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“So much time and so little to do. 

Wait a minute. Strike that. 

Reverse it. Thank you.” 

- Willy Wonka 
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Abstract 
 

Low-energy buildings have, in recent years, gained attention and moved towards 
a large-scale introduction in the residential sector. During this process, national 
and international criteria for energy use in buildings have become stricter and 
the European Union has through the Energy Performance of Buildings 
Directive imposed on member states to adapt their building regulations for 
‘Nearly Zero Energy Buildings’, which by 2021 should be standard for new 
buildings.  

With a primary focus on new terraced and detached houses, this thesis analyses 
how the concept of low-energy buildings may be further developed to reduce 
the energy use in the residential sector. The main attention is on the technical 
performance in terms of indoor climate and heat consumption as well as on the 
market diffusion of low-energy buildings into the housing market. 

A multidisciplinary approach is applied, which here means that the concept of 
low-energy buildings is investigated from different perspectives as well as on 
different system levels. The thesis thus encompasses methods from both 
engineering and social sciences and approaches the studied areas through 
literature surveys, interviews, assessments and simulations.  

The thesis reveals how an increased process integration of the building’s energy 
system can improve the thermal comfort in low-energy buildings. Moreover, it 
makes use of learning algorithms – in this case artificial neural networks – to 
study how the heat consumption can be predicted in a low-energy building in 
the Swedish climate. The thesis further focuses on the low-energy building as an 
element in our society and it provides a market diffusion analysis to gain 
understanding of the contextualisation process. In addition, it suggests possible 
approaches to increase the market share of low-energy buildings.  

Keywords: building energy simulations, energy efficiency gap, energy use, 
indoor climate, low-energy buildings.  
 
  



 
Sammanfattning 
 

Lågenergihus har under de senaste åren fått ökad uppmärksamhet och närmat 
sig en storskalig introduktion på bostadsmarknaden. En faktor som både 
påverkats och påverkar utvecklingen är att kraven för energianvändningen i 
byggnader har skärpts på både nationell och internationell nivå. Inom 
Europeiska unionen har medlemsstaterna genom direktivet om byggnaders 
energiprestanda ålagts att anpassa sina byggregler för ”Nära-noll-energihus”, 
som år 2021 skall vara krav vid nybyggnation.  

Föreliggande avhandling analyserar hur lågenergihus som koncept kan utvecklas 
för att minska energianvändningen i bostadssektorn. Tyngdpunkten ligger på 
teknisk prestanda i fråga om inomhusklimat och värmeförbrukning, samt på 
spridningen av lågenergihus på bostadsmarknaden. 

Ett mångvetenskapligt angreppssätt tillämpas, vilket här innebär att konceptet 
lågenergihus undersöks ur olika perspektiv och på olika systemnivåer. 
Avhandlingen omfattar således metoder från både natur- och samhällsvetenskap 
och närmar sig de studerade områdena genom litteraturstudier, intervjuer och 
simuleringar. 

Avhandlingen visar hur en ökad processintegration av byggnadens energisystem 
kan förbättra den termiska komforten i lågenergihus. Vidare ökar den kunskapen 
om prediktion av byggnaders värmebehov genom en tillämpning av artificiella 
neurala nätverk på ett lågenergihus i Sverige. Avhandlingen fokuserar även på 
lågenergihus som ett nytt koncept i samhället och analyserar betydelsen av 
hinder och drivkrafter för spridningen av lågenergihus på bostadsmarknaden. 
Därigenom tillhandahåller den en ökad insikt samt lämnar förslag på möjliga 
tillvägagångssätt för att öka marknadsandelen för lågenergibyggnader.   
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1  INTRODUCTION 
In this chapter, an introduction to the thesis is given, after which the aim and outline of the 
thesis are described. 

 

1.1 Climate change, energy use and buildings 
The European Union goal of limiting global warming to two degrees Celsius, 
compared to pre-industrial time, implies that by 2050, developed countries 
should decrease their greenhouse gas emissions by 60 to 80 percent, compared 
to 1990 (European Commission, 2007). In contrast to this, the International 
Energy Agency (IEA) predicts that by 2035, global energy-related CO2 emissions 
have exceeded today’s levels by 20 percent (IEA, 2013a); this should appear 
rather thought-provoking.   

Within the range of possible measures to reduce greenhouse gas emissions, 
energy savings is identified as one of the most significant. According to the 
BLUE Map scenario, in which the IEA sets the goal of a 50 percent reduction 
of CO2 emissions by 2050, increased efficiency accounts for 38 percent of the 
total reduction (IEA, 2010). 

Buildings represent in terms of primary energy use around 40 percent in most 
IEA countries (IEA, 2013b). Therefore, if dangerous and irreversible climatic 
consequences are to be avoided, the implementation of low-energy buildings in 
our society is crucial. The built environment has throughout history been 
influenced and renewed by various factors, and innovations that have induced 
this development have originated from either technological progress or social 
change. Today, however, climate change has added a new dimension, presenting 
our society with major challenges including a need to change how we define 
buildings (Drexler and El khouli, 2012).  
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Alongside a wide area of research, decreased use of resources for buildings is 
pursued on many levels from grassroot organisations raising public awareness, 
to entrepreneurs creating opportunities for new technologies, etc. On the 
international level, the European Union has through the Energy Performance 
of Buildings Directive imposed on member states to adapt their building 
regulations for ‘Nearly Zero Energy Buildings’, which by 2021 should be 
standard for new buildings.      

During the journey as a PhD student, my interest in why certain things, which 
may appear rational from a technological perspective, are difficult to market, has 
grown. For example, why is the negawatt – the most economical and 
environmentally friendly watt there is – so hard to implement? In this, I have 
noticed a broadening in my perspective, from a predominantly technical one, to 
an inclusion of the contextualisation of an invention, which turns it into an 
innovation. Increased energy efficiency is preceded by social change or by a 
technology being embedded in our society – a process sometimes 
straightforward, sometimes not. However, the literature on energy research has 
provided many examples of the latter and in order to overcome the resistance 
from, and tensions within existing societal structures, a supporting legal and 
financial framework is as crucial as cultural phenomena, or technological 
progress. To illustrate the many aspects that need to come together for low-
energy buildings to diffuse throughout society, I have chosen to quote Drexler 
and El khouli (2012). 

Context is not only the surrounding environment. It is the manifold spatial, temporal, social, 
ecological and economic interdependencies within which the building exists 

  

1.2 Thesis aim and scope 
The research in this thesis has been conducted under the umbrella of the Energy 
Systems Programme, a research school with the general aim to develop new 
knowledge that enables long-term growth in the direction of sustainable and resource-efficient 
energy systems. 

The overall aim of the thesis is to analyse how the concept of low-energy 
buildings may be further developed in a responsible manner to reduce the energy 
use in the housing stock, while addressing the complexity of the building as an 
energy system. Although focus lies on newly built terraced and detached houses, 
the results may be transferred to other types of buildings.  
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A multidisciplinary approach is applied in the thesis, which here means that the 
concept of low-energy buildings has been investigated from different 
perspectives as well as on different system levels.  

In particular, two tracks have been investigated:  

(i) Strategies for improving the energy efficiency and the thermal 
comfort of low-energy buildings have been evaluated through 
building energy simulations and artificial neural network 
calculations. These studies resulted in Papers I to III and are 
described in chapter 3.  
 

(ii) The diffusion of low-energy buildings has been studied using 
methods from the social sciences; an increased understanding of 
the market development of low-energy buildings has been pursued 
through literature studies and interviews. These studies resulted in 
Papers IV & V and are described in chapter 4. 

 

1.3 Thesis outline 
This thesis consists of two parts: Part I contains introductions and reflections of 
the five papers that form Part II. Part I begins with an introduction to the thesis 
and a description of the aim and scope. After that, some methodological aspects 
and reflections on the underlying theories and fields of research involved in this 
thesis are outlined in chapter 2. Chapters 3 and 4 begin with presentations of the 
related fields of literature and are thus suitable for the reader who is not familiar 
with the subjects. Thereafter, the results and additional reflections of the 
research in Part II are presented. While chapter 3 is more technically focused, 
chapter 4 investigates the energy efficiency gap through methods from the social 
sciences. Part I ends with chapter 5, which presents some concluding remarks 
along with recommendations for a responsible implementation of low-energy 
buildings and future research.    
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2  METHODOLOGY 
This chapter presents the theoretical background of the thesis followed by the methods involved 
in Part II. It further describes how various fields of knowledge have inspired the research 
questions and methods.  

The papers in Part II of this thesis evaluate different aspects of energy and 
buildings with a focus on low-energy buildings. This thesis, which is 
multidisciplinary in its form, encompasses theories from both engineering and 
social sciences and approaches the studied areas through literature surveys, 
interviews, assessments and simulations.   

 

2.1 Inspiration from multidisciplinarity and the systems approach 
2.1.1 The systems approach 

Although a system may be defined in various ways, an overall idea is that a 
system consists of a number of interacting components and that the system has 
a system boundary, separating it from the environment. The system still interacts 
with the environment and these interactions between the system and the 
environment are often referred to as input, stimulus, response, disturbances, etc. 
A number of aspects have to be considered and defined when performing a 
system analysis. Here, Churchman (1968) mentions five main considerations 
when thinking of the meaning of a system. 

 The total system objective and its performance measure. 
 The system’s environment and fixed constraints. 
 The system’s resources. 
 The system’s components. 
 The management of the system. 
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The core considerations lie in the delimitation of a system, plus in how the 
internal structure is described. In the delimitation of a system, the boundaries 
are set; thereby, the interior and the exterior of the system are defined. 
Depending on what one sets out to study, the system has to be chosen, but the 
boundaries are not necessarily of a physical nature. The components in the 
internal structure of the system may be collected from various parts and at 
different levels of detail. Different actors may thus produce different systems 
(boundaries, models, etc.), which produce different definitions of the same 
object. 

In the spirit of Churchman (1968), who proposed that the systems approach begins 
when first you see the world through the eyes of another, I have been inspired to explore 
new system aspects, both physical and non-physical. A result of this is that 
different actors and artefacts have been added as system components of studied 
building systems and in order to study the chosen questions, methods new to 
me have sometimes been used. 

2.1.2 The multidisciplinary approach 

Whereas numerous engineering methods may be applied when looking at the 
technical aspects of low-energy buildings, their quantitative nature restricts the 
methods to be used to questions that are quantifiable. Thus, when it comes to 
the assessment of low-energy buildings as a whole, or as a strategy for increasing 
energy efficiency in our society, significant limitations arise. Here, opinions 
decide the outcome and these are shaped by feelings, experiences and cultural 
phenomena, variables that are not easily put into equations. A socio-technical 
recognition of energy efficiency supports the viewpoint that technology is not 
an isolated, meaningful object. Instead, it is valuable first after contextualisation; 
as expressed by Hughes (1986), technical and social systems together form a 
seamless web and there is no such thing as a clear boundary between them. From 
the birth of an idea, the actions, as well as non-actions, of actors influence the 
fate of a technology. Therefore, as argued by Lind (2009), the failure or success 
of a technology, in spite of its attractiveness, is not likely to be successfully 
described by calculations alone. 

My participation in the research school the Energy Systems Programme, which 
emphasizes a multidisciplinary research approach, has put me in contact with 
researchers from different disciplines that, in turn, have provided me with 
insights into new fields of research and methodologies. This has enabled me to 
see energy and buildings, and their relation, in new ways. Subsequently, it has 
added to my inspiration and affected how the research questions where chosen 
and shaped. This has broadened my perspective and through influences from 
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the social sciences, my ability to view shortcomings in engineering approaches 
and thereby my ability to model energy systems has improved. 

With the broad multidisciplinary approach applied in this thesis, depth is lost. 
As an example, the application of learning algorithms on buildings carried out 
in Paper III could in a more mathematically focused thesis involve a more 
rigorous study on the convergence of the algorithms in order to speed up the 
calculations. A methodologically wide approach is hard to carry out and brings 
with it limitations in how deep into the fields one can go. However, hopefully, 
the efforts put into the work with this thesis has brought about complementing 
insights to the related fields of knowledge, or new connections between research 
areas and methodologies. For me, it has certainly put engineering approaches 
into a new perspective. Although the softwares and computing capacities of 
today provide fantastic opportunities for increasing our knowledge, I feel that 
quantitative answers sometimes get in the way for qualitative, reasoning answers. 
While software can provide a quantitative answer, there is a risk that the answer 
sometimes is too highly regarded as truth and that the degree to which the 
underlying problem should be quantified is perhaps not questioned enough. In 
my research, the hardest problems have most certainly been to set reasonable 
boundary conditions and to decide upon my inputs and the constraints for my 
calculations, i.e., defining the system mentioned in the previous section. 
Mastering simulation softwares is far from a guarantee of being good at 
calculating. This cannot be truer than when the research involves human 
behaviour. 

 

2.2 Methods 
2.2.1 Building energy simulations 

In Papers I to III, studies of strategies for an increased thermal comfort and 
energy efficiency in low-energy buildings were conducted. The strategies were 
evaluated through building energy simulations using the software IDA Indoor 
Climate and Energy (ICE). IDA ICE is a simulation tool with which it is possible 
to create 3D models of buildings made up of several thermodynamic zones. In 
each it is possible to control and monitor the flows of heat passing through. 
Information about the components and dwellers of the house is given as input 
to the simulation whereupon the results can be extracted.  
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2.2.2 Artificial neural networks 

In Paper III, an Artificial Neural Network was trained to predict the heat 
consumption in a low-energy building. An artificial neural network is a learning 
algorithm in the field of machine learning, a branch of artificial intelligence, 
which is about the construction and study of systems that can learn from data. 
An Artificial Neural Network is constructed to imitate information processing 
in biological systems, such as the learning process of the human brain. The ANN 
requires no information on the physical laws or mathematical rules that are 
involved in the studied system. Instead, the ANN learns the relationships 
between the variables from experience. ANNs may be used to solve non-linear 
problems and are today applied in areas such as pattern recognition, robotics, 
bioinformatics, computer vision, physics, medicine, etc.  

2.2.3 Interviews 

In Paper IV, literature studies and interviews were carried out to conduct a 
diffusion analysis of the implementation of low-energy buildings in the 
residential sector in Sweden. Through interviews it is possible to catch the 
thoughts and experiences from inside the market, thereby positioning the 
technology in a social context. Interviews are particularly well suited for 
investigating such issues that cannot be directly objectively measured.  
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3 THE THERMODYNAMICS OF AND ENERGY 
USE IN BUILDINGS – INTRODUCTION TO 
PAPERS I, II & III 
This chapter presents the thermodynamics of and energy use in low-energy buildings. It further 
discusses the interplay of technology and behaviour and how this affects the energy balance. 
Thereafter, the research results from Papers I, II & III are presented and discussed. 

 

3.1 Low-energy buildings - introduction & definitions 
In this thesis, the term ‘low-energy building’ is used as a generic term for 
buildings with a significantly lower heat demand than required by the standard 
building regulations from the Swedish National Board of Housing, Building and 
Planning (2013). There are many labels for low-energy buildings: EU 
GreenBuilding, Miljöbyggnad, LEED, BREEAM (Sweden Green Building 
Council, 2014), passive houses (Swedish Centre for Zero-energy buildings, 
2013), etc., which have different ways of choosing the measures of performance 
(Churchman, 1968) and quantifying the energy performance. This chapter 
mentions some of these and thereafter provides a description of the physics of 
buildings.  

Regarding the term ‘energy efficiency’, this thesis refers to a reduction in energy, 
while the quality of the result is maintained.  

In low-energy buildings, the heat gains from lighting, equipment, dwellers and 
the incoming solar radiation are to a large extent used to achieve a good indoor 
climate. This is possible through the combination of a highly insulating building 
envelope and a heat exchanger that heats the supply air with the exhaust air. 
Space heating is thus for large parts of the year unnecessary and the heat 
consumption is drastically reduced compared to conventional buildings. 
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The criteria for different types of low-energy buildings vary between countries. 
In Sweden, a group appointed by the Forum for Energy Efficient Buildings 
originally developed the criteria for zero-energy, passive, and mini-energy 
houses. Today, this responsibility has been taken over by the Swedish Centre for 
Zero-energy buildings (2013), which is an association for the development and 
deployment of energy efficient construction. In addition to these criteria, all 
buildings must also fulfil the other aspects of the standard building regulations 
according to the Swedish National Board of Housing, Building and Planning 
(2013). Table 2 summarises some of the criteria for energy use in zero-energy, 
passive and mini-energy houses. However, for a more detailed description of 
these, see the Swedish Centre for Zero-energy buildings (2013). 

Table 3.1 - Criteria for delivered energy to attain various energy standards for 
buildings. For buildings larger than 400 m2, subtract 5 from the values 

(Swedish Centre for Zero-energy buildings, 2013; Swedish National Board of 
Housing, Building and Planning, 2013). 

Delivered energy 
[kWh/m2Atemp,yr]

Zero-energy 
house 

Passive 
house 

Mini-energy 
house 

Standard 
house 

Climate zone 1  63  63  83  130 

Climate zone 2  59  59  79  110 

Climate zone 3  55  55  75  90 

 

In addition to the requirements for passive houses, zero-energy houses need to 
deliver an amount of energy to the building that is smaller or equal to the amount 
of energy from the building in one year. These amounts of energy are weighted 
after the type of energy carrier according to the criteria in Swedish Centre for 
Zero-energy buildings (2013). To design a building that achieves this energy 
performance while succeeding with the indoor climate and aspects of experience 
requires a focused approach; all parts and systems of the building must be of 
high quality. Mini-energy houses have less strict criteria and their energy 
performance lies between the level of passive houses and that of the standard 
building regulations according to the Swedish National Board of Housing, 
Building and Planning (2013). Moreover, since Sweden is a country that stretches 
far from the north to south, it is divided into three climate zones in which 
different criteria apply. 
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3.2 The thermodynamics of and energy use in buildings 
3.2.1 The energy balance of a building 

The energy balance of a building is affected by both technical and behavioural 
factors. Various elements and processes (of which some are fast and some are 
slow) contribute to the thermodynamic interplay and create the resulting indoor 
environment. Heat is not only added from the active space heating system but 
also via other internal and external processes, as illustrated in Figure 3.1 below. 
Here, heating and cooling processes of different nature are visualised; while, for 
example, the solar radiation instantly heats the indoor surfaces, cold outdoor air 
first cools the building envelope before the indoor environment is affected. 

 

Figure 3.1 – The energy balance of a building (Fahlén, 2008). 

The equations below describe the energy balance of the building in Figure 3.1. 
It is easily seen that depending on the equipment installed, and how it is used, 
the impact on the energy balance will be altered. Capturing this diversity of 
different aspects is essential in the design of an energy efficient building. 
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Here, Qgain is the heat that is gained from the presence of the dwellers, the 
installed equipment, the lighting, the heating system, and the solar radiation. Qloss 
is the heat that is lost through transmission, convection, radiation, and 
infiltration through the building envelope. Furthermore, heat is also lost with 
the wastewater that leaves the building. 

The average Swedish detached house in 2009 had an area of 149 m2 and a total 
energy use of 24 000 kWh per year, of which space heating was 13 500 kWh, 
household electricity 6000 kWh, and domestic hot water 4500 kWh (Swedish 
Energy Agency, 2012). Since computers and other electronic devices came into 
homes, household electricity consumption has increased sharply. 25 years ago 
the figure for household electricity consumption was less than 5000 kWh in an 
average household. Today, it is not uncommon for a household to have an 
electricity consumption of up to 8000 kWh for household electricity 
(Energirådgivaren, 2011). The energy use in buildings varies greatly between 
households, not only when it comes to the use of electricity and space heating, 
but also when it comes to the use of domestic hot water. The fact that some 
households have an electricity consumption of 8000 kWh per year, while the 
energy efficient building in Figure 3.2 has a total energy consumption of the 
same amount is rather illustrative. 

 

Figure 3.2 – The energy use in present buildings and energy-efficient buildings 
in Sweden (Persson, 2002).  
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3.2.2 Building envelope and windows 

The building envelope (foundation, roof, walls, windows, doors and floors) 
primarily provides shelter and protects the occupants from the outdoor 
environment. Its design and performance plays a major role in regulating the 
indoor environment to create a comfortable zone. To reach a high energy 
standard and a minimisation of heat losses, a sophisticated building envelope 
with a low U-value is required. A maximum allowed heat loss factor, VFTDVUT 
[W/m2Atemp] for the specific heat losses of the building at the winter design 
temperature (DVUT) is given in the criteria for each type of low-energy building, 
see Table 3.2. Here, Atemp refers to the area of the building that is heated to more 
than 10 °C. These requirements will add some extra thickness to the building 
envelope; walls in a passive house are typically approximately 40-50 cm thick 
while a conventional house wall is about 30 cm thick. 

Table 3.2 - Criteria for heat losses for different low-energy buildings. For 
buildings larger than 400 m2, subtract 2 from the values (Swedish Centre for 

Zero-energy buildings, 2013). 

VFTDVUT 
[W/m2Atemp] 

Zero-energy house Passive house Mini-energy 
house 

Climate zone 1  19  19  24 

Climate zone 2  18  18  23 

Climate zone 3  17  17  22 

 

The heat loss factor VFTDVUT is defined through the following equation: 

 

where HT [W/K] is the heat loss coefficient, which is defined through the 
following equation.  

 

Here, U is the average U-value of the building envelope, including the losses to 
the ground. A is the total enclosing area of the building envelope and the second 
and third terms represent heat losses through air leakage and ventilation. These 
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two equations for VFTDVUT and HT thus describe the insulating capacity of the 
building envelope. In practice, this means that walls, roofs, and floors in passive 
houses have U-values that are lower than 0.1 [W/m2K]. 

Windows constitute a delicate part of the building envelope. In addition to 
providing daylight inside, they should also be part of the insulation. In a standard 
Swedish building, approximately 35 percent of the heat is lost through the 
windows, see Figure 3.3. Therefore, high quality windows are standard for low-
energy buildings and the building's average U-value for windows should 
according to the criteria be limited to 0.9 [W/m2K] for passive and mini-energy 
houses. Such windows are usually triple glazed and the spaces between the glass 
layers are typically filled with a noble gas or are under vacuum instead of filled 
with air since this produces a higher insulating capacity. Due to the higher 
insulating capacity, these windows will have a warmer inside and will therefore 
to a higher extent prevent cold draughts from occurring, a phenomenon where 
a window cools down the surrounding air that in turn becomes denser and 
spreads out over the floor, causing a decrease in thermal comfort. 

 

Figure 3.3 – The heat losses in a typical Swedish building (the Swedish Energy 
Agency, 2012). 

While windows result in heat losses, they simultaneously provide heating in the 
form of solar radiation, especially during sunny days. The amount of solar gains 
transmitted through a window is described by a g-value, expressed in percent, 
which is the sum of the directly transmitted solar radiation and the heat radiation 
emitted by the absorbed radiation. A window should have a low U-value and a 
high g-value to reach a high energy standard and to utilize the solar radiation.  
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A further measure to ensure that the building envelope has the needed insulating 
capacity is to perform a pressure test. In addition to the requirements in Tables 
3.1 and 3.2, a passive house should have a maximum air leakage of 0.3 l/s m² at 
+/- 50 Pa. Although a building envelope that passes this test may be considered 
airtight, there is still leakage through openings in the building envelope as a result 
of the pressure difference between the inside and the outside of the building. 
These energy losses through leakage are referred to as infiltration. Moreover, 
thermal bridges, i.e., places where the components of the building envelope meet 
and join, such as around windows and doors, give rise to heat losses through 
conduction. Thermal bridges are defined with a linear thermal transmittance  
[W/mK] and must be cared for in the design in order to reach a high energy 
standard. 

3.2.3 Ventilation system 

The main purpose of the ventilation is to improve the indoor air quality through 
the exchange of air with the surrounding. Activities in a household result in 
unwanted residues. For example, cooking and washing will generate odours and 
moisture that need to be removed. Likewise, pollutants from the materials of 
the building and CO2 from the dwellers need to be removed. Since the airtight 
building envelope in a passive house hinders natural ventilation, the air has to 
be exchanged mechanically to maintain a healthy indoor climate. The air is 
transported through the ventilation systems by supply and exhaust fans, and old 
air is thereby exchanged by fresh air. A minimum of 0.35 [l/s] plus 10 [l/s*p] of 
fresh air is common in order to maintain fresh indoor air. This transport of air 
into and out of the house results in heat leaving the building with the exhaust 
air. Therefore, a heat exchanger is installed in the ventilation system to reuse the 
heat in the exhaust air to heat the supply air. Through this procedure, heat 
savings of up to 80 percent are made. 

3.2.4 Space heating and domestic hot water production 

A heating system‘s task is to provide the house with space heating and domestic 
hot water. Typically, this system consists of the following parts: a heat 
production unit, a distribution system, a heat-emitting part, and a component 
that controls the heat supply. The heat production unit may be a boiler (using 
electricity, biofuels, oil or gas), a heat pump (air, water, or ground), or a heat 
exchange unit connected to a district heating system. In Sweden, the use of 
district heating or heat pumps is especially widespread in the whole building 
sector. 

In a passive house the space heating is usually performed via the ventilation 
system with the air as heat carrier and not by water as the energy carrier in a 



3 The thermodynamics of and energy use in buildings - Introduction to Papers I, II & III

16

heating system utilising radiators. This means that the airflow must be controlled 
not only by ventilation needs but also by heating need. Depending on the control 
strategy, the ventilation may be set to a constant or a varying flow, and, in the 
latter case, be set to control the indoor climate with respect to the indoor 
temperature and/or the concentration of CO2. The supply air temperature is 
usually heated to around 35 °C during the heating season. However, in theory 
the supplied air is allowed to have a maximum temperature of 52 °C (Forum for 
Energy Efficient buildings, 2009). 

The production of domestic hot water (DHW) in a household is needed for a 
number of household activities. For health reasons, the DHW is heated to 63 
°C. By doing so, the growth of legionella bacteria, which thrive best around 40 
°C and die around 60 °C as well as of other bacteria is avoided. The temperature 
of the incoming cold water is commonly around 10 °C and thus demands rather 
large amounts of heat. For example, the most energy efficient building in Figure 
3.2 uses approximately 50 percent of the total energy demand in the DHW 
production. To improve the energy efficiency, heat in the wastewater could be 
used to heat the cold incoming water in a heat exchanger. 

3.2.5 Behavioural aspects of energy use 

A traditional heating system is not necessary in a low-energy building with its 
highly insulating building envelope and heat exchanger. Instead, the heat gained 
from solar radiation and the internal heat gains constitute a large share of the 
heating, see Figure 3.2. Through activities such as washing and cooking the 
dwellers affect the indoor climate, which in turn has a large impact on the heating 
and ventilation demand. Consequently, the presence and activities of the 
dwellers become central to energy use. 

Behavioural aspects are several and include: awareness during energy use, quality 
of usage, and change of equipment. Hence, heat gains from activities vary greatly 
between households since different households have different equipment and 
users. From the time when computers and other electronic devices made their 
entry into households, the electricity consumption has increased sharply. 25 
years ago this consumption was less than 5000 kWh in an average household. 
Today it is not uncommon to have a consumption of up to 8,000 kWh, which 
is more than the total energy use in some households, see for example the energy 
efficient building in Figure 3.2. Studies show large variations in the use of DHW 
and equipment among households. While a family of four in a detached house 
with an economical use of DHW consumes around 3500 kWh of energy, 
another family with a less economical use may consume up to 7000 kWh to 
produce their DHW (Energirådgivaren, 2011). Moreover, households display 
general daily, weekly, and yearly user patterns such as a higher use during 
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weekends as well as in the evenings and mornings. Factors such as the size of 
the household, the age structure and lifestyles will contribute to the activity 
profiles of the households.  

 

3.3 Thermal comfort & indoor climate 
The most famous way of quantifying thermal comfort is through the comfort 
equation derived by Fanger in 1972. Along with this, Fanger developed the 
predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD) as 
measures of how large groups of people will perceive thermal comfort. Fanger 
built his equation on the heat balance of a body and the PMV may be calculated 
if the metabolic rate [W/m2] (a measure dependent on the individual and his/her 
activity), the insulation of the clothing, the air temperature, the mean radiant 
temperature (influenced by the thermal radiance from walls, ceiling and floors), 
the relative air velocity and the partial water vapour pressure are known. 

The human body interacts with its surroundings on different levels; 
psychological, physiological, behavioural, and physical environmental factors 
together form how the dweller perceives the indoor climate (Stoops, 2001). The 
amount of light and the acoustics affect the senses together with the aesthetics 
and location of the house. Further, the time of the day affects comfort, since the 
human body has, like the outdoor climate, a daily temperature variation. 
According to ISO7730, there are a number of categories for discomfort, which 
are divided into draught, vertical air temperature difference, asymmetric thermal 
radiation, warm and cool floors. All of these affect our perception of thermal 
comfort and must be limited within certain values. A vertical air temperature 
difference in rooms may cause an uncomfortable feeling and in order to avoid 
this, the temperature difference between the ankle and the head should be below 
3 °C (ISO7730). Thermal discomfort from radiant asymmetry means that 
different surfaces in a room will radiate differently causing an uncomfortable 
sensation. This will be reduced in low-energy buildings since, for example, the 
windows have warmer surface temperatures than conventional windows. As an 
initiative to include radiation in order to better describe the indoor temperature, 
the ‘operative temperature’ is defined as an average of the indoor air temperature 
and the mean radiant temperature in the room. Additionally, perception of 
control is a psychological variable and the comfort level may increase by 
knowing that we, for example, can open the windows or turn off the heater, 
even if this is not done. 
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3.4 Thermal energy storage & phase change materials 
An important aspect of a building’s thermodynamic behaviour is the time 
constant, or the thermal response of the building. This is related to the heat 
capacity of the building and is a measure of the time it takes for the building to 
respond to changes in the outdoor climate, or to changes in the heating or 
cooling. The time constant of a building is called  and may be described by the 
following equation (Hedbrant, 2001): 

 

Here, the numerator is the sum of the heat capacity of the building and the 
denominator is the sum of the heat losses to the surroundings. A low time 
constant means that the building is affected relatively quickly by the surrounding 
climate. The slower the building is affected, the larger the time constant. It will 
have an impact on how quick there will be a need for space heating during 
changes in the climate. Parts of the building envelope, such as the exterior walls 
may be designed to absorb heat and thereby serve as heat storages in order to 
decrease temperature oscillations and reduce the consumption of heat. 

A phase change material (PCM) is a material that may be used as latent thermal 
energy storage. Some types of PCM have a transition temperature close to room 
temperature; this means that it changes phase from solid to liquid, or vice verse. 
During the melting phase the PCM absorbs thermal energy from its 
surroundings and when it solidifies it releases this same amount of thermal 
energy to its surroundings. Phase change materials (PCM) may be used as a way 
of changing the thermal mass of a building and thus of changing the response 
of the building to the outdoor climate. Compared with sensible energy storages, 
the high latent energy of a PCM makes it suitable to use as a way of increasing 
the thermal mass of the building within small temperature changes. During the 
warm part of the day the PCM will melt and delay the increase of the indoor 
temperature and when the temperature is lower, the PCM will solidify and 
release its stored energy, thus it may be used to increase the indoor temperature. 
In this way, the use of PCM may remove the highest and the lowest indoor 
temperatures, producing a more even indoor temperature. As a result, the 
heating and cooling loads are decreased and the thermal comfort is increased. A 
suitable phase change temperature range, depending on climatic conditions and 
desired comfort temperatures, as well as the ability to absorb and release wanted 
amounts of heat, is an important property for the selection of a specific PCM 
for some building applications. The integration of PCM in buildings has been 
studied in different ways, examples are the use of PCM in walls or roofs, in floors 
and different kinds of shutters, in concrete blocks, in ventilation systems in heat 
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exchangers, in venetian blinds, etc., see for example Khudhair and Farid (2004) 
or Raj and Velraj (2010) for review studies on the subject. There are both organic 
(paraffin, non-paraffin, fatty acids, etc.) and inorganic (salt hydrates, salts, metals 
and alloys, etc.) phase change materials. The inorganic PCMs have the 
advantages that they often have a higher thermal conductivity, are non-
flammable and have a lower cost. However, they frequently suffer from 
decomposition, which may affect their phase change properties. The organic 
PCMs, on the other hand, are non-corrosive, thermally stable and are compatible 
with most building materials. However, a disadvantage is their higher change in 
specific volume during phase change, which may be limiting for building 
applications. 

  

3.5 Artificial neural networks 
An artificial neural network (ANN) is a learning algorithm in the field of machine 
learning, which is about the construction and study of systems that can learn 
from data. The term 'neural network' has its origins in attempts to find 
mathematical representations of information processing in biological systems 
(Bishop, 2006). An ‘Artificial Neural Network’ is constructed to imitate 
information processing in biological systems, such as the learning process of the 
human brain. The ANN is a black box model and requires no information of 
the physical laws or mathematical rules that are involved in the studied system. 
Instead, the ANN learns the relationships between the variables from 
experience. ANNs may be used to solve non-linear problems and are today 
applied in areas such as: pattern recognition, robotics, bioinformatics, computer 
vision, physics, medicine, etc. After the training is completed, the ANN can 
quickly generate output from new input data. Working with a learning algorithm 
requires two phases, first the training phase and then the running phase. In the 
training phase, the network is presented to input (x) and target (t) data sets and 
the aim for the network is then to learn the relations between these sets. The 
training is an iterative process that consists of adjusting connection weights (w) 
between the neurons until the network produces errors within a specified 
tolerance, or until a minimum of this error is found. It is in these connection 
weights that the 'knowledge' of the network is stored. The equation below shows 
an error function E(w) and its relation to the network outputs y(xn,w) and 
targets tn.   
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The outputs of the network are functions of the network inputs (x) and the 
connection weights, which are optimised until the best network outputs are 
generated. Further, the network outputs are generated from a linear combination 
of basis functions j(x) and the activation function f, see below. 

 

Where, the basis functions j(x) are also linear combinations of the inputs, see 
the equation below. The activation function is usually a log-sigmoid, tan-sigmoid 
or a linear function. 

 

Further, the network may be static (without memory) or dynamic and use an 
input and/or feedback delay of any chosen amount of time in order to capture 
effects over time. A network architecture is shown below in Figure 3.7. This 
specific network has three neurons in its input layer, five neurons in its hidden 
layer, and one in the output layer. Based on the nature of the variables and their 
relations with the output, the network architecture is chosen. The input layer 
includes the variables that influence the output and a network could have any 
amount of neurons or hidden layers.  

 

Figure 3.7 – An artificial neural network with three layers and nine neurons. 

Finding the right network architecture settings such as the number of neurons, 
input variables, etc. is not completely straightforward. Including too much or 
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too little information will both result in poor training results. While a certain 
network complexity and resolution in the training data is needed for the ANN 
to catch the many processes occurring in the building, a too high resolution, or 
model complexity, will cause the network to become overtrained on that specific 
data. This results in a decreased ability to extrapolate and generalize the model 
to other data sets. There may thus be advantages with keeping the model clean 
and simple. An artificial neural network may be trained to learn a building’s 
characteristics and thereby its thermodynamic response to the factors affecting 
it. 

 

3.6 Excerpts from and reflections on Papers I, II & III 
A number of strategies for improving the energy use and indoor climate are evaluated in Paper 
I, II & III. This chapter begins with a short introduction to these strategies, before some further 
reflections on these follow. 

3.6.1 Utilisation of thermal waste energy 

A well-insulated building envelope is a protection against the outdoor climate. 
Still, the two equations for Qgain and Qloss in section 3.2.1 must be balanced, 
otherwise, problems with the indoor climate may occur. The Swedish National 
Board of Health and Welfare (2005) recommends that the indoor temperature 
should not exceed 24 °C and 26 °C in wintertime and summertime, respectively. 
A number of passives houses have experienced excessive temperatures during 
summer and would during this period have needed better shelter from the 
outdoor climate in order to secure a comfortable indoor climate, see Paper I. 
Papers I & II study two strategies for improving the indoor climate during warm 
summer periods. There are a number of strategies to decrease excessive indoor 
temperatures, however, they all are based on either replacing the warm indoor 
air with colder air, reducing the internal gains or on blocking the solar radiation. 
Key strategies for the low energy use in these buildings are the utilisation of heat 
gains and the reuse of waste heat. With the heat exchanger, the ventilation 
system utilises waste heat in the exhaust air and provides large energy savings 
during the heating season. The objective in Papers I & II is to, in the same spirit, 
study an increased process integration by utilising thermal waste energy from an 
air-conditioning unit for DHW production and by using the cool ambient air 
available during night time for cooling purposes during day time, both with the 
purpose of improving the quality of the indoor climate without sacrificing the 
low electricity use. Also, to increase knowledge about the strategies for Swedish 
conditions as the summer season is short and comfort strategies are normally 
not installed. This subject has drawn some attention and was investigated in a 
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study in 2012 by LÅGAN (Johansson and Olsson, 2012), an initiative in Sweden 
for increasing the number of energy efficient buildings. It should be noted that 
external strategies for blocking solar radiation are as important, however, Papers 
I & II focus on the internal strategies. 

In Paper I, a heat pump for simultaneous production of heating and cooling 
(HPS) is investigated for a passive house. While producing heat for the domestic 
hot water to a household, the HPS simultaneously produces space cooling. 
Based on the properties of the HPS in (Fatouh and Elgendy, 2011) the resulting 
utilisation of waste cooling was considered. For an evaporator inlet air 
temperature of 20-30 °C, thus similar to the indoor air, the HPS simultaneously 
produces domestic hot water at a temperature around of 55 °C, and cooled air 
at 12 °C. Preferably, the supply air temperature should not decrease below 
approximately 16 °C. However, the cooling power could still be used in the 
simulations in order to investigate the impact of this strategy. 

Since the dimensioning was made after the heating need for the DHW 
production, the term ‘waste cooling’ is used. The case could, however, also be 
reversed, i.e. the dimensioning of the system is made after the cooling need and 
then the term ‘waste heating’ would be used for the DHW production. Still, the 
study is conceptual. 

In Paper II, a passive house equipped with an external PCM storage is studied. 
A PCM air heat exchanger is contained in an insulated box that may be 
connected to the supply air that enters the building. At night the PCM in the 
storage is disconnected from the supply air and is cooled down and solidified. 
On the following day when the outdoor temperature rises above the transition 
temperature of the PCM, the PCM starts to melt and may be used to cool down 
the supply air flowing through the storage. The heat exchanger may be seen 
below in Figure 3.8. 
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Figure 3.8 – Prototype of the PCM air heat exchanger in Paper II (Hed and 
Bellander, 2006). 

The two strategies have been simulated with the building energy simulation 
software IDA ICE and the building model in the simulations is based on an 
actual passive house apartment in Linköping, Sweden. This passive house model 
is a 4-room apartment with two �oors and an area of 105 m2. Moreover, the 
ventilation system of the model has a constant air volume flow and is equipped 
with an FTX-system. The input data representing the human presence, the use 
of electricity and domestic hot water is based on a collection of user-related data 
from the Swedish National Board of Housing, Building and Planning (2007), 
and the simulations cover the three summer months of June to August, a warm 
period with excessive temperatures in the actual passive house. In Paper II, the 
heat exchange between the supply air and the PCM is modelled as a duct with 
air�ow in a PCM-air heat exchanger according to the model developed by Hed 
and Bellander (2006). The software MATLAB is used for the model.  

The outcome of simulations of this sort is highly dependent on the 
implementation of the internal activities and heat gains. Although the input data 
here is based on recommended values from the Swedish National Board of 
Housing, Building and Planning (2007) for domestic hot water use and heat-
generating activities in a household, it should be noted that these variables are 
quite elusive. As mentioned in section 3.2.5, the different signatures of heat-
generating activities and domestic hot water production vary considerably 
between households.  

The use of the waste cooling from the HPS improves the indoor climate 
summertime in the passive house and the simulations show that an 
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implementation of this storage would remove 60 to 80 percent of the excessive 
temperatures, see Figure 3.9. 

 

Figure 3.9 – Results from the utilisation of the HPS. 

These two percentages come from two different input values for the domestic 
hot water use and are intended to reflect the variation different households show 
in use. If the input data are purely based on a 3-person household according to 
the Swedish National Board of Housing, Building and Planning (2007) the 
DHW production results in 225 [W]. In the simulations, the implemented 
production pattern of the domestic hot water is flat, which means that the 
utilisation of waste cooling is also constant throughout the 24 hours of the day. 
This differs from actual households, where the DHW production fluctuates. It 
should also be noted that it is only the improvements of the degree hours above 
26°C that are included in these results. There are thus times when the indoor 
climate is improved but not included in these percentages. This goes for Paper 
II as well.   

In Paper II, the simulation results from the three-month period show that the 
PCM night cool storage can remove a portion of the excessive indoor 
temperatures. When using 50-400 kg of PCM in the cool storage, the reduction 
varies between 22-36 percent of the total 2500 degree hours above 26 °C in the 
reference case, see Figure. 3.10. When the indoor temperature reaches too high 
values, the PCM night cool storage cannot provide enough cooling; the building 
model would have needed a supply air from the storage that is colder than the 
19°C produced here. A lower transition temperature could have been chosen 
for the PCM but then the storage would have had less time during the night to 
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cool down. The chosen transition temperature needs to take the storage size into 
account; the smaller the storage, the lower the transition temperature can be 
chosen. Here, a transition temperature of 19°C produced the best result for the 
smallest storage. 

 

Figure 3.10 – Results from the utilisation of the PCM. 

Although the provided space cooling is limited, the results reveal a substantial 
decrease in the amount of degree hours with excessive temperatures. This shows 
that once very small amounts of cooling are supplied, the insulating capacity of 
the building envelope is very good at utilising these amounts to improve the 
indoor climate. Another general comment on the results of these two papers is 
that the measures are causing a result curve that flattens out, which indicates that 
the remaining degree hours should be removed through blocking of the 
incoming solar radiation. In climates or during periods when the night 
temperature does not drop significantly, a latent storage is advantageous, since 
it may store more thermal energy in this temperature interval. There is also a 
distinct difference in how an external PCM storage could be used in comparison 
with an internal.  

While an internal PCM storage only may redistribute heat or cooling over a time 
interval, an external PCM storage may bring heat to or from the building. In 
addition, if the indoor temperature increases and stays above the transition 
temperature, the internal PCM will have no effect. An external storage has the 
advantage that it is easier to install in an already existing building compared with 
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an installation of PCM inside walls, especially in a passive house where the walls 
are more advanced. The external PCM storage provides a higher heat exchange 
rate than an internal wall PCM and the reason for this is twofold. First, if the 
PCM storage is implemented in the FTX-system, the heat exchanged is 
improved due to the higher airflow around the PCM. Second, the outdoor 
temperature is the driving temperature for the melting/solidifying of the PCM, 
thus a lower transition temperature is possible than with an internal storage 
where the transition temperature is limited to within the interval of the indoor 
temperature. This results in a larger temperature difference between the PCM 
and its surrounding air, which increases the melting/solidifying power. 
Additionally, with an external PCM storage there is a possibility of controlling 
the amount of heat flow to and from the PCM box in order to control the 
amount of cooling or heating. Alternatives for controlling the indoor air and the 
supply air in the ventilation system have been studied by, for example, Arkar and 
Medved (2007).  

An external storage could also be used for space heating purposes since it would 
store heat to be used at a later time when the outdoor temperature drops below 
the temperature of the PCM. 

3.6.2 Dynamicity & the next generation buildings 

An optimal energy strategy for a household takes into account not only the 
present, but also the past and estimated future values of important variables. The 
geographic location, the thermodynamic state and properties of the building, the 
dweller behaviour, and future climate are all factors influencing the choice of 
strategy. As concluded by Nguyen and Aiello (2012), for significant 
improvements in energy efficiency, dynamicity is central and no static 
assumptions should be made regarding energy use. Energy-smart buildings 
should utilise and act on predictions along with their actual thermodynamic state 
in order to save energy. 

Another trend is that 'prosumer' households, i.e. producers and consumers of 
heat and electricity, are increasing in number. In Sweden, zero-energy houses 
need to fulfil not only the criteria for passive houses, they should also be neutral 
in production and consumption of heat and electricity. The ability to make 
accurate predictions of the supply and use of energy enhances control and 
enables a more sophisticated energy use; when should the energy be used and 
for what purpose? Should it be used for the production of domestic hot water, 
space heating, or should the electricity be stored and sold at a later time when 
the feed-in tariff is more favourable. Not only could this procedure lower the 
cost of energy for these households, it could also remove power peaks that may 
be foreseen, a measure that would reduce the pressure on the heat production 
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and distribution system during the cold Swedish winter. It should also help 
increase the share of renewable energy in the electricity grid, since the prosumer 
households use renewable energy sources.  

Artificial neural networks have been studied for a variety of building 
applications. They have, for example, been used to predict the indoor 
temperature or to study thermal-control methods. More closely related to the 
content of Paper III, they have also been studied for the prediction of electricity 
or energy use in buildings; Kumar et al. (2013), Foucquier et al. (2013) and 
further Zhao and Magoulès (2012) provide reviews on this subject. In Sweden, 
Olofsson and Andersson (2001) have studied predictions of long-term energy 
and heating demand based on short-term data. Additionally, Lundin et al. (2004) 
studied estimations of building characteristics using ANNs.  

Compared with conventional buildings, the heat from lighting, equipment, 
human presence and solar radiation constitute a large share of the heating need 
in low-energy buildings. As a consequence, modern households are becoming 
increasingly influenced by these climatic and dweller-related variables, along with 
their daily and weekly variations.  

Most prediction studies have so far not been carried out on low-energy 
buildings. However, predictions studies of low-energy buildings would be a field 
of interest for several reasons since they, in comparison with conventional 
buildings, have a larger capacity for buffering heat for some while when needed, 
thus increasing the leeway for dynamicity. Second, a stronger influence from the 
different internal and external gains, which are unique for every building and 
household, makes a learning algorithm more effective than a static system. 
Instead, the network could learn the specific behaviour of a certain building at a 
certain location with certain dwellers. 

This new angle for learning algorithms was the motif behind Paper III where 
the objective was to see how fast a training algorithm could respond on data 
from a low-energy building in the Swedish climate. In Paper III, the use of an 
artificial neural network for the application of predicting the heat consumption 
in a low-energy building in Arlanda, Sweden, is studied. The paper investigates 
how far the applied learning process may reach in a year and further seeks the 
variables and network settings that work best for the application. The artificial 
neural network was programmed and trained in MATLAB with training data 
collected from building simulations of a low-energy building model in IDA 
Indoor Climate and Energy. The low-energy building model is a two-zone model 
of a two-storey house with a total floor area of 100 m2. In this model, a PI-device 
is controlling the indoor temperature, which is set to 21°C. The training data 
sets were collected from a simulated eight-month period (January to August) and 
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were thereafter extended for the prediction of each new month during the 
following heating season (September to December) of this year. 

Figure 3.8 shows that the artificial neural network generates output that, with 
some exceptions, agrees well with the targets of the heating power and thus that 
the artificial neural network has learned how the geographic location, the 
thermodynamic state and properties of the building, and the climate influence 
the energy balance of the house. The network produced a median error of 2.5 
percent of the heating power during the simulated four-month period.  

 

Figure 3.8 - Heating power predictions of the first half of each month from 
September to December. Here, the outputs from the network in blue are 

predictions of the target values from IDA ICE.  

Through some intervals the output values are lower than the target values, and 
the error is most prevalent during maxima and minima of the targets. It can 
further be seen that the accuracy is increasing towards the end of the year, which 
is natural since the network then has undergone more training. However, this 
could also partly be explained by the influence of the heat storage not being as 
strong during colder periods as when the heating system is turned on and off 
more frequently. Effects from heat stored in buildings are significant and the 
network used in Paper III has an input memory of 48 hours. In some actual 
buildings, the memory may have to be longer. The building model in the IDA 
ICE simulation is a bit light and does not include as much furniture and other 
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equipment as an actual building. This indicates that for low-energy buildings, 
that can buffer heat to a larger extent than conventional buildings, this aspect 
could be further addressed.  

The network architecture used here was a result of trial and error. While a certain 
network complexity and resolution in the training data is needed for the ANN 
to catch the many processes occurring in the building, a too high resolution or 
model complexity will cause the network to become overtrained on that specific 
data. This results in a decreased ability for the ANN to extrapolate and generalise 
to other data sets. Moreover, including more input variables will bring about 
increased vulnerability to errors in the indata, such as the weather forecast. There 
is often a trade-off between a theoretical error and a practical error. 

Both the building type and its use will influence the setup of the ANN and 
studies show variation in the setup of networks. Kalogirou and Bojic (2000) used 
a time-step of 10 minutes and a neural network with 23 neurons in two hidden 
layers to predict the energy use of a passive solar house in Cyprus. Moreover, 
Neto and Fiorelli (2008) used two ANN models to predict the daily energy 
demand in an administration building in Sao Paulo, Brazil. One more advanced 
with 5 input neurons (external temperature, humidity, two solar radiation 
parameters and day type) and one hidden layer with 21 neurons, and one simpler 
with two input neurons (external and internal temperature). For this building, 
the two layers showed that the simpler ANN provided results in parity with the 
more complex, indicating the significance of the input neurons in the simpler 
ANN. Further, Gonzales and Zamarreno (2005) used a feedback ANN with 5 
input neurons and one hidden layer to predict the hourly energy use in buildings 
and stated that many neurons were not needed to get satisfactory results. 

The network used in Paper III is a nonlinear autoregressive neural network with 
external input (NARX) with a Levenberg-Marquart back-propagation algorithm 
and one hidden layer. In the paper, there are six input neurons: the outdoor 
temperature, the ground temperature, the direct and diffuse solar radiation, the 
wind speed, and the time of day.  

In an actual household, the heat-generating behaviour could be measured and 
included as a separate variable, thereby increasing the transparency for the 
learning algorithm. Moreover, the ground temperature is important since it 
catches not only the yearly climatic variations, but also because in a typical 
building, approximately 15 percent of the heat is lost to the ground, a heat loss 
that is caused by the temperature difference between the ground and the 
building. As Sweden is situated in northern latitudes the conditions are such that 
the solar gains varies drastically over the year. 
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All buildings are inescapably affected by certain variables such as the outdoor 
temperature and the solar radiation, etc., but to what degree is unique for every 
building. Two houses in the same area may respond differently depending on, 
for example, the wind speed or the solar radiation, due to factors such as the 
protecting environment or the building envelope, etc. By testing how well a 
network predicts the thermodynamics in a building, depending on the variables 
being included in the network, it should be possible to obtain information 
concerning the significance of each variable and to provide information for 
preventive measures. The method would require measuring instruments to be 
installed for the reading of the temperature, solar radiance etc., of which some 
could be used together with other buildings in the same area. 

Paper III adds to the literature through the application of artificial neural 
networks on low-energy buildings in the Swedish climate and provides further 
knowledge of the learning curve of this prediction strategy.     
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4  THE ENERGY EFFICIENCY GAP – 
INTRODUCTION TO PAPERS IV & V 
Paper IV and to some extent Paper V deal with the energy efficiency gap, so in order to give 
an introduction to these papers, the following sections present the related fields.   

 

4.1 Introduction 
The first step is to measure what can be easily measured. This is okay as far as 
it goes. The second step is to disregard that which cannot be measured, or give it 
an arbitrary quantitative value. This is artificial and misleading. The third step 
is to presume that what cannot be measured really is not very important. This is 
blindness. The fourth step is to say that what cannot be measured does not really 
exist. This is suicide. – Yankelovich (1972). 

As part of the strategic niche management approach, which seeks to exploit the 
potential of sustainable technologies, Kemp et al. (1998) define one of their aims 
to articulate the changes in technology and in the institutional framework that are necessary 
for the economic success of the new technology. This is the essence of this chapter, which 
pursues an articulation and demonstration of applications in order to provide 
better approaches for low-energy buildings. 

4.1.1 Buildings & energy 

Different types of technologies for increasing the energy efficiency of buildings 
have been developed for a long time, but a major step was taken in the early 
1990’s, when a house with a drastically reduced need for space heating was built 
in Darmstadt, Germany. This house was the world’s �rst passive house, a 
concept that has grown since then; today there are more than 20 000 passive 
houses in the world. A passive house has a highly insulated building envelope 
and transfers heat between outlet and inlet air in a heat exchanger. This results 
in heat gains from solar radiation, dwellers, and equipment being enough to keep 
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a comfortable indoor climate for large parts of the year. Consequently, this 
technology offers large energy savings, especially in a cold climate such as the 
Swedish.    

4.1.2 The energy efficiency gap 

The term ”energy efficiency gap” was introduced in 1990 by Hirst and Brown 
in their paper "Closing the Efficiency Gap: Barriers to the Efficient Use of 
Energy". Defined as the untapped potential to save money while improving the 
environmental quality, the gap is explained by the existence of market failures 
and barriers to energy efficiency that exist in various parts of society, such as 
households, businesses and governments. When cost-effective measures, such 
as the passive house, are not utilised, an energy efficiency gap between optimal 
and actual levels of energy use is created. In economic theory, a market failure 
is a situation where a non-optimal allocation of resources is causing unnecessary 
social costs, resulting in a waste of resources. Low-energy buildings enable an 
opportunity for reducing energy use in Sweden. 

 

4.2 Technological change 
Technological change is a term for the development of new technologies. The 
three stages: invention, innovation and diffusion, which have come to define 
this process, translate to the development, commercialisation, and on-going 
adoption of the technology throughout society. Included here are also the 
continuous economic and technological improvements that entail the 
commercialisation, along with a diffusion that frequently transfers differently to 
different countries, regions and cultures. The diffusion of an innovation is a 
process related to change in society, which in turn is affected by actors, 
institutions and economic structures (Edquist and Lundvall, 1993; Nelson and 
Nelson, 2002). Moreover, social norms, opinion leaders and governments are 
also involved in the diffusion process according to Rogers (2003). Ingelstam 
(2002) comments that the entire literature on social construction of technology 
rejects technological determinism, in which the theoretical approach assumes that technology 
relentlessly goes its own way, independent of social and cultural factors. 
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Nässén (2007) follows the framework in Freeman and Perez (1988), where four 
levels of technological change may be distinguished: 

(i) Incremental improvements: These minor changes of 
existing technologies may occur as the result of 
inventions suggested by engineers in the production 
process (learning by doing), through feedback from 
users (learning by using), or by scaling in production. 

(ii) Radical innovations: These changes are discontinuous 
events and are often the result of deliberate research and 
development activities. Grübler (1998) exemplified with 
the development of the Bessemer process in the 19th 
century which made it possible to produce high-quality 
steel at low cost. 

(iii) Changes in ‘technology systems’: These far-reaching 
changes in technology and organisation affect several 
sectors of the economy and may also give rise to new 
sectors. Examples are the changes to industrial 
production processes brought about by the introduction 
of technologies like electric motors and injection 
moulding. 

(iv) Change in ‘techno-economic paradigm’: These are 
changes in technology systems that are so revolutionary 
that they have a pervasive influence throughout the 
economy. 

Nässén (2007) thereafter uses these levels of technological change from 
Freeman and Perez (1988) and identifies the passive house as an example where 
incremental technological changes end up in a radical change. Here, the 
incremental technological changes (which enable high performance on 
windows, walls and heat exchangers, etc.) within different fields are needed 
before the radical change (the passive house) is possible. The technological 
change will be further addressed in the presentation of the results from Paper 
IV. 

4.2.1 Diffusion of innovation in the building sector 

The life cycle of a technology may typically be described by the S-shaped curve 
shown in Figure 4.1. This curve illustrates the usually slower introduction of a 
technology, followed by its peak in growth after which new technologies arise 
and phase out previous ones (Fisher and Pry, 1971). 
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Figure 4.1 - The S-shaped curve describes the evolution of innovations 
(Christensen, 1997). 

The adoption of a new technology is a process that a sector has to go through 
and, in order to succeed, Sahal (1981) argues that technology must be transferred 
together with knowledge of its use and application and not simply as a "self-
contained artefact". On a large scale, changes first occur when the adoption rate 
of a technology together with the feedback from the evolving dynamics of the 
network has picked up a certain momentum. As described by Hughes (1986) 
seamless web, it is the whole network itself that ultimately will decide the energy 
use. 

In order for innovation systems to develop, Alkemade and Hekkert (2009) 
suggest that resources should be mobilised and legitimacy should be created. 
From this perspective, the building sector could be analysed. Relevant questions 
concerning the structure and dynamics of the sector are: which are the needed 
characteristics, organisations, companies and how may energy use best be 
managed and arranged in order to improve the adoption rate (Shove, 1998). As 
put by Shove, there is real work to be done in articulating the features and characteristics of 
social worlds presupposed by proposed energy-saving scenarios, referring to de Laat (1996). 

The implementation of buildings with a drastically reduced need for heat will 
interfere with the dynamics of the sector. Actors that lose from the change 
caused by passive houses, or low-energy buildings in general, could belong to 
industries that usually have a strong in�uence both economically and politically 
and may therefore become barriers. So far, the Swedish market for passive 
houses has been characterised by a fairly weak market pull, and with its absence, 
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the market has largely been forced to rely on driving spirits who passionately 
have worked for the societal importance of improving the energy efficiency in 
the housing stock.   

4.2.2 Aspects of the diffusion process 

The literature has presented numerous legislative, cultural, financial and 
technical market barriers (Osmani and O’Reilly, 2009) and in order to 
understand the adoption mechanisms of energy efficient technologies, 
knowledge about the specific barriers and drivers related to the market 
penetration is needed. The diffusion process is described in the literature by 
several authors that reveal the complexity of it. This section presents an 
overview of aspects of the diffusion process in the literature, both generally and 
for buildings, specifically. 

KNOWLEDGE SOCIETY IS BUILT ON INFORMATION – The existence 
of independent and impartial information about the benefits of energy efficient 
technology is crucial for adoption (Toole, 1998; Bond, 2011; Stern and 
Aronsson, 1984). Accordingly, Rogers (2003) stresses the importance of good 
communication channels through which trustworthy information may flow. 
Referring to the building sector, information serves as a knowledge injection to 
production, supply chains, delivery modes of buildings, and in-use services 
(Business from sustainability). Moreover, information creates both awareness 
and acceptance, where the former usually is obtained through mass media and 
the latter from face to face communication (Rogers, 2003). In order to increase 
the possibility of becoming accepted, information should be specific, vivid, 
simple and personal (Stern and Aronsson, 1984). In an English study, 78 percent 
of the survey participants submitted that the lack of data on the cost of zero 
carbon homes was a significant or major barrier (Osmani and O’Reilly, 2009). 
The information on energy efficient technologies is often lacking, causing 
consumers not to change their behaviour (Rogers, 2003).   

RISK AVERSION – When it comes to investing in energy efficient 
technologies, consumers and businesses may be very risk averse. Compared with 
old proven alternatives, untested technologies or methods may be seen as risks 
and project managers show tendencies to stick to experienced and proven 
technologies even when there are cost-effective alternatives available (Pinkse 
and Dommisse, 2009). There may also be negative perceptions associated with 
the economics, function, and aesthetics of renewable technologies. Regarding 
passive houses, the risk could concern whether a comfortable indoor climate 
will be reached, or if the construction, operation or maintenance will be more 
complicated than for a conventional house. 
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ADOPTION COSTS – The adoption of a technology is preceded by a 
knowledge build-up through information gathering, learning, establishing 
contacts with suppliers, etc. These activities include costs that might not be 
visible in simple cost-effectiveness calculations and are therefore referred to as 
hidden costs (Jaffe and Stavins, 1994). If high enough, these costs will inhibit 
green investments.   

THE PRINCIPAL AGENT PROBLEM – The problem of motivating a party 
to perform activities on behalf of another is known as the principal-agent 
problem. For example, a construction firm cannot benefit from the energy 
savings of passive houses and thus, without a strong market demand, there are 
limited incentives to building passive houses. 

AWARENESS AND ATTITUDES – Categorised by Hirst and Brown (1990) 
as behavioural barriers are problems that characterize the behaviour of the end-
user and her or his relation to energy use. Here, related consumption behaviour 
may be affected by the awareness and attitudes in society. The degree to which 
an innovation appears consistent with existing values, past experiences, habits 
and needs of the potential adopter is crucial for adoption (Rogers, 2003). 
Currently, there is a reported lack of demand for sustainable properties amongst 
the general public (Osmani and O’Reilly, 2009). However, a low-carbon culture 
is emerging in which people wish to adopt more sustainable lifestyles. This 
results in initiatives such as the ‘low carbon hub’ in Oxford, that works to lower 
carbon emissions throughout society. This is also becoming reality among firms, 
where there is a growing culture of corporate social responsibility that was 
shown by WWF (2007).  

BUILDING CODES, LABELS & POLICY INSTRUMENTS – The active 
involvement of a government in setting up and maintaining knowledge transfer 
may help producers and consumers make more informed and rational decisions 
and highly influence the rate of diffusion of products into a market (Mlecnik et 
al., 2008a). One way of initiating an increased market demand for energy 
efficient houses has been to use labels as a communicative instrument (IEA SHC 
Task37, Mlecnik et al., 2008a). For example, as a result of the government setting 
up guidance and education in Austria (Haus der zukunft & Klima:aktiv) for 
single-family households and professionals in planning and construction, a 
strong market pull was reported. In Germany, a strong driver came from the 
German state bank that provided a beneficial loan for the construction of low-
energy and passive houses (Mlecnik et al., 2010). 

The development of codes and standards, however, often lag behind the 
development of technologies and this becomes a barrier for energy efficient 
innovation. In 2012, Sweden adopted new building regulations, which although 
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reworked to satisfy higher demands of energy efficiency, still receive critique for 
being too slack (Swedish Environmental Protection Agency, 2012). 

ABSORPTIVE CAPACITY & RIGOROUS STRATEGIC DIRECTION – 
Energy efficient technologies are adopted as a result of interplay between 
existing knowledge, capabilities and managerial processes (Helfat, 1997; Teece 
et al., 1997). A firm with a well-developed "absorptive capacity" will be better 
adapted as well as more flexible in adjusting to changes in the environment. 
Defined by Zahra and George (2002) as a set of organizational routines and processes 
by which firms acquire, assimilate, transform, and exploit knowledge to produce a dynamic 
organizational capability, the 'absorptive capacity' sets competitors apart from one 
another (del Rio Gonzalez, 2005; Zahra and George, 2002). In addition, factors 
contributing to how ideas were adopted for successful innovations have been 
characterized by a rigorous strategic direction along with a continued business 
network focus (Sexton et al., 2006). As a bonus for sufficient absorptive capacity 
regarding passive houses, house builders may increase their brand recognition 
and win a reputation as a sustainable company with their green buildings (Carter, 
2006). Moreover, this green profile of the company may be used as an advantage 
for the company to attract high-calibre employees (WWF, 2005).  

INTERACTION – Innovations need interaction and one way to create 
favourable conditions for adaptation is to employ certain management 
techniques, such as Societal Embedding or Strategic Niche Management, that 
work for an increased collaboration between different actor groups. They 
concentrate on an interactive learning process between three actor groups: 
producers, users and social actors (Halme et al., 2005). The diffusion of energy 
efficient technologies depends on factors such as geography, infrastructure and 
human resources. To create opportunities for people to adopt an innovation, 
Miller (2009) has reported that it must be preceded by an actor (government, 
entrepreneurial, or non-profit organisation) making the innovation available 
near the adopter. 

THE STRUCTURE OF THE BUILDING SECTOR – The construction of a 
passive house requires knowledge throughout the construction process and 
research emphasises a holistic approach (Sandberg, 2003; Janson, 2010) 
involving a monitoring role of the project. This stands in contrast to the 
traditionally fragmented structure of the building process in which there are many 
leads between the intentions of the customer and the finished product (Swedish National 
Board of Housing, Building and Planning, 2002). 
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4.3 Excerpts from and reflections on Paper IV 
4.3.1 Background 

Energy efficiency in the Swedish building sector has been given attention in a 
number of studies. In 2002, research reported a lack of transformation pressure, change 
aversion, territorial thinking, inability to use available knowledge, quality de�ciencies and 
prices that are higher than they should be in the Swedish building sector (SOU, 2002). 
Almost concurrently, Larsson (2005) informed that the Swedish building sector 
does not use innovations to build more energy efficiently. After the passive 
houses in Lindås Park were built in 2001, low-energy buildings were gaining 
attention and research following the construction process was conducted. Here, 
Glad concluded that access to built examples was significant and stated that 
Multidimensional knowledge was important and included experiencing the passive houses in 
various ways: touching and feeling the technology and talking to colleagues and inhabitants in 
Lindås Park (Glad, 2006). Janson (2010) highlighted the importance of a holistic 
approach for all involved; It is important to keep the function of the whole project in mind, 
not only the energy efficiency of each contractor’s part, to get an overall low energy use in the 
finished project. Moreover, split budgets and split incentives caused by a 
fragmented process were resulting in barriers for investments in energy 
efficiency, according to Nässén (2008). 

In the building sector, new actors, technology and regulations are constantly 
under development, creating new conditions for firms to adapt to. To increase 
knowledge of the ongoing transition, Paper IV was carried out with the objective 
of investigating the existence and significance of drivers and barriers to the 
implementation of low-energy buildings in Sweden. 

4.3.2 The interviews and the interviewees  

Eleven Swedish construction companies were selected for interviews. The 
selection was based on the criterion that they build low-energy buildings that 
achieve an energy performance approximately equal to that of passive houses 
and caught a spread in size, geographical location, and profile. This means that 
they represent most segments of the Swedish construction sector for low-energy 
buildings. To the extent it was possible, the interviewees were selected based on 
their position within the firm so that they have an overview of the strategies and 
decision-making in the company. Within these firms, the interviewees often 
belonged to the small group that initiated the idea within their company. During 
the interviews, the interviewees had the freedom to build a conversation around 
matters they wished to address, even if it was outside the areas of the prepared 
questions. In this way, the interviewee could use her or his own words and 
expressions to articulate her or his opinions. 
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4.3.3 The outcome of the study 

There is no single specific barrier that keeps energy efficient housing from 
penetrating the market. Instead the barriers include a whole range of issues that 
have to be considered. This section covers the most significant results and adds 
some reflections on future trends that were not included in Paper IV. 

CREATE INFORMATION, BECAUSE INFORMATION CREATES - An 
obvious result from the interviews is that more aggressive information and 
marketing would entail an increased diffusion. Although the interest in passive 
houses is considered low among the public, it is identi�ed as a growing market 
among the construction companies – large enough to become a driver in itself. 
We learn from the interviews that many prospective house buyers either are 
interested or will become interested once they are told about passive houses. 
Currently, there is an expressed lack of information available to both potential 
customers and construction firms about passive houses. Thus, there is a 
potential to expand the market through an increase in publicity and information. 
When it comes to marketing, most of the interviewees are of the opinion that 
they should be better at it, and do more of it. While some state that they lack the 
time for it, other companies use several media along with directed information 
to architects and estate agents. The most common public relations resource is 
to use your own web page as well as web pages where houses are sold, followed 
by advertisements in local press and sector magazines. It is also common for the 
customers to have received their information from old customers.  

Miller (2009) stresses that to create opportunities for people to adopt an 
innovation, it must be preceded by an actor (government, entrepreneurial, or 
non-profit organisation) making the innovation available near the adopter. The 
region around the passive house centre in Sweden shows a higher amount of 
low-energy buildings than the rest of the country and during the last years, the 
Stockholm region has also increased strongly. More actors such as the Passive 
house centre or LÅGAN, in different parts of the country, could increase the 
diffusion. There is a reported need for showing both producers and potential 
customers that this is possible. One interviewee says that a problem is that both 
sellers and customers often lack the knowledge, leaving the customer’s decision 
to be based on bad or insufficient information. By providing demonstration 
examples, courses and information, construction firms and potential customers, 
etc., would be helped. This is especially true for small firms, which have greater 
difficulty in financing research. 

Although easy in theory, a passive house is difficult to build in practice. The 
large companies talk about the seriousness of learning and collecting 
information from project to project. Compared with smaller companies they 
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have, to a higher extent, more thoroughly worked out protocols for the 
construction process. Some of the firms further state that their process today 
would have been preceded by a more solid knowledge build-up.  

As mentioned previously, Nässén (2007) has used two of the levels of 
technological change from Freeman and Perez (1988) and identified the passive 
house as an example where incremental technological changes end up in a radical 
change. This means that suppliers within the different fields of the incremental 
technologies (windows, walls and heat exchangers, etc.) are needed before the 
radical change (the passive house), is possible to assemble. In this study, there is 
a reported need for improvements in several parts of the supply chain 
(incremental changes) for passive houses, both in education and technology, 
which consequently create barriers for the radical change. Also, some of the 
interviewees report mistrust towards the subcontractors, whose data cannot 
always be trusted. A lack of knowledge is reported as one of the largest barriers.   

PERSONAL COMMITMENT, PARAMOUNT TO SUCCESS - The results 
indicate that personal commitment is central and perhaps the strongest driver. 
The introduction of high-performance houses in a sector with large 
environmental impact is by the interviewees considered important. Many of the 
interviewees talk about ideology and their attitude towards environmental issues 
as part of their motives. These attitudes are considered important within the 
companies and may be identified as a driver for the development. Several 
companies point out that a change in the housing stock is for a good cause. 
There has been a mixed but mostly positive response to the ideas of building 
more energy efficient houses within the companies. Often it took some time to 
provide the information but after that, most employees have been convinced it 
is the way ahead. An interview at one of the largest construction firms in Sweden 
states: 

- The building regulations will not be changed at the pace that is needed for the mitigation of 
global warming. Instead, we ourselves have to set the standards needed. 

Another interviewee at a company that builds houses with lower energy use than 
required by the passive houses criteria explains that it is due to their attitude 
towards the environment that they are building these houses. 

- The construction workers are with me, because they have a like-minded attitude and I 
think it's really important that the management and I have the attitude we have [i.e. that we 

all should embrace this idea] in order for this to become a reality. 
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There is a rather high interest and conformity in the opinions of the interviewees. 
Also, there is a somewhat optimistic attitude in that ’things are possible’, but 
occasionally, an attitude of resignation shines through since the change towards 
a more energy efficient housing stock is considered slow. Internal pressure has 
strongly contributed to the companies having started to build passive houses. 
Usually, the ideas have already been embraced by the companies and then been 
realised after a customer has asked for a passive house, or they have started to 
develop platforms and build passive houses on their own. 

- A product that is important, it is about ideology. No one could build me a good house so I 
started my own company, even though I was not in this business. 

BOTTOM-UP REQUESTS FOR STRICTER REGULATION - When it 
comes to energy use, the building regulations are considered to lack relevance 
among the construction companies. They are too easily achieved and cannot be 
seen as a driver for a further development of the construction of passive houses 
in Sweden. This bottom-up request for harder energy demands from companies 
can be considered somewhat unique. Usually the relation is reversed. Concern 
over the lack of pressure from regulations is expressed in several ways. 

- If we would do things the right way, which usually isn't more expensive, we would not have 
to buy nuclear power. But they just want to continue and sell as much [electricity] as possible. 

This situation is problematic and could cause damage to Swedish construction 
firms since the future EU regulations are seen as a driver and the interviewees 
further state that it can be devastating if your firm does not prepare in time for 
new regulations. If the Swedish regulations are considered to lack relevance, they 
are in fact possibly harmful for the companies since they do not serve to prepare 
the Swedish construction firms for the future demands from the European 
Union. On the other hand, the Swedish criteria can be seen as progressive among 
the other European countries. 

PURSUE OPPORTUNITIES FOR INVESTMENTS IN ENERGY 
EFFICIENCY - Although science cannot provide any clear-cut answers for how 
payments should be arranged, future research could shed more light on how 
economic policy instruments and attitudes among financial institutions affect 
investments in energy efficiency. Financial assistance targeting the upfront costs, 
or providing low interest rate loans can be offered from governments to facilitate 
investments in energy efficiency. From the results of Paper IV, it may be stated 
that banks could have a key role in several ways, but the construction companies 
express that banks in Sweden are considered to have too short perspective and 
a lack of knowledge of what they lend to. They are lacking a comprehensive view 
and have to become better at considering energy and LCC in their capital 
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budgeting templates. Similar results are reported by the IEA that states: both the 
investment criteria and financiers’ lack of knowledge of energy efficiency specificities are obstacles 
to customers’ access to capital in energy efficiency projects (IEA, 2008). In the same study, 
the IEA stresses that a developed measurement and verification protocol could 
instigate the uptake of money. The present failure of the construction sector to 
provide these causes investors to ‘shy away’ from energy efficiency investments. 
In line with this result, one of the interviewees in Paper IV stated that more 
rigorous criteria are wanted so that they could show the customers what they 
sell. 

The literature has pointed out that financiers fail to respond to the upsides of 
investments in energy efficiency. With these investments follow: an improved 
credit capacity, a better risk profile due to improved net cash flow, as well as a 
reduced volatility of fuel prices (Kumar, 2006; Mills et al., 2006). Compared to 
standard buildings, the additional costs for the construction of apartment blocks 
of passive house standard was by the Swedish Centre for zero-energy buildings 
(2012) estimated to vary between 3 and 10 percent. The interviews in Paper IV 
support this and one of the interviewees said.  

- Involve LCC in the loan calculations. There are larger loans for a passive house, 
but the final monthly cost will be lower due to the lower heat use. 

Energy efficiency investments are further perceived as too uncertain for 
commercial bankers (IEA, 2008). When asked about the risks, one of the 
interviewees in Paper IV said: 

- I see lower risks with our new passive house than with all other buildings we 
have built before. This house cannot get any better because we have made more 
tests than usual. It is the other way around, this is a work of quality and there 
are larger risks with building like we used to do. 

A majority of the interviewees have reported that adoption costs constitute 
barriers among the construction companies. Barriers that they point out could 
be removed with other financial conditions. There is a resignation among some 
of the interviewees concerning governmental help, both as to the possibility of 
achieving any, and the process of achieving it. Some of the firms have not 
bothered to search for financial help, since they feel it is a waste of time.   

- The government has not put their feet down and said that  
this is how we should think, that is, sustainably. 
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4.3.4 Results concerning future trends 

Increasingly, sustainability in the housing stock is recognised not only as a 
technical matter. The interviews reveal that in the evolution of low-energy 
buildings, the range of variables in focus has increased. From the start with the 
building envelope, to the heat supply, it has moved further on to include groups 
of buildings and the connection of their energy supply. One of the interviewees 
commented on the economic aspects of low-energy buildings: 

- A driver would be a scenario where we were to build a low-energy apartment building with 
100 apartments. This would feel better and safer compared with building many detached 

houses since the energy plan has a better bearing. 

This interviewee felt that the higher upfront cost of a passive house constitutes 
a barrier for potential customers. This caused this firm to be somewhat careful 
in building passive houses since they were afraid that no one would buy the 
houses due to the higher initial cost. 

Also, the focus has come to include the behaviour of the dwellers of the building 
and the communication with the dwellers is emphasised. The behaviour 
concerning water use and household electricity is mentioned in the interviews as 
something they have worked with. 

- In general, behaviour is a big and important issue. Therein lies a big part of sustainability. 

One of the firms had discussions about how possible rearrangements could be 
made in order to increase the adaptation of buildings. The following example 
was made. Often people stay 45 years in too large apartments that they do not 
need. There should be the possibility to rent one of these rooms to the 
neighbour, who might have the need for it, or to let, for example, younger people 
rent this part of the apartment. An increased flexibility in buildings enabling 
these kinds of options is sought for and would improve how we use buildings. 
However, the old construction methods do not allow these kinds of changes. 
Comments concerning the possibility of selling the excess electricity and the 
improved economy that thereby follows are also brought up. 

- If you could sell your excess electricity during the summer, the investment in solar energy 
would have shorter payback time. Therefore, you should be able to buy and sell your 

electricity. 
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4.4 Behavioural Economics 
It goes without saying, costs affect households in their decisions to adopt energy 
efficient technologies. However, adoption results may vary depending on which 
costs the financial assistance is targeting; it has been shown to be more efficient 
to reduce investment costs than costs associated with use (Hassett and Metcalf, 
1995). Decision-making and behaviour are underlying factors when it comes to 
energy use, investments in energy efficiency and pro-environmental actions. 
Increasingly, these aspects are becoming integrated in policy design and the 
assessment of its responsiveness (Pollitt and Shaorshadze, 2011). 

In any decision-making process, time preference is central and the literature has 
presented patterns in investing behaviour (Frederick, Loewenstein, and 
O’Donoghue, 2002). One such is the preference of individuals to trade off early 
versus late costs when comparing investment alternatives. Individuals often do 
not invest in high-efficiency alternatives even though the present value of future 
energy cost savings more than offsets the higher purchase price of these 
products (Epper et al., 2011). A likely rationale behind this behaviour is that the 
high-efficiency alternative may be seen as a higher risk and thereby prompt a 
higher discount rate for the investment – deliberately or not. This behaviour is 
likely to hinder the adoption of energy efficient alternatives, since even though 
they bring lower running costs, they often involve larger investment costs. An 
indication of this behaviour was found in Paper IV as it was revealed that the 
energy performance of buildings sometimes does not reach passive house 
standard due to too high prices on high-performance windows, even though 
they would bring lower annual energy bills. Yates and Aronson (1983) stress the 
need for vividness in the design of policy instruments for the promotion of 
energy efficient technologies and recommend giving salient examples due to the 
too large focus on investment costs.   

Applying the causes for underweighting of future savings discussed by Epper et 
al. (2011) on low-energy buildings could result in the following aspects: 

(i) The rate at which future utility is exchangeable for present utility – potential 
customers might not find that future savings are large enough, or 
occurring in a future near enough, to compensate for the higher 
investment cost. 
 

(ii) Uncertainty regarding service life and the reliability – since low-energy 
buildings is still a new concept, potential customers may link the 
managing, quality of the performance, such as the indoor climate 
and reliability of the product, with risks and thereby add an 
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additional implicit risk rate with the investment, thereby placing a 
lower value on future savings. 
 

(iii) Individuals’ limited access to capital markets resulting in liquidity constraints 
– Paper IV revealed that there is an interest especially among 
younger customers but that it may stop there due to their limited 
access to capital and the higher upfront cost of low-energy 
buildings. 
 

(iv) Difficulties with obtaining and processing information concerning future running 
costs – not far-fetched, since low-energy buildings are still a new 
concept and the amount of available information is limited.   

The literature displays diversity in economic decision-making and Table 4.1 
shows a compilation of estimated implicit discount rates (i.e. the discount rate 
that is not explicitly stated but can be derived in various ways, see for example 
Benzion et al., (1989) or Train (1985)), inferred from purchase decisions in the 
literature for the residential sector. Although these discount rates have been 
calculated differently in different studies, which, as mentioned by Train (1985), 
makes a comparison difficult, they do however display a future value bias and 
are a measure of how of investment costs are compared with running cost 
savings that may be accomplished with investments related to energy savings. A 
high discount rate would indicate a low evaluation of future savings. 

Table 4.1 - Estimated implicit discount rates inferred from purchase decisions 
(Train, 1985; DEFRA, 2010). 

Category Discount Rate, %  
Thermal insulation 10–32 
Space heating 2–36 
Air conditioning 3.2–29 
Refrigerators 12–300 
Lighting 7–17 

 

It should be noted that these rates are estimates for single measures and that the 
part of the investments that may be specifically linked to energy efficiency is not 
known. Thus, there is an uncertainty in how well these translate to the whole 
concept of low-energy buildings. 
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4.5 Excerpts from and reflections on Paper V 
Paper V compares six heating alternatives for standard houses and passive 
houses. An untapped potential for the seasonal thermal energy storage (STES) 
technology may exist and in order to bring STES to a higher market penetration, 
which could decrease the end use of energy in the building sector, it should be 
constructive to study other than purely technical perspectives of the innovation’s 
context. Therefore, Paper V attempts to place low-energy buildings and STES 
in the discourse of the previous sections concerning market penetration and 
behavioural economics. 

One of the studied residential heating alternatives in Paper V involve a seasonal 
thermal energy storage, which is a strategy where heat or cooling is collected, 
stored and later utilised when there is a heating or cooling need. Most 
commonly, heat is stored in water tanks, aquifers, solar ponds, boreholes, rock 
beds, gravel or soil. The storage method best suited varies from case to case 
since it depends on the properties of the area, such as climate and geological 
properties. Here, the general concept of STES will not be further described, 
instead see for example Pinel et al. (2011), who have provided a review of 
available methods for seasonal storage of solar thermal energy in residential 
applications. The review also encompasses a few novel methods, such as 
chemical and latent heat storages.  

There are a number of reasons for why STES technologies not being an obvious 
choice. The heating strategy is not conventional and to some extent still under 
development. Further, favourable geological conditions are a prerequisite and, 
for detached, separately owned houses, many people need to agree on this kind 
of solution in order to implement it. Moreover, high investment costs, and risks 
are prone to follow, which all are likely to impede on the growth of the 
technology. The problem with reaching increased market diffusion for seasonal 
thermal energy storages is, according to Isaksson and Landfors (2004), not 
caused by a lack of knowledge on seasonal thermal energy storages, which is 
considered to be high, but by the high cost, a statement supported by Pinel et 
al. (2011). Despite these obstacles, there are also indications of trends that may 
favour the expansion of STES as an alternative for residential heating; in Paper 
IV, it is revealed that thoughts of connecting groups of detached, relatively small 
buildings through their heat supply is gaining ground among planners, which 
may favour this concept.   
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In Paper V, the cost estimates of the five conventional heating alternatives were 
based on yearly heat consumption values in combination with cost estimates for 
different heating alternatives; the figures were collected from a cost comparison 
study performed by the Swedish Energy Agency and the Swedish Energy 
Markets Inspectorate (2011).   

The STES alternatives, on the other hand, were based on calculations carried 
out by Nordell and Hellström (2000) in a preliminary study of Anneberg outside 
Stockholm; at the time of the study, Anneberg was planned as a residential area 
of 90 single-family houses with 1080 MWh total heat demand with a solar-heated 
low-temperature space-heating system and seasonal storage in the ground. In 
the preliminary study, the heating system had an assumed solar fraction of 60 
percent (the percentage of heat delivered by the solar system) and included 3000 
m2 of solar collectors with electrical heaters to produce peak heating. Moreover, 
the seasonal storage unit was a borehole array with 99 boreholes in crystalline 
rock of 60,000 m3. Anneberg was built in 2001/2002, and the finished project 
had properties different from the ones in the preliminary study. For a description 
of this actual site, see Lundh and Dalenbäck (2008) who have provided an initial 
evaluation of Anneberg.   

INVESTMENT COSTS - Figure 4.2 presents the resulting investment costs for 
the studied alternatives, which all demand that water-based central heating 
systems already be installed in the buildings. For standard houses, the STES 
technology has a somewhat higher investment cost than the other studied 
alternatives. Only the geothermal heat pump has a higher investment cost. On 
the other hand, for passive houses the STES option will – together with the 
natural gas alternative – offer the second lowest investment cost after the district 
heating alternative. 

 

Figure 4.2 - Investment costs of the heating alternatives. 
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The main reason for the investment cost for STES being lower for passive 
houses in this study is that the same number of households can share a lower 
total investment cost, since a smaller amount of heat from the storage is 
required. Of six categories that together constitute the total investment cost, two 
of these are reduced for passive houses. These are the costs for the solar 
collectors and the borehole storage, the other categories, such as the distribution 
system from the storage to the houses are assumed to be constant. There is a 
slight deviation between Figure 4.2 and Paper V in the investment costs of the 
two STES alternatives. As in the cost comparison study performed by the 
Swedish Energy Agency and the Swedish Energy Markets Inspectorate (2011), 
all heating alternatives in this study are compared under the assumption that 
each building’s internal distribution system is already installed and therefore 
excluded in these costs. However, in the two STES alternatives, a part that 
belongs to the building’s internal distribution system was unfortunately included. 
Moreover, the relation between the total heat demand and the size of the storage 
and solar collector area was corrected for the passive house case. When updated, 
the investment cost is decreased by 0.6 k€ per passive house unit, and 1.4 k€ per 
standard house unit. In addition, although not illustrated in Paper V, by taking 
the loss in efficiency of the four times smaller storage required for passive houses 
into account and compensating by increasing the required size of the storage 
and collector area by 50 percent, the investment cost is increased by 1.0 k€ for 
each passive house. Thus, although this example constitutes a substantial 
increase, the results are only slightly affected. 

It should be made clear to the reader that while the comparison is made for a 
group of buildings when it comes to the STES and district heating alternatives, 
the other alternatives are for a single building. There are of course different ways 
to consolidate investments for boilers and heat pumps as well. Two other 
heating alternatives for low-energy buildings are air-to-air heat pumps and 
electrical heaters and these would not demand a water-based central heating 
system, which costs around 7.2-9.6 k€ (Swedish Energy Agency and the Swedish 
Energy Markets Inspectorate, 2011). 

ANNUAL OPERATING COSTS - Table 4.2 shows that the annual operating 
costs for the STES technology are comparable to other heating alternatives for 
standard houses. Nevertheless, the combination of a STES and standard houses 
will only offer a lower annual operating cost than the natural gas alternative in 
this estimate. On the other hand, for passive houses, the STES option results in 
the third lowest annual operating cost and is a more attractive alternative 
considering the annual cost than the natural gas, pellet boiler and air/water heat 
pump alternatives. The district heating system and the geothermal heat pump 
provide the lowest annual operating costs for the passive houses. 
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Table 4.2 - Annual operating costs for the heating alternatives. 

Heating alternative Passive house, € Standard 
house, € 

Geothermal heat pump 340 780 
District heating 330 1030 
Natural gas 450 1320 
Pellet boiler 450 1060 
Air/water heat pump 440 950 
Seasonal storage  360 1200 

 

There are several uncertainties is these estimates. As STES is an unconventional 
technology, the cost is likely to show large variations between different sites due 
to local conditions. However, German storages studied by Schmidt et al. (2004) 
indicate that the specific investment cost per volume (€/m3) does not decrease 
quickly with storage size. Moreover, in the cost comparison study by the Swedish 
Energy Agency and the Swedish Energy Markets Inspectorate (2011), the 
heating alternatives show large differences depending on geographic location 
and over time. 

There are, as mentioned at the beginning of this section, several reasons for 
STES technologies not being an obvious choice. However, the estimates of this 
study indicate that with passive houses, or other low-energy buildings, follows a 
lower investment cost for this kind of technology; the attractiveness of the 
technology should benefit from this, according to the discussion in chapter 4.4. 
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5  CONCLUDING REMARKS & SCIENTIFIC 
CONTRIBUTION 
The overall aim of this thesis has been to analyse how the concept of low-energy 
buildings may be further developed with the ultimate goal to reduce the energy 
use in the housing stock. This has been done while acknowledging the 
complexity of the building as an energy system. A multidisciplinary approach 
has been used, resulting in the concept of low-energy buildings having been 
investigated from different perspectives, as well as on different system levels.   

As low-energy buildings have new characteristics with regard to technological, 
economic, as well as other user-related aspects, they need actors that respond 
and adapt to these for progress to take place. Moreover, from a scientific and 
methodological point of view, actors involved in research and development 
might also need new methods to evolve; methods that may better cover these 
new aspects. Here, a multidisciplinary approach may be vitalising, bringing 
insights from academic disciplines together that in turn influence each other. As 
an example, the properties of low-energy buildings provide opportunities for 
reaching higher energy efficiency if the dwellers to a higher degree are included 
in the building’s energy system. In this field there should be many openings for 
the engineering approaches to be enriched through insights from the social 
sciences. 

PART I – Through the presented theory in Part I of this thesis I have sought to 
illustrate the range of aspects that needs to be considered for low-energy 
buildings to advance. Advance from the energy efficiency perspective as a 
technical product and as a strategy in the range of efforts for mitigating climate 
change. Chapters 3 and 4 have provided introductions to, and further discussed 
the results and contents covered by the papers in Part II. First, chapter 3 has a 
technical focus on low-energy buildings and then discusses the various aspects 
that need to be incorporated both in the design and construction phases in order 
to assemble a product of high standard and energy efficiency. Second, chapter 4 
is focussed on the diffusion process of low-energy buildings into the housing 
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market and the energy efficiency gap. The scientific contributions of Part 2 are 
more specifically presented below. 

PART II – Evaluations of strategies for improving the energy efficiency and 
thermal comfort of low-energy buildings for Swedish conditions have been 
conducted through simulations and have provided positive results. More 
specifically, Papers I & II revealed how an increased utilisation of thermal waste 
energy could increase the thermal comfort. Paper III further showed that the 
studied artificial neural network could generate output that agreed well with the 
targets of the heating power and thus that the artificial neural network during 
the chosen period could ‘learn’ how the geographical location, the 
thermodynamic state and properties of the building, and the climate influence 
the energy balance of the house. Paper III thereby adds knowledge to the 
literature through the application on low-energy buildings in the Swedish climate 
and provides further knowledge of the learning curve of this prediction strategy. 
This thesis has thus added knowledge to the field through studies of process 
integration (Papers I & II) and energy management (Papers II & III) of 
buildings. As the share of home-produced electricity fed into the grids is on a 
steady increase in many countries the relevance of such factors as utilise a 
building’s dynamicity is increasing.    

The second part of Part II (Papers IV & V) has focussed on the low-energy 
building as an element in our society and, specifically, it contains a diffusion 
analysis to gain understanding of the contextualisation process as well as 
provides suggestions on possible approaches for increasing the market share of 
low-energy buildings. This part has been studied with methods from the social 
sciences. The field has been approached through literature studies and 
interviews. The results have captured opinions that enable directions for various 
actor groups to take aim at. From the construction firms who have started this 
path, the results provide guidance for their followers, as well as insights into 
favourable and unfavourable conditions in the market in which the diffusion is 
taking place.  

After having conducted the research in this thesis, I wish to, in addition to the 
discussions in Part I and the results in Part II, highlight the following remarks 
concerning the road ahead for low-energy buildings. 
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Remark 1: The definition of a building, the role of technology & 
reflections on the design approach 
If we are to meet the needed changes in the housing stock imposed by climate 
change, we face new aspects that fundamentally should affect the design process 
of houses from day one. Low-energy buildings are still a new phenomenon and 
the construction and design processes are under development. Buildings with an 
increased insulating capacity will provide new performance characteristics that 
have to be considered in ways that have not been done before.  

The common situation where houses that use unnecessary amounts of energy, 
or equipment, to secure good indoor climate, are built and thereby become 
unnecessarily expensive, should be avoided. A convincing building process must 
from an early stage involve energy aspects, both internal and external. By 
undertaking a multidisciplinary approach, technology could have a role in 
increasing the understanding of energy aspects during the design process. It is 
important to carry out the necessary energy calculations at an early stage, since 
one can only do so much afterwards to improve the performance. Following 
this, the use of energy design tools to test the energy performance early is also 
vital; this will create important feedback. Such a procedure would improve the 
chances for a more optimal indoor climate and energy use. It would further 
reduce the risks of in retrospect having to compensate for earlier mistakes in the 
planning process, which results in an unnecessary resource use, and cost. 

Moreover, in comparison to conventional buildings, low-energy buildings are 
more affected by the dwellers and have in addition a higher capacity for 
buffering thermal energy within the building envelope. Together, these two 
aspects create new ‘thermo-dynamics’ of buildings, which through the use of 
predictions of the building’s thermodynamic state may be utilised to further 
increase the energy efficiency. The dynamics of the heat buffering should be 
further addressed in future research since this is such an essential part of the 
energy performance of low-energy buildings. 
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Remark 2: The future is already here, you just haven’t noticed it yet  
One of the conclusions I draw after finishing the work with this thesis is that 
the word sustainability is used as a measure of how a society has evolved to 
absorb and incorporate solutions, sometimes technical, in order to improve its 
efficiency in resource use.  

Technology should be used in the efforts towards a more sustainable society, 
but it must be implemented. The title of this section was chosen to stress the 
fact that although the technology for building low-energy buildings in many 
cases already exists, it must be triggered. In this sense, the future is already here, 
but has yet to be utilised.   

This thesis reveals that the low-energy building may be considered new; in terms 
of design and construction, the actors involved are still learning and developing 
their methods. In addition, this is equally true for the financial and legal 
frameworks. Needless to say, there are many obstacles on the way for low-energy 
buildings to dominate the housing market.  

The creation of information to the public has in this thesis been identified as a 
weak point that can be reinforced to better fill the energy efficiency gap. 
Examples of approaches for doing this include the display of the possibilities to 
potential users by, for example, providing centres for demonstration where low-
energy buildings can be communicated to potential actor groups and customers. 
The information in different construction firms is also identified as obstacles for 
the development and one way to overcome this is to facilitate interactions 
between different actors in the building sector in order for them to create 
positive feedback and gain from each other.    
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