U-values after house 
envelope measures were applied, and investment costs for implementing the measures are given. U-
values are given for the three different energy standards of the house in Frösön. 
 Uref Unew Investment 
 (W/m2 *K) (W/m2 *K) cost (€2006) 
Odensala, area 144 m2 
Windows 2.70 1.20 5616 
Attic floor 0.31 0.12 692 
Foundations 0.21 0.17 566 
Walls 0.36 No measures implemented 
 
Frösön, area 236 m2 Frösön Frösön* Frösön** Frösön Frösön* Frösön** 
Windows 2.70 2.70 2.70 1.20 1.20 1.20 8736 
Attic floor 0.19 0.25 0.49 0.10 0.11 0.15 1265 
Foundations 0.31 0.45 0.58 No measures implemented 
Basement walls 0.66 0.66 0.66 0.31 0.31 0.31 653 
Walls upper floor 0.17 0.23 0.58 No measures implemented 
 
 

3.3 Heating systems 
Conversions from four different reference heating systems were analysed: 
electrical resistance heaters (electric radiators) and domestic boilers driven by oil, 
natural gas and electricity. Today, natural gas is only available in the south-
western part of Sweden, but its inclusion makes the analyses more general since it 
accounts for about 20% of the world’s energy supply (Swedish Energy Agency 
2005). When resistance heaters were assumed for space heating, an electric 
immersion heater was used for heating water while in the case of the boilers these 
also heated the hot water and distributed it in a system separate from the water-
filled radiators. Retained reference systems were also analysed assuming that the 
old heating equipment had been upgraded.   
 
The alternative heating systems studied were district heating, a bedrock heat 
pump and a wood pellet boiler. Figure 12 shows the four reference heating systems 
(shaded boxes) and the conversion options analysed.  
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Figure 12. Retaining the reference end-use heating systems (shaded boxes) was compared with 
conversions to alternative systems. 
 
An important assumption was that if a scenario included house envelope measures 
they were always implemented before upgrading or converting the heating 
system. Thus, the installed capacity of the new heating system could be adjusted to 
the new heat demand. The lower heat demand hence gave the advantage of a 
reduced investment cost for the new heating equipment. Not only the capacity but 
also the number of radiators could be reduced in the scenarios with new windows, 
since the windows were efficient enough to reduce the cold draft. A pellet boiler 
especially adapted to a lower capacity demand was not available and the same 
boiler was therefore used for all heat demand levels.  
 
The heat pumps were chosen to minimize the annual cost and CO2 emission from a 
societal economic point of view. They covered 60-80% of the capacity demand and 
97-99% of the heat demand in the different scenarios. An electric heater integrated 
with the heat pump covered the remaining demand. For the alternatives including 
boilers the cost of constructing a new chimney was included, as was the cost of 
outdoor storage facilities for pellets or oil. The cost of installing water-distributed 
heat was added to the investment cost of the new systems. 
 
The alternative heating systems were chosen because of their potential to 
contribute to climate change mitigation. District heating generated by a combined 
heat and power plant (CHP plant) has a high system efficiency, low emission and a 
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greater degree of fuel flexibility than single-purpose energy systems (Ericsson et 
al., 2004; Gustavsson and Karlsson 2003). Only 13% of the electricity generated in 
the EU today is based on CHP, but is regarded by the European Commission as a 
possible way to improve energy efficiency and reduce environmental impact 
(Grohnheit and Mortensen 2003; European Commission 2006). District heating 
plays a minor role in the overall European energy system today, but is significant 
in countries such as Denmark, Finland and Sweden (Knutsson et al. 2006). The 
market for district heating in Sweden is largest for non-residential premises and 
apartment buildings, while only 9% of single-family houses are connected to a 
district heating network (Swedish Energy Agency 2005). However, the Swedish 
Energy Agency and the Swedish District Heating Association intend to reduce the 
cost of connecting detached houses in order to increase the proportion of houses 
connected (Swedish District Heating Association and Swedish Energy Agency, 
2006). Ground/lake/bedrock heat pumps have also been identified as a means of 
reducing emissions (Almeida et al. 2003; Laue 2002). These are electrical systems 
but with a significantly lower electricity demand than resistance heaters or electric 
boilers. A coefficient of performance (COP) of 3 was used in most of the analyses. 
However, the future development of technology is expected to increase the COP 
and a sensitivity analysis was performed with a COP of 4 (Paper IV).  
 
Energy chains based on wood pellets from sustainably grown forests give rise to 
very low net CO2 emission. Apart from CO2 emission, other emissions result from 
small-scale wood burning, such as particles, hydrocarbons and benzene. This is the 
reason why this system is not regarded as suitable for densely populated areas. 
However, refined fuels such as pellets have significant environmental advantages 
compared with conventional wood (Kjällstrand and Olsson 2004), and relatively 
simple design modifications can decrease the emission of NOx, CO and 
hydrocarbons (Eskilsson et al. 2004). Around 90% of the pellet boilers sold in 
Sweden in 2004 were environmentally approved for urban areas. 
 

3.4 Electricity and district heat supply 
Higher up in the energy supply chain, the effects of different fuels and different 
technologies for large-scale heat and power generation was analysed. The 
electricity conversion efficiency in plants can be increased, compared to a 
conventional steam turbine plant, by using a combined cycle, in which electricity is 
generated through both a gas and a steam turbine. This provides potential for 
improved efficiency in biomass-based district heating systems through the 
commercialisation of biomass-integrated gasification combined-cycle (BIG/CC) 
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technology (Ståhl and Neergaard 1998). New CHP plants based on combined-cycle 
technology have a power-to-heat ratio of about 1.0 compared with 0.4-0.5 for 
traditional steam turbines (Grohnheit and Mortensen 2003). Biomass can play an 
important role in the transition from existing fossil fuel systems to renewable 
alternatives. Estimates show that the production of fuel from forestry residues, 
energy crops and recycled wood material can be increased significantly in Sweden 
(Gustavsso, 1997; Gustavsson et al. 1995; Lundborg 1998). 
 
For the reference system with a natural gas boiler, the electricity needed to run the 
boiler was assumed to be based on natural gas. For the other systems the reference 
electricity supply was based on coal and stand-alone steam turbine (CST) power 
plants. Coal-based electricity from Denmark is considered to be the marginal 
electricity production technology in the Nordic countries (Swedish Energy Agency 
2002).  
 
All end-use alternatives were analysed in combination with different electricity 
supply systems. Besides the reference CST technology, natural-gas-based 
combined cycle technology (NGCC), biomass-based steam turbine technology 
(BST) and biomass-based integrated gasification combined-cycle technology 
(BIG/CC) were included. These systems were assumed to cover 95% of the heat 
demand in the electrical heating systems, while peak production with light-oil-
fired gas turbines covered the remaining 5%. All electricity needed to operate the 
boilers and district heating systems was assumed to be produced as base-load. The 
district heating system was assumed to be based on cogeneration in CHP plants 
with the peak demand being covered by light-oil-fired boilers. Thus the biomass-
based supply chains included more fossil fuels than if the peak load had been 
supplied by biomass-fuelled hot-water boilers. The economically optimal 
utilisation time and fraction of cogeneration depends on the fuels used in peak-
load and base-load production and on the assumed costs and fuel prices. This 
design was based on oil- and coal prices that included the mitigation cost of 
switching from the respective technologies to the BIG/CC alternative. When 
condensing plants were assumed to cover the electricity deficit in a system or to be 
replaced by cogenerated electricity (depending on system expansion method), 
corresponding stand-alone power plants were assumed to use the same kind of 
fuel. The societal cost of the heat and electricity supply systems included the cost of 
investments in plants, as well as fuel refining, transportation and distribution. The 
capacity, efficiency and cost of the power plants described above are given in 
Paper III. Variations of the distribution losses in the district heating system have a 
minor effect on the primary energy use (Gustavsson and Karlsson 2003). 



 

3.5 Results 

3.5.1 Primary energy 
The results showed that there is considerable potential to reduce the primary 
energy use in the houses studied. Figure 13 shows the annual primary energy use 
for heating the nominal house in Frösön with the seven heating system alternatives 
combined with two electricity supply systems (coal-based and biomass-based) and 
various combinations of house envelope measures. A combination of all three 
house envelope measures reduces the primary energy use by 25%. In the house 
Odensala the achievable reduction is lower (20%), as Frösön has a basement and 
extra insulation of the basement walls has a greater effect than the foundation 
insulation of the Odensala house (Paper III). However, the results presented in 
Papers I-IV show that the end-use heating system has a greater influence on the 
primary energy use than the house envelope measures. The most energy-efficient 
heating system is cogenerated district heating, followed by the heat pump, the fuel 
boilers and, finally, the resistance heaters and the electric boiler (Figure 13). The 
pellet boiler system has higher primary energy use than the oil- and gas-fired 
boilers, due to a lower conversion efficiency and the energy losses in pellet 
production.  
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Figure 13. The annual primary energy use for the nominal house in Frösön (medium size) for the seven 
different end-use technologies: resistance heaters (RH), electric boiler (EB), pellet boiler (PB) oil boiler 
(OB), natural gas boiler (NGB), heat pump (HP) and district heating (DH), combined with two electricity 
supply systems: coal-based steam turbines (CST) and biomass-based integrated gasification combined-
cycle technology (BIG/CC), and with combinations of the envelope measures: attic insulation (AI), attic 
and basement insulation (AI+BI) and attic and basement insulation and new windows (AI+BI+windows). 
(Data from Papers I, II and III.) 
 
The primary energy use was 73% lower with district heating than with resistance 
heaters when the electricity was supplied by CST. The choice of electricity supply 
system had a smaller impact on the primary energy use than both the heating 
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system and the house envelope measures. The NGCC was the most efficient 
electricity supply technology, followed by CST and finally biomass based BIG/CC 
and BST. Among the biomass-based supply technologies BIG/CC was 14% more 
efficient than BST for the electrical heating systems (RH and HP). For the fuel 
boilers, which only used a small amount of electricity, the influence of different 
electricity supply systems was insignificant. Figure 14 shows the primary energy 
use for resistance heaters and the district heating system combined with various 
district heat and electricity supply technologies. The ranking of the supply systems 
in Figure 14 was different when combined with RH than when combined with DH, 
due to the high system efficiency of district heating combined with BIG/CC. 
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Figure 14. The annual primary energy use for the nominal Frösön house using resistance heaters (RH), 
or district heating (DH) combined with alternative district heat and electricity supply systems: coal-based 
steam turbines (CST), natural gas-based combined-cycle technology (NGCC), biomass-based 
integrated gasification combined-cycle technology (BIG/CC), and biomass-fired steam turbines (BST). 
(Data from Paper III.) 
 

3.5.2 CO2 emission 
Typically, a system with lower primary energy use also causes less emission. The 
decisive factor in CO2 emission, however, is the carbon content of the fuel. Biomass 
has a high carbon content, but since it was assumed that the CO2 released to the 
atmosphere was balanced by the uptake of new growth, the CO2 emission depends 
only on the fossil fuel used in the system chain, for example, in transport. The 
difference in CO2 emission between most of the heating systems was very small 
when using biomass-based supply chains, as can be seen in Figure 15. However, 
the CO2 emission from the fuel boiler systems depends on the fuel used in the end-
use conversion. The carbon content per unit energy of natural gas is 62% of that of 
coal. This explains the higher CO2 emission from the heat pump system than from 
the natural gas boiler, when coal-based electricity was used, despite the fact that 
the heat pump system was much more energy efficient. Using district heating or a 
heat pump combined with BIG/CC resulted in 95% less CO2 emission than for 
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resistance heaters combined with CST. This is equivalent to the emission of almost 
10 tonnes less carbon per year from the nominal house in Frösön. 

 

0

10

20

30

40

50

RH EB PB OB NGB HP DH RH EB PB OB NGB HP DH RH EB PB OB NGB HP DH

Reference heat demand

CST

E
m

is
si

on
 (k

g 
C

/m
2,

 y
ea

r)

BIG/CCNGCC  
Figure 15. The annual CO2 emission resulting from heating the nominal house in Frösön with various 
end-use technologies and electricity supply systems. The abbreviations are the same as those used in 
Figures 13 and 14. (Data from Papers I, II and III.) 
 

3.5.3 Houses with resistance heaters 
All end-use heating systems except the electric boiler showed substantially lower 
primary energy use and CO2 emission than the resistance heaters, for all electricity 
supply systems (Figures 13 and 15). The annual cost of heating the house was 
calculated assuming that the resistance heaters were upgraded or converted to 
other heating systems (Figure 16). Retaining the resistance heaters and changing 
the electricity supply to natural-gas- or biomass-based increased the cost, while 
conversion to any other heating system reduced the annual cost. Conversion to a 
heat pump system had the lowest cost. 
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Figure 16. The annual cost of heating the nominal house in Frösön after upgrading the resistance 
heaters or converting to other heating systems. Heating systems and electricity and heat supply 
systems are abbreviated as in Figures 13 and 14. The changes in heating cost with a 50% increase and 
decrease in oil and gas prices are shown by the error bars. (Data from Papers I and III.) 
 
The error bars in Figure 16 show the fluctuations in the annual cost when the light 
fuel oil and natural gas prices were varied by ± 50%. This corresponds 
approximately to low and high crude oil prices of USD22 or USD65 per barrel 
(USD1 = €0.73 in 2007). At the higher prices, the cost of the oil and natural gas 
boiler systems exceeded the cost of retaining the resistance heaters when electricity 
was coal-based, but not for NGCC or BIG/CC electricity supplies. The heat pump 
and district heating then showed the lowest cost combined with all supply 
systems. At the lower prices conversion to either an oil or gas boiler resulted in a 
lower annual cost than the other heating system alternatives, for all electricity 
supply options. 
 
The house envelope measures were found to be more cost-efficient when applied 
in combination with the least energy-efficient heating systems. The insulation 
measures reduced the annual cost combined with all conversion options, while 
new windows were not profitable in every case. Replacing the windows lowered 
the energy use most, but was also associated with the highest investment cost.  
 
The variations in heating cost resulting from house envelope measures were, 
however, small. Only in the case of retained resistance heaters did any 
combination of measures alter the annual cost by more than €200 (2007) (or 1 € per 
m2). However, since the house envelope measures reduced the heat demand, the 
annual cost was less sensitive to fluctuations in oil and gas prices giving a more 
robust system. When the oil and gas prices were increased by 30% above the 
baseline prices, a system with an oil or natural gas boiler had a lower annual cost 
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when combined with all three house envelope measures than the house in its 
original state. For low or moderate oil prices the annual cost was higher with the 
house envelope measures (Figure 17). 
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Figure 17. The annual cost of heating the nominal house in Frösön after upgrading the resistance 
heaters (RH) or converting to an oil (OB) or natural gas boiler (NGB). Electricity as assumed to be 
supplied with coal-based steam turbines (CST) and natural-gas-based combined-cycle technology 
(NGCC). The changes in heating cost for a 30% increase and decrease in oil and gas prices are shown 
by the error bars. (Adapted from Paper I.)  
 
Mitigation cost 
Since heating system conversions reduced the annual cost, they had negative 
mitigation costs. This means that the CO2 emission could be reduced at a negative 
cost compared with the existing alternative with resistance heaters, and money 
could be saved. Retaining resistance heaters and switching electricity supply 
resulted in higher annual costs and hence a positive mitigation cost (Figure 18). 
The annual cost was slightly higher with RH+BIG/CC than with RH+NGCC, but 
since the biomass-based alternative reduced the CO2 emission substantially more, 
the mitigation cost was lower. 
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Figure 18. The mitigation cost of conversions from resistance heaters combined with CST electricity to 
alternative heating and electricity supply systems for the nominal house in Frösön. The mitigation costs 
of implementing the three house envelope measures are shown for the reference energy system with 
CST. (From Paper I.) 
 
Biomass cost 
The biomass cost of system changes was also calculated (Paper I). When the large-
scale energy supply was fossil-fuel-based, biomass was only introduced into the 
system when the heating system was converted to a pellet boiler. When converting 
to biomass-based energy supply systems, the oil and natural gas boilers had the 
lowest biomass cost, but this also led to the least reduction in CO2 emission. The 
heating systems that were most energy-efficient, district heating and heat pump, 
had lower biomass costs than the pellet boiler and resistance heaters (Figure 19). 
Retaining the resistance heaters and switching to biomass-based electricity resulted 
in the highest biomass cost. At the same time, it did not reduce the emissions as 
much as the other alternatives, and hence the biomass was used inefficiently in this 
case. 
 

  37 



 

0

2

4

6

8

10

12

PB PB RH PB OB NGB HP DH RH PB OB NGB HP DH

Reference heat demand

CST

B
io

m
as

s 
co

st
 (M

W
h/

to
nn

e 
C

 re
du

ce
d)

BIG/CCNGCC BST
 

Figure 19. The biomass cost per unit reduction of CO2 resulting from conversion from resistance 
heaters based on CST electricity to alternative heating systems and district heat and electricity supply 
systems for the nominal house in Frösön. (Adapted from Papers I and III.) 
 
Variations in size, energy standard, construction and location 
When comparing the different house sizes it was found that a larger floor area 
resulted in lower heating cost and lower primary energy use per unit area (Paper 
III). The size and energy standard of the houses did not significantly affect the 
ranking of the heating systems, from a primary energy or economic viewpoint. For 
smaller houses, however, district heating and pellet boilers were less economically 
competitive than a heat pump. This is because the investment costs of these 
systems were reduced less than for heat pumps with a reduction in heat demand, 
since these systems had the same installed capacity (of boiler and service centre) 
regardless of heat demand.  
 
The profitability of the conversions generally increased with increasing floor area 
and lower energy standard. The annual heating cost after conversions from 
resistance heaters to a pellet boiler, heat pump and district heating decreased more 
for a larger house, since it had higher reference energy costs (Figure 20 (left)). The 
annual cost reduction was greatest for heat pumps and least for conversion to a 
pellet boiler, where the cost increased for smaller houses in combination with CST. 
Figure 20 (right) shows that the relative change in annual cost depended only on 
floor area for the pellet boiler and district heating systems. For both these systems, 
the fixed costs, which did not vary with size, constituted a larger part of the 
investment cost than for the heat pump system. The dependency on size was 
especially noticeable for the conversion to a pellet boiler, where the fixed costs 
were about three times greater than the variable costs. 
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Figure 20. Change in annual cost (left) and change in relative annual cost (right) after conversion from 
resistance heaters (RH) to a pellet boiler (PB), district heating (DH) or a heat pump (HP). It was 
assumed that electricity and district heat were supplied by CST. (From Paper III.)  
 
The reduction in heating cost resulting from conversion from resistance heaters 
was also greater for a house with a lower energy standard as the original energy 
use was higher. A lower energy standard also led to a greater reduction in heating 
cost when implementing house envelope measures, due the reduction in energy 
losses. Figure 21 shows the reduction in heating cost when converting from 
resistance heaters to a pellet boiler, a heat pump or district heating, for the three 
simulated energy standards of the nominal house in Frösön. 
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Figure 21. Annual reduction in heating cost at conversions from resistance heaters to alternative 
heating systems, for three different energy standards of the house in Frösön. Frösön denotes the house 
with the lowest U-values and Frösön** that with the highest. It was assumed that electricity and district 
heat were supplied with CST. (From Paper III.) 
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The two different constructions of the houses in Odensala and Frösön provided 
different opportunities for house envelope measures (Paper III). The Frösön house 
had a basement where the U-value could be substantially improved, while the 
foundation insulation in Odensala was quite costly with little effect. The ranking of 
the cost effectiveness of the measures was therefore different for the two houses. 
For the house in Frösön, replacing the windows was the least cost-efficient 
measure, while for the Odensala house the foundation insulation was least cost-
efficient. The attic insulation was the most cost-efficient house envelope measure 
for both houses. 
 
The geographical location of the houses was less important than the choice of end-
use heating system when comparing the primary energy required to heat the 
houses. However, the location had a larger effect than the type of electricity supply 
system or house envelope measures (Paper V). The primary energy use for heating 
the nominal Odensala house was 15% higher in Pajala than in Östersund, and 
about 40% lower in Malmö than in Östersund, independent of the heating system. 
 
Changing the location had a small impact on the CO2 emissions when using 
biomass-based energy chains, since the emissions were small. The location had a 
larger effect on the CO2 emissions from fossil-fuel-based energy chains. Conversion 
from resistance heaters using CST electricity to a district heating system based on 
BIG/CC reduced the CO2 emission by 95% in both Pajala and Malmö. However, the 
values of the reduction were 9.3 tonnes of carbon for the nominal Odensala house 
when located in Pajala and 5.5 tonnes when located in Malmö (Figure 22). 
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Figure 22. The annual CO2 emission when heating the nominal Odensala house in Pajala and Malmö. 
Four heating systems are shown: resistance heaters (RH), pellet boiler (PB), heat pump (HP) and 
district heating (DH), combined with various house envelop measures: attic insulation (AI), attic 
insulation and new windows (AI+W) and both insulation measures and replacing the windows 
(AI+W+FI). It was assumed that base-load electricity and district heat was generated by coal-based 
steam turbines (CST) and biomass-based integrated gasification combined-cycle technology (BIG/CC). 
(From Paper V.) 
 
The profitability of the conversions and the house envelope measures was affected 
by the location of the house. The lower heat demand due to a warmer climate had 
a similar effect as a lower heat demand in a smaller house. Conversion to pellet 
boilers and district heating were hence not as favourable in the south of Sweden as 
in the north from a societal economic perspective. The house envelope measures 
were also most economically profitable in the north, although differences in the 
cost of heating due to implementing house envelope measures were small in all 
locations. However, the attic insulation lowered the annual cost of heating, in 
combination with conversion to any of the heating systems at all locations. 
 
Motivation in the societal economic perspective 
The mitigation costs of heating system conversions and house envelope measures 
were compared to the estimates of external costs of climate change presented in the 
Stern review on the Economics of Climate Change (Stern 2006) (Paper V). This 
gives an indication of which measures are motivated from a societal economic 
perspective. A lower mitigation cost than external cost implies that the cost of 
reducing emission of CO2 by implementing a measure is lower than the cost of the 
climate change induced by emitting the amount of emission avoided. Figure 23 
shows the mitigation cost of conversions from resistance heaters with CST 
electricity to alternative heating systems and electricity supply systems, for the 
Odensala house located in Pajala and Malmö. In Pajala, conversions to any of the 
alternative heating systems resulted in a negative mitigation cost for all the 
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electricity supply alternatives. Only retained resistance heaters gave a positive 
mitigation cost. In Malmö, the lower heat demand and hence lower cost of the 
reference electric system, resulted in positive mitigation costs for most of the 
alternatives. However, conversion to a heat pump gave a negative mitigation cost 
also in Malmö. At both locations, only retained resistance heaters in combination 
with a change to natural-gas-based electricity gave a mitigation cost higher than 
the Stern’s lower external cost of  €92/t C (2006). 
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Figure 23. The mitigation cost of conversions from resistance heaters with CST electricity to alternative 
heating systems and electricity supply systems for the Odensala house located in both Pajala and 
Malmö. The high and low levels of external cost from Stern’s report is indicated. (From Paper V.) 
 
Implementing house envelope measures was not as favourable from the societal 
economic perspective as heating system conversions. The most economical option 
was extra attic insulation, and Figure 24 shows the mitigation cost of the two less 
profitable measures for the Odensala house located in Pajala and Malmö. The CO2 
mitigation cost resulting from replacing the windows was considered with the attic 
insulation as the reference, and when foundation insulation was added both attic 
insulation and new windows were included in the reference. Only in the north, 
and with retained resistance heaters, did these house envelope measures have a 
negative mitigation cost. Together with heating system conversions the installation 
of new windows showed a mitigation cost in Pajala between Stern’s high and low 
estimates of external costs, and the cost was much higher in Malmö. The mitigation 
cost of foundation insulation was higher than Stern’s high external costs for all 
alternative heating systems at both locations. 
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Figure 24. The mitigation cost of installing new windows and foundation insulation in the Odensala 
house located in Pajala and Malmö. The electricity and district heat was assumed to be supplied by 
CST. Stern’s high and low external costs are indicated. (From Paper V.) 
 

3.5.4 Houses with electric boilers 
Conversion to a pellet boiler and heat pump were studied as options for a house 
with an electric boiler (see Section 3.1.3). Such a house is generally equipped with 
water-filled radiators, and conversions to other systems are therefore more 
profitable than for a house with resistance heaters, since the investment costs are 
lower. Apart from this, the retrofit effects were similar to those for houses with 
resistance heating systems. Retaining the electric boiler and switching electricity 
production technology increased the annual heating cost. Conversions from the 
electric boiler to a pellet boiler or a heat pump lowered the annual cost for all 
electricity production alternatives. Figure 25 shows the negative mitigation cost of 
converting to a pellet boiler or a heat pump. 
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Figure 25. The mitigation cost of conversions in the nominal Frösön house from an electric boiler (EB) 
with CST electricity supply to a pellet boiler (PB) or a heat pump (HP) and electricity supplied by natural-
gas-based combined cycle (NGCC) and biomass-based integrated gasification combined-cycle 
technology (BIG/CC). The mitigation cost of house envelope measures is shown for the reference 
supply system. Attic insulation (AI), attic insulation and new windows (AI+W) and both insulation 
measures with new windows (AI+W+FI). (Adapted from Paper II.) 
 
Figure 25 also shows the negative mitigation cost of implementing the house 
envelope measures if the reference supply system (EB+CST) was retained. The 
insulation measures also had a negative mitigation cost for the other supply system 
alternatives. However, changing the windows was only cost-effective if the electric 
boiler was retained, since the electric boiler system had significantly higher heating 
costs than a heat pump or a pellet boiler.  
 

3.5.5 Houses with fuel boilers 
The annual heating cost with an upgraded oil boiler system (OB) in the Frösön 
house was €1360 (2007) lower than for an upgraded electric boiler system. The low 
cost of using the reference oil boiler system made heating system conversions less 
profitable and the annual heating cost was only reduced when converting to a heat 
pump (HP) with the electrical power still coal-based (CST). This was therefore the 
only conversion option analysed that showed a negative mitigation cost (Figure 
26). However, the mitigation costs are close to Stern’s low estimated costs. 
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Figure 26. The mitigation cost of conversions from an oil boiler (OB) with a CST electricity supply 
system in the Frösön house. The mitigation costs of implementing the house envelope measures are 
shown for the reference supply system. Abbreviations as in Figure 25. (Adapted from Paper II.) 
 
For an oil price 50% higher than the baseline price, retaining an oil boiler was more 
expensive than the alternatives. The CO2 mitigation costs at the higher oil and gas 
prices were therefore negative for conversion to a heat pump combined with any 
of the electricity supply systems, and around zero for the pellet boiler options. 
Figure 27 illustrates the mitigation costs with a 50% increase in the price of oil and 
natural gas. 
 
Figures 26 and 27 show the mitigation cost of the house envelope measures when 
applied to the Frösön house with the reference supply system. At baseline fuel 
prices the attic and basement insulation measures were profitable, but not 
replacing the windows. The same result was found for all system alternatives. 
Increased fuel prices increase the incentives for energy-efficiency measures and the 
mitigation cost of new windows in the reference oil boiler case decreased from 
€191 (2007) to zero.  
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Figure 27. The mitigation cost of conversions from an oil boiler (OB) in the Frösön house as in Figure 
26, but for oil and gas prices 50% higher than the base level. Supply system abbreviations as in Figure 
25. (Adapted from Paper II.) 
 
The annual heating cost of an upgraded natural gas boiler system was even lower 
than for an oil boiler system. The annual cost therefore increased for conversion to 
a pellet boiler or heat pump. The cost was slightly reduced (1-3%) when the natural 
gas boiler was retained while switching to alternative electricity supply systems. 
When switching to BIG/CC the CO2 emission was reduced by 8%, but when 
switching electricity supply to CST the emissions increased, both when retaining 
the natural gas boiler and when changing to a heat pump. As there was no 
mitigation with these alternatives, their mitigation costs are not shown in Figure 
28.  
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Figure 28. The mitigation cost of conversions from a natural gas boiler (NGB) in the Frösön house with 
a NGCC electricity supply system. The mitigation costs of implementing the three house envelope 
measures are shown for the reference energy system. Abbreviations as in Figure 25. (Adapted from 
Paper II.) 
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A heat pump system with biomass-based (BIG/CC) electrical power reduced the 
CO2 emissions by 80%. This conversion had a mitigation cost of around €43/tonne 
C avoided (2007). This mitigation cost was lower than for a conversion from an oil 
boiler but also resulted in a lower CO2 mitigation. The attic and basement wall 
insulation measures were profitable, but not replacing the windows, just as for a 
house with an oil boiler system. At the higher oil and gas prices the CO2 mitigation 
cost was negative for all alternatives. 
 
Since a district heating system such as that described in Paper III had lower annual 
heating cost than a pellet boiler, conversion from an oil or gas boiler to such a 
system would lead to a lower mitigation cost. 
 

3.5.6 Technology development 
Potential future technological development of biomass-based supply systems, heat 
pumps and district heating systems was compared with today’s technology in the 
study described in Paper IV. This was done assuming biomass to be the fuel, due 
to the potential for reductions in CO2 emission. A heat pump with a COP of 3 was 
used consistently throughout the analyses and it was combined with an electricity 
supply system based on BST as an example of available technology. In this 
sensitivity analysis it was compared with a heat pump system assumed to have a 
COP of 4 and to be supplied with electricity from a BIG/CC plant. It was also 
assumed that developments in the district heating system would lead to a shift 
from BST to BIG/CC, while using cogeneration plants in both scenarios.  
 
The assumed development of district heating systems and heat pumps had no 
effect on their relative energy efficiency (Figure 29). The district heating system 
was still somewhat more efficient than the heat pump system. Improvements in 
efficiency of the systems are nevertheless important, in order to further decrease 
the primary energy use. The improved heat pump and district heating systems had 
30% and 35% lower primary energy use, respectively, than the less efficient 
versions. As shown in Section 3.2.1, biomass-based systems using BST were 14% 
less efficient than BIG/CC in combination with electric heating systems (Paper III).  
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Figure 29. The primary energy use for heating the Frösön house with resistance heaters (RH), a heat 
pump with COPs of 3 and 4 (HP3, HP4) and district heating (DH). Electricity supply systems are coal-
based steam turbines (CST), biomass-based steam turbines (BST) and biomass-based integrated 
gasification combined-cycle technology (BIG/CC). District heating supply systems are based on 
cogeneration (CHP). (From Paper IV.) 
 
The economic ranking did not change with the technological development either. 
The heat pump systems generated lower annual costs than district heating after 
conversion from resistance heaters (Figure 30). The investment cost of the heat 
pump with a COP of 4 was assumed to be the same as that with a COP of 3 for the 
same capacity. Since neither the economic nor energy efficiency ranking changed 
with technology development, this was not a reason for changing the grounds on 
which decisions are made to use one system or the other. 
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Figure 30. The annual cost of heating the Frösön house after conversion from RH+CST, with system 
alternatives as in Figure 29. (Adapted from Paper IV.) 
 

3.5.7 Methodological issues 
When comparing systems with different outputs allocation can be avoided by two 
types of system expansion, the subtraction method and the multifunctional 
method. The subtraction method was used in this work when including 
cogeneration processes in the systems compared. Both methods were applied in 
the study described in Paper III and, as expected, the ranking of the heating 
systems was the same with both methods. Therefore, comparisons of the systems 
and recommendations as to which system is preferable to another did not depend 
on the expansion method used. However, since the functional unit was larger with 
the multifunctional method the primary energy, cost and CO2 emission were 
higher, as can be seen in Figure 31. Therefore, the relative reductions in primary 
energy were larger with the subtraction method, while the absolute reduction after 
a conversion was the same with both methods.  
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Figure 31. The annual primary energy use for heating the Odensala house with four heating systems: 
resistance heaters (RH), a pellet boiler (PB), district heating (DH) and a heat pump (HP), combined with 
coal-based steam turbines (CST) and biomass-based integrated gasification combined-cycle technology 
(BIG/CC). Results for both the subtraction method and multifunctional method are shown. (Adapted 
from Paper III.) 
 
For the electric systems (RH and HP), the use of BIG/CC resulted in higher primary 
energy use than with NGCC, due to lower power plant efficiency (47% instead of 
52%). For district heating the ranking differed between the two system expansion 
methods. The reasons were the difference in the relationship between the amount 
of cogenerated electricity, and the efficiency of the corresponding condensing 
power plants. With the subtraction method, the use of CHP-BIG/CC resulted in 
lower primary energy use than CHP-NGCC since the corresponding BIG/CC plant 
that generates the electricity to be replaced by the cogenerated electricity was had a 
lower efficiency than the corresponding NGCC plant. This resulted in more 
primary energy being credited to (deducted from) the BIG/CC cogeneration 
process than the NGCC cogeneration process, and hence a lower primary energy 
use. With the multifunctional method the primary energy use for stand-alone 
electricity production with BIG/CC was added to the CHP-BIGCC process to reach 
the electricity level of CHP-NGCC, which was slightly higher. The extra primary 
energy use resulted in CHP-BIGCC using slightly more primary energy with the 
multifunctional method. 
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4   
EXISTING HOUSES – THE HOUSE OWNERS’ 
PERSPECTIVE 
 
 
It was shown that primary energy use and CO2 emission from the existing building 
stock can be significantly reduced through energy-efficiency measures affecting the 
buildings and their supply systems (Papers I-IV). Many of the measures were also 
found to be profitable from a societal economic standpoint. However, house 
owners make decisions concerning house envelope measures and heating systems. 
Therefore, they must be perceived as beneficial by the house owners if they are to 
be implemented. In Paper V, the potential of implementing the energy efficiency 
measures studied is discussed. The effect of implementation on house owners’ 
economic situation was investigated, and how a number of current policy 
instruments influence the economic situation. Since perceptions and attitudes do 
not necessarily always depend on economic factors, house owners’ perceptions of 
heating systems were also studied. The house owners’ economic situation and their 
subjective perceptions were then related to the societal economic perspective, as a 
basis for a discussion on how efficient current Swedish policy instruments are in 
encouraging house owners to act according to the political goals in the energy 
sector. 
 

4.1 Economic conditions 
The study presented in Paper V on house owners’ economic conditions was 
performed for the Odensala house. The house envelope measures described in 
Section 3.1.2 were analysed, together with heating system conversions from 
resistance heaters to a heat pump, pellet boiler or district heating. Calculations of 
the house owner’s heat cost included all investments in house envelope measures 
and the cost of installing a new heating system or upgrading the old one, as well as 
the cost of purchasing electricity and heat from energy suppliers.  
 
District heating and electricity costs were obtained from energy suppliers Jämtkraft 
and Vattenfall. Jämtkraft is a local supplier of electricity and district heat in the 
Östersund area, and is mainly owned by the local municipalities. Vattenfall is the 
largest energy supplier in Sweden, and is state owned, with operations also in 
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Finland, Denmark, Germany and Poland. The district heating market is typically 
local, and one company provides and operates the district heating network within 
a specific geographical area. Since Vattenfall does not sell district heating in 
Östersund the district-heating tariff they offer their customers in the city of 
Uppsala, with a significantly larger district heating system was applied. 
 
Policy instruments 
The aim of Swedish energy policy in the residential sector has been to reduce the 
oil and electricity use, and to increase energy efficiency and the use of energy from 
renewable resources (Swedish Ministry of Sustainable Development 2005). Behind 
this ambition are environmental reasons, security of supply and the 
decommissioning of nuclear power plants in Sweden. Resistance heating has been 
the subject of debate during the past decades, most recently in 2003 when the 
National Board of Housing, Building and Planning, at the request of the Swedish 
Government presented an investigation of the effects of a ban on resistance heating 
in new buildings (The National Board of Housing, Building and Planning 2003). 
District heating has already replaced many oil boilers in apartment buildings, 
which is in line with the goals since district heating in Sweden is to a large extent 
based on biomass fuels.  
 
House owners with resistance heaters can obtain an investment subsidy for 
installing water-filled radiators between 2006 and 2010. This applies if they convert 
to district heating, or install a heat pump (not an air heat pump), or a biomass 
based heating equipment at the same time. The subsidy amounts to 30% of the 
investment cost, up to a maximum of €3240 (2006). Between 2005 and 2007 house 
owners are entitled to an income tax deduction when replacing old windows with 
new energy-efficient ones, with a U-value not exceeding 1.2. The amount offered is 
30% of the cost that exceeds €1080, but is limited to a maximum of €1080 (2006). 
 
Sweden has an electricity tax for residential customers of 2.8c/kWh, but since the 
beginning of the 1980s, residents in the northern part of the country have paid a 
reduced tax, currently of 2.2c/kWh. The reason for the reduced tax being to 
alleviate the burden of taxation in the north where the cold climate leads to higher 
heating costs. Three electricity tax scenarios were compared: no customer 
electricity tax, the lower tax of northern Sweden and the higher tax of southern 
Sweden. The increase in real estate tax when installing a heat pump or energy-
efficient windows was also included, since the assessed value of the house 
increases by these measures. 
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4.2 Personal perceptions 
To understand house owners’ attitudes towards different heating systems, the 
findings of Mahapatra and Gustavsson were consulted (2008a, 2008b, 2008c). Their 
work is based on three questionnaires. One is a national baseline survey among 
1500 randomly chosen house owners throughout Sweden, and one is a local 
baseline survey among almost 700 house owners in the Odensala area in 
Östersund, where one of the reference houses was located. The houses in this area 
were built in the 1970s and have resistance heaters. The third survey was a local re-
survey in the same area as the local baseline survey but carried out 16 months 
later. In the meantime the government subsidy had been introduced and the local 
energy supplier, Jämtkraft had carried out a marketing campaign to convince 
house owners to connect to their district-heating network. Jämtkraft also offered a 
package offer, including de-installation of the existing radiators, installation of a 
hydronic system, connection to the district heating network, heat and electricity 
during the work period, two-year guarantee on the installations, discounted price 
of broadband connection and a district heating price fixed for five years for those 
who applied before a certain date.  
 
The response rate was 44% for the national survey and 60% for the two local ones. 
Three main issues were dealt with in the questionnaires. The first one was the 
house owner’s plans to install a new heating system. Such plans are generally 
driven by a feeling of need, which can overcome the feeling of difficulties and risk 
associated with changes in one’s routine. Secondly, the questionnaire dealt with 
the sources of information that house owners would consult if they were searching 
for information about heating systems. The third issue was the perceived 
performance of the system, regarding factors such as level of convenience, 
economy, maintenance, environmental and security issues. The respondents were 
asked to rank the different systems according to the perceived advantages 
concerning these factors. 
 

4.3 Results 

4.3.1 House owners’ economic conditions 
The cost ranking of the heating systems was similar to the societal economic costs. 
The heat pump still had the lowest annual cost after conversion from resistance 
heaters, but the pellet boiler was more competitive for the individual house owner 
(compare Figures 16 and 32). This resulted in a lower annual cost after conversion 
to a pellet boiler than retaining resistance heaters, not only in Pajala but also in 



 

Östersund. The location influences the heat demand, and hence the heating cost. 
House owners in Malmö have 25-33% lower heating cost than those in Pajala, 
depending on heating system. The house envelope measures were also more cost-
efficient from the house owner’s perspective and the measures were more cost-
efficient the further north in the country. In Pajala, implementing all the house 
envelope measures and converting the heating system to a heat pump decreased 
the annual cost by €7 (2006), but in Malmö the same measures and conversion 
increased the annual cost by €123.  
 
Figure 32 shows the heating cost including the effect of both subsidies, when 
energy is supplied by Jämtkraft, at all three locations. The investment subsidy for 
conversion reduced the annual cost at all locations by at most 6-7% for any 
alternative. The tax deduction for replacing windows reduced the annual cost by a 
maximum of 3%. These reductions are comparable with the 1-4% increase in real 
estate tax when installing a heat pump and energy-efficient windows in the 
different locations. 
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Figure 32. The annual cost to the house owner of heating the Odensala house with four different 
heating systems: resistance heaters (RH), a pellet boiler (PB), a heat pump (HP) or district heating (DH) 
in three cities, and for the reference heat demand and house envelope measures: attic insulation (AI), 
attic insulation and replacing the windows (AI+W) and both insulation measures and a change of 
windows (AI+W+FI). The error bars show the cost reduction due to the subsidies for heating system 
conversion and window replacement. The energy price was Jämtkraft’s and the electricity tax was 
2.8c/kWh. (From Paper V.) 
 
The cost of energy depending on the choice of energy supplier had almost as great 
an influence on the heating cost as the location. Vattenfall had significantly higher 
prices than Jämtkraft, as can be seen in Figure 33. Conversion to a heat pump was 
the alternative with the lowest cost also with Vattenfall’s prices, but the price 
difference between district heating and electricity was larger and district heating 
was therefore not as competitive as when Jämtkraft was the supplier. Vattenfall’s 
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higher prices for electricity and district heating increased the competitiveness of 
the pellet boiler. 
 
The electricity tax increased the cost of electricity and hence also made the pellet 
boiler and district heating systems more competitive. Both higher taxes and higher 
energy prices made the house envelope measures more profitable, although the 
effects were small (Figure 33). Attic insulation in combination with conversion to a 
heat pump decreased the annual cost with €7, €19 and €23 (2006), for the different 
tax scenarios, compared with conversion without insulation applied. 
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Figure 33. Annual cost of heating the Odensala house with energy from Jämtkraft and Vattenfall. The 
error bars show the influence of the two electricity tax rates. Real estate tax and subsidies are not 
included. Abbreviations as in Figure 32. (From Paper V.) 
 
Figure 34 shows the annual cost without subsidies for a the Odensala house 
located in Pajala when the electricity and district heat are purchased from 
Jämtkraft and considering the lower electricity tax. This is compared with the same 
house located in Malmö with Vattenfall as the supplier and the higher tax. The cost 
is divided into 5 parts: cost of purchased energy (excluding electricity tax), 
electricity tax, annualised investment cost of the heating system, annualised 
investment cost of the house envelope measures and the increase in real estate tax 
after installation of a heat pump or new windows. The lower electricity tax alone 
did not compensate for the higher heat cost due to the higher heat demand in the 
north. In this case, Jämtkraft’s low energy price resulted in similar annual heat 
costs in the north and the south, but the price is not tied to the location. There are 
of course also factors other than the cost of heating that affect living expenses. 
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Figure 34. Total cost of heating the Odensala house in Pajala with energy purchased from Jämtkraft 
and the lower tax rate, compared with the cost in Malmö with energy from Vattenfall and the higher tax 
rate. The cost is divided into five parts, and includes the increase in real estate tax but not subsidies. 
The four bars for each heating system represent the same four energy efficiency levels, in the same 
order as in Figure 32. (From Paper V.)  
 
The investment cost of the heat pump and pellet boiler systems was twice that of 
converting to district heating and four times higher than retaining the resistance 
heaters. However, the heat pump and pellet boiler systems had the lowest cost of 
purchased energy, when the electricity tax was included. This explains why the 
total heating cost (Figure 34) varied less than the cost of purchased energy (Figure 
32). The cost of purchased energy (including electricity tax) was reduced by more 
than 70% when the existing resistance heaters were replaced by the alternative 
with a heat pump system together with house envelope measures. House owners 
would thus be exposed to a higher risk in the case of increased electricity prices if 
they retained existing resistance heaters. Figure 34 also shows that a low cost of 
purchased energy resulted in a low reduction of cost of purchased energy due to 
house envelope measures. Hence, the house envelope measures were not as 
profitable. This was seen for a more energy-efficient supply system (compare the 
heat pump with resistance heaters), for a lower energy price and for lower tax.  
 

4.3.2 House owners’ perceptions 
The results of the local baseline survey showed that in June 2005, 84% of the 
respondents had no plans to install a new heating system. Dissatisfaction with an 
old system is a common reason for feeling a need to install a new one, but in the 
national survey the house owners with resistance heating were least likely to 
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install a new system, although they were among the most dissatisfied. This 
indicates that these house owners experienced a lock-in effect due to the high 
investment cost of installing a water distribution system. However, by the end of 
2006 about 78% of the house owners in Odensala had decided to convert to district 
heating. This was after the introduction of investment subsidies and after the 
district heating marketing campaign and the package offer from the local energy 
company. People in all age and income groups had decided to change their heating 
system, although in the baseline surveys, the proportion share that planned to 
install a new system decreased with increasing age and decreasing income 
(Mahapatra and Gustavsson 2008c). 
 
Homeowners preferred to collect information from installers, retailers, and 
personal acquaintances. The performance factors ranked as most important in all 
surveys were annual cost, investment cost, functional reliability and indoor air 
quality. Whether the system was environmentally benign or had low greenhouse 
gas emissions were ranked much lower (Mahapatra and Gustavsson 2008a, 2008b). 
In the local re-survey the factors considered important for the house owners’ 
adoption decision remained the same (Mahapatra and Gustavsson 2008c). This 
indicates that the marketing strategy based on these factors had been effective and 
that the success is likely to be repeatable, which is also indicated by the results of 
Sernhed and Pyrko (2006). However, it is difficult to measure the relative 
importance of the policies and the supplier’s influence. When asked in the re-
survey whether the investment subsidy or the package offer from Jämtkraft was 
important in the house owners’ decision, the two measures were found to be 
equally important. 
 
Both the political measures and the supplier’s package offer addressed financial 
issues. The supplier also addressed functional issues in their information, and used 
the house owners’ preferred communication channels. 
 
When house owners were asked in the baseline surveys which heating system they 
would recommend to someone else, differences were found between the national 
and the local responses. According to the national survey, 15% were willing to 
recommend district heating to someone else while 54% would recommend a heat 
pump. In Odensala about as many house owners reported that they would 
recommend district heating as a heat pump, 40% and 41%, respectively 
(Mahapatra and Gustavsson 2008b). In the Odensala re-survey the number of 
people willing to recommend district heating had increased further to 65%, while 
23% would now recommend a heat pump (Mahapatra and Gustavsson 2008c). 
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5  
THE BUILDING LIFE-CYCLE PERSPECTIVE  
 
 

5.1 Case study houses 
A study evaluating different types of constructions by applying a life-cycle 
perspective to both the buildings and their energy use is described in Paper VI. The 
starting point was five buildings of different types. Each building was modified in 
different ways, which gave a total of 11 case study buildings. These are presented 
in Table 3, and are named after their geographical location in Sweden. The single-
family house denoted Lindås passive (one of four units in a row house) and the 
apartment building called Karlstad passive are considered to be low-energy 
buildings. They have been constructed to enable passive heating, but still have a 
space heating demand. The heat demands for these buildings were also simulated 
for construction alternatives excluding the original heat exchangers in the 
ventilation air. 
 
The single-family house in Odensala, described in Section 3.1.1 was included, as 
was a retrofit version in which the three house envelope measures had been 
implemented (attic insulation, foundation insulation and new windows), as 
described in Paper III. Two apartment buildings called Växjö concrete and Växjö 
wood was also included. Växjö wood was one of the first multi-storey buildings 
constructed in Sweden after the building code was changed in 1994 to allow 
wooden-framed buildings higher than two floors (Bengtson 2003). Växjö concrete 
is a hypothetical building, functionally equivalent to the Växjö wood building but 
constructed with concrete frames. The Växjö wood building was analysed for three 
cases with different heat demands: 1) the original building, 2) with energy-efficient 
windows with a U-value of 1.0 W/m2 K instead of the original 1.9, and 3) with heat 
recovery from the exhaust air using a plate heat exchanger. 
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Table 3. Characteristics of the studied buildings 
House name Type of building Year of 

construction 
Annual demand 
space heating  

(kWh/m2) 
1a) Odensala Single family 1976 150 
1b) Odensala retrofit Single family 1976 119 
2a) Lindås Row house unit 2001 34 
2b) Lindås passive Row house unit 2001 22 
3) Växjö concrete 16 apartments 1996 54 
4a) Växjö wood 16 apartments 1996 54 
4b) Växjö wood, windows 16 apartments 1996 42 
4c) Växjö wood, heat 
exchanger 

16 apartments 1996 31 

4d) Växjö wood, retrofit 
(windows + heat exchanger) 

16 apartments 1996 26 

5a) Karlstad 44 apartments 2006 35 
5b) Karlstad passive 44 apartments 2006 20 

 
The energy used for building production included the primary energy used to 
extract, process and transport the building materials. The energy content of the 
material feedstock was not included. The values of primary energy use were 
gathered from literature describing and analysing the buildings (Thormark 2006a, 
2006b; Adalberth 2000b; Gustavsson et al. 2006). For the Växjö buildings values of 
the CO2 emission of production were also obtained. The operation phase was 
assumed to be 50 years and included energy for space heating (energy for the 
heating system and electricity for operating the ventilation system), domestic hot 
water, and household electricity (including facility management). The energy use 
for space heating and ventilation were gathered from the literature describing the 
buildings. Both calculated and measured values (when available) were used 
(Thormark 2006b; Persson 2008; Ruud and Lundin 2004; Thormark 2006a; Joelsson 
and Gustavsson 2008; Gustavsson et al. 2006). The energy demand for household 
electricity and domestic hot water was standardised for all buildings. 
 
The operation phase of each building was evaluated assuming heating by 
resistance heating, a bedrock heat pump and district heating. This was combined 
with electricity and heat supply systems with CST, NGCC or BIG/CC. District 
heating was assumed to be produced in combined heat and power plants. The 
assumptions regarding the properties of the supply systems were the same as in 
Papers I-III, and are described in Sections 3.3 and 3.4. In general, it was assumed 
that the hot water and household electricity would be generated with the same 
technologies and fuels as in the heating and electricity supply system. However, an 



 

alternative in which where solar panels heated 37% of the domestic hot water was 
also included.  
 

5.2 Results 

5.2.1 Primary energy for production and space heating 
The passive buildings used significantly more energy for production than the 
Växjö buildings. It was also apparent that the wood-framed version of the Växjö 
building required less energy for production than the concrete-framed one (Figure 
35). When implementing energy-efficiency measures in the Växjö wood building 
the production energy increased slightly, but did not reach the level of the 
concrete-framed version. The extra energy for inclusion of heat exchangers (HE) in 
the Karlstad building also had a minor impact. 
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Figure 35. Primary energy use for production. (From Paper VI.) 
 
To the production energy we added the primary energy for resistance space 
heating, generated by coal-based steam turbines (RH+CST) (Figure 36). The passive 
buildings then had significantly lower total primary energy use than the Växjö 
wood and concrete buildings, despite the higher energy use for production. 
However, the primary energy use of the Växjö wood retrofit building was not 
much higher than those of the passive buildings. 
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Figure 36. Primary energy use for production and space heating (including ventilation). The energy 
supply in the operation phase is assumed to be coal-based electricity from steam turbines (RH CST). 
(From Paper VI.) 
 
When the energy was supplied by coal-based electricity and electric resistance 
heating (RH+CST) the primary energy use in the Växjö wood building decreased 
when the windows were replaced, decreased further when heat exchangers were 
installed and was lowest when both measures were implemented (Växjö retrofit). 
The use of heat exchangers increased the electricity used by the ventilation system 
but reduced the primary energy use of the heating system more. The Växjö wood 
retrofit building thus used only about half the primary energy for heat and 
ventilation of the Växjö wood building when using resistance heating (Figure 37).  
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Figure 37. Primary energy use for production, heating and ventilation of the original Växjö wood 
building and the three cases with energy-efficiency measures. The energy supply for operation is 
assumed to be resistance heaters with coal-based electricity (RH CST) and district heating based on 
biomass-based integrated gasification combined-cycle (DH CST). (Adapted from Paper VI.) 
 
However, the primary-energy ranking of the measures also depended on the 
supply system used. With district heating from combined heat and power plants 
the primary energy use for heating was relatively low without house envelope 
measures and heat exchangers, since cogenerated electricity could replace 
electricity that would otherwise have been produced in stand-alone plants. 
Therefore, the primary energy use of the heating system decreased less when a 
heat exchanger was installed when using district heating than when using a less 
energy-efficient supply system. At the same, time the electricity used to run the 
ventilation system increased when using heat exchangers. With small differences 
in the total primary energy use between alternatives the relationship between the 
amount of cogenerated electricity and the efficiency of replaced stand-alone plants 
became important. With DH+BIG/CC the lowest primary energy use was achieved 
with energy-efficient windows, and without heat exchangers. DH+CST did not 
generate as much electricity to be replaced, and the Växjö wood building then had 
the lowest primary energy use for space heating with both heat exchangers and 
energy efficient windows. 
 
The choice of energy supply system had a considerable impact on the primary 
energy use for heating, as shown in Papers I-III. Figure 38 illustrates the 
importance of the supply systems for production and space heating together. With 
resistance heating the large space heating energy use dominated over the 
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production energy, and the difference in primary energy use between the 
buildings was large. The passive buildings had lower total primary energy use. 
However, for the more efficient heat pump and district heating systems the 
influence of the operating energy was smaller. The primary energy differences 
between the houses were then small. If the Växjö apartment building was assumed 
to use district heating or a heat pump the primary energy use was much less than 
that of the passive buildings heated with electric heating. 
 

0

1000

2000

3000

4000

5000

6000

7000

8000

Production

P
rim

ar
y 

en
er

gy
 u

se
 (M

W
h/

m
2)

Växjö
wood 

Karlstad
passive

     Space heating
       RH CST
       HP CST
       DH CST
       DH BIG/CC

Växjö
retrofit

Lindås
passive

Lindås Växjö 
windows

Växjö 
concrete

Karlstad

 
Figure 38. Primary energy use for production and space heating when using different supply systems 
for operation: resistance heating (RH), heat pump (HP) and district heating (DH), and electricity based 
on coal (CST) and biomass (BIG/CC). (From Paper VI.) 
 
The production energy constituted a larger part of the primary energy, as the 
operational energy decreased, due to both more energy-efficient buildings and 
more energy-efficient supply systems. The construction energy consequently 
constituted a larger proportion of the total primary energy use for the low-energy 
buildings. Figure 39 shows the relative distribution of primary energy use between 
production and space heating. When RH+CST was used, the production phase in 
the passive buildings was just below 30% of the total, while for the Växjö concrete 
building it was 9%. For the Växjö wood building, which required lower production 
energy, it was 7%. The production energy doubled to 15% for the Växjö wood 
retrofit building, due to the decreased heat demand. Still, the choice of supply 
system had a larger impact than the energy-efficiency measures. When using 
DH+BIG/CC, the production energy share for the Växjö wood building quadrupled 
to 29% of the total. With DH+BIG/CC the production energy of the passive Lindås 
and Karlstad buildings accounted for 49% and 47% of the total, respectively. 
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Figure 39. The relative distribution of primary energy use in production and space heating. Supply 
system abbreviations as in Figure 38. (From Paper VI.) 
 
The production phase includes the use of indirect energy that is not easily 
estimated in a bottom-up model (Nässén et al. 2007; Treolar 1998). To explore the 
effects of the implied truncation error a sensitivity analysis was carried out based 
on the results of Nässén et al. (2007). They estimated the truncation error for 
bottom-up studies of Scandinavian buildings to be 472 kWh/m2 for material 
production and transport in the production phase. When this estimated truncated 
energy use was added to the production phase its relative importance increased. 
For the Växjö wood building with RH+CST the energy used in production 
increased from 7% to 13% of the total. For the Lindås passive house with 
DH+BIG/CC it increased from 49% to 58% (Figure 40). An increase in the expected 
life of the buildings from 50 to 100 years had a similar but opposite effect. Not 
including the truncation energy, a longer building lifespan reduced the production 
energy share to 4% for the Växjö wood building with RH+CST and to 32% for the 
Lindås passive house with DH+BIG/CC. 
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Figure 40. The relative distribution of annual primary energy use for production and heating, including 
the estimated truncated energy for the production phase. Supply system abbreviations as in Figure 38. 
(From Paper VI.) 
 

5.2.2 Primary energy for production and total operation  
The production energy constituted a significantly smaller proportion of the total 
primary energy for all buildings when hot water heating and household electricity 
were included. The production energy was 4% of the total primary energy use for 
the Växjö concrete building and the largest share, 13%, was found for the Lindås 
passive house with DH+BIG/CC.  
 
The primary energy for water heating can be decreased by using a thermal solar 
panel system. Figure 41 illustrates the difference in importance of solar panels 
depending on the reference heat supply system. Installing solar panels in the 
Karlstad passive building reduced the total primary energy use by 18%, when 
using RH+CST. When the space heating and hot water were supplied with more 
energy-efficient supply systems, these heat shares were much smaller parts of the 
total energy use. Consequently the solar panels then had a smaller impact on the 
total primary energy use. Installing solar panels when using DH+CST and 
DH+BIG/CC reduced the primary energy use by 9% and 6%, respectively.  
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Figure 41. Primary energy use for production and operation of three building cases. Operational energy 
is divided in energy for operating the heating system, the ventilation system and for domestic hot water. 
Supply system abbreviations as in Figure 38. (From Paper VI.) 
 

5.2.3 Primary energy for operation 
The choice of supply system has a considerable impact on the operating primary 
energy use. Implementing the energy-efficiency measures in the single-family 
house in Odensala (Odensala retrofit) lowered the primary energy use of operation 
by 14% if it was assumed to be heated by resistance heating. Choosing biomass-
based district heating (DH+BIG/CC) instead of resistance heating resulted in a 70% 
lower primary energy use, even without implementing the energy-efficiency 
measures. Figure 42 shows the primary energy use for operating the Odensala 
house and the two passive buildings. The supply systems are based on all three 
fuels studied: coal, natural gas and biomass. District heating and heat pumps were 
clearly more energy-efficient than resistance heating, and the NGCC technology 
was more efficient than CST. 
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Figure 42. Primary energy use for operation (space heating, hot water, household electricity), when 
using different energy supply systems: resistance heating (RH), a heat pump (HP) and district heating 
(DH), based on coal (CST), natural gas (NGCC) and biomass (BIG/CC).  (From Paper VI.) 
 
Using district heating and heat pumps in the older buildings, Odensala and Växjö 
wood, even without implementing energy-efficiency measures, resulted in lower 
primary energy use than in the Lindås and Karlstad passive buildings if they were 
assumed to use resistance heating. When the Odensala retrofit house was assumed 
to use biomass-based district heating the primary energy use was 36% and 50% 
lower than Lindås and Karlstad passive houses, respectively, with RH+CST.  
 

5.2.4 CO2 emission for production and operation 
As was shown in Papers I-IV, the CO2 emission from building operation depends 
heavily on the carbon content of the fuel used in the supply systems. The 
operational CO2 emissions from the Odensala retrofit house with DH+BIG/CC 
were almost 90% lower than those from the Lindås passive house with RH+CST. If 
the Odensala retrofit house was assumed to use HP+NGCC the emissions were 
50% lower (Figure 43). 
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Figure 43. CO2 emissions resulting from operation of the buildings, when using different energy supply 
systems. Abbreviations as in Figure 42. (From Paper VI.) 
 
The CO2 emission from operation dominated over the production CO2 emission. 
The Växjö wood building showed negative emission in the production phase due 
to the production of biomass by-products from the wood production chain, which 
replaced fossil fuels. When this building used efficient energy supply systems (a 
heat pump or district heating), the combined CO2 emission of production and 
space heating was negative. 
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Figure 44. CO2 emissions resulting from building production and space heating. Supply system 
abbreviations as in Figure 42. 
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6   
DISCUSSION AND CONCLUSIONS 
 
 

6.1 Heating systems 
The studies in Papers I, II, III, IV and VI show that the choice of heating system 
plays a major role in primary energy use and CO2 emission, since it determines the 
type of energy supply chains that can be used. Resistance heating and electric 
boilers are resource demanding, and all other heating systems studied were 
associated with lower primary energy use and less CO2 emission. District heating 
(Papers III and IV) and bedrock heat pumps (Papers I–IV) are associated with a 
low primary energy use. Combined heat and power plants can cogenerate district 
heat and electricity and hence utilise the fuel efficiently. Bedrock heat pumps make 
use of the heat stored in the ground. To minimize the CO2 mitigation cost and the 
use of primary energy, priority should be given to these systems where possible. 
However, district heating systems are only profitable where there is a minimum 
heat demand per unit area, and heat pumps require a suitable heat source. Wood 
pellet boilers are thus an alternative since they have low CO2 emissions, regardless 
of the design of the energy chains, despite having a higher primary energy use. 
 
The nature of the Swedish building stock offers property owners considerable 
opportunities to influence the climatic effects of the housing sector by the 
conversion of existing heating systems. Such conversions are shown in Papers I 
and II to be more important in reducing primary energy and CO2 emission than 
implementing house envelope measures. In addition, the analysis presented in 
Paper V shows that conversion from electric resistance heating is highly motivated 
from a societal economic perspective, due to the carbon mitigation cost often being 
negative and the high external costs associated with continued use of resistance 
heaters and coal-based electricity. A new heating system replacing resistance 
heaters is also economically beneficial for the house owner in the long-term 
perspective. For conversion to a system in which the purchased energy constitutes 
a small part of the total annual cost, for example, a heat pump system, the 
economic risk associated with increased energy prices is also smaller. The results 
presented in Paper IV indicate that expected future technological development will 
not change the ranking of the heating systems. These conclusions apply to the 
entire building stock from the mid-1900s, since it was shown in Papers III and IV 
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show that the ranking of the systems according to primary energy, CO2 emission, 
societal and private economy do not change with building size, energy standard or 
geographical location. 
 
Paper II shows that heating system conversions are less environmentally and 
economically profitable in houses with oil-fired and natural-gas-fired boilers than 
for electrically heated houses. A change also in the supply system to biomass fuels 
is here needed in order to achieve a substantial reduction in CO2 emission. 
However, if oil and gas prices are at levels corresponding to a crude oil price of 
USD65 per barrel (2007), the mitigation costs for most heating system conversion 
will be negative in houses with oil or gas boilers. The crude oil price has, with a 
few exceptions, stayed above USD90 since the end of 2007 and rose above USD120 
in May 2008. 
 

6.2 Supply of electricity and heat 
The choice of fuel in the energy supply chain is important for CO2 emission. For 
biomass-based supply chains the CO2 emission from heat pumps and district 
heating are about the same as from wood pellet boiler systems. However, the 
introduction of biomass-based energy chains combined with retained resistance 
heaters increases the societal cost while the reduction in primary energy is minor 
(Paper III).  
 
As shown in Papers III and IV, the choice of technology for generating electricity 
and district heat has a smaller effect on the parameters analysed than the choice of 
heating system. Technological development of biomass-based electricity gene-
ration is nevertheless important, and the use of integrated gasification combined-
cycle instead of steam turbines is a way of achieving more efficient biomass-based 
supply chains. The discussion on the effects of cogeneration in Paper III shows that 
the use of cogeneration is more important for the overall system efficiency in a 
biomass-based energy system than in a natural-gas-based energy system. This is 
due to the larger benefit of not having to produce electricity in stand-alone plants, 
which are less efficient when fuelled by biomass than by natural gas. 
 

6.3 House envelop measures 
The effects of implementing energy-efficiency measures in existing buildings with 
electric heating or fuel boilers were analysed from different perspectives in Papers 
I, II, III and V. Although house envelope measures can result in a substantial 
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reduction in primary energy use and CO2 emission, the effects are smaller than 
those resulting from the conversion of heating systems. The economic benefits 
were also smaller, from both the societal and house owner perspective. The 
economic potential of house envelope measures varies across the building stock 
since they are more profitable for a house with a large heat demand, expensive 
energy supply system or energy supplier with high prices. These measures are 
thus most economically motivated in houses located in the north of Sweden and 
those with resistance heaters or electric boilers. In addition, the construction and 
design of the buildings place some constraints on feasible measures. Extra 
insulation in the attic is, however, profitable in combination with all the heating 
systems analysed. Installing energy-efficient windows leads to greater reduction in 
primary energy use, but is associated with higher investment cost. This investment 
is, however, motivated when existing windows need to be replaced. If both house 
envelope measures and conversion of the heating system are planned for a house, 
it is important to implement the house envelope measures first. That way the new 
heating system can be chosen in accordance with the decreased heat demand, 
reducing the investment cost. Higher energy prices would of course increase the 
economic incentive for house envelope measures. 
 

6.4 Implementation and policy instruments 
Since house owners afford higher priority to economic aspects than environmental 
ones when choosing a heating system, economic control instruments would be 
effective in promoting actions in line with environmental goals. The analyses of 
policy measures presented in Paper V indicate that consumer electricity tax and 
subsidies for electric heating system conversion encourage house owners to act 
according to current national energy policy. These instruments also seem to be 
motivated from a societal economic viewpoint. The tax deduction for window 
replacement is less well motivated. The reduction of electricity tax in the north of 
Sweden and the increased real estate tax when implementing energy-efficiency 
measures are not in line with national energy policy. 
 
House owners with resistance heating were found to be less inclined than others to 
change their heating system despite the fact that they were less satisfied with their 
existing system. Statistics also show that a low proportion of houses originally 
equipped with resistance heaters have been exposed to a full conversion. This can 
be explained by a feeling of lock-in due to the high investment cost of installing a 
hydronic distribution system. The lock-in effect together with the general opinion 
among house owners that the investment cost is very important when choosing a 
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new heating system motivates an investment subsidy to accelerate conversions 
from resistance heaters. This is especially true bearing in mind the societal benefit 
of conversions, which emerges when external costs are included.  
 
Consumer electricity tax increases the competitiveness of pellet boilers and district 
heating. This is in line with the Swedish energy policy in that it encourages both 
reduction in electricity use and increase in the use of renewable resources. 
However, a lower electricity tax in the part of the country where energy-efficiency 
measures are most motivated is counterproductive, as is the fact that the real estate 
tax increases when a heat pump or energy-efficient windows are installed. The 
increase in annual cost due to the increased tax is small, but since it is of the same 
order of magnitude as the decrease in annual cost due to the investment subsidies 
it gives a contradictory message to house owners. 
 
The Swedish tax reduction for installing energy-efficient windows has a small 
effect on the annual heating cost. In combination with the high CO2 mitigation cost 
of replacing windows, the motivation behind this tax reduction is less clear.  
 
The effect on the annual cost of all the policy instruments studied was smaller than 
the price variations between different energy suppliers. Thus, energy suppliers 
largely control the economic situation of house owners. This situation can in turn 
affect house owners’ attitudes to different heating systems. The results presented 
in Paper V show that in a region where district heating prices are low house 
owners were more inclined to recommend a district heating system to others than 
in the average population. In the same region, the energy supplier used a 
marketing campaign and a package offer to convince the majority of house owners 
in a particular area to convert from resistance heaters to district heating, although 
the house owners had not planned a conversion. It is difficult to measure the 
relative importance of the investment subsidy and the campaign and package offer 
as their influence is intertwined. However, it was not the subsidy alone that was 
responsible for the high conversion rate to district heating, since the same subsidy 
was available for the installation of a heat pump or a pellet boiler. The conclusion 
is that energy suppliers can have a considerable influence on house owners. 
 

6.5 Life-cycle primary energy perspective 
The results presented in the papers show that it is important to apply a life-cycle 
perspective to both construction (Paper VI) and energy use (Papers I-IV) when 
evaluating the climatic impact of heating residential buildings. If the energy use is 
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accounted for in terms of primary energy a comprehensive picture of its effects can 
be obtained. As shown in Paper VI, the choice of an energy-efficient biomass-based 
heating system can make a single family house from the 1970s perform as well as a 
new electrically heated house with passive standard regarding primary energy use 
and CO2 emission. This is not seen if only the amount of purchased energy is 
compared. Since the energy supply systems are also of great importance for low-
energy buildings, the energy supply issue must be high on the agenda when 
planning new residential areas in the future. 
 
The results in Paper VI also show that as the energy demand in the operation 
phase is reduced, due to better house envelopes and more efficient supply systems, 
the relative importance of the other phases of a building’s life cycle increases. 
When comparing the production energy with the energy used for heating and 
ventilation, the production energy constituted a significant part of the total energy 
use for the low-energy building during a 50-year time span. In order to minimize 
the primary energy use of houses, a life-cycle perspective must be adopted, which 
considers all temporal phases. Constructing houses with wooden frames is one 
way of reducing the energy use in the production phase. It causes less primary 
energy use and less CO2 emission over the life cycle of a building than, for 
example, concrete. These results indicate that wooden houses with a low energy 
demand and efficient supply systems are a sustainable option for the future. 
 

6.6 Sensitivity analysis and usefulness of the results 
Sensitivity analyses were performed in several of the studies, for example, for fuel 
price, house size, house energy standard, climatic location and technology 
development. The cost of oil and natural gas was deemed to be important for the 
results, and at the same time associated with fluctuations. Sensitivity analyses were 
therefore performed over a large price span. The variation in the price of fuel was 
found to have a large impact. Some parameters were not varied, despite the fact 
that they influence the results, for example, the annualisation discount rate and the 
remaining time that the house owners’ expect to stay in their houses.  
 
A possible rebound effect has not been discussed. If the money saved through 
energy-efficiency measures in the housing sector would lead to increased energy 
use in other sectors, this would of course affect the overall use of primary energy 
and CO2 emission. Studies estimating the rebound effect of energy efficiency have 
not reached consensus, but have come to various conclusions ranging from 
insignificant to moderate and even major effects. In a recent study Nässén and 
Holmberg (2007b) concluded that investments in house envelope measures were 
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associated with a rebound effect, but that the results were sensitive to assumptions 
regarding energy service price elasticises.  
 
The results presented in this thesis are mainly useful for Swedish conditions as the 
studies are based on the Swedish building stock. When trying to generalise the 
results, one must always remember to generalise within the assumptions. 
However, the main conclusions can be applicable also in other countries, if the 
local conditions concerning construction and energy standard of buildings, current 
energy supply systems, availability of sustainably grown biomass etc. are put in 
perspective to the Swedish ones. Swedish houses generally have a higher energy 
standard than in many other countries, and house envelope measures could 
therefore be more profitable elsewhere. The use of coal-based marginal electricity 
as the reference does not restrain the potential for generalisation. The world’s 
energy supply is dominated by fossil fuels (80%) and to tackle climate change these 
fossil fuels must be replaced by increased energy efficiency and increased use of 
renewable energy. At the same time coal is abundant and the world use of coal 
increased by 4.5% during 2005 (Swedish Energy Agency 2007) and an expansion of 
fossil power is also planned throughout Europe. 
 
One important limitation of the studies presented here is that it is generally not 
possible to model the consequences of an action completely, as they depend on 
various causal relationships, as is always the case in a prospective LCA (Ekvall et 
al. 2005). These relationships can be found between all the actors involved, and can 
be simple market relationships or more complex, unpredictable psychological 
ones. However, Ekvall et al. (2005) concluded that it must be assumed that 
decisions can be based on the information available, and that complete knowledge 
on all the consequences of an action is not necessary. Finnveden mentioned that an 
often encountered criticism of the comparative LCA methodology is that it does 
not produce reproducible results (Finnveden 2000). But this simply underlines the 
importance of generalising within the assumptions, as mentioned above. 
 
Since system analysis often seeks solutions to the information sought by 
stakeholders it has been implied, for example by Jackson, that the interests and 
values of the stakeholders may steer the content of research (Jackson 2003). Others 
have also questioned whether the work of a scientist can be isolated from that of 
the decision maker and the societal norms. Researchers gather facts and carry out 
analyses. The results are then presented to decision makers who base their decision 
on their own values. But can a researcher perform the analyses entirely objectively? 
Probably not. The values of society influence his/her work, if, in nothing else, in the 
choice of research question.  
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7  
SUGGESTIONS FOR FURTHER RESEARCH 
 
 
House construction 
One of the conclusions presented in Paper VI is that wooden buildings with low 
heat demand and efficient supply systems could be a sustainable construction. 
However, most wood-framed buildings that have been comprehensively studied 
are not considered low-energy buildings and most of the low-energy buildings 
studied are single-family houses. More knowledge is thus required on low-energy 
multi-story apartment buildings with wood frames. There is a considerable interest 
in wood constructions in Sweden, which may provide the possibility of analysing 
the performance of existing or planned buildings in a life-cycle perspective. At the 
same time, research in the field of sustainable building would benefit from trying 
to optimize the performance of new buildings over their entire life cycle. Multi-
objective optimization with respect to primary energy use, CO2 emission and cost, 
while satisfying boundary conditions for other environmental issues and the health 
of the occupants is complex. However, the analyses described in Paper VI could be 
expanded to more comprehensively cover all phases of the life cycle, in order to 
identify additional relations and trade-offs. 
 
Spatial planning 
In this thesis conclusions have been presented concerning individual buildings, 
although the conclusions are applicable to any number of similar buildings. 
However, changes in the construction practice of individual houses, will sooner or 
later have implications on a more aggregated level. Houses together form areas 
and cities. It would be beneficial to simulate and analyse new large-scale city areas 
to identify planning practices that would enhance the possibility of planning for 
sustainability. A comprehensive analysis should take into consideration technical 
issues, such as energy and land use gains from house scale, transportation flows, 
and energy supply infrastructure. Furthermore architectural questions related to 
planning for densely or sparsely built areas should be included. Continuously 
intertwined should be the issues on quality of life. Some work has already been 
carried out in some of these areas, but the important task of putting all the 
perspectives together in a way possible to generalise remains to be tackled. 
 
Energy supply systems 
New construction and planning practices will affect the energy supply structure, 
both the physical elements and the underlying plans for capacity and type of 
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energy carrier. As more houses with a low heat demand are built, the relationship 
between heat and electricity demand in residential areas will change. One area that 
would be interesting to study is the change in conditions on the electricity and heat 
markets as a consequence of this. District heating is said to be sensitive to the heat 
demand density, and in several countries there is a discussion on the potential 
trade-offs between low-energy construction and district heating (Nässén and 
Holmberg 2007a; Thyholt and Hestnes 2008; Spät 2004). However, the high 
efficiency of district heating motivates further exploration of the possibilities, 
limitations and constraints of district heating in areas with low-energy buildings, 
particularly in relation to electric heating. Regarding single buildings studies could 
be carried out on the effects of converting to district heating for a number of typical 
electric appliances (e.g. dishwashers, washing machines and tumble driers), in 
contrast to the use of electricity for heating. This should be combined with studies 
on the aggregate level; how do the spatial planning of new areas influence the 
profitability and prerequisites for district heating? The heat demand for each 
apartment in low-energy apartment buildings will for example be low, but the 
demand of the entire building will much greater than for a single-family house that 
has a high heat demand per unit floor area. 
 
More work can also be done in optimizing the technology of the systems. During 
the course of the analyses presented in this thesis it was noticeable that the 
dimensioning of the cogeneration plants generating district heat had an influence 
on the primary energy use. More work is needed to optimise the annual utilisation 
time, the capacity of the cogeneration plant, the fraction of district heat supplied by 
cogeneration and the technology and fuel used for peak heat generation. A CHP-
BIG/CC plant could, for example, reduce costs and CO2 emission more if combined 
with wood-fired boilers instead of oil-fired ones. 
 
The same type of issues also applies to heat pumps. In the analyses presented here, 
heat pumps were assumed to cover a larger fraction of both the heat demand and 
capacity demand than is common today. This practice could decrease both the CO2 
emission and the societal cost compared to conventional dimensioning. Heat 
pumps employing speed control on the compressor could possibly cover the entire 
heat demand, with no need for extra electricity. This should be analysed further. 
The cost of generating heat with heat pumps also depends on how large a fraction 
of the electricity is produced with peak-load technology using, for example, light 
oil. It would be interesting to optimize the cost of heat pump systems (including 
fuel costs and external costs) by varying base-load investments in order to reduce 
the need for peak-load electricity. As well as fuel-based energy chains, solar panels 
are briefly touched upon in Paper VI. Future comparative studies could include 
more thorough analyses of supply systems based on solar and wind technology. 
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Policy instruments and implementation 
Some current policy instruments have been evaluated here, but their effects could 
be explored further. On the one hand, a broader comparison of different policy 
instruments can be performed, while on the other, more detailed studies can be 
carried out on heat and electricity taxes for example. A carbon tax based on recent 
estimates of external costs could be compared with other alternatives using 
scenario analysis, and with future expected technological improvements 
considered. 
 
The results presented in Paper V suggest that Swedish energy suppliers can exert 
as much influence on house owners as government policy instruments, through 
both economic incentives and information. This raises the question of how the 
utilities and others to whom house owners turn for information might exert their 
power in the future. A qualitative study should be carried out on the awareness of 
environmental and energy-efficiency issues of utilities, installers and retailers, and 
their strategies in relation to customers.  
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APPENDIX - STUDIED BUILDINGS 
 
 
Frösön 
 

 
 
Lower level of house Frösön, medium size. 
 
 
 

 
 
Upper level of house Frösön, medium size. 
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Odensala 
 

 
 
Ground floor of the Odensala house. 
 

 
Upper floor of the Odensala house. 
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Lindås 
 

 
 

The four units of the Lindås row house. 
 
 
 

 
 

The ground and upper floor of one unit in the Lindås row house. 
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Växjö 
 
 

 
 
The Växjö apartment building with wooden frames. 
 
 

 
 
The ground floor of the Växjö building. 
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Karlstad 
 
 

 
 
The 12-storey Karlstad building.
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