
Linköping Studies in Science and Technology, Dissertation No. 1065 
 
 

Multi-dimensional approach used for energy and 
indoor climate evaluation applied to a low-energy 
building 
 
 
Fredrik Karlsson 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Division of Energy Systems 
Department of Mechanical Engineering 
Linköping University, Linköping, Sweden, 2006 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Fredrik Karlsson, 2006 
 
 
ISBN: 91-85643-21-1 
ISSN: 0345-7524 
Printed by LiU-Tryck, Linköping 2006 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This thesis is based on work conducted within the 
interdisciplinary graduate school Energy Systems. The 
national Energy Systems Programme aims at creating 
competence in solving complex energy problems by 
combining technical and social sciences. The research 
programme analyses processes for the conversion, 
transmission and utilisation of energy, combined 
together in order to fulfil specific needs.  
 

The research groups that participate in the Energy Systems Programme are the 
Department of Engineering Sciences at Uppsala University, the Division of Energy 
Systems at Linköping Institute of Technology, the Department of Technology and 
Social Change at Linköping University, the Division of Heat and Power 
Technology at Chalmers University of Technology in Göteborg as well as the 
Division of Energy Processes at the Royal Institute of Technology in Stockholm. 
 
www.liu.se/energi 



 
 
 
 



i 

Abstract 
The building sector alone accounts for almost 40% of the total energy demand 

and people spend more than 80% of their time indoors. Reducing energy demand 
in buildings is essential to the achievement of a sustainable built environment. At 
the same time, it is important to not deteriorate people’s health, well-being and 
comfort in buildings. Thus, designing healthy and energy-efficient buildings is one 
of the most challenging tasks. Evaluation of buildings with a broad perspective can 
give further opportunities for energy savings and improvement of the indoor 
climate.  

The aim of this thesis is to understand the functionality, regarding indoor climate 
and energy performance, of a low-energy building. To achieve this, a multi-
dimensional approach is used, which means that the building is investigated from 
several points of views and with different methods. A systems approach is applied 
where the definition of the system, its components and the border to its 
environment, is essential to the understanding of a phenomenon. Measurement of 
physical variables, simulations, and qualitative interviews are used to characterize 
the performance of the building. Both energy simulation and computational fluid 
dynamic simulations are used to analyse the energy performance at the building 
level as well as the indoor climate at room level. To reveal the environmental 
impact of the low-energy building studied in this thesis the CO2 emissions and 
embodied energy have been investigated regarding different surrounding energy 
systems. The evaluated building is situated at the west coast of Sweden and uses 
about 50% of energy compared to a comparable ordinary Swedish building. The 
building is well-insulated and an air-to-air heat exchanger is used to minimise the 
heat losses through ventilation. The houses are heated mainly by the emissions 
from the household appliances, occupants, and by solar irradiation. During cold 
days an integrated electrical heater of 900 W can be used to heat the air that is 
distributed through the ventilation system. According to measurements and 
simulations, the ventilation efficiency and thermal environment could be further 
improved but the occupants are mostly satisfied with the indoor climate. The 
control of the heating system and the possibility for efficient ventilation during 
summertime are other important issues. This was found through quantitative 
measurements, simulations and qualitative interviews. The low-energy building 
gives rise to lower CO2 emissions than comparable buildings, but another energy 
carrier, such as district heating or biofuel, could be used to further improve the 
environmental performance of the building. The total energy demand, including the 
embodied energy, is lower than for a comparable building.  

To understand the functionality of a low-energy building both the technical 
systems and the occupants, who are essential for low-energy buildings, partly as 
heat sources but mainly as users of the technical systems, should be included in the 
analysis.  
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1 Introduction 
As an introduction to the thesis a short background about the Swedish energy system is 
provided, together with a discussion about sustainable development. Further, the aim and scope 
of the thesis and a description of the appended papers is found in this introducing chapter. 
 

Housing is something that everyone needs. We do need to have something 
that protects us from the rain or the sun, the cold or the heat; sometimes 
protection against enemies is also necessary. Mankind has lived for a long time 
in different kinds of buildings. Starting with caves, the “house” has evolved 
ending in the buildings that we use today. Today’s buildings are not only for 
protection against the outdoor climate. It is a way of living. The architectural 
design is important, and we want a certain level of comfort.  

Buildings require energy for their operation, residents need energy to make 
them comfortable, and different kinds of processes within buildings (especially 
industry and office buildings) need energy. To provide different kinds of 
functions we use technical systems that utilise electricity, fuels or heat. Due to 
technical and social progress the energy need has evolved. During the oil crises 
of the 1970s the energy issue was a topic for political, technical and economic 
concern. Focusing on the building sector, different energy efficiency measures, 
building regulations, and information campaigns, etc., have been applied to 
decrease the use of energy (Elmroth, 2005; Steen, 2005). Some of the 
improvements that have been made to buildings have led to reduced energy 
use, but the improvements of comfort, the activities that we pursue in the 
building (for example using computer games), and the appliances that we are 
using in the building (for example the washing machine) have sometimes 
increased the energy demand in housing.  

It is clear that we have to use energy more efficiently for several reasons; to 
achieve sustainable development1, reduce carbon dioxide emissions and reduce 
global warming potential, save resources and last, but not least for the private 
economy, save money. The population of the earth is increasing, which has 
great impact on the number of buildings, and thus without any improvements 
in energy efficiency the energy demand for housing will increase. This, in 
addition to the possible growing demands, makes research and development in 
the field of building energy a challenging task. The energy demand in the built 
                                           
1 That is, development that meets the needs of the present without compromising the ability 
of future generations to meet their own needs. 

”Den som inte ser bakåt när han 
går framåt måste se upp.”

Tage Danielsson (1928-1985)



 

2 

environment (including service buildings) accounts for about 40 percent of the 
world’s energy demand (IEA, 2003), and over the last decade energy use in 
domestic households in the world has increased at about 1% per annum (SEA, 
2005). To counteract this growth energy-efficient building must evolve, and 
energy-efficient measures should be made in existing buildings. Several attempts 
to make progress in that direction have been made recently on both the 
national and European levels, for example, the European building energy 
performance directive (Directive 2002/91/EG) that aims to promote energy 
efficiency in the built environment (SOU, 2004). 

In recent years, the need for looking at the building as a whole has been 
manifested (Wall, 2005; Swedish Environmental Advisory Council, 2004). It is 
assumed that if a systems perspective is used on a building, energy efficient 
buildings can be built, decreasing the energy demand in the building sector. A 
whole-building approach like this include a modified building process with 
more interaction between different experts, minimising the heat losses, and 
respect for the occupants – their need for a good and healthy indoor climate 
and their different habits and activities. 

A broad perspective that includes the dimensions of energy, indoor climate, 
the occupants and environmental performance can emphasise the aim of the 
building as a whole and be a piece of the puzzle in the achievement of 
sustainability. The present thesis aims to provide such a perspective.  

1.1 Scope 
The aim of this thesis is to understand how a low-energy building works, in a 

broad sense. The aim is to use a systems approach when evaluating the indoor 
climate and energy performance of a low-energy building. This is essential for 
the further development of the concept of low-energy buildings. A multi-
dimensional approach is used, which means that the building is evaluated from 
different point of views as well as with different system boundaries. As a case 
study a Swedish low-energy building has been evaluated regarding energy 
performance, thermal comfort, ventilation, embodied energy, energy-related 
carbon dioxide emissions and occupants’ perception of the indoor climate. The 
heat dissipation from the occupants is essential for the heating of the buildings 
and thus the occupants have a central position both as users and heat sources 
of the building. As evaluation methods, measurements, energy simulation, 
computational fluid dynamic (CFD) simulation and qualitative interviews have 
been used, as well as quantification of the environmental performance 
regarding embodied energy and CO2 emissions.  

Among the delimitations made is that no study of the acoustic or light 
environment was conducted, nor any quantification of pollutants in the 
building. Sweden has a rather cold climate and thus heating is emphasised. The 
need for cooling that can arise in southern countries is only touched on briefly. 
The solar thermal system is only regarded as a heat source for domestic hot 
water and will not be evaluated (the interested reader is referred to Boström et 
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al., (2003) and Boström (2006)). Acoustic and visual comfort is not considered 
in the discussion about indoor climate; instead, the discussion is mainly about 
thermal comfort and indoor air quality in the meaning of ventilation 
performance, excluding measurements of toxic compounds. 

1.2 Outline of the thesis  
In this first chapter, the background for the thesis is described. The appended 

papers are described in brief and the energy system, with emphasis on the 
Swedish energy system, is discussed. The chapter ends with an outline of the 
concept of sustainable development and its implications for buildings. Chapter 
2 consists of a discussion about the systems approach and how the papers fit 
into the approach.  

Chapter 3 includes a survey of studies on low-energy buildings and the 
chapter concludes with an attempt to define what a low-energy building is. 
Chapters 4 and 5 describe components of the building and the concept of 
comfort, respectively.  

In Chapter 6 the evaluation methods used in the appended papers, including 
measurements of physical variables, simulations, interviews, embodied energy 
and calculation of CO2 emissions, are described. The results from the appended 
papers and some additional results are found in Chapter 7, which describes the 
case study results. The chapter includes a description of the simulation model 
used. Chapter 8 describes some other studies with their starting point the 
systems approach described in Chapter 2.  

Finally, Chapter 9, 10 and 11 include a discussion about the results within the 
thesis, some concluding remarks and suggestions for further work.  

1.3 Appended papers in brief  
In the following section a short description of the appended papers is found. 

The author of this thesis has contributed to the papers as follows. Papers I, II, 
IV and V were written by the author himself with valuable comments from 
Professor Bahram Moshfegh. The exception is the CFD-part in paper II, which 
was written mainly by Professor Bahram Moshfegh. Paper III was written in 
association with PhD student Charlotta Isaksson. The author of this thesis 
wrote the technical parts about measurements and was involved in the planning 
of the paper and writing the introduction, discussion and conclusions. Paper VI 
involves CFD-simulation that was performed by Professor Bahram Moshfegh. 
The author of this thesis took part in the planning of the paper and the building 
of the CFD-model, finding boundary conditions from the building energy 
simulations, and wrote the introduction, discussion and conclusions. Paper VII 
was a cooperative project between the author of this thesis and PhD students 
Patrik Rohdin and Mari-Louise Persson, planning the paper together. The 
author of this thesis wrote the part about ESP-r. The introduction, results, and 
concluding discussion were written by the author of this thesis in collaboration 
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with PhD-student Patrik Rohdin. The relationship among the papers and the 
main focus of each paper is found in Figure 1.1. 

 

 
Figure 1.1. Relationship among the appended papers. 

Paper I – Energy Usage and Thermal Environment in a Low-Energy 
Building 

This paper presents a model of a low-energy building that has been simulated 
by ESP-r. A parametric study was performed where the indoor temperature set 
point, the length of simulation time step and the window-opening area were 
changed. This paper was used as a pre-study to improve the model used in the 
next paper. Results were analysed for total energy requirements, indoor 
temperature and indoor climate as expressed by the PPD (Predicted Percentage 
of Dissatisfied) index. The reference model uses 15-minute time steps and a 
temperature set point of 21°C. The influence of the window opening was found 
to be important as well as the simulation time step. With a 2-minute time step 
the simulated energy demand was reduced by 40 percent compared to the 
reference case.  

Paper II – Energy demand and indoor climate in a low-energy building – 
Changed control strategies and boundary conditions 

The model from paper I was improved (among other things the time-step was 
decreased to 5 minutes, and the modelling of the heat-exchanger was improved) 
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and compared to measured data. Several simulations were performed and the 
annual energy demand, the average temperature, and average PPD-values were 
evaluated for different boundary conditions and changes in the model. The 
insulation level of the building envelope was varied, three different climatic 
conditions were used and load management was applied. In addition, the 
building was rotated. The results show that lower insulation levels increased the 
amount of heating but the problem with overheating during summertime was 
reduced. The risk for overheating was crucial if the building were moved to 
Mediterranean climate. Load management can be used without affecting the 
thermal climate too much (sometimes during very cold days the heating system 
was not enough to provide an acceptable temperature), but the low power 
levels and low energy prices make load management unprofitable.  

Paper III – Indoor climate in low-energy houses - an interdisciplinary 
investigation 

Qualitative interviews with the occupants in the terraced houses as well as 
measurements of some thermal environment variables were made to get an 
understanding of the indoor climate in the low-energy buildings under 
consideration. Among the main findings it was found that it was easier to 
manage a desired indoor temperature in the middle buildings than in the gable 
buildings. The temperature variations between floor levels and during the day 
were found to be rather large. The agreement between the outcome of the 
interviews and the measurements was good. Besides, the combination of the 
results from the interviews and the measurements gives another dimension to 
the overall results.  

Paper IV – Experimental evaluation of airflow in a low-energy building 
This paper is solely about ventilation in the low-energy building. Airflow 

measurements as well as tracer gas measurements were used. Three types of 
tracer gas methods were used: decay method, constant concentration method, 
and homogenous emission method. The first was used to find any difference in 
the local age of the air at different heights and in different rooms. Two 
bedrooms were especially analysed. The constant concentration method was 
used to measure the total fresh airflow in all rooms. The last method was used 
for comparison to the total airflow rate obtained by the constant concentration 
method. The results show a strong difference in airflow rates. Depending on 
the power requirement in the fans the airflow changed. The resulting air 
exchange fluctuated between 0.42 and 0.68 air changes per hour (ACH).  

Paper V – A comprehensive investigation of a low-energy building in 
Sweden  

This paper summarises the outcome from the earlier studies and includes an 
environmental performance comparison with a comparable typical Swedish 
building (without increased insulation, not as air-tight, ordinary windows, etc.). 
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CO2-performance and embodied energy are used as environmental key 
parameters. The embodied energy is lower for the low-energy house. The 
relationship between the occupation phase and building phase was 55 to 45% 
instead of 85 to 15% for the normal building. The CO2-performance was 
evaluated depending on the electricity production used in the surrounding 
energy system. It was found that from a CO2 point of view, pellets and district 
heating are promising options.  

Paper VI – CFD Simulation of Temperature and Airflow Patterns in a 
Low-Energy Building 

To get an understanding of the airflow pattern and the temperature field 
within the low-energy building, a Computational Fluid Dynamic (CFD) model 
of the whole building was created. A full-scale model of the house with 
furniture and occupants was generated in Icepak 4.1. The building dimensions 
are 5.4×11×7.4 m. A non-conformal 3-D unstructured grid with approximate 
700,000 cells was generated in such a way that the employed near-wall 
treatment is properly applied. The RNG k-ε turbulence model was used for 
predicting the airflow pattern and temperature distribution all over the building. 
The results were compared to measurements in the test house and a case with 
increased airflow rates was analysed as well as cases with winter and summer 
conditions.  

Paper VII – Measured and Predicted Energy Demand of a Low-Energy 
Building – Important aspects when using Building Energy Simulation. 

Three building simulation software tools were used to simulate the same 
object. In addition, measurements of total energy requirement for different 
households were compared and a deviation of about ±25 percent was found for 
measured values. The difference between the annual space heating energy 
demands for the modelled building was about 100 kWh or 11 percent. 
Including energy requirement for household appliances the difference was 
about 2 percent between the predictions. A parametric study, performed with 
one of the software tools, showed that changed heat exchanger efficiency by ±5 
percent changes the annual energy demand by about ±20 percent. The small 
variations in the parametric study are within the limits for variations between 
the design and final construction in a real building. The paper emphasise the 
importance of accurate input data and knowledge about residents behaviour. 

1.4 The Energy System 
The energy demand in the building sector accounts for about 40 percent of 

the world energy use and the figures are similar for Sweden. To draw the 
outline of the thesis and provide a contextual description, a short introduction 
to the Swedish energy system in general and the energy demand in the built 
environment in particular are presented.  
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The Swedish energy production system is characterized by a large amount of 
hydro- and nuclear power for electricity production. In Sweden, the residential 
sector accounts for about 40 percent of the energy use or in absolute values, 
about 150 TWh. Since the beginning of the 1980s the amount of electricity has 
increased in the residential sector, mainly replacing oil products, see Figure 1.2. 
The replacement of oil was possible because of the introduction of nuclear 
power. At the same time, the use of electricity for space heating purposes has 
evolved, as shown in Figure 1.3. District heating and biofuels have increased 
slightly during the same period. Electricity has been cheap in Sweden, 
compared to international prices, due to the large amount of hydro-power and 
later nuclear power, which can explain the amount of direct electrical space 
heating (see Figure 1.3). The Swedish electricity system is energy dimensioned, 
that is, it is the available amount of water in the hydro-power dams that is 
dimensioning the available energy output. In continental Europe the energy 
system is power dimensioned because the available power output from 
conversion plants, e.g. coal power plants, is dimensioning the supply system. In 
Historically, Sweden has had an annual energy cycle but in continental Europe 
the cycle is daily.  
 

 
Figure 1.2. Energy carriers in the residential sector in Sweden (SEA, 2004). 
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Figure 1.3. The use of electricity in the residential sector (SEA, 2004). 

 
As shown in Figure 1.2 above the energy demand for residential housing has 

settled at the same level since the late 1980s. However, the heated space has 
increased. This is not close to estimates of energy demand trends made during 
the 1970s. Nässén and Holmberg (2005) compare the actual energy use in 2000 
in the building sector with the scenario from a study in 1975. The result is that 
the energy demand is almost at the same level in 2000 as in 1975 but the 
scenario was supposing a reduction of about 70%.  

To avoid a similar trend in the future, Nässén and Holmberg (2005) conclude 
with three recommendations to policy makers: 

- Do not support supply transitions at the expense of energy efficiency. 
- Use regulations to affect the use behaviour (for example, higher energy 

prices). 
- Implement regulations to improve the technical performance of 

buildings.  
In a study by Unander et al. (2004) the energy use in the residential sector in 

Sweden, Denmark and Norway is compared from 1970 to 1999. The countries 
show some similarities in energy demand. Especially Denmark and Sweden 
show similarities in space heating demand and the influence of energy savings. 
Due to differences in the energy supply system, e.g. coal-fired electricity 
production in Denmark, hydropower in Norway and Sweden and nuclear 
power from 1980 in Sweden, the energy carrier used in buildings for the 
countries is different. Norway and Sweden use electrical heating to a great 
extent (Sweden 26% in 1998 and Norway 65% (Unander et al., 2004). Both 
Norway and Sweden are thus locked in an energy system that is expensive to 
convert to, for example hydronic heating systems. On the other hand, higher 
electricity prices will be a problem for many households that sometimes use 
about 20,000 kWh electricity annually.  
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The specific energy demand for buildings in the Nordic countries is not 
higher than in other countries studied by International Energy Agency if the 
results are adjusted for different climate conditions (Unander et al., 2004). 
However, Scandinavian homes are large, and the Swedish house stock is largest 
among the Scandinavian countries.  

1.4.1 Energy demand in Swedish buildings 
As described above the total energy demand has stagnated during the last 

decades. To provide a background for low-energy buildings the energy demand 
in typical Swedish buildings will be examined. Generalised data is always hard to 
relate to; there are no typical Swedish houses, but average figures are of interest 
when comparing different figures.  

The energy demand can be divided into energy for household appliances, 
lighting, domestic hot water (DHW), ventilation (fans), and heating. Figure 1.4 
shows typical values from three different types of buildings. The first category, 
present buildings, use about 25,000 MWh annually, of which heating (space 
heating and hot water) accounts for about 60 percent. New buildings have 
higher insulation levels, more air-tight and utilize heat recovery from exhaust 
air. The demand for hot water and lighting is almost similar to the present 
buildings. Energy-efficient buildings have decreased the need for heating but 
energy need for hot water, lighting and in appliances are almost unchanged 
(Persson, 2002).  
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Figure 1.4. Comparison between typical energy demands in Swedish dwellings (Persson, 
2002). 
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In a study from 2003 by the Swedish Defence Research Agency (FOI), two 
alternative paths of development for the energy use in buildings were analysed. 
The first vision is called Sparse and assumes that information technologies are 
used for performing more activities in the dwellings and thus they can be used 
more effectively and the need for a specific workplace, i.e. offices, is decreasing 
and urbanisation is assumed to slow down. The second vision, called Dense, is 
based on an urban lifestyle with lower demand for dwelling floor space 
(Hedberg et al. 2003). In both scenarios the total energy demand should 
decrease to about 40% of the values in the year 2000. The general conclusion in 
the report is that a more efficient use of space is one key to decreasing the 
energy demand. Besides, both energy-efficient measures should be applied to 
present building stock and new buildings should be well insulated and heated by 
district heating and solar heating systems in the dense scenario, or by solar 
heating and biofuel, in the sparse scenario.  

1.4.2 Energy management 
The energy demand of a specific functionality, or service, to be fulfilled, can 

be met in two principal ways: decrease energy demand or increase the amount 
of available energy on the supply side (e.g. increase the amount of available 
power production). Measures on the demand side can be initiated by users, or 
policy makers. For buildings, building regulations and standards influence the 
technical solutions and thus the energy performance of the final building. 
Information campaigns can be used to influence users to change their habits 
and make energy-efficient choices (for example when buying appliances). 
Another instrument for policy makers is the energy price, which can be 
influenced by taxes and fees. An important aspect of energy demand in 
buildings, and in all activities with people involved, are the social processes. 
That is, people seem to sometimes motivate their energy use by cultural values 
such as “being independent” or “making the house (air) tight” instead of using 
economic arguments (Lutzenhiser, 1993). Regardless how demand-side 
initiatives are initiated, one can categorise four principal ways that demand-side 
management can be achieved: 

- Conservation  
- Efficiency measures 
- Load management 
- Transformation to another energy carrier 

Conservation measures are connected to both behaviour (e.g. taking a shower 
instead of a bath, wearing a sweater instead of turning on the radiator or taking 
off one’s tie instead of using air conditioning) and technical systems (for 
example, removing appliances that use electricity). The second principle is a way 
to improve efficiency during the conversion of energy, for example invest in a 
boiler with higher efficiency. This is made by technical improvements. As 
discussed above, the energy efficiency of the house stock in Sweden has 
improved since the oil crises, unless the improvement has slowed down in 
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recent years (Nässén & Holmberg, 2005). Load management means shifting the 
time when power is used to better utilise the energy purchased and thus 
decrease the maximum power demand. Because of the energy dimension of the 
Swedish electricity system this has historically not been economical profitable. 
In power dimensioned countries with daily variations in electricity prices this is 
more valuable. The last option is to change the energy carrier from, for example, 
electricity to district heating or another energy source with lower quality. 
However, the best kilowatt is the one that was never used. Conservation and 
efficiency measures can be illustrated as in Figure 1.5. The service that should 
be fulfilled, for example a specific climate or a “good” thermal environment, are 
the same in all cases. If the flow of resources within the system, e.g. the 
building, is reduced, i.e. using conservation measures, the total flow of 
resources will be reduced. The same effect can be achieved if the flow of 
resources (or energy) is closed, which is similar to energy-efficient measures.  

 

 
Figure 1.5. Illustration about conservation (reducing flow) and efficiency (closing the flow) 
measures to fulfil specific services (Illustration based on Karlsson, 1997). 

Efficiency measures and transformation to another fuel can be made on the 
supply side to increase efficiency in the energy system. For example, boilers and 
generators can be improved to increase the available energy. Different fuels can 
be used in cogeneration plants to meet constraints about environmental impact. 
Renewable energy sources, such as wind power and solar heating, can be used 
instead of fossil fuels to minimise the use of resources.  

The opportunities to implement measures on both the supply side and the 
demand side can be analysed using a systems approach. Assuming that there is a 
specific need that should be fulfilled, for example providing a specific indoor 
temperature, an optimisation model can be used to evaluate if it is most 
economically feasible to invest at the supply or demand side (Rolfsman, 2003). 
Questions like this are not discussed in this thesis, where focus is on the 
demand side. However, the supply side is an important boundary condition.  

Energy efficiency is one of the main tools that are highlighted when 
discussing the possibility of realizing sustainable development (MSD, 2006). 
However, the earnings that are made on energy efficiency may be spent in new 
investments that increase the energy demand (Herring, 2006). This is called the 
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rebound effect. Thus, energy efficiency measures locally do not necessarily save 
energy in a larger sence. In a study that surveys several studies of the rebound 
effect in the building sector it is found that the reported rebound effect is 
between 0 and 30% (Holmberg et al., 2006). Energy conservation, on the other 
hand, does save energy as it implies lower quality of the energy service, e.g. 
lower heating levels or switching off the standby function of the TV (Herring, 
2006). The way to use energy efficiently, proposes Herring (2006), is to 
combine efficiency measures with renewables and let the savings from 
efficiency measures pay the extra cost for renewables. A similar approach is 
proposed by Hass et al. (1998), who analysed the energy demand for space 
heating in Austria. They conclude that building codes are important tools to 
increase the thermal quality of buildings and that economic agreements, e.g. 
loans, should be used as triggering tools (Haas et al., 1998).  

1.5 Sustainable development 
Energy demand in general is strongly dependent on the concept of sustainable 

development. Energy use is connected to environmental impact and there is 
also a connection between economic progress and energy use, though it may 
not be linear. Energy is also important for daily life, as we need to cook and 
have a certain level of comfort to remain healthy, etc. Sustainable development 
was defined by the Bruntland commission as: 

Humanity has the ability to make development sustainable – to ensure that it meets 
the needs of the present without compromising the ability of future generations to meet 
their own needs. The concept of sustainable development does imply limits – not 
absolute limits but limitations imposed by the present state of technology and social 
organization on environmental resources and by the ability of the biosphere to absorb 
the effects of human activities. But technology and social organization can be both 
managed and improved to make way for a new era of economic growth (WCED, 
1987). 

In another, shorter, way this can be described as 
Sustainable development meets the needs of the present without compromising the 
ability of future generations to meet their own needs. 

This means that technology and social processes should be used to provide 
sustainable development. The difficulties are in the definition of what our needs 
are. This is discussed briefly in the section about comfort, Chapter 5.  

The aims of sustainable development related to buildings have been 
summarized in four points by Baldwin (1997). The first issue is broad 
discussion about preventing pollution to the atmosphere, water and land at all 
stages in the building life. The second concerns optimal use of non-renewable 
resources, for example fossil fuels, minerals and greenfield sites. Third, 
renewable resources should be used sustainable, i.e. water should not be 
polluted, and timber should not be depleted. The last point is directly 
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connected to the need of future generations, which should be fulfilled by 
providing buildings and infrastructure. Since the lifetime of a building is long, 
this point is important to think of in the planning of the built environment 
(Baldwin, 1997). 

Environmental impact from energy use in buildings 
The environmental performance of a building is dependent on not only the 

energy demand of the house and users’ activities, but also the construction and 
demolition of the building itself. In addition, all other activities that follow from 
a specific way of life, i.e. activities of the household, communications from 
town to town (dependent on the geographical situation of the house and 
workplace and school, etc.), affect the final amount of environmental impact 
(Rees, 1999). There are several methods that in quantitative or qualitative ways 
try to analyse how different buildings, or ways of living, influence the 
environment, i.e. ecological footprint analysis, and life cycle assessment analysis 
(LCA). The ecological footprint converts material and energy flows into land 
and water area that corresponds to the area required to produce the resources 
consumed (Chambers et al., 2000). LCA analysis shows the environmental 
impact of a product or activity from a cradle to grave perspective. The impact is 
described for some categories, for example impact on health, impact on 
resource usage, and ecological impact (Ryding, 1998). The considerations about 
the global warming issue, including CO2 emissions, are often calculated for 
different systems. This is a simplification about the environmental impact from 
buildings but gives an indication about the resource use connected to energy 
demand. From an energy point of view, the index embodied energy broadens 
the view on the building from operational phase to also include the building 
phase. Different methods have different boundaries, i.e. take different parts of 
the surroundings into consideration. In this thesis, energy is in focus and the 
CO2 emissions and the embodied energy are used to describe environmental 
impact (see Sections 6.5 and 7.6).  
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2 The systems approach 
This chapter describes the theoretical framework of the systems approach and the appended 
papers are put in their proper context. 

 
The underlying approach in this thesis is the system theory (Ingelstam, 2002), 

which is used to describe the studied object and the energy system where the 
object is situated. A general system is a collection of components and the 
connections between the components (Figure 2.1). The selection of 
components and connections is made in a way that they form a whole. Thus, it 
is essential to delimit the system from its surroundings, using a system border. 
The system will have connections to its surroundings through the boundary 
(Ingelstam, 2002). When defining a system it is essential to find the 
components, how they are connected, the boundary and the connection 
between the system and the surroundings. The problem description will 
strongly depend on how those parameters are defined.  
 

 
Figure 2.1. The general system. 

In this thesis the building is the overall system. Several components and 
connection between them are chosen to describe the building, or systems 
within buildings. The systems described will make some sort of hierarchy of 
systems that are connected to each other. This hierarchy is called system levels. 
The goal is to evaluate the energy and indoor climate performance of the 
object.  

In the late 1960s the systems approach was introduced by C.W. Churchman 
(1968). In brief the systems approach can be described as a procedure where 
the most essential is to look at things as systems. The systems approach 
emphasises the fact that the whole is more important than the parts, which is 

“The system approach 
is not a bad idea” 

C. West Churchman (1913-2004)
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essential in this thesis; the evaluation focuses on the whole object and the way 
integrated components, for example a heat exchanger and the building 
envelope, work together, rather than trying to optimise each component. How 
this system thereafter is analysed depends on the purpose of the study. The 
choice of method depends on the problem. The systems approach implies that 
there is a critical level from which the approach can have its starting point to 
avoid sub-optimisation. The approach can be summarized in a five point 
schema (Churchman, 1968), described as follows: 

1. The total system objectives 
2. The system’s environment: the fixed constraints 
3. The resources of the system 
4. The components of the system: their activities, goals and measure of 

performance 
5. The management of the system 

The system objective is the first point, which means that the choice of 
components and connections between them that are used to describe the 
system is strongly connected to the objective. The objectives of the system 
should represent what the system does, not what it says it does. It is important 
to study the performance of the total system to understand the real 
performance. The system’s environment is also strongly dependent on the 
purpose of the system. This defines which parameters should be included and 
excluded in the environment to give a fair description of the reality. The 
environment interacts with the components and relations in the system, but the 
system cannot manipulate the environment. A system’s resources change the 
performance of the system. For example, economic resources, used and unused 
man-hours and physical components are resources of the system. The resources 
are vital for the system activity. The opportunities that were lost when a 
resource were used elsewhere should therefore be investigated. Components do 
not necessary represent something physical. As discussed above, in the 
description of the general system the components and the relationship them 
between should describe some sort of whole. Finally, the management of the 
system is that, or they, who manage the system. The management formulates 
how the system should act to fulfil the system’s objective. The management can 
adjust the plans when the environment is changing and thus the system has 
some sort of feedback loop.  

Sometimes it is unavoidable to have more than one objective or multiple 
decision makers for the system. An unambiguous result is then impossible to 
find. Taking Churchman’s advice to look at the problem through somebody 
else’s eyes2 and present the different views can facilitate understanding and 
decision making.  

                                           
2 At the end of his book, Churchman (1968) concludes that the systems approach starts 
when one looks on the world through somebody else’s eyes. 
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The systems approach as described above is mainly technical. Many system 
studies use quantification of several activities, which makes it possible to 
optimise or simulate. That is, the social components and the relations in the 
studied system are substituted by technical descriptions (Ingelstam, 2002). A 
socio-technical system is a system that includes the relationship between the 
technical and social components, i.e. it is built up by three elements (Ingelstam, 
2002): 

- Social components and relations  
- Technical components and relations 
- Relations between technical and social components 

There are three main theories around social-technical systems: Large technical 
systems (LTS), Social Construction of Technical Systems, (SCOT) and Actor 
Network Theory (Summerton, 1998). For a more detailed discussion about 
these theories the reader is requested to read in for example Ingelstam (2002) 
and Summerton (1998).  

A large technical system is a complex system with actors, integrated 
components and links to other systems. Large technical systems evolve by a 
symbiosis between society and technique in a so-called seamless web. Hence, it 
is impossible to identify the technique and the society as individual parts 
(Ingelstam, 2002). This thought is interesting when analysing buildings as the 
occupants move into a house that they only partly can manage. The building is 
a product of different regulations, the work done by architect, the builder and 
others involved in the building process. The occupants’ activities, for example 
refurbishment, use of electricity, etc., are partly an outcome of the reality that 
they have moved into. The system analyst may think that this is a part that 
belongs to the environment. On the other hand, the system is, depending on 
the occupants’ preferences, exceptionally unpredictable in a way that is hard for 
the system analyst to forecast. 

Another approach is network theory3, which emphasises the connections 
between components as non-hierarchical in comparison to the systems 
approach (Lagergren, 2004). However, a systems approach does not exclude 
looking at the relationship between components as networks. Networks can be 
parts in a system. Networks do not have a prominent border as systems do. 
From a theoretical point of view networks are borderless, yet in practice there is 
delimitation somewhere (Lagergren, 2004). It is, however, easier for 
components, e.g. occupants, to take part or leave the network for a while, as 
discussed below. In this thesis the border is assumed as important for the 
systems behaviour and the network theory is not used. Nevertheless, the idea of 
possibilities for components, e.g. occupants, to leave the system for a while is 
used.  

 

                                           
3 Networks are used here representing business networks or organizational networks. 



 

18 

The energy system is an example of a system that can be defined as a technical 
or a socio-technical system. A technical definition can be formulated as: 

“Energy systems consist of technical artefacts and processes used for conversion, 
transmission, management and utilization of energy. The parts are combined to fulfil 
a specific purpose” (PES, 2000). 

Including social components and relations the definition can be formulated as:  
“Energy systems consist of technical artefacts and processes as well as actors, 
organizations and institutions which are linked together in the conversion, 
transmission, management and utilization of energy. The view of energy as a socio-
technical system implies that also knowledge, practices and values need to be taken 
into account to understand the on-going operations and processes of change in such 
systems” (PES, 2000). 

The last definition is a socio-technical description of the energy system. This 
system can be studied by a different range of methods (depending on the 
purpose of the study). The arrangement of the technical systems can, for 
example, be analysed with system analysis (Ingelstam, 2002). This thesis is based 
on the socio-technical definition and tries to include the occupants in the 
analysis.  

2.1 The building as an energy system 
The systems approach in the evaluation procedure presented in this thesis is 

characterized by first finding the objective of the building or room. The 
components and resources of the system are categorised and organized. To 
evaluate this objective several performance measures are quantified by 
measurements and simulation and then analysed in qualitative ways such as with 
interviews.  

The buildings as an energy system consist of technical systems, occupants and 
organizations. Using Churchman’s five-point list for the systems approach 
applied to the building as an energy system one can come to the following 
description. As an example, a building is used but this can be generalised to a 
room or another object related to a building.  

The total system objective  
The aim with a building is to provide good and comfortable living with a low 

energy demand. The word “good” is subjective and represents different things 
for different people, which of course is a drawback, according to Churchman’s 
description of system analysis. Hence it is impossible to make objective 
conclusions about the indoor climate by only measurements or simulations. It is 
of course possible to judge the measured results against regulations and other 
requirements, but it is compulsory to see the problem with the occupants’ eyes. 
Therefore, there will be several measures of performance. How those should be 
judged against each other has to be decided by the management of the system. 
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The occupants’ perception of the indoor climate together with measured indoor 
climate parameters and energy demand can be used as performance metrics. At 
another level, the carbon dioxide emissions due to the use of energy can be one 
form of performance metric.  

The system’s environment 
From an energy point of view it is obvious that the climate where the building 

is situated and the geographical location of the building are included in the 
environment. Other things that influence the building but cannot be affected by 
the building are the surrounding energy system, e.g. electricity production 
plants, district heating systems, building regulations and guidelines that were 
used during the design of the building and during the occupation the building 
itself, at least some parts that are not considered to be refurbished. In paper V 
the system border is broadened as CO2 emissions from different kinds of power 
plants are compared, but the managers of that system are probably not the 
occupants. 

The resources of the system 
Resources are economical capital and energy carriers such as electricity or oil. 

Internal heat generation from appliances, solar irradiation or humans can be 
regarded as resources. However, the description of “free” heat (from 
appliances, solar irradiation, and from humans) as a resource is established by 
the ability to utilise it. If the heating system is insensitive to the “free” heat it 
cannot be utilised as a resource. The available resources decide if the system can 
be rebuilt or not to fulfil the system objectives.  

The components of the system, their activities, goals and measure of 
performance 

Components that are used to fulfil the objectives are, for example, technical 
artefacts such as heat exchangers, solar panels, windows, the building envelope, 
the ventilation system and household appliances, etc. Their activities and 
measure of performance are different. For example the solar system provides 
domestic hot water (DHW) and its measure of performance is the amount of 
hot water produced. The ventilation system provides fresh air and the measure 
of performance is the ventilation efficiency in the rooms. Aside from the 
technical artefacts, occupants can be viewed as components that have relations 
to other technical components. Occupants are a special kind of component as 
they will sometimes leave the system (for example during daytime going to 
work or school). Components are further discussed in Chapter 4.  

The management of the system 
In the case of a domestic house the management can be the occupants (who 

are nevertheless living in a pre-defined system). In other buildings, such as 
multi-family buildings, it may be the property manager or a combination 
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between the occupants and the property manager. In the latter case there may 
be a problem with inconsistence goal definitions.  

 
It is clear from the discussion above that the approach used in this thesis is 

not as consistent as the approach described by Churchman (1968). The 
approach used in this thesis sometimes deals with multiple objectives and 
several managers. One way to handle this within system analysis is to describe 
the management situation as a selection between two objectives. However, the 
multiple objectives and managers of the systems will make it impossible to 
generalise management procedures for every situation. Further, the system 
discussed in this thesis sometimes has a dynamic behaviour, where the system 
border and the available components are changing with time. In this latter case 
and for the case of several managers with multiple objectives, the approach 
within this thesis has connection to LTS. Hence, the approach aims to be socio-
technical. The socio-technical perspective is mainly used in paper III, where the 
occupants were interviewed. In the simulation model the occupants are reduced 
to a behavioural schedule, which is used to quantify their energy-related habits 
and heat generation. The socio-technical connection between the indoor 
climate and the inhabitants is, however, always present. 

2.2 System levels 
Several system levels are used within this thesis. The papers appended to this 

thesis describe studies of the heating and ventilation systems, a building as an 
energy system and the connection to the surrounding energy system. Thus, the 
different papers are connected in a hierarchy as shown in Figure 2.2. The work 
presented in the papers was obtained according to a top-down approach. That 
is, first an overview of the system is formulated, as suggested in the systems 
approach. Hence, there is an analogy to the top-down approach and Churman’s 
five basic considerations. As an outcome from the overview the system can be 
divided into sub-systems that can be further analysed. The model is analysed in 
more detail until it is detailed enough. The top-down approach ends up in a tree 
with branches describing the system with enough detail to facilitate validation. 
By contrast the bottom-up approach involves measuring of all processes within 
a system and from this knowledge of all variables that may influence the 
outcome a system is constructed. The bottom-up approach has the advantage 
of providing knowledge of every part of a system, on the other hand it is time 
consuming to perform and it is possible “to miss the forest for the trees”. The 
non-detailed structure of a top-down approach may cause insufficient 
knowledge about the process’s details, but on the other hand the method gives 
the opportunity to understand the broad picture.  
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Figure 2.2. Hierarchy of relationships among the papers in this thesis.  

Table 2.1 shows the system border, the components, and the measure of 
performance used in the different papers, which should be compared to the 
system definitions above. The focus is on room level (papers IV and VI), 
through the building envelope (papers I–III and VII), ending in an inclusion of 
the environment (paper V). Besides, paper V summarizes some results from 
papers II, III, and IV. 
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Table 2.1. Summary of components and boundary definition in the papers 

Paper Short 
description 

System 
boundary  

Components Measure of 
performance 

I, II 
& VII  

Simulation of a 
low-energy 
building 

Outside the 
building 
envelope 

HVAC systems, 
building envelope, 
occupants, internal 
gains  

Energy and 
power use, 
temperatures, 
PPD, airflow 
velocities 
 

III 
 

Interviews and 
measurements 

The building 
envelope 

The occupants, the 
building envelope, 
social systems (for 
example occupants’ 
prior way of living, 
and their habits), 
technical systems 
within the building, 
and household 
appliances 

Qualitative 
results and 
indoor 
temperature  

IV Measurements 
of ventilation 
rates 

The building 
envelope 
(the room 
level is 
pronounced)

Ventilation system Ventilation 
airflow 
 

V 
 

Comprehensive 
study of the 
low-energy 
building 

Ranging 
from room 
through 
building 
envelope to 
surrounding 
energy 
system  

As above, including 
different power 
plants in the 
surrounding energy 
system 

As above and 
environmental 
parameters 
(CO2 for 
different 
surrounding 
energy systems 
and embodied 
energy) 

VI  CFD model of 
the low-energy 
building 

The building 
envelope 
(the room 
level is 
pronounced)

Indoor climate Airflow and 
temperature 
patterns 



23 

3 Low-energy buildings in the literature  
The meaning of the term “low-energy building” is somewhat diffuse. Sometimes it means a 
building that uses almost zero purchased energy; sometimes low-energy is related to the energy 
amount for heating. In this section low-energy and energy-efficient building are defined. In 
addition, a survey of low-energy buildings is made to show how the concept has changed. The 
criterion for what is a low-energy building is changing over the decades.  

 
A definition of low-energy buildings is found in Abel (1994): a building that is 

used for developing and testing new technologies. In fact, the predominant goal 
is to decrease the purchased energy for heating to zero. Usually it is applied to 
one-family house concepts. Energy-efficient buildings are nevertheless built 
with the goal of achieving the lowest possible demand for energy within 
reasonable economic limits. Abel (1994) makes a distinction between three 
types of focus for the technical solutions within the building. Some projects 
focus only on heat demand, some on electric energy and some on both of them. 
There are also three different types of purpose with the project, either to 
decrease the amount of energy needed to create an indoor climate in 
accordance with the demands, to decrease the amount of external purchased 
energy or to decrease both the need and the external supply. Abel stresses that a 
problem with low-energy projects is that information about the cost is almost 
never expressed. Further, Abel concludes that the focus should be not only on 
decreasing energy demand for space heating. The goal should be to decrease the 
need for electricity, as well (Abel, 1994).  

Another definition of a low-energy house is a house that uses considerably 
less energy than a building corresponding to present building regulations and 
building tradition (Johannessen, 1984). In Germany there is a standard for low-
energy building that states that it should use less than 50 kWh/m2 for space 
heating purposes (Wikipedia, 2006).  

Low-energy and energy-efficient buildings are not the only definitions used 
when dealing with energy usage of houses. Other definitions or names used are 
advanced houses (Carpenter 1995), high-performance buildings (Torcellini et al., 2004), 
houses without conventional heating (Hastings, 2004), and passive houses (Schnieders & 
Hermelink, 2006). Advanced houses are houses with low energy usage, low 
demand for natural resources and low environmental impact (Carpenter, 1995). 
The definition is thus broader than for a low-energy or an energy-efficient 
building. On the other hand, most low-energy buildings can be defined as 

“Ett leende kostar mindre än elektriskt ljus, 
och ändå lyset det upp mer i ett hem” 

Theo Lingen
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advanced houses, too. High-performance buildings are used to describe 
buildings that have ambitious energy-saving goals, ranging from 40 percent 
better than regulations to a net zero-energy performance and using thermal 
envelopes better than the present standard. Besides several measures, such as 
natural ventilation, photovoltaic and passive solar strategies are used to decrease 
the amount of energy purchased (Torcellini et al., 2004). Houses without 
conventional heating and passive houses are actually the same thing. Passive 
houses have very well insulated building envelopes and windows not causing 
any down draught. The heating demand is thus at such low levels that a 
conventional heating system with radiators is unnecessary. Instead air-heating is 
used (Hastings, 2004; Feist et al., 2005; Schnieders & Hermelink, 2006). Passive 
houses have the goal to decrease the heating energy to zero but within 
economic limits. That is, it can be defined as a low-energy building in one sense 
but as an energy-efficient building regarding the economic limits. A passive 
house should not use more than 15 kWh/(m2a) for space heating requirements, 
which can be compared to a new German building constructed according to 
2002’s German building standard that uses about 70 kWh/(m2a) (Schnieders & 
Hermelink, 2006).  

Survey of low-energy buildings 
Another way to define a low-energy building is to look at the measures that 

have been used to decrease the amount of energy needed. To do this, a 
comprehensive survey of low-energy buildings was made to see how the 
techniques have evolved. Several information sources were used such as 
Compendex, Inspec and Science Citation Index, as well as the Swedish 
bibliographic database Libris. As topics “low energy”, “houses” OR “buildings” 
were used. Also, the IEA website (www.iea.org) was used to find appropriate 
information through IEA tasks and annexes. The numbers of projects 
regarding low-energy houses are enormous and this survey will not attempt to 
be complete, but it gives an idea of how a low-energy building is defined and 
has evolved through the decades.  

In the beginning of the 1980s the first generation low-energy houses were 
built in Sweden. Three projects were evaluated ten years later by Berggren et al. 
(1997). The projects, named Sparsam, Lättbygg 85 and Rockwool, all used 
increased insulation to provide energy savings. In addition, the Sparsam and 
Rockwool projects involved an exhaust air heat pump. The Sparsam houses 
were aimed to be air-tight and have a sun parlour to utilise passive solar 
irradiation (Bergren et al., 1997). Electrical heating was used in all houses. The 
energy use was measured directly after the occupants moved in and about ten 
years later. The average annual total energy demand was first monitored to 
11,716 ± 234 kWh and to 15,295 ± 306 kWh ten years after occupation for the 
Lättbygg building. For the Rockwool building the figures increased from 11,675 
± 234 kWh to 14,850 ± 297 kWh, and for the Sparsam building the increase 
was from 12,600 ± 252 kWh to 14,239 ± 4594 kWh. The specific energy use 
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was found to increase from 99 to 130 kWh/m2a, from 106 to 135 kWh/m2a, 
and 115 to 130 kWh/m2a, respectively. The increases were explained by 
rebuilding and additional building extension, higher air exchange rates than 
projected, higher indoor temperatures and reduced coefficient of performance 
of the heat pumps (Berggren et al., 1997).  

In a study from 1983 the energy requirement in 27 low-energy houses situated 
in Canada was investigated. The buildings were using high levels of insulation, 
air-tight construction and windows facing south to provide utilisation of passive 
solar gain. The total energy consumption was measured to 101 kWh/m2 on 
average for all houses. The space heating demand was 68 kWh/m2 (Dumont et 
al., 1983). The result was compared to a group of houses that were built before 
1974, located in a place with similar climatic conditions. Those houses have 
annual space heat energy consumption three times higher than the low-energy 
houses (Dumont et al., 1983). 

Another study of first generation low-energy houses compared two design 
concepts (Erhorn, 1990a). One building aimed to maximise the solar gains by 
large window area, and the other tried to decrease the heat losses to a minimum 
level. The indoor temperature and the heat demand were monitored. The total 
energy load (space heating and energy for internal loads) for the solar gain 
building was about 135 kWh/m2a and for the building with minimum losses the 
same parameter was measured to 55 kWh/m2a. The large window area in the 
first building heavily influenced the heat losses by transmission. Both buildings 
showed high indoor temperatures during summertime and the behaviour of the 
occupants (i.e. window opening) was found to influence the energy demand, 
especially in the building with minimised heat losses (Erhorn, 1990a).  

In 1990 CIB (International Council for Building research) arranged a 
workshop on low-energy buildings (2nd generation) (Erhorn, 1990b). Several 
projects of low-energy houses were described; some of them were projects 
within the IEA task 13 (see below). According to a Danish study a low-energy 
house in Denmark is a house with a yearly energy demand for space heating and 
ventilation less than 50 percent compared to a house just fulfilling the building 
regulations (Grimming & Johnsen, 1990). The paper reports on houses that use 
16,000 kWh annually on average or 110 kWh/m2. In the same proceedings a 
German report describes the monitoring of a terraced house where the middle 
houses used 45 kWh/m2a and the gable house used 62 kWh/m2a for space 
heating. In total the houses used 118 kWh/m2a and 135 kWh/m2a, respectively 
(Stanzel & Hahne, 1990). With the aim of building a low-energy building with 
high comfort standards but with a competitive price, a detached house was built 
in Kungälv, Sweden, 1981–82. The house uses a well-insulated envelope, small 
window area (12 percent of floor area), triple glass windows, air-to-air heat 
exchanger, and heat exchange of waste water by heat pump and heat exchanger. 
The total energy demand was measured at 75 kWh/m2a (Larsson, 1990). 
According to many of the studies presented in the proceedings the influence of 
the occupants’ behaviour is significant. Hence, both technical and social issues 
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should be analysed. In many studies the monitored values exceed the calculated; 
on the other hand, in some studies the result is the opposite (for example 
Larsson, 1990). The focus is on reducing the space heating demand mainly by 
using increased insulation and air-tight construction. Also heat exchanger and 
passive solar strategies are used.  

Within IEA’s Solar Heating and Cooling Programme’s Task 13 (carried out in 
the beginning of the 1990s) several attempts were made to reduce the energy 
consumption for space heating. Different kinds of technical concepts were 
analysed, tested and developed for integration into the whole building concept 
(Hestnes et al., 2003). The strategies to reduce the need for space heating are to 
use well-insulated envelopes, heat recovery from exhaust air, passive and active 
solar gains and to produce and use auxiliary heat efficiently (Hestnes et al., 
2003). The houses were built very air-tight to reduce infiltration and allow 
controlled heat recovery from the exhaust air. Passive and active solar systems 
were an important measure in Task 13. The average U-value of the wall was 
0.18 W/m2K, for the roof 0.13 W/m2K, and for the windows 1.24 W/m2K. It 
is stressed in the report that the increased insulation thickness decreases the 
interior floor area.  

Lessons learned from this project as reported in Hestnes et al. (2003) include 
that it is possible to design low-energy buildings that have high thermal comfort 
and that the energy consumption for water heating becomes a larger fraction of 
the total energy consumption. In accordance with other sources the project 
concludes that it is necessary to look at the total energy use, not only space 
heating demand or the energy for Domestic Hot Water (DHW). High levels of 
insulation and energy-efficient windows and other energy conservation 
measures should be used in the first place. The building should be regarded as a 
system where the technical solutions should work together. Mechanical 
ventilation systems are regarded as essential and other technologies such as 
solar DHW, and passive solar systems are suggested as effective ways to reduce 
the energy requirements.  

The monitoring of the houses within IEA Task 13 was done according to a 
monitoring programme (Poel et al., 2003), which included measuring of solar 
radiation, wind speed, outdoor temperature, indoor temperature, purchased 
energy (space heating, DHW, lighting and appliances) and active solar energy 
(electricity and heating). Electricity was divided into appliances, lighting and 
technical equipment. In three houses the CO2 concentration was monitored. 
Further, several systems and components (e.g. air-tightness, thermal efficiency 
of the heat recovery, and overall efficiency of gas boilers) were monitored and 
evaluated. In six projects there was an evaluation of users’ aspects by 
questionnaires and interviews of the occupants (Poel et al., 2003). The 
occupants were mainly positive toward their houses, the architecture and the 
installations. In two studies, draught from the mechanical ventilation system 
was mentioned. Overheating was mentioned as a problem in one of the Danish 
and a Norwegian project; some occupants moved out for that reason in the 
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Danish project (Poel et al., 2003). The outcomes from the interviews and 
questionnaires are not reported consistently from the different projects and 
they vary in level of detail.  

In a report from 1995 25 advanced houses are described with the aim of 
documenting successful projects, identifying regional technology trends and 
assessing the technical and economic performance of the projects (Carpenter, 
1995). Many of the buildings in the report were selected from the IEA Task 13. 
Some conclusions from the report were that houses in cold climates tend to 
focus on reducing space heating energy by using super-insulation and air-tight 
construction. However, the definition of super-insulation changes with climate; 
a super-insulated house in the warmer climates is standard construction in the 
colder climates. Passive solar design (e.g. large window area to the south, large 
thermal mass, sunspaces and shading to reduce solar irradiation in the 
summertime) and solar DHW were found to be used in all climates but more 
frequently in warmer climates. The motivation to built advanced houses (or 
low-energy houses) was found to have shifted from reducing space heating 
demand in the late 1980s to examining the total energy demand in the early 
1990s (Carpenter, 1995). Projects with cost savings as the prime focus tend to 
use static measures, such as increased insulation and airtight construction. Zero-
energy buildings and projects aiming to reach sustainability used many 
technologies, ending in complex systems. The complex solutions have a 
tendency to fail. The average energy demand for space heating was 28 kWh/m2 
and 68 kWh/m2 in total, ranging from 2 to 147 kWh/m2 (Carpenter, 1995).  

Weber (2004) made a comprehensive survey of low-energy buildings in 
Sweden and Germany. In total 400 objects were included in a database, of 
which 100 were selected for statistical treatment. The average UA-value for the 
buildings was 105.34 W/K, with a standard deviation of 57.37. The average 
specific U-value for all buildings is not reported but a total loss factor is, 
including ventilation loss factor, infiltration loss factor and transmissions loss 
factors. This specific total loss factor was found to be 1.21 W/m2K on average. 
The purchased heating energy was 12,290 kWh annually on average, with the 
standard deviation of 4,497 kWh annually. The minimum value was 2,740 
kWh/year and the maximum value 26,145 kWh/a. The average heated area was 
143.81 m2 (s.d. 37.24), ranging from 95 to 325.5 m2 (Weber, 2004). 

In 2006 Schnieders and Hermelink reported from a project called “Cost 
Efficient Passive Houses as European Standards” or CEPHEUS. The strategies 
beyond the well-insulated and air-tight building envelope, the low-energy 
windows and the efficient heat exchanger are discussed. Fourteen Passive 
House projects are presented from five European countries representing both 
multi-family and single family buildings. The air-tightness of the buildings 
ranges from 0.30 to 0.61 ACH in nine projects. In the remaining projects the 
air-tightness was about 1.0 or higher (Schnieders & Hermelink, 2006). The 
energy demand for space heating varies greatly between projects. The average 
values range from 16.0 kWh/m2a to 40.7 kWh/m2a. However, the differences 
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within projects were greater than between projects. The indoor temperature was 
typically set to between 21ºC and 22ºC. It was concluded that the indoor 
temperature was comfortable both in summer and winter (Schnieders & 
Hermelink, 2006). 

Multi-family buildings 
Five low-energy (passive) multi-family buildings, with the aim of zero energy 

demand for heating purposes, have been built in Germany and Switzerland. 
The buildings are characterized by low U-values and use heat exchange of 
ventilation air to minimise heat losses due to ventilation. Different heat sources 
are used, as the internal heat is insufficient for providing the heat needed in the 
five projects: biomass fuel, heat pump, natural gas and district heating 
(Hastings, 2004). Solar heating was used for air heating in one of the projects 
and for water heating in two projects. The calculated energy demand for heating 
is between 12.6 and 22.4 kWh/m2 annually (average of 16.2 kWh/m2 annually). 

Recently, a multi-family building was built in Lund, Sweden, named Jöns Ols. 
The aim was to minimise the energy purchased. For example, the insulation 
thickness was increased compared to common buildings, the amounts of 
thermal bridges were minimised, the heat from waste water was recovered, an 
exhaust air heat pump was used for heating purposes and solar heating was 
used for water heating. The energy demand has been measured to 82 kWh/m2 
(60 kWh/m2 electricity and 22 kWh/m2 district heating), of which the energy 
demand for heating is 10 kWh/m2, which is covered by the heat pump. The 
additional charge for the measures has a pay-off time of about ten years with 
current energy prices (Warfvinge, 2005). 

The difference between predicted and monitored energy performance of a 
building is emphasised in a study which compared predicted and observed heat 
consumption in a low-energy multifamily building (Branco et al., 2004). The 
11,116 m2 building has improved insulation, reduced risk for thermal bridges 
and a solar roof for space heating and domestic hot water purposes. A gas 
boiler is used when the solar system is insufficient. The supplied air is preheated 
(or cooled in the summer) by buried pipes. The monitoring was conducted 
extensively by employing 90 calibrated sensors. A data gathering system 
samples signals every 15 seconds from the sensors (Branco et al., 2004). The 
measured gas energy use was 68.3 kWh/m2, which should be compared to the 
predicted value of 44.4 kWh/m2. From the monitoring and simulations several 
explanations for the difference are drawn: First the indoor temperature was 
22.5ºC instead of predicted 20ºC, which explains 11 kWh/m2 of the 
discrepancy. The envelope has higher U-values, mainly due to thermal bridges. 
The efficiency of the buried pipes was lower than predicted and they reduce the 
efficiency of the air-to-air heat exchanger. It was found that the solar roof was 
working well but the system was not as efficient as predicted. Some conclusions 
from the study that are important for this thesis are that a well-insulated 
envelope is the key to an energy-efficient building and that the energy concept 
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must be simple and consistent. Further, it is concluded that innovative systems 
will probably not work as predicted and have to be monitored extensively to 
take advantage of the experience (Branco et al., 2004). The study focused on 
monitoring of technical variables and the occupants were not included in the 
study for example by using questionnaires or interviews.  

Energy-efficient houses  
Energy-efficient buildings should, according to the definition in the beginning 

of the Chapter 3, be built within economic limits. This economic trade-off will 
include an optimisation of insulation levels. The optimal insulation level in a 
building with an annual heating demand of about 64.5 kWh/m2 was evaluated 
to be 0.28 ± 0.03 W/m2K at the walls and the roof using German energy prices 
from spring 2002 (Gieseler et al., 2004). The optimised U-value of the bottom 
floor was evaluated to 0.38 ± 0.04 W/m2K. This can be compared to the 
average U-values in the study of advanced houses made by Carpenter (1995), 
where the average U-value of the wall was 0.20 W/m2K, the roof 0.16 W/m2K 
and the floor 0.38 W/m2K, respectively. However the differences between the 
advanced houses were significant. In the optimisation study, the authors claim 
that additional thermal insulation will improve thermal comfort and is an 
investment in reducing CO2 emissions and saving resources, even though it is 
not cost-effective (Gieseler et al., 2004).  

Two examples from Malmö, Sweden, were monitored extensively for about 
one year in the beginning of the 2000s. The buildings are called energy efficient 
and participate in a project sponsored by the Swedish Energy Agency (SEA). 
Among the restrictions for the buildings it can be found that the buildings 
should not use more than 100 kWh/m2a. (80 kWh/m2 if using electric direct 
heating), they should have a good indoor climate, and the U-value of the 
windows should not exceed 1.0 W/m2K (Bagge et al., 2004). The first house, 
built by Yxhult, is 149 m2 and uses an exhaust-ventilated suspended foundation. 
It is air-tight and uses an air-to-air heat exchanger to reduce the heat losses 
through ventilation. District heating is used for space heating and hot water. 
The other house, built by LB-hus, is built on a concrete floor slab and uses an 
exhaust ventilation system connected to an air heat pump, which is used for 
space heating and hot water requirements. An auxiliary electric heater is used 
when the heat pump energy is not enough. The monitoring program involves 
measurements of electricity demand divided into use of appliances (dishwashing 
machine, fridge, etc.), outdoor lights, etc. The indoor temperature at the ground 
and upper floors, respectively, as well as the supply and exhaust air temperature 
were measured. The effectiveness of the air-to-air heat exchanger and the heat 
pump were evaluated by temperature measurements. The temperature 
efficiency of the air-to-air heat exchanger was monitored to 82 percent and the 
coefficient of performance of the heat pump was measured to vary between 1.7 
and 4.2, with an average of 2.4 (Bagge et al., 2004).  
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Summary 
From the survey it was found that low-energy buildings are not static; the low-

energy building concepts have changed. Buildings that were called low-energy 
20 years ago may be called energy-efficient today, as technology evolves and 
becomes cheaper. Some countries have a formal definition of a low-energy 
building. For example, a low-energy house in Denmark is a house with a yearly 
energy demand for space heating and ventilation less than 50 percent compared 
to a house just fulfilling the building regulations (Grimming & Johnsen, 1990). 
Germany also has a formal definition and in addition a standard describing 
Passive houses. The examples with passive houses that are built within 
economic limits are an outcome of the research that was carried out during the 
1980s and early 1990s. However, the Passive house standard states that 
“Passive houses” should use less energy (for space heating) than low-energy 
houses. But they are still using less energy than ordinary houses, built according 
to regulations, norms and tradition, and thus they are low-energy buildings. 
Another example of the relative feature of the low-energy building concept is 
that the definition of super-insulated changes with climate; a super-insulated 
house in warm climates is a standard construction in cold climates.  

Finally, it can be concluded that the distinction between low-energy and 
energy-efficient buildings is seldom clear, despite Abel’s attempt to distinguish 
between the two types.  
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4 Building-related systems  
As described earlier, several systems are used to control the environment in a building and 
deliver different functions, for example supply fresh air, let the sun shine in, and protect 
against the outdoor climate. In this section the technical systems of a building are categorised 
and the role for energy use in the building is discussed for each part. The position of the sub-
system presented below, inside or outside the system border, depends on the characterization of 
the system studied.  
 

The power balance of a building can be described as in Equation 4.1. The 
variable Pinternal can be divided into several parts, for example solar irradiation, 
heat from appliances and lights and inhabitants.  
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where U is the overall thermal transmittance for the building element 
(including thermal bridges) (W/m2K), A is the area of the building element, q 
the total ventilation and infiltration airflow (m3/s), cp, air, the air specific heat 
capacity (J/kgK), v& , mass flow of water (kg/s) and cp,water, the specific heat 
capacity of water. The equation describes how the power demand is connected 
to the indoor temperature4. From Equation 4.1, eight principal possibilities to 
decrease the energy demand for heating are available (Björk, 1983):  

- Improve the efficiency, η, of the heating supply. For example change the 
boiler. 

- Increase the internal heat generation, Pinternal, for example by utilising 
more passive solar strategies, i.e. increase the solar irradiation during the 
heating period or have a party during the heating season or be at home.  

- Minimise the losses due to heat transmission by minimise the U-value, 
i.e. increase the insulation.  

- Minimise the area of the envelope, A. 

                                           
4 This is assuming a simplified description of the indoor temperature. Building energy 
simulation and, particular, computational fluid dynamics simulation gives the opportunity for 
a better description of the indoor temperature in the whole building.  

“A house is a machine for living in” 
Le Corbusier (1887-1965)
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- Decrease the indoor temperature, Tin (or decrease the temperature 
difference). 

- Minimise the losses due to infiltration ventilation by building airtight 
constructions and use demand controlled ventilation and thus minimise 
the airflow, q, to a minimum acceptable level, still providing enough 
airflow (i.e. for achieving acceptable indoor air quality). 

- Minimise the losses through the sewer, i.e. use less water,v& . 
- Minimise the temperature difference between cold and hot water,  

(Tsewer –Tcold ). 
In the following sections the different components, most of them included in 

the equation above, that are of interest for the energy performance of a building 
are described. A sketch on the distribution of energy demand on different 
components was presented above in Figure 1.4. 

Building envelope including windows 
The building envelope protects against the environmental conditions in the 

surroundings, i.e. snow, rain, sunshine, etc. Heat will be transferred through the 
envelope; floor, walls and the roof, by conduction. The heat transfer can be 
decreased by using insulation. Because of the construction there will be thermal 
bridges through the envelope. The conductive heat transfer through the thermal 
bridge is expressed for steady-state conditions:  

( ) ( )outinTB TTlP −⋅+⋅Ψ= ∑∑ χ  (Eq. 4.2) 

Ψ is the linear thermal transmittance of a thermal bridge (W/mK), l is the 
length of a linear thermal bridge (m), and χ the point thermal transmittance of a 
thermal bridge (W/K). In a well-insulated building it is important to avoid 
thermal bridges as the heat transfer through the bridges can be considerable 
(e.g. 5–15% in a wall with a U-value of 0.2 W/m2K).  

Windows are used to permit visual connection to the surroundings. However, 
they are less insulated than walls and will therefore increase the heat transfer. 
On the other hand they will let sunshine in that will heat the building during 
sunny days. The important parameters considering windows are the U-value, 
which describes the conductive heat transfer through the window and the g-
value, which describes how much of the radiation is directly transmitted and the 
amount of absorbed radiation that is emitted as heat radiation. 

Ventilation 
Ventilation is used to supply fresh air to and remove pollutants from the 

occupied zone in a controlled way. This can be done by natural or mechanical 
means, where the latter uses fans that force the air into or from the building. In 
low-energy buildings balanced mechanical ventilation systems, which utilise 
both supply and exhaust fans, are commonly used. The heat losses through 
ventilation can be substantially reduced by recovering heat from exhaust air to 
heat the outdoor air by means of an air-to-air heat exchanger as shown in 
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Figure 4.1. Naturally ventilated buildings exploit the wind pressure and the 
thermal state of the building, i.e. the temperature difference between indoor 
and outdoor air (Allard, 1998). 

 
Figure 4.1. Example of a balanced mechanical ventilation system with an air-to-air heat 
exchanger with a by-pass option.  

In part of the ventilation there will be airflow arising from pressure 
differences between the building and its surroundings, through cracks and other 
openings in the building envelope. This is called air infiltration and most low-
energy buildings are built air-tight to achieve low air infiltration levels. Naturally 
ventilated buildings, on the other hand, do not use any energy-demanding 
mechanical system. In both mechanically and naturally ventilated buildings 
occupants will open their windows (if possible) for airing the room. The energy 
demand to compensate for the heat or cooling losses due to this is not easy to 
calculate without knowing the opening time and opening area.  

Mechanical ventilation uses electricity to drive the fan, or fans. The fan power 
use can be expressed as  

tot

tot
f

pqP
η
∆

=  (Eq. 4.3) 

The power needed in the fan to provide a specified air volume is thus 
dependent on the airflow, q (m3/s), the total pressure rise of the fan, ∆ptot (Pa), 
and the total efficiency of the fan, ηtot. Low pressure rise and low airflows will 
thus decrease the power demand of the fan(s) according to Equation 4.3  

Domestic hot water 
The system for hot water supply consists of a boiler or a heat exchanger that 

heats cold water. The hot water will be used and leave through the effluent. 
From an energy point of view, the temperature difference between the intake 
and the effluents, and the water flow is of interest. The cold water can be 
heated by using renewable systems such as solar panels combined with, for 
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example, an auxiliary immersion heater. Hence, the temperature of the intake 
will be increased and any energy input will be lowered.  

Heating and cooling systems 
Heating and cooling systems can be divided into distribution systems and 

production systems, where the latter represents the conversion of an energy 
carrier, for example oil or district heating, to hot water. The production can be 
managed by a boiler (e.g. biofuel, oil, and electricity), a heat pump (using the 
ground, outdoor or exhaust air as heat source), district heating and solar heating 
(connected through a heat exchanger) or a heat exchanger (air-to-air heat 
exchanger, effluent heat exchanger).  

The choice of energy carrier is not essential for the local indoor climate in the 
building. If the environmental impact is included, the energy carrier becomes 
one of the most essential parameters. Whether the energy carrier is a 
component in the energy system or not can be disputed. If the system is the 
building, only the energy or power demand may be of interest. However, if the 
environmental impact of a building is the parameter of interest the carrier is 
essential for the system performance. In general there are six categories of 
carriers: 

- Electricity 
- District heating 
- Oil 
- Natural gas 
- Biofuels 
- Solar heating 

Solar heating may not be called an energy carrier but is used here as a 
metaphor of systems using solar energy to provide hot water. The electricity 
and district heating in turn can be provided from different resources, e.g. 
hydro-power, nuclear power, waste incineration, heat-pumps, etc. The 
efficiency of those systems is essential for the overall efficiency of the building. 
Besides, the production mix is essential for the environmental performance, e.g. 
for the CO2 emissions of the building, as discussed in paper V.  

The distribution system represents the supply of heat or cooling to the rooms 
which can be done by using three principal systems; air, water or direct 
electricity systems. In the opposite of the energy carrier the distribution 
medium influences the local indoor climate. For example, the location of the 
supply air terminal device in a room is of great importance for the indoor 
climate when heat is distributed into the room by air.  

The different systems mentioned above are managed by one or numerous 
control systems. 

Occupants and appliances  
A household’s appliances will generate heat that will be utilised during the 

heating season and cause overheating during the cooling season. The amount of 
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appliances has increased in recent years and almost all of them use electricity. 
The bodies of the occupants will also generate heat that may be utilised for 
heating the building. Generally, people spend about 63 percent of their time in 
the dwelling during weekdays and 75 percent of their time during weekends5 
(Ellegård, 2002). The heat gain generated by occupants and their appliances is 
called the social load of the building; its importance for the thermal 
environment and energy demand is greater in low-energy buildings than in 
“ordinary” houses.  

Occupants are more than components; they manage the system and have 
great impact on the energy demand. There is no general rule that can be applied 
to occupants’ energy behaviour. Several studies argue that occupants’ energy 
behaviour is dependent on both cultural norms and technical possibilities 
(Aune, 2004; Ketola, 2001; Wilhite & Nakagami, 1996; Lutzenhiser, 1993; 
O’Sullivan & Vaughan, 1987). 

Regulations, ordinances and authority guidelines 
The energy demand in buildings will strongly depend on regulations and other 

authority guidelines. The Building Regulations (Boverket, 2002) published by 
the Swedish Board of Housing, Building and Planning provide mandatory 
provisions and general recommendations for design, planning and production 
of buildings. For example it regulates a highest acceptable U-value, minimal 
ventilation requirements (0.35 l/sm2) and gives recommendations about indoor 
temperatures for residential buildings (the advice is that the operative 
temperature should not be below 18ºC in the occupied zone).  

Regulations and guidelines do not change continuously and therefore they will 
constitute the framework for the building. But during a building’s lifetime they 
may change, which is for example exemplified with the European building 
energy performance directive. This directive will probably change the 
occupants’ awareness of the energy requirement of buildings and thus their 
energy usage pattern. 

                                           
5 The figures are derived from a study where every individual older than ten years in 179 
Swedish households wrote diary notes about their activities during two days.  
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5 Thermal comfort 
In this chapter comfort is explained and quantitative performance metrics of the thermal 
environment is described. The first part focuses on human comfort followed by a description of 
the comfort equation. In the end of the chapter the focus is broadened by discussing thermal 
environment in industrial production environments (electronic equipment environments and 
dairy). 
  

Low-energy buildings are buildings where the energy demand is decreased 
without deteriorating the indoor climate. In an attempt to categorise human 
comfort Stoops (2001) reviewed the concept of human comfort in his thesis6. 
He ends up with a point list with four main categories: Physical environmental 
variables, physiological variables, behavioural variables and psychological variables.  

The physical environmental variables consist of safety and security as a first level 
of need; the building should serve as a safe place. Further, protection against the 
elements is another important feature; if you stay dry and warm you raise your 
odds of survival in a vulnerable situation. These two variables are usually 
implicitly fulfilled. The thermal physical environment, which is the third part of the 
physical environment, is a combination of air temperature, temperature of 
surrounding surfaces, relative humidity, and air movement. These four variables 
are included in Fanger’s comfort equation (Fanger, 1970). Besides the 
temperature, low levels of odour, dangerous compounds, allergens, etc., in the 
air are essential for human comfort. The levels of such components in the air 
are tied to the air quality. The indoor climate is a term that summarises the thermal 
environment, the air quality, and the acoustic and light environment, which are 
also included in the physical environmental variables. Further, aesthetics and size 
of the room (or the building) can influence human comfort, as well as the 
controllability of such components as windows (Stoops, 2001). 

Among the physiological variables, metabolism is one of the most important. 
High levels of work will generate excess heat that can be used to heat the body 
or have to be chilled away. The metabolic rate is included in Fanger’s comfort 
equation. Age and sex are other variables that, according to Stoops (2001), 
appear not to be important variables. The time of the day, week or month can 
be of importance for the human comfort. The human body has a daily 
temperature variation, as has the outdoor climate. The health of the human and 
                                           
6 The thesis concerns office buildings but the categorisation can be applied to different kinds 
of buildings.  
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any medication can also be physiological variables that can change the body’s 
ability to accommodate variations in the environment (for example temperature 
variations). Last, humans acclimatise to different environmental conditions.  

Clothing level is one of the behavioural variables. It is included in Fanger’s 
comfort equation. The clothing level, along with activity and posture, is often 
changed in accordance to the temperature. If it is hot, we reduce the clothing 
level, and activity level. On the opposite end of the spectrum, we try to increase 
our activity if we are cold. Because comfort is more than temperature the 
location can affect perception of comfort. Sometimes we need visual contact 
with the surroundings and would like to be close to a window, sometimes we 
would like to be alone. The last behavioural variable in Stoops’ listing is the use 
of controls, which means for example the possibility to open windows and make 
the room comfortable. The last variable is often stressed as important from 
sociological studies (see further discussion below).  

The last set of variables is the psychological. In this set family or personal relations 
and relations at work or school are included. Stress and satisfaction about our situation 
are also included in this set of variables. Stoops (2001) focuses on office 
environments and thus the satisfaction with the working conditions is of 
importance. If we are satisfied with our home conditions, whatever they may 
be, this will influence the comfort conditions. Perception of control is a 
psychological variable that can be compared to the use of control among the 
behavioural variables. The perception of control means that we may not use the 
ability but we know that we can open the windows, turn off the heater, etc. 
Last, mental illness or psychosis will influence the individual sense of comfort 
(Stoops, 2001).  

It is clear from the description above that depending on who you ask the 
definition of comfort is different. And the meaning changes over time, 
depending on the present paradigm (Chappells & Shove, 2004). According to 
Chappels and Shove (2004), there are generally two principal ways to define 
comfort. If it is regarded as a specification that solves the heat balance equation, 
technical systems should be used to fulfil the requirements to reach comfort, 
which in the following sections is called the control approach. This can be made by 
using energy-efficient technical solutions to control the environment (Chappells 
and Shove, 2004). The other way is to use an adaptive model where the occupant 
adapts the climate and makes herself comfortable by using, for example, 
technical systems (Chappells and Shove, 2004). The challenge is then to design 
buildings with the opportunity to control the indoor conditions but still reach a 
low energy demand. In the following sections both the control and the adaptive 
approaches to comfort are discussed.  

5.1 Descriptions of comfort 
The thermal environment has been quantified by Fanger (1970) and others. It 

originates from the heat balance of a human body, which can be described as: 
Sbody = Mbody + Wbody + Qbody – Ebody – RESbody  
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where Sbody is the heat storage in body (W), Mbody is the metabolic rate (W), Wbody 
is mechanical work (W), Qbody is the heat exchange with the surroundings by 
conduction, convection and radiation (W), Ebody is evaporative heat loss (W) and 
RESbody heat loss by respiration (W). 

Human thermal comfort has been described by Fanger (1970) as a predicted 
mean vote (PMV) index. The predicted mean vote index is the mean votes of a 
large group of persons on a seven-point thermal sensation scale that is 
describing the thermal sensation from hot to cold (ISO, 1994; ISO, 2005). The 
index is based on heat balance of the human body as described above and can 
be determined if the metabolic rate, the clothing level, the air temperature, the 
mean radiant temperature, the relative air velocity and the partial water vapour 
pressure are known (ISO, 1994; ISO, 2005). If those parameters are known, the 
index can be calculated using the following equation.  
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Even when the PMV index is low, that is, when a large group of people think 
their thermal sensation is neutral – which is positive, there will always be a 
group of individuals that are dissatisfied. This is quantified by the predicted 
percentage of dissatisfied (PPD) index. The value of the PPD index is never 
lower than 5 percent and the relationship between the PMV and PPD index is 
described by the equation: 

( )24 PMV2179.0PMV03353.095100PPD ×+×−⋅−= e  (Eq. 5.2) 
The standard ISO 7730 (1994; 2005) proposes that the PMV equation 

(Equation 5.1) be set to zero to calculate the requirements on the physical 
variables: temperature, mean radiant temperature, relative air velocity, and 
partial water vapour pressure.  

The thermal comfort standard has been criticised for focusing on a western 
climate and having a “western” approach, using the technical systems to control 
the indoor environment instead of using an adaptive approach where people 
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can adapt to the present conditions (Olesen & Parsons, 2002). The PMV and 
PPD indices have shown good validity within laboratory studies but not to the 
same extent compared with field studies (Olesen & Parsons, 2002). Besides, it 
has been argued that measuring physical variables in a laboratory environment 
does not capture the occupants’ interaction with the technical systems (Cooper, 
1982). When the indices are used in field studies, one needs to approach the 
results critically. In a study where 20,000 individual comfort votes were 
compared to the PMV predictions it was found that there is a bias in PMV 
related to the mean outdoor air temperature according to a non-linear relation 
(Humphreys & Nicol, 2002). This can be explained by physical, physiological or 
psychological variables. Another condition that can affect the validity of the 
standard is that it applies to steady state-conditions, which is usually not the 
case. Human thermal response can contain a time lag that may produce a 
systematic prediction bias in the equation. It is proposed that the range of 
applicability should be mentioned in the standard to better show the validity of 
the PMV and PPD indices (Humphreys and Nicol, 2002). Adaptive models 
have been proposed for describing the correlation between a comfort 
temperature and the monthly mean outdoor temperature for different kinds of 
buildings, e.g. free-running buildings and climate-controlled buildings (Awbi, 
2003).  

In the new version of the standard ISO 7730 different PMV ranges are 
proposed for different buildings to account for the adapting to conditions in 
different types of buildings, climates and different working conditions, etc. 
(Olesen & Parsons, 2002; ISO 2005). The standard suggests, for example, that 
environments that can be controlled by the occupants may be designed for 
higher PMV values (ISO, 2005). Sometimes it can be reasonable to allow 
PMV/PPD values to vary outside the specified range, especially from an energy 
point of view.  

The heat balance model, as used in the control approach, has been criticised 
for looking at the human as passive recipient (Shove, 2003). Shove makes a 
social constructive analysis of the definition of comfort, and especially how it 
has evolved through history. She argues for an adaptive model where the 
occupant can modify the indoor climate and where the “desired” indoor climate 
is not decided by indices or standards. The convention that indoor climate 
conditions should be independent of the outdoor climate is for example 
exemplified by the increased use of air-conditioning units (Shove, 2003). The 
adaptive method differentiates from the control (or quantitative) approach in 
three principal ways: (1) the thermal sensation of the human body is not in 
primary focus. Instead it is the conventions according to which people order 
their environment. (2) Statistical methods are used in adaptive studies but the 
contexts in which the studies are made are clarified. (3) Studies of how people 
make themselves comfortable are methodologically open-ended because there 
is no physical variable that should be controlled. The climate conditions should 
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be controlled by the occupants and the focus for research should be on what 
can be mechanically treated (Shove, 2003). 

The adaptive model has some drawbacks. If comfort is to be predicted using 
simulation some sort of quantification has to be made. On the other hand, if 
using an adaptive approach it is not of interest to predict the comfort, because 
the occupants will adapt to the present conditions whatever they are. More 
interesting is to know how the climate is changing and if it seems reasonable to 
think that people have the possibility to make themselves comfortable. But 
some sort of quantification has to be done to design a proper building.  

Summarising the discussion above, one can define the two approaches in the 
following ways: The control approach answers the question “How should the 
technical system be organized to provide a specified level of comfort?” The 
adaptive approach answers the question “How should technical systems be 
organized to provide occupants the opportunity to make them comfortable?” 
Both approaches have their advantages and disadvantages.  

Besides the thermal environment, the quality of air is essential to the well-
being in a house. The air quality is affected by indoor air pollutants as described 
above. The classification of pollutants and their concentrations is beyond the 
scope of this thesis, and for further information the reader is referred to 
Nilsson (2003), Awbi (2003) or Goodfellow and Tähti (2001). The latter 
reference focuses on industrial environments and the two previous mainly on 
residential buildings. To remove indoor air pollutants ventilation, natural or 
mechanical, is used.  

5.2 Thermal comfort in other environments  
Environments other than residential buildings, for example food processing 

environments and electronic equipments facilities, will have different 
requirements on thermal comfort and air quality. There are in general three 
types of environments: (1) those where only the equipment or the products 
have requirements on the indoor climate, (2) those where workers have 
requirements on the indoor climate and (3) those where both the product or the 
equipment and the workers demand a specific indoor climate. Electronic 
environments, for example data centres, should have a steady temperature 
(typically about 20ºC) and relative humidity levels (typically about 50%±15%) 
to provide reliable functionality. They are mainly unoccupied, and thus no 
consideration has to be made for any workers. In food processing 
environments the product should be processed in a clean environment to avoid 
bacterial growth. For example, condensation should be avoided as it is an 
excellent environment for bacterial growth. In mechanical industries the main 
focus should be on workers’ health and to protect them from toxic compounds 
that may arise from the production processes. This protection should primarily 
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focus on removing the source of the pollutant and thereafter protecting the 
worker by different kinds of measures7. 

 

                                           
7 This is discussed in more detail in Goodfellow and Tähti (2001), among others. 
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6 Evaluation methods 
The evaluation methods used in the thesis are measurements, simulation, interviews, and the 
calculation of embodied energy and CO2 emissions. The methods are used individually and in 
combination. The input to simulations often relies on measurements. The results from different 
methods are compared and a combined evaluation is conducted. In this section each method is 
described in more detail with a discussion about uncertainty.  

 
Evaluation can be done in two main ways, quantitative and qualitative. In brief 

the former uses numbers and the latter words. In this thesis a case study of 20 
low-energy houses is reported, where both quantitative and qualitative methods 
have been used for the data collection, sometimes together. Quantitative 
methods do end in a numerical answer, a temperature value or a simulation 
result. One attempts to isolate the variable of interest from its environment, 
keeping measurement errors as low as possible. The reliability and validity for 
the experiment and the generalisation of the results are of great importance. 
Qualitative studies, on the other hand, are conducted under conditions that may 
be impossible to achieve twice. Using different methods together generates a 
reliable evaluation, and it is easier to find pitfalls and problems if results from 
different methods are compared. Besides, combining the results from different 
methods generates a comprehensive description of an object and as discussed 
in Chapter 2, the whole is more than the parts.  

6.1 Measurements 
The performance of a building is characterized by the several performance 

metrics and the value of several physical parameters. The work within this 
thesis is based on measurements of temperature, humidity, airflow, and electric 
power. The measurements methods are described below.  

6.1.1 Temperature  
The indoor temperature is one of the most important parameters when 

describing the thermal climate of a facility. The temperature was measured in 
three principal ways: (1) point measurement, (2) gradient measurement, and (3) 
whole-field measurement. The first uses thermocouples or resistance sensors to 
measure the temperature at a specific point. The second is performed by using 
several measuring points above each other to measure the temperature gradient. 
One of the configurations of gradient measurement is shown in Figure 6.1. The 

”Att mäta är att veta”
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third method utilises an infrared camera that takes a picture of the temperature 
field of an object.  

 
Three different devices have been used 

for the measurements:  
- Thermocouples 
- Resistance sensors or temperature 

probes 
- Infrared camera 

 
Thermocouples are made by using two 

different metals (or alloys) that are 
connected by soldering. At the point of 
junction there will arise a potential 
difference, which is dependent on the 
temperature. For the measurements 
reported in the papers, copper-constant 
thermocouples have been used (Type T). 
All thermocouples were manufactured 
from the same wire. The thermocouples 
were connected to a Datascan 7200 
measuring system and the output was 
stored continuingly during the 
measurement. All thermocouples use the 
same reference temperature, which is 
maintained in isothermal bars within the 
Datascan module (Measurement 
Systems, 1992). The accuracy of the 
thermocouples is ±0.1ºC. Thermo-
couples were used for point temperature 
measurement and measurement of 
temperature gradients (paper III). The 
temperature gradient measurement involved a pole that was equipped with 16 
thermocouples at different heights.  

Resistance sensors use the dependency between the temperature and the 
resistance of the material that is measured. However, the relation is not linear 
(Nawrocki, 2005): 

R = R0(1+aT + bT2 )  (Eq. 6.1) 
R is the resistance of the probe; R0 is the resistance at 0ºC, T the measured 

temperature, and a and b are material constants. For the purposes of this thesis 
Pt-100 and Pt-1000 probes were used, connected to Tinytag logging devices. 
Two types of devices were used, with 8 and 12 bits. The resolution and 
accuracy at 0ºC and 20ºC, respectively, for the devices are shown in Table 6.1.  

Figure 6.1. Measuring the 
temperature gradient in the kitchen in 
Lindås. The sensors are marked with 
white circles. 
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Temperature sensors have been used extensively in the studies, for example in 
Boström et al. (2003) and paper III. The time between each sample was 
different in different studies.  
Table 6.1 Resolution and accuracy for temperature sensors using 12 and 8 bits at 0ºC and 
20ºC (Intab, 2002) 

Number 
of bits 

0ºC 20ºC 

 Resolution (ºC) Accuracy (ºC) Resolution (ºC) Accuracy (ºC)
8 0.45 ±0.7 0.4 ±0.6 
12 0.05 ±0.5 0.05 ±0.45 
 

Any object will emit radiation heat that can 
be sensed by an infrared camera. This method 
can be used for whole-field measurements, 
e.g. measuring the temperature of a whole 
surface of an object at the same time. The 
infrared camera consists of a matrix of 
detectors. The spatial and temperature 
resolution is important for the quality of the 
picture. The camera used in this thesis has 
320 × 240 pixels and a thermal resolution 
below 0.1ºC, which is recommended as a 
minimum (Cehlin, 2006; Cehlin et al. 2002).  

The total radiosity, J, from an object is 
connected to the temperature as: 

( )GEJ b εε −+= 1  (Eq. 6.2) 
where ε is the emissivity (ε is equal to 1 for a black body), G is the irradiation 

(see Figure 6.2), and Eb the emissive power from a black body: 
4TEb σ=  (Eq. 6.3)  

Considering a black body, which does not reflect any radiation, J will become 
equal to Eb in the equation above and the radiosity is then related to the 
temperature by Equation 6.3.  

Inserting Equation 6.3 in 6.2 the relationship between temperature and 
radiosity becomes 

( )GTJ εεσ −+= 14  (Eq. 6.4) 
In addition, the radiosity from the object is affected by the absorption of the 

atmosphere between the object and the camera. With this included the equation 
becomes: 

( )GTJ a τεεστ −+= 14  (Eq. 6.5) 
where τa is the transmission coefficient. For correct temperature 

measurement, it is necessary to compensate for these obstacles. This is done 

 
Figure 6.2.Irradiation, G, and 
radiosity, J, from a surface with 
temperature T. 
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automatically by the camera, assuming that the emissivity for the measuring 
screen, the surrounding temperature and the distance between the camera and 
the object are set correctly. 

For the measurements an AGEMA 570 IR camera was used. The camera has 
a Focal Plane Array (FPA) detector, with 320 x 240 pixels, sensitive to long-
wave radiation (7.5–13 µm). This wavelength is suitable for detecting room 
temperature radiation (≈293 K). The error of the measurements by the IR 
camera depends on the prevailing measurement conditions. However, the error 
due to noise in the camera is estimated to be around 0.2ºC for the camera used 
in this work.  

6.1.2 Relative humidity 
Relative humidity is the relation between the weight of water vapour in a 

volume and the weight of water vapour present in the same volume of air 
saturated with water vapour, at the same temperature and pressure.  

Amount of water vapour present in a given volume of air  Relative 
humidity = Amount of water vapour at saturation in the same volume 

of air (p and T constant) 

×100

 
The relative humidity was measured by using Tinytag logging devices that use 

a capacitive hygrometer. This kind of sensor measures the capacitance between 
two plates, where a thin polymer film is used as the dielectric. The dielectric 
constant of the polymer film changes linearly with humidity. The device is long-
lived and has a fast response time (Dunn, 2005). The sensor used has an 
accuracy of ±3% at 25°C and a resolution of 0.5% (Intab, 2002).  

6.1.3 Airflow 
Air velocity measurements have been used to quantify the airflow through 

supply and exhaust devises in the study. A hot wire anemometer and a sleeve 
coupled hot wire anemometer have been used in the studies.  

In a hot wire anemometer the flowing fluid, i.e. air, is aimed to cool a heated 
wire. The obtained temperature difference compared to the surroundings is 
reciprocally proportional to the mass flow (Lindahl & Sandqvist, 1996). The 
energy balance for a hot wire in equilibrium conditions can be written as 
(Doebelin, 1990): 

( )fww TThARI −=2  (Eq. 6.6) 

where I is the wire current (A), Rw the wire resistance (ohm), h the heat 
transfer coefficient (W/m2K) and A the heat transfer area (m2). T is the 
temperature (ºC) of the wire, w, and fluid, f, respectively. The heat transfer 
coefficient in Equation 6.6 is a function of the airflow velocity with the general 
form 
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υ10 CCh +=  (Eq. 6.7) 

where C0, and  C1, are constants and υ  the fluid velocity.  
The airflow measurements in the low-energy building (paper IV) were 

performed according to the guidelines in Johansson and Svensson (1998). First, 
the air velocity was measured in the supply and exhaust system. At the upper 
floor the supply air was measured by using a hot wire anemometer (SwemaAir 
300). The measuring range for this device is 0.1 to 30 m/s between -10 and 
+45ºC. The accuracy is 0.04 m/s for velocities below 1.33 m/s and 3% of read 
values above 1.33 m/s. Because of a problem in finding a suitable place to 
measure the velocity in the channel (the channel is placed in the framing of 
joints), the velocity was measured outside the supply air device. The supply 
device was divided into 3×7 squares, 6×6 cm each (Figure 6.3) and the hot 
anemometer was placed 5 cm from the device. The mean airflow velocity was 
calculated and multiplied with the total area of the supply device. The error of 
method is estimated, according to similar methods, to 8 percent (Johansson & 
Svensson, 1998). 
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Figure 6.3. Subdivision of the supply air device during the airflow measurements.  

In the study of the low-energy building the supply airflow in the living room 
and the exhaust airflow were measured by using a sleeve coupling hot wire 
anemometer. The variation in airflow during the measurements was low, below 
±6% in all cases except one with variations to -10% the average value. Three to 
six measurements were made for each supply or exhaust device.  

6.1.4 Tracer gas measurements 
Tracer gas methods use some sort of gas, for example nitrous oxide (NO2), 

sulphur hexafluoride (SF6) or carbon dioxide (CO2), which is induced in the 
room and the concentration is measured by some sort of measuring device. The 
concentration is related to the amount of fresh air that is supplied to the room. 
There are four principal methods: decay method, constant concentration, 
constant mass flow and passive methods (Etheridge & Sandberg, 1996). 
Constant mass flow method is not discussed in this thesis.  

The change in concentration of a gas or anything else, assuming complete 
mixing, in a space can be written as (Etheridge & Sandberg, 1996): 
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CqCqm
dt
dCV vsv ⋅−⋅+= &  (Eq. 6.8) 

where V is the volume (m3), C the concentration of tracer gas in the volume, 
(kg/m3), m& the massflow of tracer gas into the volume (kg/s), qv the airflow into 
the volume (m3/s) and Cs the tracer gas concentration in the supplied air 
(kg/m3). 

When using the constant concentration method the tracer gas is supplied to the 
room until it reaches the specified concentration. A control system is used to 
control the mass flow into each zone and keep the tracer gas concentration 
constant. For the constant concentration method there is no change in 
concentration and thus the left-hand side of Equation 6.8 is zero. Assuming no 
tracer gas in the supply air, Equation 6.8 can be rewritten as: 

C
mqv
&

=  (Eq. 6.9) 

From Equation 6.9 the ACH can be derived by extending the equation with 
the volume: 

CV
mACH
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&&  (Eq. 6.10) 

For the decay method there is no input of tracer gas and m&  is zero as well as the 
concentration in the supply air. This means that Equation 6.8 can be rewritten 
as: 

( ) ( ) τ
τ V

qv

eCC
−

= 0  (Eq. 6.11) 
The inverse of the exponent qv/V is the nominal time constant for the 

volume. 
The concentration is measured continuously after the supply of tracer gas is 

turned off. The slope of the measured concentration is a measure of the air-
change rate in the volume. The decay method can be used to calculate the local 
average of the air as well as the air-change rate (Etheridge & Sandberg, 1996). 
The local average age is calculated according to  

0

0

C

Cdt

p

∫
∞

=τ  (Eq. 6.12) 

where the numerator is the area beneath the decay curve and C0 is the tracer 
gas concentration at t = 0. 

The last method used in this thesis is homogenous constant emission, where the 
tracer compound is contained in small containers. The tracer gas is released 
with constant speed to the room air continuously. Diffusion samplers will reach 
the same tracer gas concentration as the surrounding air at steady state and this 
concentration is then analysed (Stymne & Eliasson, 1991). No tracer gas is 
found in the supply air, and at steady state the concentration is constant, thus 
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Equation 6.8 can be rewritten as (the superscript ∞ shows that it is the steady-
state concentration) 

∞

=
C
mqv
&  (Eq. 6.13) 

If the tracer gas emission is proportional to the zone volume, the air mean 
age,τ , can be calculated using Equation 6.14 where k is a proportional constant 
(Stymne et al., 2002; NORDTEST, 1997). 

∞∞ ==⇒== C
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1τ&  (Eq. 6.14) 

Tracer gas measurements according to the constant concentration and decay 
methods were performed using equipment from the Swedish National Testing 
and Research Institute (SP). The equipment consists of a ventilation chamber 
with 10 valves for tracer gas supply and 10 valves for collecting air samples. The 
tracer gas is supplied to the room by small fans, shown in Figure 6.4. The gas 
analyser measures the absorption of IR radiation of the inhaled air. The tracer 
gas, nitrous oxide, and the inhaled air are transported through 25 metres of 
tubing. A sample of the room air from each room was taken, measuring the 
tracer gas concentration. This value was then used as input to the control 
system for the next injection of tracer gas, depending on which method was 
used (Lundin, 2003).  

 
Figure 6.4. Tracer gas supply fan. 

The measurements according to the homogenous constant emission method 
were performed using 52 diffusion sources with a constant tracer gas emission 
rate that were distributed throughout the building. Samplers were placed in 
different rooms and in some of them at three different heights, in order to 
investigate a possible difference in the local mean age. Further description of 
the measuring procedure is found in paper IV.  

6.1.5 Power 
The power, P, is connected to the voltage, Ue, and current, Ie, as 
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ϕcos⋅⋅= ee IUP  (Eq. 6.15) 

where cos φ is called the power factor. Power was measured indirectly by 
measuring the current continuously at one phase. These values are then 
multiplied by the power factor, which was measured instantaneous at the same 
phase, and the voltage neutral, i.e. the voltage between phase and ground. The 
samples were stored in a Tinytag measuring device connected to a clip-on 
ammeter with an accuracy of about ±2.5% (Franzén, 2005). 

6.1.6 Measuring objects in use  
The studies made in this thesis involve measuring physical variables in objects 

that are in use, the low-energy house was visited and power failures appear 
during the measuring period. In no case has a laboratory set-up been used. The 
measurements from the low-energy house were performed in a house for 
measuring purposes, which means that the energy usage was well known and 
the number of visits were noted. Nevertheless, there were problems with the 
measuring instrumentation (for example, we ran out of tracer gas) and several 
power failures during the early winter in 2002 made the indoor temperature 
sometimes fall down to 16°C. A distinction can be made between well-known 
conditions and the controllability of the conditions. The latter is almost impossible 
when measuring objects in use but the first is possible to achieve by measuring 
the conditions. For example, the power failures mentioned above were found 
by measuring the power demand at the same time as the temperature. Further, 
the visits to the building were noted by the visitors, which makes it possible to 
compensate for this. That is, it is important to measure some other physical 
variables that describe the conditions that are important for the main physical 
variable.  

6.1.7 Quantitative uncertainties  
Measuring physical variables is related to error analysis. Every measurement 

will involve some inaccuracy or uncertainty. The definition of a measurement 
error is the deviation of the measurement result from the true value of the 
measurable quantity (Rabinovich, 2005). Thus, the absolute error, ∆x, is defined 
as  

∆x = xx −  
where x is the true value and x is the measured value. 
Considering two measurements with the same absolute error, 1 m/s, but with 

a best estimate of 2 and 10 m/s, respectively, it is obviously that the first 
measurement has poorer quality in terms of relative error than the latter. The 
quality of a measurement is thus dependent on the ratio of ∆x to x and a 
fractional or relative uncertainty is defined as (Taylor, 1997): 

( )0x  ≠
∆
x
x  
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As it is impossible to know the true value, it is impossible to know the error 
according to the definitions above. The uncertainty of a measured value is then 
defined as an interval within which a true value is expected to lie with a given 
probability. However, the term error is sometimes used in the sense of 
uncertainty (Taylor, 1997). The final error in a measurement depends on the 
imperfection of each component in a measurement. That is, measurement 
errors can be divided into three main types; methodological errors, instrumental 
errors and personal errors (Rabinovich, 2005): 

∆x = ∆xm + ∆xi + ∆xp  (Eq. 6.16) 
Methodological errors can arise from discrepancy between the desired measured 

variable and the value obtained from the measurement. For example, if a 
temperature sensor is to measure the indoor temperature but the sensor is 
exposed to radiant heat from a window, it will show a lower measured value 
than the true value. To avoid methodological errors verified method 
descriptions can be followed. Instrumental measurement error depends on the 
shortcomings of the instrument, for example the inaccuracy, and the bias of the 
instrument. Instrumental errors are found in specifications for the instrument. 
Finally, personal errors have their origin in the fact that people do the 
measurements, yielding individual errors characterized by that person. In this 
kind of errors also the instrument reading is included. With digital instruments 
the error corresponds to the number of decimals and the influence from the 
person is usually insignificant.  

Measurements with different kinds of devices are connected with random and 
systematic errors. Random errors are the difference between the average value 
and the standard deviation. Sometimes the value of a variable will be 
overestimated during a measurement series, sometimes underestimated. To 
avoid the effect of random errors several measurements can be made. 
Systematic errors may be due to bias in the measuring device. In other words, it 
is the difference between the average value and the true value. Systematic errors 
are sometimes difficult to find if we do not know the true value, which 
especially is the case in field measurements (Taylor, 1997). To avoid this 
verified methods are used, which are written in a way that should prevent the 
occurrence of systematic errors. Figure 6.5 exemplifies the occurrence of 
random and systematic errors.  
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Figure 6.5. Description of random and systematic errors on the analogy of target practice 
(Taylor, 1997). 

Propagation of uncertainties 
If two or more physical quantities are measured individually and then the 

product between them is used for calculation, the error for the product has to 
be calculated too. The error from one measurement will then propagate until it 
reaches the final answer.  

For sums and differences the uncertainty for each variable is summed up to 
find the final uncertainty. The probable value of yxz +=  is  

x + y ± (∆x + ∆y)       ∆x, ∆y ≥ 0 
Thus, the best estimate is  

z = x + y 
and its uncertainty is  

∆z = ∆x + ∆y 
By using the triangle inequality it can be shown that the error of the sum or 

difference, ∆z, is (Taylor, 1997) 
yxz ∆+∆≤∆  (Eq. 6.17) 

or for an arbitrary number of variables 

∑
=

∆≤∆
n

i
ixz

1
 

Propagation in products and quotients uses the fractional error. The largest 
value from the equation z = xy is 
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If the fractional errors in x and y are small, the last expression within the 
parenthesis is small and can be neglected. The smallest value of z is given by the 
same expression but with two minus signs and the concluding expression is 
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using the triangle inequality it can be shown that the uncertainty for 
multiplication and quotation is never larger than (Taylor, 1997) 
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 (Eq. 6.19) 

For each measurement the total error according to Equation 6.16 is calculated 
for each variable and then for the final function. In the next section the final 
probable uncertainty for each physical variable is discussed.  

6.1.8 Uncertainties in measurements of physical variables 
The uncertainties for the different physical variables are discussed and 

summarised in Table 6.2 at the end of the chapter.  

Temperature & Humidity 
The methodological error connected to the temperature measurement is 

depending on what temperature is aimed to measure. In this thesis the air 
temperature is of main interest. It is important to remember that a temperature 
sensor only measures its own temperature. If this statement is considered 
during the measurement setup the methodological error can be minimised. For 
a stand alone measuring device the influence of radiation and convective heat 
transfer is important for the measured value. For conditions prevailing in the 
present study the error due to radiation to surrounding surfaces is small due to 
small temperature differences between air and surrounding surfaces. However, 
the Tinytag logging devices use coated sensors, which further decrease the 
influence of radiation heat transfer. The airflow velocities are generally low, 
except for temperature measurements near the supply airflow devices. 
Calculating the total uncertainty with accuracy levels according to the device 
supplier gives a total uncertainty of about 0.5ºC to 0.7°C depending on the 
number of bits in the logging device. The total uncertainty connected to the IR-
camera temperature measurement is estimated to be about 0.5°C, depending on 
the possibility to compensate for the surrounding conditions. 

The methodological error of the relative humidity measurement is assumed to 
be 5 percent. This gives a total uncertainty of about 6 percent.  

Airflow  
The airflow is calculated by measuring the airflow velocity and multiplying by 

the area. The error of the measuring device is 5 percent. The error of method is 
8 percent for supply air measurements and 5 percent for exhaust airflow 
measurements (Johansson & Svensson, 1998). Finally, the resolution of the 
measuring device was 0.05 m/s. The total uncertainty is calculated as the mean 
square root from the sum of square of the errors, which is then dependent on 
the airflow measured.  
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Air exchange by tracer gas 
Three methods for tracer gas measurements have been used, as described 

above. The uncertainty for the constant concentration method is 10 percent 
(Lundin, 2003), for the decay method it is between 10 and 20 percent (Sandberg 
et al., 1995), and finally, for the homogenous emission technique the 
uncertainty is about 15–20% (Stymne et al., 2002).  

Electricity 
The electricity is measured indirectly by measuring the current continuously 

with an accuracy of ±2.5%. The power factor is measured instantaneously with 
an accuracy of ±2.5%. It is assumed that the power factor and the voltage are 
constant during the measurement. The personal errors are small and therefore 
neglected. Using Equation 6.19 and multiplying the uncertainties we end in a 
total uncertainty of about 5 percent.  

 
Table 6.2. Uncertainties of different physical variables for measuring range used in this thesis. 

Physical variable Uncertainty  
Temperature ±0.5ºC – ±0.7°C  
Relative humidity 6%  
Airflow 10–15% (Johansson & Svensson, 1998)
Tracer gas, constant 
concentration 

10% (Lundin, 2003) 

Tracer gas, decay method 10–20% (Sandberg et al., 1995) 
Tracer gas, homogenous 
emission 

15–20% (Stymne et al., 2002) 

Electricity 5%  
 

6.2 Building Energy Simulation 
A building is a complex system where several sub-systems integrate and the 

influence from different kinds of parameters, such as weather conditions and 
activity inside the house, is considerable. Measuring all these variables is 
economically and practically impossible. Besides, it is impossible to predict how 
the system may react if something is changed within or outside the building. 
With a simulation it is possible to predict the building performance within 
economical and practical limits. Simulation is a numerical experiment on a 
mathematical model. It is used to find out what the results would be if the input 
or the model is changed. The result from a simulation has to be evaluated for 
adjustment of input parameters. It is common to make several simulations and 
analyse the results (Gustavsson et al., 1982). In this thesis a particular set of 
simulation programs, building simulation programs, are considered. 
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Building simulation programs can be divided into four groups: (1) stand-alone 
applications, (2) interoperable, (3) run-time coupled, and (4) integrated 
(Citherlet, 2001). Stand-alone applications are characterized as interdependent 
models in independent applications are used to represent a project. That is, two 
or more models of the same project have to be created. A change in the first 
model that changes the assumptions for the second program will not be 
included in the second computer model. Interoperable applications can share 
information, for example by using the same model or by exchanging data 
between two computer models. The latter is exemplified by a CAD model that 
can be used by another program (or programs). For both processes a great 
effort has to be invested in translating, updating and managing data that is 
transferred between the applications. Coupled programs are likely to be 
interoperable, but the link between the two domains is made automatically and 
the results from the second program are transferred dynamically into the first 
program. That is, the first program uses the calculating engine in the second 
program. An example of coupled programs is Radiance and ESP-r, where 
Radiance is an application that calculates the solar irradiation and solar 
distribution in a zone. The result can be incorporated into an ESP-r simulation 
automatically. The last group of programs is integrated programs, which have the 
possibility to simulate different domains within the same program. The 
advantage is that only one model is needed, which simplifies the data 
management and any modification of the model is only implemented once. The 
interface could include all possibilities and the user does not need to go into 
another application to see the model from another view. The disadvantage is 
that when the model complexity increases, the amount of data needed increases 
too.  

Coupled and integrated programs are the only ones that take into account the 
dynamic behaviour of a building because the interrelations in the project are 
dynamic (Citherlet, 2001). Another term for coupled or integrated programs is 
whole-building energy systems programs, which try to include as much as 
possible regarding building physics, plant systems, occupants’ activities and 
other aspects. Sometimes the system border is widened, including energy 
transformation such as photovoltaic panels and a heating boiler (Clarke, 2001). 
There are several energy simulation programs available, for example DEROB-
LTH, EnergyPlus, ESP-r, IDA ICE and TRNSYS. The last four are included in 
a minute survey of the program capabilities made by Crawley et al. (2005). 
There are several studies that compare different capabilities of building energy 
simulation programs, for example Wall (1997), where the predictions of indoor 
temperature, shading, and solar distribution are compared for four programs 
(DEROB-LTH, SUNREP, FRES, and tsbi13), and Chow et al. (1994), who 
present a comparison between DOE, ESP-r and BLAST where an office 
building and a lecturer’s office are simulated. In paper VII ESP-r was used 
alongside DEROB-LTH and IDA ICE in a project that was aiming to compare 
the annual energy demand predicted by three different building energy 
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simulation programs and discusses strategies for improved reliability of 
simulation results.  

For this thesis ESP-r (Environmental System Performance, research edition) 
was chosen. The program has emphasis on building physics and is general, 
making it possible to model several problems. Besides, the program has a policy 
of open source code which makes it usable for research purposes. The program 
will be further described in the next section. 

6.2.1 ESP-r  
ESP-r was developed at the University of Strathclyde in Glasgow by Professor 

Joe Clarke. The ambition has always been to try to involve as much as possible 
of the system, the building and its subsystems (Clarke, 2001). The program is 
built around a project manager that organizes the communication between 
different modules of the program (see Figure 6.6).  

 
Figure 6.6. ESP-r structure (based on Citherlet, 2001). 

ESP-r has been validated and compared to other programs in several studies 
(Strachan, 2000). Both intermodal comparison against other simulation 
programs (for example, within IEA Annex 1 and 10) and to measured data (for 
example, within IEA Annex 4). Some of the validation studies involved test cell 
facilities (for example, IEA Task 8). Within IEA Annex 21, both empirical data 
from test cells was used for empirical validation and an intermodal comparison 
(BESTEST) were performed (Strachan, 2000). In both studies the importance 
of internal convection coefficients was shown. The PASSYS project involved 
development of a validation methodology with code checking, sensitivity 
studies, intermodal comparison, analytical and empirical validation. The object 
for the analysis was the PASSYS test cells located at 14 sites in 11 European 
countries. It was found that because of thick walls 2- and 3-dimensional 
conduction were of importance (Strachan, 2000). Apart from those studies and 
other empirical validation and comparison studies with test cells, offices and 
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houses, different parts of the program have been validated in PhD theses on, 
for example, individual plant components, network airflow models, adaptive 
gridding, etc. (Strachan, 2000).  

6.2.2 Other studies using ESP-r 
ESP-r has been used for several studies, ranging from small objects and 

components to large building complexes with several numbers of zones.  
In an article from 1995, the ESP-r system is described as a tool for demand-

side simulation. A case study, a model of a low-energy building, exemplifies the 
capabilities of ESP-r. The model consists of solar panels, a power flow network, 
a plant network and an airflow network. This gives the opportunity to 
investigate the “integral system” aspects (Clarke et al., 1995).  

In a study from 1998, passive and active renewable technologies were applied 
to an old building under refurbishment. The aim was to find the optimum mix 
of passive and active energy (Clarke et al., 1998). Advanced glazing, daylight 
utilisation through luminaire control, transparent insulation, photovoltaic cells 
and roof-mounted ducted wind turbines were analysed. The renewable energy 
systems were found to be capable of fulfilling the energy needs during spring, 
summer and autumn but required auxiliary electricity during wintertime (Clarke 
et al., 1998). In another study, the solar irradiation on inclined surfaces, solar 
collectors in South China, at different tilt angles and orientations was predicted 
by ESP-r (Chow & Chan, 2004). ESP-r was used to predict the monthly and 
annual solar irradiation.  

Different windows have been modelled in ESP-r to evaluate the influence on 
energy demand and thermal comfort. A study of the performance of a 
ventilated window utilised the airflow network model (Leal, 2004). The 
window, called the SOLVENT window, has a conventional double clear glazing 
on one side and an absorptive glazing on the other side of an air channel. The 
window can be rotated in such a way that the absorptive glazing faces indoors 
in winter mode and the opposite in summer mode. The air channel was divided 
into a number of zones with corresponding airflow network nodes, and the 
effect of the number of zones on the result was evaluated. Further, the method 
for calculating the heat transfer coefficients and the values of local pressure 
coefficients was changed. The paper shows that the number of zones was the 
most essential parameter if a ventilated window is to be simulated in a building 
energy simulation program (Leal, 2004). Another study involved supply air 
windows that are used to preheat supply air (McEvoy & Southall, 2005). A 
CFD simulation predicted the U-value of the outer pane to the environment 
and thermal comfort within the building. ESP-r was used to predict the possible 
preheating potential with and without solar gain (McEvoy & Southall, 2005).  

A building that integrates photovoltaics (PV) with an air gap behind (used for 
cooling the PV panel to increase the electrical output) situated at a hotel 
building in Macau was modelled by Chow et al. (2003). Different design options 
were evaluated to maximise the electricity output from the 260 m2 solar cells. 



 

58 

The differences between different designs were found to be small, but an 
option with an air gap open at all sides appeared to be the best choice because 
of its simple design and its effectiveness in reducing the space cooling energy 
consumption (Chow et al., 2003).  

The storage capacity and the possibility to store solar energy in phase change 
materials-gypsum panels were investigated by Heim and Clarke (2004). The 
paper reports on development of the ESP-r program. The reported simulation 
utilised the special materials facility in ESP-r that makes it possible to model 
building elements that have the ability to change their thermo-physical 
properties. The result shows that the temperature fluctuations decreased and 
heating energy demand was reduced (Heim & Clarke, 2004). Another study that 
utilised the heat storage capacity of a building describes the design of a passive 
cooling system by night ventilation. A parametric model and a building 
simulation model were compared to measurements (Pfafferott et al., 2003). The 
ESP-r model provides accurate results but it is concluded that user behaviour 
results in energy and temperature variation in the same order of magnitude as 
different designs and operation strategies (Pfafferott et al., 2003). 

The building’s environmental performance is not only a matter of the energy 
demand and the environmental impact from energy production. The material 
used in the building body does have an impact on the environment, too. ESP-r 
aims to be a whole building simulation tool and thus the environmental impact 
has been included in the program (Citherlet & Hand, 2002). A Life Cycle 
Impact Assessment (LCIA) is possible to simulate for the materials chosen in 
the model and the simulated energy demand of the building. In the same paper 
an implementation of an acoustic model, depending on the material properties, 
is described (Citherlet & Hand, 2002).  

Simulation is often used as a decision support tool. ESP-r has been used as a 
decision support tool for use by policy makers to improve the energy efficiency 
of the Scottish domestic sector (Clarke et al., 2004). The building stock in 
Scotland was divided into several thermodynamical classes, for which a 
representative model was formed. The energy performance of each class was 
simulated using ESP-r. Window size, insulation level, thermal capacity level, 
capacity position and air permeability were used as parameters that were varied 
in the simulations. In addition, future climate change and improved standard of 
living could be changed in the simulation. The outcomes of the simulations 
define the possible performance of the total housing stock (Clarke et al., 2004).  

The studies reviewed above show that ESP-r is a strong program that can be 
used within different contexts and is applicable to different problems. Different 
system levels have been issued for the studies, as both components, the 
building as a whole and a study involving the building sector are represented.  

6.2.3 Physical models 
ESP-r uses the finite volume method for description of reality. The building 

and its parts are divided into finite volumes and the relationship between the 
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volumes is set up. Each volume consists of a node in the middle and 
delimitations from the surroundings. In Figure 6.7 this is exemplified by a 
block. Each side of the block is connected to its surroundings by mathematical 
relations.  
 

 
Figure 6.7. A block with numerical connections to its surroundings. 

The mathematical relations between the nodes are organized in a matrix in 
which the equations are structured as Aθn+1 = Bθn + C, where A is the matrix 
describing the next time step, B the current time step and C contains the 
known boundary conditions. Both relations in the building physics domain and 
plant system relations are thus calculated at the same time. A direct solving 
method is used to solve the matrix equation. ESP-r uses the Crank-Nicolson 
discretization scheme, which uses a weighted average of the fully explicit 
scheme and the implicit scheme (Clarke, 2001). A multi-layered structure is 
represented by one node in the middle of each layer and one at each surface, 
that is, an N-layer construction is represented by 2N+1 nodes.  

The mathematical relationships between different nodes are essential when a 
simulation program is evaluated. In the following section some of the most 
essential models used within ESP-r are described. In Clarke (2001) and ESRU 
(2001) a more extensive description of the program can be found. Besides, 
many of the models are described in several theses, of which some are referred 
to below.  

Conductive and convective heat transfer 
Referring to Figure 6.7 above, the relationship between two volumes can be 

conductive, which is the case in a wall where materials are connected to each 
other in the wall composite. The heat transfer is described in one dimension by 
the relationship (Clarke, 2001): 

( ) xxxxxxxxx dAkq ,11,1,1 /~
−−−− −= θθ  (Eq. 6.20) 

where k~  is the average internodal conductivity (W/mK), d the internodal 
distance in the direction of heat flow (m) and A the area volume facing in the 
direction of heat flow (m2).  

If the heat capacity and any heat generation are included in Equation 6.20 and 
the space (area) and time steps (for the heat capacity) approach zero, the 
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resulting equation is the Fourier Field Equation with heat generation in three 
dimensions for volume I:  
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(Eq. 6.21) 
Some layers in the construction will be exposed for a fluid, i.e. air, and thus 

convective heat transfer, which is described as (Holman, 2002): 
( )xxxcxx Ahq θθ −= −− 1,1  (Eq. 6.22) 

The heat transfer coefficient, hc, is described by the Nusselt number and 
dependent on for example the fluid velocity and thermo-physical properties of 
the fluid (Holman, 2002). 

Depending on if the fluid flow is buoyancy driven or forced, or a mix between 
them, and if the surface is horizontal or vertical, the heat transfer coefficient, hc, 
is described by different expressions (Leal, 2003; Clarke, 2001; Beausoleil-
Morrison, 2000). In ESP-r it is possible to choose your own heat transfer 
coefficient. There are also some predefined equations for different conditions, 
i.e. assisting or opposing forces near a wall, buoyant flow near a floor or the 
ceiling (Beausoleil-Morrison, 2000).  

For a vertical wall the following general expression for the heat transfer 
coefficient is used:  
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where d is given by the surface height.  
 

The corresponding expression for a horizontal surface is given by: 
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 (Eq. 6.24) 

 
Those equations are valid over the range 104 < GrPr < 1012.  

 
The ESP-r system has a built-in CFD solver which can be used to predict the 

surface conditions. The conditions near the wall can be used for calculation of 
heat transfer coefficient in a more accurate way than when using the equations 
described above. This solver has not been used in this thesis.  
 
External structures are using the expression: 
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where a, b, and n depend on the wind velocity, υ, see Clarke (2001) 
 

Fluid flow 
Fluid flow is either water flow, for example in a heating system, or an air flow, 

i.e. for ventilation purposes. Ventilation, as well as infiltration, can be specified 
as an airflow rate in a schedule. The airflow can be assigned a specified 
temperature or another node or outdoor temperature. Another possibility is to 
make a node network with the nodes representing zones (or part of zones), 
ambient conditions and equipment connection points. Internodal connections 
are defined by components that give the mass flow rate as a function of the 
pressure difference across the component (Clarke, 2001). The flow between 
nodes can be buoyancy driven or driven by fans, etc. The buoyancy-driven flow 
between two zones, named n and m, arise from temperature and height 
differences according to Bernoulli’s equation (Hensen, 1991): 

( ) ( )
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 (Eq. 6.26) 

 
The component models have the form of 

( )xpkam ∆=&  (Eq. 6.27) 
where k is an empirical constant, a is a characteristic dimension, ∆p the 

pressure difference and x an empirical exponent (Clarke, 2001). The airflow can 
only go in one direction for most of the models. However there is a doorway 
model, where the airflow can occur in both directions. The model used is 
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where CD is the discharge coefficient, w is the opening width, z the height, and 
Ca, Cb, and Ct describes the forces due to pressure difference and thermal 
stratification (Clarke, 2001).  

It is possible to create a CFD model within ESP-r to render simulations of air 
movements within the zone possible. However, this function has not been used 
in this thesis.  

Weather 
A file with climatic conditions is used as boundary conditions for the 

simulation. It comprises hourly data, including outdoor dry bulb temperature 
(°C), relative humidity (%), diffuse and direct solar radiation (W/m2), wind 
direction (°) and velocity (m/s). In addition, latitude and longitude for the 
object should be specified.  



 

62 

The boundary conditions for an air fluid flow network are either constant 
values or wind-induced pressure distribution at boundary nodes. The pressure 
distribution is predicted from the wind speed, direction and vertical velocity 
profile. In the climate database, velocity and direction is found. The 
geographical situation, such as an exposed or sheltered wall, is chosen in the 
program according to the exposure and building length-to-width ratio. The 
pressure coefficients are given in intervals of 22.5º (Clarke, 2001). The surface 
pressure is derived from the expression (ESRU, 2001):  
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=  (Eq. 6.29) 

where the pressure coefficients, pid, for surface i are found in a pressure 
coefficient database. The wind velocity, υr, is derived from the climate file and 
recalculated from the reference height of 10 metres to the local height (Hensen, 
1991; Clarke, 2001).  

Solar process – Daylight, shading and solar irradiation 
The direct and diffuse radiation is available from the climate input file. The 

building will receive radiation through transparent constructions and transfer 
absorbed radiation heat in opaque constructions. The ground-reflected 
component is calculated by a view factor and a ground reflectivity component 
(Clarke, 2001). Solar flux coming into a zone is absorbed, transmitted and/or 
reflected depending on the receiving surface. The reflecting flux to other 
internal surfaces is calculated using zone view factors. Direct and diffuse 
components are separately calculated. When the beam enters the zone, the 
direction is lost. Long-wave radiation is calculated in the same way but treated 
separately.  

The solar irradiation pattern on a surface is dependent on the ambient 
conditions. Any structure that obstructs the solar beam has to be included in 
the model. The shading pattern on external and internal surfaces is calculated 
by ESP-r and it is possible to obtain a two-dimensional shadow image (Clarke, 
2001). For the prediction of internal illuminance distribution ESP-r can 
exchange data with the RADIANCE system (Clarke, 2001); this has not been 
done in this thesis.  

Casual heat sources 
Casual heat sources include lights, equipment and occupants. The sensible and 

latent load for each source should be given as well as the distribution between 
radiant and convective heat. The radiant and convective heat gain to the zone at 
each time step is then given by (Clarke, 2001): 



63 

∑

∑

=

=

=

=

M

i
iSiconvective

M

i
iSiradiant

CQQ

RQQ

1

1  (Eq. 6.30) 

where QSi is the sensible flux output for gain i (W), R the radiant portion and 
C the convective part of the output flux. 

The distribution of the heat sources is put into a schedule for weekdays and 
weekends, respectively. All weekdays have to be treated alike. There is an 
option to make a casual heat distribution file where the distribution at each time 
step is given, but it has not been used in the work presented in this thesis.  

HVAC systems 
Heating, ventilation and air conditioning (HVAC) systems can be modelled 

using mass flow networks or plant networks in ESP-r. As for the building 
envelope and the mass flow network, a node network is applied when 
simulating plant networks as well. Each part of the plant network is assigned 
one or more nodes. Figure 6.8 shows a typical HVAC network with ducts, fans, 
heating and cooling coils and a heat exchanger. Each component (except the 
heat exchanger) is represented by one node. HVAC systems are characterized 
by the fact that the fluid comprises two phases, dry air and water vapour that is 
not modelled in mass flow networks (however, relative humidity is included in 
the mass flow transportation).  

The energy balance for a basic plant component model (node i) that 
exchanges energy with one other component (node j) and its environment 
(represented by e), and a possible generation of heat, iq& , is represented by 
(Hensen, 1991):  
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θθθθθθ &&& ,,,,  (Eq. 6.31) 

where m& is the mass flow rate and cp is the fluid specific heat capacity for air 
(a) and water vapour (v), respectively. θ is the nodal temperature, U the 
component’s total heat loss coefficient, and A the corresponding area. 
c represents the component’s mass-weighted average specific heat capacity 
(J/kgK) and m is the component’s total mass (kg) (Hensen, 1991). 
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Figure 6.8. Example of a plant network. 

There is also a possibility to model an electrical network that can be 
connected to any plant or fluid flow network as well as to any internal gains 
(Clarke & Kelly, 2001). The electrical network has not been used in this thesis.  

Control systems 
Components in fluid flow networks or HVAC components may have a 

control possibility: Windows should be opened if the indoor temperature 
exceeds a specified value or a heater should provide a constant temperature of 
supply air. This is modelled by a control system that involves a sensor, a 
response function and an actuator. The sensor is connected to a location, i.e. a 
node and a specific variable, for example dry bulb temperature in a zone node. 
The sensor value is transferred to a response function, i.e. an ideal function, e.g. 
a linear relationship, an ON/OFF scheme, or a Proportional-Integral-
Derivative (PID) control. The result from the response function acts on a 
variable, for example a damper position or the power in the heater. 

The output, y(t), from a PID regulator with input, e(t), is described as  

dt
tdeTKdtte

T
K

teKDIPty dp
i

p
p

)()()()( ++=++= ∫  (Eq. 6.32) 

where e(t) is the difference between a desirable and a real output, e(t)= r(t)- y(t), 
where r(t) is the desirable output. The first part in the equation above, the 
proportional part, gives an output that is proportional to the input, e(t). A high 
value of Kp gives a fast but unstable response to the input. The integral part of 
the equation decreases the bias but increases the stability if the fraction Kp/Ti is 
large. The derivative part increases the stability but has a slower response. The 
proportional constant Kp, and the time constants, Ti and Td should be specified 
in ESP-r. It is possible to choose different combinations of the three 
components, for example PD, PI or only P (proportional control) controller 
(Clarke, 2001).  
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6.2.4 Simulation and result analysis 
The simulation involves discretization of the problem, which was touched 

upon in the beginning of this chapter; however, the simulation time step is 
chosen by the user. The default value is one hour, which for many problems is 
too long. By making a time–step-independent test, that is, by adjusting the time 
step to smaller values until the output is stable, the user can find a reliable 
simulation time step.  

 There are several possible outputs from ESP-r, ranging from temperatures at 
different nodes (zones and within constructions), and fluid flows to energy use 
and indoor climate parameters (for example PMV or PPD). The possible 
outputs can be exemplified by looking at previous studies using ESP-r, as was 
done in Section 6.2.2.  

6.2.5 Simulation uncertainties 
As for measurements of physical variables the uncertainties will propagate in a 

simulation model. This can cause the error to be rather large in the final answer. 
A model is an image of the reality and is always afflicted with assumptions, and 
simplifications, which will lead to uncertainties in the final results that arise at 
different moments in the modelling. Referring to Figure 6.9, four kinds of 
uncertainties can be defined (de Wit, 2004).  
 

Specification uncertainties. A model may be constructed according to drawings 
of an object. However, these drawings may not correlate with the real object; 
the ventilation duct dimension may have been changed to better fit into the 
construction, etc. There is also an uncertainty connected to the material 
properties of the construction that fits into this group. 

When the object is to be represented in a model, several assumptions have to 
be made. This is called modelling uncertainties.  

Numerical uncertainties arise in the discretization and simulation of the 
problem. By choosing appropriate discretization and small time steps this errors 
can be made small. 

Finally, external conditions (e.g. climate conditions and occupants’ behaviour) 
are uncertain. This may be referred to as scenario uncertainties.  
 

In addition to these uncertainties, there is an uncertainty associated with the 
result analysis. The model is only valid for the modelled conditions. If the 
boundary conditions change, for example energy prices, regulations, etc., the 
results have to be analysed again.  
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Figure 6.9. Connection between the system and the model and its uncertainties. The circles 
represent the different uncertainties. 

The specification uncertainties can affect the result considerably (Macdonald 
& Strachan, 2001). The uncertainties can be investigated by two primary 
methods, Monte Carlo simulation and Differential Sensitivity Analysis (ibid.). 
The latter, involves changing each variable between a maximum and minimum 
value, that is, 2N+1 simulations. The Monte Carlo method changes the input 
variables randomly and run about 80 simulations. The outcome is an estimate 
of the overall uncertainty. These two methods are incorporated in ESP-r; it is 
possible to perform an uncertainty analysis if the uncertainties of the input 
variables are given (ibid.). In an example with the PASSYS cell it was found that 
the parameters that influence the predicted indoor temperature mostly were the 
heating power, the direct solar irradiation, the infiltration and the conductivity 
of the chipboard, all of which changed the predicted indoor temperature by 
more than 0.2°C compared to the base case (ibid.). The influence from different 
parameters is however, connected to the problem (de Wit, 1997). 

During the representation (modelling uncertainties) of the problem into the 
model, several assumptions must be made. These assumptions will depend on 
the analyst’s decisions and thus the result can be different between two models 
of the same object built by two different people. In a study from the 1970s with 
22 consultants who work with building energy simulation the predicted energy 
demand for heating ranged from +106% to -46% and the predicted electricity 
use was ±30% (Jones, 1979).  

Validation and calibration 
To be sure about the reliability of the output from the model it has to be 

calibrated against empirical data. Validation is connected to the output of the 
program, if the program is calculating correctly (Clarke et al., 1993). This can be 
connected to numerical uncertainties in the list above. The calibration 
procedure is connected to tuning the model (which in this case includes the 
simulator and the representation of the problem) to act as the studied system, 
i.e. vary the model input to reduce the residuals (Clarke et al., 1993). The 
calibration procedure needs empirical data for making comparisons possible. 
Sometimes the empirical data are uncertain or unavailable and a modified 
comparison approach is necessary. This comparison between measured data 
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and model output can be made in a way that is close to the calibration 
procedure. Comparison between measured and predicted indoor temperatures 
was performed in paper II as indoor temperatures from a building were 
compared to predicted values from energy simulation. Due to power failures 
the simulated occupation in the house sometimes does not act as stated and 
thus differs from the simulations, which were performed according to a daily 
heat dissipation scheme. The predicted indoor temperatures were thus different 
from the simulation. The comparison between predicted and measured values 
used in the case study is further described in Section 7.3.  

Another possibility to evaluate the accuracy and confidence in the simulation 
results is to compare the prediction from different validated simulation 
programs, as exemplified by the results in paper VII. However, the result from 
this kind of studies only shows the reliability and not the validity.  

Some of the results from a simulation are impossible to validate. For example, 
thermal environment indices (i.e. PMV and PPD) are calculated on the basis of 
estimations on metabolic rate and clothing. Uncertainty in metabolic rate is 
typically around 50% (Macdonald & Strachan, 2001), which indeed will affect 
the validity of the results. It is important to be aware of all those uncertainties 
and to analyse the results in the light of these facts. 

6.3 Computational Fluid Dynamics 
Energy simulation, as described above, simplifies a zone into one single node 

that is assumed to be representative for the whole volume. Hence, the 
temperature field within the zone is assumed to be equal, and the airflow 
pattern (within the zone) is not possible to simulate. Other design procedures 
used to predict the airflow in a zone are limited to special circumstances, such 
as a generally empty room. If any obstruction is present in the room the design 
procedure is not valid any more. Some kinds of simulation of the air movement 
pattern should provide the opportunity to test different kinds of set-ups and air 
supply or exhaust situations. Computational fluid dynamics (CFD) computer 
programs have been used to predict the airflow and the temperature patterns. 
Most of the CFD program codes are based upon the solution of the equations 
based on the conservation of mass, momentum (Navier-Stokes equations), 
thermal energy and concentration of species within the enclosure. The Navier-
Stokes equations and the continuity equation, characterizing the fluid flow 
(conservation of mass and momentum), can be expressed in Cartesian tensor 
form as:  
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The SM component in Equation 6.34 includes contributions due to body 
forces such as gravity. For the inclusion of heat transfer, the equation for the 
conservation of energy is used, here presented in Cartesian tensor form: 
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 (Eq. 6.35) 

The most popular method that is in use for solving the equations above is the 
finite volume method (compare with energy simulation above). The volume of 
interest is then divided into finite volumes. The equations are then applied to 
each of these volumes, making numerical solution possible. The airflow within 
an enclosure can be laminar, turbulent or a combination, called transitional. The 
airflow within a building and a room is often turbulent. The turbulent flow can 
be described as a random flow where the instantaneous flow property fluctuates 
around a mean value.  

iii φφ ′+Φ=  (Eq. 6.36) 

Equation 6.36 shows an instantaneous flow property or a passive scalar, φi, 
(velocity, pressure, temperature etc.) as a sum of the time averaged value, Φi, 
and fluctuating variable, φi′ . The fluctuations have a three-dimensional spatial 
character, which causes the heat and momentum diffusion to be large within 
turbulent flows (Cehlin, 2006).  

If Equation 6.36 is used in Equations 6.33 to 6.35, the time-averaged 
transport equations are obtained. The time-averaged, steady-state, 
incompressible governing equations can thus be written as (Cehlin, 2006) 
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In the above-mentioned equations two additional unknowns are found: the 
Reynolds stresses, jiuu ′′− , and the turbulent heat fluxes, θ ′′− iu . To close the 
system of equations those two additional unknowns has to be modelled. The 
most popular model to approximate the Reynold stresses is the eddy-viscosity 
turbulence model. The eddy-viscosity model is based on the Boussinesq eddy-
viscosity assumption that makes an analogy between turbulent stresses and 
viscous stresses.  
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where νt is the eddy viscosity, σt is the turbulent Pr number, k is turbulent 
kinetic energy and 
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Several models have been implemented to provide a velocity and length scale 
for the expression of the kinematic eddy viscosity. For example, the two-
equation model implies that the length and velocity scales of the mean flow and 
the turbulence are proportional and can be related by means of dimensional 
reasoning to turbulent kinetic energy, k, and its dissipation rate, ε, u=k0.5, 
l=k1.5ε-1. Considering the above assumption, the turbulent eddy viscosity can be 
derived as, νt=Cµk2ε-1, and it is valid only when local isotropy in the turbulence 
field is assumed. ε  is given by 
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Thus two-equation eddy-viscosity models require two additional transport 
equations for k and ε to solve the spatial and temporal variation of the local 
velocity scale and the length scale.  

The most common two-equation turbulence model is the k-ε turbulence 
model because of its applicability to many flow situations and its reasonable 
computational demand (Awbi, 2003). The model uses the turbulence kinetic 
energy, k, associated with the turbulence and its dissipation rate, ε, as an 
implicit scale. However, the k-ε turbulence model is only valid for fully 
turbulent flows, which may not be the case in every domain of a ventilated 
enclosure. Nevertheless, in many applications of room airflow modelling it is 
assumed that the airflow is fully turbulent.  

The coefficients of the k-ε are determined from a number of case studies of 
simple turbulent flows. Thus the k-ε has a limited board of applicability, which 
yields poor performance for cases with complex flows. This poor performance 
is suspected to be due to inaccuracies in the ε-equation. The Renormalization 
Group k-ε model (RNG) introduces an additional term in the ε-equation, which 
improves the performance of it. The basic idea is to systematically filter out the 
small-scale turbulence to a degree that the remaining scales can be resolved. 
This is done by the parameter, η, which is the ratio between the time scales of 
the turbulence and the mean flow. (Moshfegh & Nyiredy, 2004). In this thesis 
the RNG k-ε model has been used (papers II and VI) and this will be further 
discussed below. The better performance of k-ε model (RNG) compared to 
other two equations models has been also verified by other researcher; see for 
example Chen (1995). 

The equations of the turbulent kinetic energy, and the dissipation rate of 
turbulent kinetic energy, assuming incompressible and steady-state flow, are 
given by  
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The model constants are, η0 = 4.38, Cµ = 0.0845, Cε1 = 1.42, Cε2 = 1.68, σκ = 
σε = 0.7178, Prt = 0.9. β is equal to 0.012 for near wall flow but may have 
different values for other flow situations (Fluent Inc., 2003). upar is the velocity 
vector parallel to the gravitational vector and uper is the velocity vector 
perpendicular to the gravitational vector. 

6.3.1 Wall treatment and boundary conditions 
The Boundary conditions used in this thesis are about inlet and exhaust 

conditions, wall boundaries, and constant temperature and heat dissipation 
from structures and objects. It is important that the boundary conditions 
accurately account for the effect on the room air, as the final result relies 
strongly on that.  

Wall treatment. Close to a wall the standard form of the k-ε (RNG) model 
mentioned above is not valid. Instead the equations connected to the volumes 
near the wall are replaced by other expressions, so called wall functions, to 
account the effect of the viscous sub-layer. In order to apply the wall functions 
correctly, it is necessary to locate the first node outside the viscous sub-layer 
and in the fully turbulent region, for further information see Fluent (2003). In 
this thesis the standard wall function proposed by Launder and Spalding (1974) 
was used for near wall treatment in the simulations. The no-slip condition was 
used at the surfaces, which implies that the velocity vanishes at the surfaces.  

Inlet/outlet conditions. The supply of air was defined as a constant airflow with a 
specified temperature and a uniform velocity profile normal to the supply 
device. The inlet turbulence intensity is assumed to be 10%. At the exhaust a 
zero-gradient boundary condition is applied, assuming similar conditions in the 
flow direction (i.e. a fully developed flow). The outlet was defined as an 
outflow. The specific conditions used in each model are found in paper II and 
paper VI, respectively.  

Heat fluxes and temperature boundaries. In one of the models wall temperatures 
achieved from building energy simulation were implemented as boundaries in 
the CFD model. In the whole building model the heat flux through the walls 
were calculated using constant outdoor and indoor temperatures. In both 
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models heat gains was implemented as structures (e.g. blocks representing TV, 
humans, fridge etc.) with specified heat fluxes. The specific conditions used in 
each model are found in paper II and paper VI, respectively. 

6.3.2 Numerical aspects 
To be able to solve the equations numerically it is necessary to define a 

computational grid of volumes for which each of the governing equations 
above is evaluated. This means that the dependent variables within the 
equations are discretized. In this case a finite volume method is used, which is 
based on the integral form of the governing equations, for the discretization. 
The integral approach makes sure that conservation is fulfilled for each volume 
and thus for the whole domain. The systems of algebraic equations for all 
volumes are solved using an iterative solution procedure. Hence, the solution 
procedure starts from guessed values of the dependent variables.  

In this thesis the commercial CFD code Fluent (Fluent Inc., 2003), which uses 
a segregated scheme to solve the governing equations, has been used. The 
momentum, turbulent kinetic energy, turbulent energy dissipation and energy 
equations were solved with second order upwind schemes. The pressure-
velocity coupling algorithm SIMPLE was used to solve the pressure-velocity 
coupling.  

In order to stabilize the iterative procedure, it is convenient that the studied 
variable does not change abruptly and thus relaxation techniques are used. The 
values used in this thesis were different for the two models and found in each 
paper as well as in Section 7.4.  

The simulations were continued until the convergence criteria were fulfilled. 
That is, when the residuals no longer change with successive iterations or the 
residual of all variables (except for temperature) are less than 10-3 and for the 
temperature is less than 10-7.  

6.3.3 Uncertainties in CFD modelling 
As for energy simulation, the uncertainties when using CFD modelling arise in 

different parts of the modelling process. Recalling Figure 6.9, uncertainties 
when using CFD simulation occur due to the discretization scheme, the 
computational grid, the near-wall boundary treatments as well as the 
convergence criteria. Those factors refer to the numerical and modelling 
uncertainties, using the same terminology as in Section 6.2.5.  

The discretization scheme involves a truncation of the second Taylor series 
term. This truncation is equivalent to the diffusion terms in the transport 
equations, and the sum of the fluid turbulent viscosity and the numerical 
viscosity will be found in the solution. Errors due to numerical diffusion will be 
reduced by selecting a finer grid.  

The resolution of the grid in general and the interpolation between 
neighbouring grid points in particular also affect the final solution of the 
problem. If the number of grid points is increased, the error due to the 
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resolution will decrease until it reaches the exact solution. However, an infinite 
number of grid points are unreachable and thus successive grid refinements are 
used until the results do not differ from the previous results, based on a coarser 
grid, to find a suitable grid. The final result is found to be “grid independent” if 
there is no significant difference between the results. 

The near-wall boundary treatments are the third factor important for the 
accuracy of the results. It is important that the wall functions are invoked 
correctly for an accurate solving of the turbulent flow near the wall. Particularly, 
the turbulent energy dissipation, ε, should be calculated accurate to achieve 
accurate results for the whole volume.  

Last, the convergence criteria influence the accuracy. The residuals of the 
solution can be used as convergence criteria, since a largest acceptable value of 
the residuals in the discretization equation can be stated. When this largest 
acceptable value is reached it is assumed that a convergent solution is reached 
(Awbi, 2003).  

6.4 Interviews and questionnaires 
Different social science methods can be used when investigating the 

occupants energy related habits, their perception about the indoor climate, their 
purchase of a low-energy building etc. The most common method in this field 
is to distribute questionnaire, in which the occupants can select a pre-set list of 
alternatives about for example aspects of the indoor climate. Using a 
questionnaire, which is a quantitative method, has the advantage that they are 
easy to distribute and opinions from many residents can be considered. One 
disadvantage is the difficulty of gaining understanding about the context in 
which the occupant is living. The possibility to ask follow-up questions is also 
lost. This opportunity still exists during interviews, where the researcher can ask 
complementary questions to increase the understanding of the answers. It is 
also possible to include the contextual situation of the individual occupants, 
which is important for the analysis of the answers. When the samples are small, 
as in this study, interviews therefore are preferred. 

Interviews, as used in this thesis, had the form of a conversation. Qualitative 
interviews, also known as in-depth open-ended interviews, were conducted, 
using semi-structured questions. The strength of a qualitative interview is it can 
capture a variety of opinions and it gives a multifaceted and more 
comprehensive picture of the phenomena studied (Kvale, 2005).  

The interviews, in this thesis have been based on a guide which included 
questions about former housing, their thoughts about purchasing a low-energy 
house, perception about the building and the immediate surroundings, indoor 
climate, energy-related activities in the home and awareness and interest in 
environmental issues, energy, and technology in the building (paper III and 
Isaksson, 2005). The interview has had a semi-structured form, which means 
that the questions and themes have been developed in advance but that it did 
not totally govern the interview situation. Instead, it had the form of an 
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ordinary conversation, which facilitated for the respondent to discuss about 
what they thought were important within the themes. Follow-up questions were 
asked if something was unclear. 

The focus in this thesis is the respondents answer about the indoor climate 
which also included questions about the location and time of the perception 
such as whether the occupants perceive the indoor temperature as warm or cold 
when they arrive from work in the evening, and if there was a difference 
between different rooms. The interview guide is found in Appendix I. The 
interviews were kept to one to two hours long inside the respondents’ house 
and the respondents were asked to read the report. The interviews was recorded 
and transcribed and thereafter analysed. The interviews were carried out and the 
outcome was analysed by PhD student Charlotta Isaksson at the Department of 
Technology and Social Change, Linköping University. The questions about 
indoor climate were made by Charlotta Isaksson and the author of this thesis 
together. The results from the interviews and measurement results were 
compared as described in paper III and in Section 7.5.  

Qualitative uncertainties  
Talking about uncertainties the way qualitative methods were discussed is not 

relevant, as there is no absolute “right” answer. The answer in an interview is 
relative to the respondents’ experiences. However, the quality of qualitative 
research is important. The discussion below relates to qualitative studies in 
general rather than the qualitative method used within this thesis. The 
discussion below should then be applied to the interdisciplinary method used in 
paper III rather then only the interviews. The discussion about the research 
process involving the interviews will be accomplished by Charlotta Isaksson in 
her PhD thesis.  

Lincoln & Guba (1985) use the concept trustworthiness of a study as a 
description of the reliability and validity of the results. Trustworthiness is 
achieved when the researcher’s “reconstructions that have been arrived at via the inquiry 
are credible to the constructors of the original multiple realities”. One way to meet the 
trustworthiness criteria of a study is to use triangulation; that is, using multiple 
sources of evidence or different methods to study the same phenomenon. In 
this thesis the indoor climate was evaluated by both measurement of physical 
variables and interviews with occupants, and the interviewed occupants were 
invited to read and comment the final report. Lincoln & Guba (1985) also bring 
up peer briefing, for example making use of colleagues to read and comment on 
the results, in order to find non-stated aspects. 

As described above, the interviews reported in paper III were conducted 
according to a guide that was prepared in advance. The results from the 
interviews were compared to measurements, establishing both internal validity 
and reliability of both the interviews and the measurements. However, 
comparing quantitative and qualitative data involves some difficulties as the 
sensation of temperature is individual. Hence, the qualitative results are 
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summarized to facilitate the interdisciplinary analyse. The ambition was to 
capture both the majorities’ and the minorities’ perception and relation to the 
indoor climate. The results from the interviews and measurements were 
discussed between researchers with different backgrounds and the results in 
paper III have been peer-reviewed.  

6.5 Environmental performance and embodied energy 
The environmental performance of a building is deduced from the material 

used in the building, the energy used for production, and the composition of 
the surrounding energy system providing operational energy to the building. 
The production and operation energy demand for a building does reflect some 
of the environmental impact from a building. For example, the amount of 
energy indicates the impact from environmental categories such as use of fossil 
fuels, climate change and waste heat that impact aquatic ecosystems (Svensson 
et al., 2006). However, some environmental pressures, for example the use of 
CFCs in refrigerators, are not captured in an energy indicator. The result from 
an energy indicator used as an environmental gauge is also strongly dependent 
on the surrounding energy system used. The electricity production mix used in 
the calculation will give totally different answers. In Sweden hydro-power and 
nuclear power are common. The impacts on climate changes are small from 
those transformation methods. If the connection to the European electrical 
network is considered and a marginal accounting method is used, the result is a 
higher impact on climate changes from energy used in Sweden (Sjödin & 
Grönqvist, 2004). Hence, when using energy as an indicator it is crucial to 
describe the considered energy system and the boundary conditions used. 
Further, other environmental pressures not covered by the energy indicator 
should be reflected (Svensson et al., 2006). The energy indicator can be 
extended to include the production phase by using embodied energy.  

A building will use energy in three phases, during the production, operation 
and demolition. The first phase includes the energy needed to manufacture the 
building materials and is called the embodied energy, that is, the energy that is 
built into the construction. Some of the embodied energy can be restored if the 
building is recycled during demolition. The embodied energy can be used as an 
indicator of the environmental performance of the building, although it only 
includes the energy demand for construction and not all other environmental 
impacts due to manufacturing (Roth, 2005). The embodied energy indicator is 
dependent on the lifetime used for the studied object and which energy system 
is considered, as described above. In this study, 50 years is assumed for 
operation and a cogeneration plant is used for energy production (Thormark, 
2002).  

In common Swedish buildings the relation between the energy needed in the 
three phases is 10–15 percent for the production, about 85 percent for 
operation and 1 percent for destruction (Adalberth, 2000; Thormark, 2002). For 
low-energy buildings these figures will change due to increased insulation levels 
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that will increase the amount of energy needed for production and decrease the 
operation energy. Hence, materials should be chosen carefully when building 
low-energy buildings (Thormark, 2002) but also other buildings (Roth 2005).  

The uncertainties connected to the calculation of CO2 emissions and 
embodied energy depends on the available statistics. For example, the 
composition of electricity mixes change from year to year; the amount of 
nuclear power in the Swedish electricity system was 49.5 percent in 2003 
compared to 46 percent in 2004.  

Calculating CO2 emissions 
In this thesis three types of surrounding energy systems are considered to 

calculate the CO2 emissions origin from the energy usage in the present 
building. Four accounting schemes have been used in the emission calculation; 
Swedish average emissions, Nordic average; Nordic marginal production and 
European average. Sweden is connected to the other Nordic countries through 
the Nordic market, NordPool, which also has connections to the European 
continent. The energy production mixes in those three areas are very different. 
In Sweden nuclear and hydro power make up the major part; the latter accounts 
for more than fifty percent of the production mix. The European mix is more 
diversified, with mainly nuclear, coal, hydro and natural gas–fired power 
production (Åf, 2006), as shown in Figure 6.10. 

Table 6.3 shows the CO2 emissions for different energy systems used in this 
thesis. 
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Figure 6.10. Fuels used in the Swedish, Nordic and European electricity power production 
systems (Åf, 2006). 
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Table 6.3 Carbon dioxide emissions from different energy systems 

Accounting method CO2-emission 
(kg/MWh) 

Swedish average electricity production (Sjödin & 
Grönqvist, 2004) 

11 

Average Nordic electricity production (Sjödin & 
Grönqvist, 2004) 

101 

Current Nordic marginal production, coal power 
plant (Sjödin & Grönqvist, 2004) 

933 

European average electricity production (IVL, 2006) 475 
Swedish average for district heating (SEA, 2003) 89 
Pellets (SEA, 2003) 4 

6.6 Using methods together  
In this thesis all methods described above are used in different combinations. 

Using different methods increases the trustworthiness of the results. 
Simulations should be accompanied by measurements for comparison between 
the simulation results and measured data to convince and confirm for both the 
researcher and the readers that the results are valid. Energy simulation can be 
used to provide input data to CFD simulation or, as described above, the CFD-
simulation can be integrated into the energy simulation software.  

The overall uncertainty will be affected when methods are used together. As 
described above for simulation, this method calculates the results partly on the 
basis of measured data, and partly on documentation (e.g. material properties). 
Hence, the error of simulation results is greater than the error of the measured 
physical variables according to the discussion of propagation of uncertainties. 
Nevertheless, the validation and calibration procedure of simulation results 
aims to manage this problem.  

On the other hand, combining methods can improve the validity and 
reliability of the result. As discussed in the previous paragraph, a qualitative 
study will gain improved reliability if the results can be triangulated with other 
results with good agreement. Quantitative results, such as simulation results, 
that are compared to qualitative results should also achieve improved 
trustworthiness. If the results from different methods disagree it is almost even 
more interesting because during the work of finding the cause of disagreement 
any weak points in the methods can be found. If exact agreement is not 
achieved, the analysis should end in an explanation of the disagreement.  

One way to bring higher credibility to the results is to work together. In paper 
VII three PhD students work with three different building energy simulation 
software tools but with the same model and end up in three different results. 
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During the work, aspects of our models and results were brought to the surface 
that otherwise could have been overlooked.  

6.7 Other investigations focusing on energy and indoor climate 
Besides those methods mentioned above, which have been used within the 

work presented in this thesis, there are other suitable methods to investigate the 
energy demand and/or the indoor climate in facilities. Some examples of other 
methods are found below.  

Evaluation of the indoor climate can be performed by using questionnaires. 
An epidemiological approach has been proposed by Andersson (1998) where 
the occupants are asked to answer questions about their perceptions of indoor 
climate, about symptoms usually referred to in indoor climate research and 
about the history of allergy and background factors. The questionnaire is called 
the MM questionnaire8 and is available in several versions for workplaces, 
homes, schools, etc. (Andersson, 1998). The MM questionnaire has the aim of 
finding the agent in the indoor environment behind complaints about 
discomfort and has been used in more than 100 studies (Andersson, 1998). 

The MM questionnaire was used jointly with measurements in a national study 
of the indoor climate in Swedish house stock (Andersson et al., 1991; Stymne et 
al., 1994). Ventilation measurements using the homogenous emission tracer gas 
method were performed in a sub-set of the building house stock and the results 
from questionnaire and measurements were compared. For example, it was 
found that the average ventilation rate in a single family house was 0.25 l/sm2 in 
buildings built after 1976 and 0.33 l/sm2 in multi-family buildings (Stymne et 
al., 1994). Those buildings mainly have some mechanical ventilation system. 
From the questionnaires it was found that the indoor climate, especially in 
northern Sweden and in houses with mechanical ventilation, was rather dry, 
causing people to report problems related to dry indoor air (Norlén and 
Andersson, 1995). If the ventilation was increased up to the stipulated 0.5 ACH 
it should increase the energy demand and decrease the humidity, thus causing 
the problem with dry air. Increasing the ventilation is not a straightforward way 
to improve the situation. Anther way to reach good humidity levels is to lower 
the indoor air temperature.  

An example of qualitative studies of energy use is Wilhite et al. (1996) who 
present the results from an ethnographic investigation of energy use behaviour 
in Norway and Japan. The authors state in the beginning of the article that the 
behaviour component is frequently underestimated or ignored in analyses of 
energy use (Wilhite et al., 1996). The results show that Norwegian households 
heat the whole building and utilise lights to a larger extent than do the Japanese 
households. On the other hand, Japanese households use hot water to a greater 
extent as the bathing routine is important to the Japanese lifestyle, but only heat 
rooms where they spend their time. However, the authors report that the 
                                           
8 MM is an abbreviation for the Swedish word miljömedicin (= “environmental medicine”). 
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tendency in Japan is more space heating in the dwellings. The study does not 
use any quantification of energy demand but the average indoor temperature 
during wintertime is reported and it was found that it was similar in the two 
countries, 21.6 and 21.8°C, respectively (Wilhite et al., 1996). 

Optimization can be used to find an optimal solution regarding some 
specified parameters. Nielsen and Svendsen (2002) have used life cycle cost 
optimisation with constraints on heating demand, thermal indoor environment 
(represented by the number of hours that indoor temperature exceeds 26ºC 
over a year) and daylight. The method was exemplified on an office building, 
where the envelope insulation, the window type and percentage of the envelope 
area, and the ventilation system were variables in the model (Nielsen & 
Svendsen, 2002).  
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7 The low-energy buildings in Lindås 
In this chapter the results from the appended papers are compiled. Results from both energy 
and indoor climate parameters are reported as well as calculations of environmental variables. 
The chapter concludes with a summary of the Lindås case.  

 
South of Gothenburg, on the west coast of Sweden, 20 terraced houses were 

built during 1999–2001. They were built with the aim of showing that it is 
possible to maintain a good indoor climate in a house despite using less than 
half of the energy of ordinary buildings in cold climates. This is done by 
reducing the heat losses to a point where a heating system was unnecessary, 
without affecting the indoor climate. Moreover, the ambition was that the 
occupants should live in the houses without any professional knowledge about 
the technical systems. There concept was based on experience from earlier 
passive house projects in Germany by the architect. The project involves 
several researchers and engineers (participants with backgrounds in building 
physics and HVAC engineering, representatives from the Swedish National 
Testing and Research Institute, architects, etc.) and was preceded by several 
seminars within this group (Glad, 2006). From this point of view these 
buildings are not common Swedish buildings, as this research connection is not 
common. On the other hand, the houses were not experimental in the sense 
that advanced technical systems were used; instead, common techniques were 
used and simple solutions were chosen.  
 

 
Figure 7.1. The situation plan for 
the four sets of buildings in Lindås. 

 
Figure 7.2 One of four blocks of buildings. 

“Houses are built to live in and not to 
look on” Francis Bacon (1561-1626)
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In total, there are four blocks of buildings, two with four houses and two with 
six houses, respectively (Figure 7.1 and Figure 7.2). The house consists of 
ground floor, upper floor and an attic. Table 7.1 shows some basic data for 
each house. On the ground floor there are a kitchen, a living room and a toilet 
(Figure 7.4). On the upper floor there are three bedrooms with rather high 
ceilings and a bathroom.  

 
Table 7.1. Some basic data for the terraced housing  

Ground area 60 m2 
Total floor area 120 m2 

Total volume 340 m3 

Ceiling height, ground floor 2.5 m 
Ceiling height, upper floor 2.2 to 4.3 m 
Infiltration at a differential pressure of 50 Pa 0.2–0.4 l/s m2 
Geographical location Lat: 57.5º, long. –11.5º 

 
The houses are heated mainly by the 

emissions from the household appliances, 
occupants, and by solar irradiation. The 
building envelope is well insulated, with U-
values presented in Figure 7.3 and Table 7.2. 
The main flooring material is parquet. 
However, the toilets have plastic flooring 
and near the entrance door the floor is made 
of paving tiles. The window areas on the 
south and north sides of the houses are 13.6 
m2 and 3.5 m2 respectively. The large 
window area on the south façade allows sun 
radiation to heat the building. In addition, 
the houses each have a roof window, which 
makes effective airing possible during the 
summer season. The window used in the 
houses is of triple-glazing type with three 4 
mm panes (U-value 0.85 W/m2K). The 
space between the panes is either filled with 
argon or krypton. Three layers of low-
emission coating have been applied on the 
panes in order to reduce the emissivity of 
the panes. An air-to-air heat exchanger with 

Figure 7.3. The building construction of 
the Lindås low-energy building. The 
drawing is showing the north façade 
(Illustration EFEM Arkitekter) 
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a thermal efficiency of about 77 percent9 is used to minimise the heat losses 
through ventilation. During cold days an integrated electrical heater of 900 W 
can be used to heat the air that is distributed through the ventilation system. 
The supply air terminal devices are situated in the three bedrooms and in the 
living room. The exhaust air terminal devices are situated in the toilets on both 
levels. The ventilation duct is mounted in the framing of joists, causing the 
supply air terminal devices on the upper floor (e.g. the bedrooms) to be placed 
on the floor, and near the ceiling on the bottom floor. Both floors have contact 
with the attic through the stairwell (Figure 7.4). There is a 5 m2 thermal solar 
collector combined with an auxiliary electric immersion heater used for the 
domestic hot water (DHW). All technical features are summarised in Figure 7.5.  

 
Table 7.2 U-values of the building elements in the real building 

Structure Area 
(m2) 

U-value  
(W/m2K) 

External walls 38 0.1 
Roof 66 0.08 
Floor 62 0.09 
Windows (average for all windows) 18 0.85 
Average U-value  0.17 

 

  
Figure 7.4 Drawings of the terraced house.  

                                           
9 This parameter is changing over the year depending on the relation between outdoor and 
indoor temperature. The presented value represents an annual average value obtained from 
measurements.  
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Figure 7.5. Schematic picture of the object for this study. Notice the shading of solar 
irradiation during summertime to prevent overheating (Illustration EFEM Arkitekter). 

The time constant, τ, for the building describes the heat storage capacity and 
is defined as (Hedbrant, 2001): 
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τ  (Eq. 7.1) 

where the numerator is the thermal mass in the building, including furniture 
and the denominator is the sum of specific heat loss due to transmission and 
ventilation. The denominator is calculated to: 

( )( ) ( )  W/K451010293.10457.023.08.301 , ≈⋅⋅⋅+=⋅⋅⋅−+⋅= ∑ airptot cqAUQ ρη  

The heat storage capacity used for each structure is gathered in Table 7.3. The 
value for furniture is from an investigation of a house of the same size (126 m2) 
presented in Hedbrandt (2001). Using those values specified in Table 7.3 the 
time constant is calculated to 157 hours or 6.5 days.  
Table 7.3. Heat storage capacity of building structures used in the calculation of the time 
constant of the building. 

Structure Wh/K 
External walls 1,350 
Interior walls (including partition walls between houses) 1,420 
Floor 1,300 
Ceiling 2,200 
Furniture 700 
Indoor air 120 
Total 7,090 
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Monitoring program 
The buildings were monitored for about two years (October 2001 to 

September 2003). One building block (block B) was monitored in more detail 
than the three others. One of the houses was used as a test house, which 
contains thermal mannequins to simulate occupation. In this house several 
detailed measurements were made. The continuous monitoring as well as 
several detailed measurements was performed by the Swedish National Testing 
and Research Institute (SP), presented by Ruud and Lundin (2005), Ruud et al. 
(2003) and Ruud and Karlsson (2005). In addition, several detailed 
measurements and interviews were made within the frame of a multi-
disciplinary project (Boström et al., 2003), in which the author of this thesis 
participated. Further, results have been reported in several papers by for 
example Wall (2006), who reported on simulation and measurement results, 
Persson et al. (2006), who analysed the influence of window size using 
simulation, and Boström et al. (2003), focusing on the solar DHW system.  

The monitoring program consists of the following parameters. The 
continuous measurements were reported as average values for one hour based 
on samples every minute. The sample time for the measurements performed 
during shorter time was varied between 2 seconds up to 30 minutes. The 
measurement objects are found within the parenthesis:  

 
Continuous monitoring (performed over the whole measuring period) 

- Climate (outdoor temperature, relative humidity, wind velocity, wind 
direction, and direct and diffuse solar radiation) 

- Indoor temperature on both floors (all houses) 
- Total electric energy use (all houses) 
- Electricity use in fans, heater in the air-to-air heat exchanger and the 

auxiliary heater in the DHW tank (building block B)  
- CO2- content in bedroom A (building block B) 

Continuous measurements performed during a short time (days or weeks) 
- Air-tightness (building block B) 
- Dampness in the building construction (building block B) 
- Ventilation airflow (test house) 
- Temperature efficiency of the air-to-air heat exchanger (test house)  
- Operative temperature (test house) 
- Indoor window surface temperature (test house) 
- Temperature and relative humidity in the bathroom (building block B) 
- Temperature gradient (test house) 
- Detailed point temperature measurements (test house) 

Instantaneous measurements  
- Floor surface temperature (test house) 
- Airflow visualisation by infrared camera (test house) 
- Airflow velocities (test house)  
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7.1 Energy demand 
According to measurements over a half-year period (October 2001 to March 

2002), the building uses 1,153 kWh for heating and ventilation, and 2,046 kWh 
in household appliances. 1,120 kWh electricity is used for domestic hot water 
supply (Ruud et al. 2003). In a previous study, the energy requirements for the 
buildings during one year were analysed (Karlsson, 2004). A fictitious year was 
constructed on the basis of measurements from September 2001 to September 
2003, i.e. mainly measurements from 2002 were used and missing values were 
replaced with measurement results from 2001 and 2003, respectively. The 
fictitious year has an average outdoor temperature of 8.2˚C.  

The total electricity use was monitored in all houses. As shown in Figure 7.6 
the distribution of electricity energy use range from about 6,000 kWh (in the 
test house) to above 12,000 kWh (in one gable house). The average value was 
found to be 8,020 kWh. The relative measured values range from 20% below 
the average value to 50% above. However, house 3, which uses the second 
largest amount of electricity, needs merely about 13% more than the average 
house.  
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Figure 7.6 Total annual electricity energy use in all twenty houses. The dotted line indicates 
the average value. House six is the test house that was uninhabited during the measuring 
period. 

Based on detailed measurements in building block B the average middle 
building uses 1,000 kWh electricity yearly for heating and 600 kWh electricity in 
fans, 3,700 kWh in household appliances, and 1,700 kWh electricity to heat the 
hot water (Karlsson, 2004). Thus, about 13 kWh/m2 yearly is used for comfort 
heating purposes, and totally 61.7 kWh/m2 yearly in an average middle building. 
For comparison, a common Swedish house uses 130–150 kWh/m2 yearly. 
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However, from the measurements it could be seen that the household that uses 
the most energy uses more than four times as much as the household with the 
lowest requirements, which is shown in Table 7.4, where the energy use for 
heating in four neighbouring middle houses in the same block of buildings is 
presented. The differences can be explained by different indoor temperature set 
points and the different use of household appliances, which is discussed below. 
House B is the test house and has a set point temperature of 18°C. 
Table 7.4. Energy use for heating in four real buildings (Karlsson, 2004). A and F are gable 
houses, B to E represent middle houses. B is the test house.  

House Annual energy use for space heating (kWh) 
A  2,700 
B  400 
C  400 
D  1,800 
E  1,200 
F  1,600 

 
From the monitored electricity energy demand several duration graphs were 

made to visualize the difference between different households. The graphs 
show differences in the using pattern for the heater. Figure 7.7 shows that 
house C is using the heater for about 500 hours but for example house A is 
using the heater for about 4,000 hours. It is possible for the occupants to 
increase the airflow, which was done in house A and house F (and to some 
extent in house E), as shown in the figure. Figure 7.8 shows the power use in 
household appliances, which is more similar for all houses than the heating 
power. Except for house B, which is the test house, the households use power 
in appliances for about 4,000 hours during a year. The demand curve for 
household appliances gives a hint about the time the occupants spend at home. 
As an example of the use of household appliances for space heating purposes, 
the power requirement for two buildings are shown in Figure 7.9, together with 
the duration graph.  
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Figure 7.7. Duration graph for the heater and the fans. 

 
Figure 7.8. Duration graph for power used in household appliances. The minimum level is 
about 100 W for each building.  
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Figure 7.9. Power demand for household appliances for two households. Note that the demand 
for household appliances increases during the heating season in the left graph, showing that 
residents are using household electricity for space heating purposes. The right graph shows a 
more even power demand over the year, with the exception of a couple of weeks in the summer. 
The black line represents the duration curve for the household electricity.  

The duration graph for water heating (not shown here) shows that electricity 
is mainly used for about 1,000 hours and thereafter about 200 watts are used to 
help the solar heating to maintain the set point temperature. The total power 
demand shows similarities for all buildings. Except for one household (which 
was using an auxiliary electric radiator) the duration graphs show the same 
pattern. This can be explained by the fact that those well-insulated buildings do 
use the surplus heat from appliances and people effectively. When the power 
demand for appliances is low and thus the heat transfer to the building is low, 
the heating system is used instead to provide the desired climate, and when 
surplus heat from appliances is enough to heat the building the heating system 
is turned off.  

7.2 Ventilation and infiltration 
The ventilation rate in the building was evaluated and the results reported in 

paper IV. Air velocity and tracer gas measurements were used in the test house 
and it was found that the airflow was changing over time due to some failure in 
the air-to-air heat exchanger. The total airflow exchange was measured by 
constant tracer gas concentration method to change between 0.42 and 0.68 air 
changes per hour. This change was assigned to changes in the fan power. By 
some reason the fan power is increasing, and thus the airflow is increased, too. 
Figure 7.10 shows the airflow at the upper floor. The variation between the two 
periods is large in bedroom B, which is the room with less amount of supply air 
according to air velocity measurements. This is explained by a probable inflow 
from bedroom A. Before the power increase the fresh airflow was quite the 
same in all bedrooms. The airflow in the attic is quite high when the total 
airflow is low and almost zero when the total airflow increases.  



 

88 

0

5

10

15

20

25

30

2002-10-11
00:00:00

2002-10-12
00:00:00

2002-10-13
00:00:00

2002-10-14
00:00:00

2002-10-15
00:00:00

l/
s

Attic
Hall, upper floor
Room A

Room B
Room C

 
Figure 7.10. Fresh airflow in the attic, the hall at the upper floor and the three bedrooms 
according to constant concentration tracer gas measurements. 

In addition, the measurements show that there are possible airflow shortcuts 
and that fresh air sometimes is going up to the attic before it reaches the other 
rooms. The local mean age of the air found in the attic is lower than other 
rooms according to constant homogenous emission measurements.  

According to the measurements of the infiltration rate at a pressure difference 
of 50 Pa the infiltration is about 0.2-0.4 l/s m2 with an average value of 0.30 l/s 
m2, where the area is the envelope area (Ruud & Lundin, 2005). This is equal to 
an air leakage between 36.8 and 81.0 l/s for middle houses. The following 
relation between infiltration rates at normal conditions and the air leakage 
obtained during the measurements can be used to calculate the average 
infiltration rate (Awbi, 2003). 

V
QACH
20
50=  (ach-1) (Eq. 7.2) 

where Q50 is the measured air leakage at a pressure of 50Pa (m3/s) and V is 
the internal volume, in this case 340 m3. Hence, the infiltration rate for normal 
conditions is between 0.006 and 0.012 ach-1.  

7.3 The building energy simulation model  
To evaluate different measures to improve the energy performance and/or 

the indoor climate as well as different boundary conditions, an energy 
simulation model of a middle building was built in ESP-r. The model is shown 
in Figure 7.11, which shows the seven zones that comprise the rooms. The 
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zone kitchen includes the kitchen room and the toilet at the ground floor, and 
the zone hall/attic includes both the upper hall and the attic.  

K L 
B 

CA 
H 

T 

 
Figure 7.11. The model in ESP-r. Only the occupied zones are shown. K=Kitchen, 
L=Living Room, A=Bedroom A, B=Bedroom B, C=Bedroom C, H=Hall/Attic, and 
T=Toilet.  

Construction 
The construction of the building envelope was modelled by choosing 

materials from the material database in ESP-r according to drawings and 
specifications. The U-values were adjusted for conformance to measured 
values. In the real object the walls are very thick, which causes the window 
recess to be deep. To model this, obstructions were placed at each side of the 
windows (which are not shown in Figure 7.11). The balcony and the roof 
overhang, as well as the shadow from a fence between each house were 
modelled using obstructions (also not shown in Figure 7.11). The optical 
properties of the windows were calculated in the software WINDOW 5.2 and 
imported into ESP-r. The U-values of the windows were adjusted to 
compensate for the window frame. 

Airflow network 
The ventilation system was modelled according to Figure 7.12. Ventilation air is 
supplied in the living room and the bedrooms and extracted in the upper toilet 
and the zone kitchen10. The air-to-air heat exchanger was modelled as a mixing 
box. When the air-to-air heat exchanger is operating, i.e. when the exhaust 
temperature is below the set point, 77 percent of the airflow is returned from 
the exhaust node to the mixing box. This percentage orginates from the 
temperature efficiency of the air-to-air heat exchanger. The damper is closed 
during the cooling season to avoid overheating. The integrated heater is 
modelled as an adiabatic box with a heater.  

The living room, bedroom B and the hall have connections to the ambient air 
through openings in the envelope. In the living room and bedroom B the door 
is opened when the room indoor temperature is above 25ºC. The hall has a 

                                           
10 In the real building the exhaust is situated in the toilet at the ground floor.  
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roof window that has a small chink, and the window is opened when the indoor 
temperature in the zone exceeds 25ºC.  

 
Figure 7.12. Airflow network used in the model. 

The airflow rates were taken from measured values (paper IV and Boström et 
al., 2003). However, to avoid numerical problems they were adjusted to balance 
supply and exhaust airflows.  
Table 7.5. Airflows through supply and exhaust devices in the model 

Zone Supply airflow (l/s) 
Living Room 12 
Room A 14.2 
Room B 7 
Room C 12 
Zone Exhaust airflow (l/s) 
Upstairs Toilet 27.2 
Kitchen 18 

Internal gains 
The activities indoors were modelled according to two different schemes. The 

first was the same as in the test house, where thermal mannequins were used to 
simulate occupation according to a scheme. This scheme was used in the 
simulation that was compared to measured data from the test house. The 
second scheme (family scheme) that was used in the other simulations was 
derived from measured values of household electricity in four houses. The 
scheme represents an occupation time of about 66 percent during weekdays and 
80 percent during weekends. The final scheme for electrical gains is shown in 
Figure 7.13. 
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Figure 7.13. Electrical heat gains in the modelled house during weekdays and weekends 
according to the “family scheme”. 

Control systems 
Several control systems are used in the model. The windows in the living 

room, the hall and bedroom B are opened if the zone indoor temperature 
exceeds 25ºC. The damper from the exhaust node to the mixing box-node 
closes if the temperature in the exhaust node exceeds the temperature set point 
plus 1ºC. There is always a small airflow to minimise the risk of too cold supply 
air temperatures. The heating system is modelled as an on/off heater that is 
turned on if the temperature of the exhaust air is below the set point 
temperature. The heater is also used to prevent the supply air temperature from 
falling below 14ºC.  

Climatic conditions 
The climatic conditions were based on measured values from the site. As 

described above in Section 7.1, a fictitious year was constructed that has an 
average outdoor temperature of 8.2˚C.  

Comparison with measured data 
The model was based on measurements and data from the test house. The 

temperature and electricity demand in that house was continuously monitored 
and thus it was possible to verify the model output with the measured values. 
Due to power failures and malfunction measuring devices, a validation of the 
model was impossible. Instead a comparison to measured data was made, 
having the shortcomings of the model and the measurements in mind. The 
fictitious year, as described above, was used for comparison with the model, 
and activity schemes similar to those used in the test house were implemented 
in the model. Figure 7.14 shows the difference between measured and 
simulated indoor temperatures in the living room and the hall. During June and 
July there was some problem with the measuring equipment, i.e. it did not store 
any indoor temperatures, which explains the missing data. At the end of the 
year there was a failure in the heating system, causing the indoor temperature to 
fall below 16°C. The differences in the living room can be explained by the fact 
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that the temperature sensor is situated near the kitchen and not affected by 
solar radiation the way the zone node in the simulation model is. Besides, in the 
simulation model the kitchen and the bathroom where the DHW-tank is 
situated are the same zone, which increases the temperature in the zone kitchen 
compared to the real kitchen. This fact may cause higher indoor temperatures at 
the ground floor. During the measuring period the house was used for 
demonstrations, which explains some of the abrupt temperature drops or 
increases in the measured values. The fictitious year is made of temperatures 
from different years, which may cause drastic jumps in temperature that in the 
simulation are smoothed, but in the measured values the indoor temperatures 
react because the indoor and outdoor temperatures correspond to each other. 
At the end of the year the heating system was out of order, which explains the 
higher simulated indoor temperatures and the higher energy requirement for 
heating. The heating system in the simulation is on if the temperature in the 
mixing box is below 18°C. Figure 7.14 shows the temperature difference 
between measured and simulated values. Mainly the difference is less than ± 
2°C.  

The difference in heating demand mainly is a result of measuring problems 
during the end of the measurement period, i.e. the heater was out of order and 
the values were not measured. The measured heat demand should therefore be 
slightly higher. In the model constant heat dissipation from equipment is used. 
Due to power failures, the simulated occupation in the house sometimes did 
not act as stated and thus differed from the simulations.  
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Figure 7.14. Temperature difference between measured and simulated indoor temperature. The 
over-prediction of indoor temperature at the end of the year is explained by the fact that the 
heating system in the real house was out of operation during this time.  
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Results from energy simulations 
The results form the energy simulations are found in paper II. Different set 

point temperatures as well as changed locations were evaluated and it was 
found that the influence of the set point temperature was crucial. During the 
modelling phase it was also found that the air-to-air heat exchanger and its 
control system have great influence on the final energy demand. PPD values 
were calculated for every zone in the model. The highest PPD values were 
found during the coldest days and in the summer. If the building were situated 
in Portugal, the PPD values would reach very high levels, due to overheating. 
With increased set point temperatures the PPD values improved during 
wintertime. Table 7.6 summarises the results obtained from the simulations. 
The PPD values are reported as average values for the Living room and Room 
A, respectively.  

 
Table 7.6. Summary result table for the different cases 

Case 

Heating 
energy 
demand 
(kWh) 

Passive 
cooling 
(kWh) 

Average 
indoor 
temp. 
(°C) 

PPD Living 
room (%) 

PPD Room A 
 (%) 

  Average Max Average Max
Reference case 775 1000 22.7 9.2 41.0 10.0 28.4
Reference case, 
closed windows 805 50 23.6 25.5 99.7 19.0 92.4

Rotated 180 
degrees 820 1015 22.6 9.7 40.7 10.4 34.5
Set point 18°C 560 950 21.8 16.9 49.5 20.5 52.1
Set point 23°C 1120 1080 23.8 6.4 41.0 6.4 28.2
Set point 25°C 1595 1120 25.4 7.4 47.1 8.7 36.0
Varied U-values 900 

1050 
1465 

985
965
910

22.7
22.6
22.5

9.2
9.2
9.3

41.2 
41.1 
41.2 

10.3 
10.7 
11.7 

28.2
29.3
37.1

Windows U-
value 

875 
1390 

1000
1500

22.7
22.8

9.6
11.3

41.3 
52.4 

9.9 
10.1 

28.3
39.5

Brussels climate 230 860 23.0 7.7 39.6 9.0 32.6
Lisbon climate 
 other windows 

0 
0 

2610
3630

25.4
25.4

7.8
8.2

95.6 
95.6 

8.4 
8.4 

81.2
81.2

Load manage-
ment 705 1000 22.6 10.5 58.7 11.6 66.6
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7.4 CFD model 
Two CFD models have been used to analyse the airflow pattern and 

temperature distribution within the building. The first, presented in paper II, 
includes room B and the second involves the whole building. The latter is 
found in paper VI. The basics for CFD have been presented in Section 6.3.  

For both simulations a steady state three dimensional model is considered. 
The flow is assumed to be turbulent and thermophysical properties of the air 
are assumed to be constant except for the buoyancy term of the y-momentum 
equation, i.e. the Boussinesq approximation, see Gray and Giorgini (1976). The 
radiation heat transfer is not included in paper II, but it has been considered in 
paper VI. Based on the above assumptions the continuity, time-averaged 
Navier-Stokes and energy equations were solved using Finite Volume Code 
Fluent 6.1 (Fluent Inc., 2003). The Renormalization Group (RNG) k-ε model 
was used for turbulence modelling. For near wall treatment the standard wall 
function proposed by Launder and Spalding (1974) was used.  

The under-relaxation values were different for the two models. For the one 
room model the following under-relaxation values were used for the pressure, 
momentum, turbulent kinetic energy, and the dissipation rate of turbulence and 
energy, respectively: 0.7, 0.3, 0.8, 0.8 and 1.0. The simulation was declared 
converged when the parameters and the residuals no longer change with 
successive iterations and the error for the overall mass flow balance was less 
than 10-3%. For the whole building model the following under-relaxation values 
were used for the pressure, momentum, turbulent kinetic energy, and the 
dissipation rate of turbulence and energy, respectively: 0.5, 0.05, 0.5, 0.5 and 1.0. 
The simulation was declared converged when the parameters and the residuals 
no longer change with successive iterations and the error for the overall mass 
flow and energy balance are negligible. 

One room model 
In paper II a CFD model of one room, room B, was made to investigate the 

airflow pattern and the temperature distribution. The numerical model is 
described in the paper. In the middle of the room a block, representing a 
human, was positioned. In the upper corner there is a wardrobe. The boundary 
conditions in the model were extracted from the building energy simulation 
model for a winter and a summer case, respectively. In the summer case an 
upward airflow is found near the window and in the winter case, a 
downdraught. A re-circulation pattern can be found at the top of the room in 
both cases, but more clearly in the summer case. The temperature is similar all 
over the room, 29°C in the summer case and 17°C in the winter case. The 
average air velocity at different heights over a plane situated 0.5 m from the 
window and the external wall and 0.1 m from the other walls is calculated. The 
average velocity is 0.03 m/s in the summer case and 0.02 m/s in the winter 
case. The maximum velocities in the occupied zone during the summer case 
range between 0.17 and 0.33 m/s at different planes, with the highest velocity 
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found near the floor. In the winter case the maximum velocities in the occupied 
zone range between 0.17 and 0.30 m/s at different planes; the highest velocity 
was found at about 0.9 m height. It can also be concluded that any source of 
heat is essential for the ventilation efficiency. 

Whole building model 
The model described above includes only room B. A whole building model is 

presented in paper VI. This model was made to investigate the airflow and 
temperature patterns within the whole building. The boundary conditions were 
based on both measured and simulated data, as well as designed values for 
overall heat transmission coefficients. The boundary conditions used are found 
in paper VI. Outdoor temperatures and supply air temperatures were specified 
for three modes, autumn, winter, and summer, respectively. The autumn mode 
was corresponding to the conditions prevailing during the tracer gas 
measurements.  

For the comparison case, which is corresponding to conditions prevailing in 
early October, the indoor air temperature is simulated to about 25ºC at the 
ground floor and 23ºC at the upper floor. This is in agreement with 
measurements of indoor temperatures in the living room and room A, 
respectively. Figure 7.15 and Figure 7.16 shows the velocity magnitude contours 
in the yz-plane at x=1.5. It shows two persons standing in room B and the 
living room. The airflow exchange between the hall and the room A and B, 
respectively are more pronounced in the summer case. The temperatures are 
generally higher at the ground floor. For summer conditions the indoor 
temperatures are at relatively low levels (22-25°C), compared to for example the 
energy simulations. This is due to static supply air temperatures of 19ºC, which 
lowering the indoor air temperature. During the winter conditions the air 
temperature is about 19–20ºC (Figure 7.16).  

The reader is referred to paper VI for further discussion about airflow velocity 
and temperature patterns. 
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Figure 7.15 Contours of the velocity magnitude in the yz-plane at x = 1.5 m for the Summer 
case. The supply air temperature is modelled as 19ºC, which stabilise the indoor temperature 
at modest levels.  

 
Figure 7.16 Contours of the velocity magnitude in the yz-plane at x = 1.5 m for the Winter 
case. 
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7.5 Thermal comfort – measurements and interviews  
The evaluation of the buildings includes evaluation of indoor temperatures 

within the buildings and interviews with the occupants. The results from the 
interviews and temperature measurements were compared and analysed 
together. Such an interdisciplinary approach gives the opportunity for 
triangulation between the quantitative and the qualitative results. If the results 
point in the same direction the outcome from both the qualitative and 
quantitative analysis is strengthened. If the case is the opposite additional 
measurements or interview questions can be used to further evaluate the 
differences. In the following section results from temperature measurements 
and the interviews will be presented. The interview results originate from paper 
III. Much more could be learned from the interviews about the occupants and 
their interaction with the building, but this is out of the scope of this thesis and 
will be published in another thesis. Some background questions that can be of 
interest for the questions about the indoor climate are not mentioned here but 
can be found in paper III and in Isaksson (2005). A more detailed description 
can also be found in Boström et al. (2003). 

The interviews were held with 16 out of 19 households11. Altogether, 22 
tenants took part in the interviews, 6 males and 16 females. Seven of the 
interviewed households lived in gable houses and nine in middle buildings. The 
temperature measurements were made in all houses at one point at each floor, 
shown as squares in Figure 7.17. Additional measurements were made in the 
test house to look for temperature stratification and temperature differences 
between rooms. Those additional measuring points are shown as circles in 
Figure 7.17. In addition, the temperatures at different heights were measured in 
the door openings between the Hall and bedrooms A and B, respectively and 
the entrance to the toilet at the bottom floor, looking for thermal stratification.  

                                           
11 One of the houses was used as a test house by SP. 



 

98 

 
Figure 7.17. Temperature measurement points, indicated by “T”. “T” in a box indicates 
measurement points for SP, which are located in all houses. “T” in a circle indicates 
measurement points only located in the test house. 

Most of the households say that they prefer an indoor temperature of about 
20–21°C, while a few prefer 22–23°C. The households are using different set 
point temperatures, most of them at 21–22°C, but some have 20°C or 23–
24°C. Several households express that the indoor temperature is about 1–3°C 
lower than the set point temperature. It was found during the measurements 
that the temperature of the supplied air differed between rooms A and B by 
about 1.5ºC. In Figure 7.18 the two measurements are shown together with 
temperatures after the air-to-air heat exchanger. It can be seen that the 
temperature increases between the air-to-air heat exchanger and the rooms by 
about 1–3ºC. If a temperature decrease is found in the exhaust channel, this can 
explain the difference between the set point temperature and the indoor room 
temperature expressed by the occupants. However, this has not been further 
analysed within this thesis. Nevertheless, the temperature difference between 
the heat exchanger and the supply air terminal device, as well as between the 
different supply air terminal devices, is rather large.  
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Figure 7.18. Measured supply air temperatures in rooms A and B, respectively, as well as 
after the air-to-air heat exchanger. 

Many occupants pointed out that cold air sometimes blows from the supply 
air terminal devices as the heating system tries to reach the set point 
temperature. It was found afterwards that the control system of the air-to-air 
heat exchanger was malfunctioning and the problem with cold air may have 
disappeared. 

Some occupants mentioned during the interviews that they leave the doors 
opened to facilitate the spread of heat between the rooms. In addition many 
light candles during the evenings for increased well-being and for heating 
purposes, or as one of the tenants says: 

“I often light a lot of candles and then we manage to heat it up quite quickly. The 
candle account is expensive […], well, candles make it cosy so it doesn’t bother us.”  

Generally, there is no agreement on which floor is warmer or colder. It partly 
depends on the distribution of household appliances and on which floor the 
occupants spend most of their time. This difference is mentioned by several but 
not all households as a problem that they are concerned with. A another 
kindred issue is the floor surface temperature at the ground floor, which is 
experienced by most of the occupants as cold, in particular the entrance close 
to the main door, which is made of paving tiles. Another room mentioned 
related to cold floors is the bathroom at the upper floor. 

From the temperature measurements in all buildings it can be concluded that 
the differences between different households are considerable. Table 7.7 shows 
the average indoor temperature at the two floors. The difference between 
average temperatures during winter and summertime is about 3°C. The annual 
average temperatures in different houses are shown in Table 7.7. The maximum 
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value is 25.7°C on the upper floor of a middle house. The minimum value is 
15.5°C on the ground floor of a middle house.  

 
Table 7.7. Average indoor temperatures in all houses on both floors. G represents gable 
houses and M, middle houses.  

House Ground 
floor 

Upper 
floor 

Difference

G1 22.5 24.8 2.3
G2 21.0 22.2 1.2
G3 21.2 21.7 0.5
G4 20.0 21.0 1.0
G5 22.9 24.7 1.8
G6 21.1 23.6 2.5
G7 22.1 25.7 3.6
G8 21.7 23.5 1.8
M1 21.9 23.6 1.7
M2 21.6 22.4 0.8
M3 22.1 23.4 1.3
M4 15.5 21.1 5.6
M5 17.4 16.9 -0.5
M6 21.0 19.8 -1.2
M7 22.1 23.2 1.1
M8 22.4 23.6 1.2
M9 23.4 24.2 0.8
M10 23.7 25.0 1.3
M11 21.6 21.4 -0.2
M12 22.5 23.6 1.1

 
There is a significant difference in average temperature between the gable-end 

houses and the middle houses. The measurements show that it is generally 
warmer in the gable-end houses, especially when the air heating system is used. 
In Figure 7.19 the average temperature for all middle houses and gable-end 
houses respectively is shown for one week in October, when the heating system 
is in use, and the gable houses have higher temperatures.  
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Figure 7.19. Average temperatures on the upper and bottom floors of seven gable-end houses 
and nine middle houses over a one-week period in October 2002. Data from SP (Ruud & 
Lundin, 2005) 

The temperature dynamics over twenty-four hours can be exemplified with a 
temperature measurement in a middle building and a gable building in October 
2002, shown in Figure 7.20. A significant increase in indoor temperature is 
found during the evening, when the tenants arrive home and are watch TV, etc. 
In particular this was found in the gable building during the two last days 
shown in Figure 7.20.  

 

15

17

19

21

23

25

27

10-21 00:00 10-22 00:00 10-23 00:00 10-24 00:00

Ce
lsi

us
 d

eg
re

es

Middle house
ground floor

Middle house
upper floor

Gable house
ground floor

Gable house
upper floor

 
Figure 7.20. Temperature variations in a middle and a gable house, respectively, over a three-
day period in October. The first day is a Monday. 
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Another picture describing the dynamic temperature of the building as well as 
the temperature gradient in the door opening between room B and the hall is 
found in Figure 7.21. The measured temperatures at different heights show that 
there is temperature stratification present in the door opening, around 1 m 
above the floor level. The figure contains a lot of information about the activity 
in the building and its influences on the temperatures. For example, it can be 
seen in the figure below that the thermal mannequin is turned on about 9 a.m. 
both days. During the first day the temperature at the lower floor rises quite 
rapidly about 3 p.m. The same phenomenon is not found at higher levels. At 
the same time the power demand of the ventilation system is increased, which 
is either explained by an increased airflow or use of the integrated heater. 
Hence, the influence of the increased airflow or the higher temperature of the 
supplied air has most influence on the lower levels. The two peak temperatures 
near 6 p.m. are explained by increased power dissipation in the building. A heat 
load of about 600 W is then turned on in the living room, which results in a 
temperature increase quite fast in the whole building.  

A possible problem with houses like these is too high temperatures during 
summertime due to the well-insulated construction and large window areas. 
Measurements of indoor temperatures at both floors in all buildings show that 
the temperature is generally higher in middle buildings at the upper floor. The 
highest measured temperature is 38ºC, but this temperature was measured in 
October and is probably not representative for the overall indoor temperature. 
The highest temperature measured during summertime is 34.3ºC in a middle 
building. Figure 7.22 shows the average temperature in middle and gable 
buildings for both floors. The number of hours the average temperature is 
below 20ºC are very few. However, the occupants claim that the actual indoor 
temperature was lower than temperatures measured. Additional measurements 
performed in the test house showed that there was a temperature difference 
about one degree between the temperatures measured at the upper hall and 
near the stairs in the living room and those measured at the inner walls in those 
rooms, as was shown in Figure 7.17. In addition, most of the occupants stated 
that the temperature in their homes is about 20–21°C (higher during 
summertime). The differences between the two measurements are related to the 
position of the temperature sensor. This has a decisive influence on the 
measuring result. 
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Figure 7.21. Temperature gradient between room B and the hall. 
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Figure 7.22. Frequency curve for average indoor temperatures within the low-energy buildings. 
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Summarising the outcome from the interviews and measurements concerning 
the thermal environment, it can be concluded that the interaction between the 
occupants, the building envelope, the heating and ventilation system and 
especially its control system is complex. Sometimes this causes complaints 
about the indoor climate from the occupants. The households’ opinions about 
the indoor climate differ slightly among them. The experience depends, for 
example, on if the household lives in a middle or gable building, the number of 
household members, and how much time they spend at home. The 
comprehensive picture shows that households consisting of one or two people 
living in a gable building may have trouble maintaining an acceptable indoor 
temperature during wintertime if they spend a lot of time outside the home. 
Further, the control system of the air-to-air heat exchanger is not optimal as too 
cold air sometimes blows through the supply air devices. The temperature 
gradient measurements show the influence of the thermal mannequin on the 
room air temperature and in particular the influence of a heat load in the living 
room on the temperatures at the upper floor.  

7.6 Environmental performance and embodied energy 
The environmental performance of the building was exemplified by 

calculating the CO2 emissions for different energy systems in paper V. Both 
Swedish and European electricity averages were used, as well as coal condense 
as marginal electricity production. The result is shown in Figure 7.23. In the 
first four cases the emissions from the low-energy building are 44 percent of 
the emissions from the typical building. However, the absolute values are 
different. The emissions from the low-energy building are about 83 kg if 
Swedish average electricity production is used in the calculation. If heating and 
domestic hot water is provided by district heating the reduction of CO2 
emissions is 869 kg or 72% if the Swedish average electricity mix is used as 
accounting method. The reduction decreases to 17% if present marginal 
production, coal condense, is used instead. This is because the energy for 
household appliances is at the same level in the two building types. The same 
picture appears if pellets are used; the reduction is 39% with Swedish average 
electricity mix and only 1% with marginal production, respectively. On the 
other hand one can argue that domestic heating, if produced in a co-generation 
plant, gives rise to electricity production that can replace other production 
methods. In that case the marginal production will be replaced first if the 
demand is assumed constant regardless of the electricity price (Sjödin, 2003; 
Rolfsman, 2003). The lowest absolute value for each accounting scheme is 
found if biofuel is used for heating and DHW.  
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Figure 7.23. CO2 emissions from the low-energy houses and an ordinary Swedish house, using 
different accounting methods. 

The embodied energy was calculated and presented together with the 
operation energy demand (see paper V). The values were compared to a 
common Swedish house as shown in Figure 7.24. The total energy level has 
decreased but the relationship between the production and operation phases 
has changed. Hence, the embodied energy is of more importance in a low-
energy building than in typical buildings. 
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Figure 7.24. Embodied and operation energy for a common Swedish house and the low-energy 
buildings in Lindås. 

7.7 Changing energy carrier and economical considerations 
All 20 houses have individual heating systems in the present buildings. 

Instead, they could have a central boiler or a ground heat pump that supplies 
heat to all the buildings. If the economic potential for a biofuel boiler, district 
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heating and ground source heat pump is evaluated it is found that the boiler 
and the heat pump cross the line for electricity after about ten years (Figure 
7.25). District heating is, according to the figure, never economically profitable 
with the prices used12. A system with a central boiler seems to be economically 
profitable in the long run. But those systems are connected to increased cost 
for installations. As discussed above the CO2 emissions are lower with biofuels 
or district heating.  
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Figure 7.25. Operational and investment costs for different heating systems. It is assumed that 
20 buildings are connected to the same sub-station.  

The total extra cost for building those low-energy buildings was, according to 
the builder, about €20,000 (Glad, 2006). With an energy price of €100/MWh 
(using a three-year contract electricity price for household consumers13), this 
means that the pay-off time for those buildings is about 19.5 years if no future 
increase in electricity prices is assumed. With a 2 percent increase in electricity 
prices the pay-off period decreases to about 16 years and with a 5 percent 
increase it decreases to 14 years. This yields the relation between the low-energy 
building and the comparable building shown in Figure 7.26. The economical 
impact of increased energy prices is considerable for the typical Swedish 
building. The low-energy building is of course less affected because of the lower 
electricity demand. 

Summarising, it seems like the low-energy building is functioning quite well 
but could be improved regarding the air-to-air heat exchanger, the airflow and 
by using an energy carrier with lower environmental impact.  

                                           
12 Common Swedish prices in 2005 from www.tekniskaverken.se.  
13 Source: http://www.vattenfall.se 
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Figure 7.26. Comparison between operational costs for the two building types with different 
price increase of electricity price in the future. The pay-back period, with no price increase, is 
about 17 years with an extra investment of €20,000 and an electricity price of €100/MWh. 

7.8 Summary of the Lindås case  
The low-energy buildings in Lindås use about 66.8 kWh/m2a in total, of 

which about 13 kWh/m2a is for space heating purposes. The differences 
between households are about ±11.7 kWh/m2a for total energy use. It was 
found that the 900 W integrated heater was used to a great extent (between 400 
and 4,000 hours a year) in occupied buildings. Hence, the set point temperature 
exceeds the achievable temperature for about 1,500 hours on average.  

The ventilation measurements point out possible ventilation shortcuts, 
fluctuating ventilation rates and small differences in the age of the room air at 
different heights. The ventilation measurements indicated a malfunction of the 
heating system14.  

Temperature measurements show the dynamic behaviour during the day and 
between floor levels. This is emphasised in the interviews. In addition, the 
measurements showed differences in supply air temperatures in different parts 
of the building that impair the possibility to satisfy the desired thermal 
environment. The tenants have pointed out the risk of draught from the supply 
air terminal devices as one main disadvantage with the houses.  

It was found during the simulation work that the control of the heat 
exchanger has great influence on the energy demand. Further, the simulation 

                                           
14 The problems with the heat exchanger and the integrated heater have been taken care of 
after the study was conducted.  
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results show that increased set point temperatures increase the thermal comfort 
during wintertime. Further, load management was found to be possible to use 
without deteriorating the indoor climate. Finally, the simulations show indoor 
temperatures above 30ºC during summertime.  

According to the simulation it is possible to achieve low PPD levels most of 
the time in most of the cases. The highest levels are found during summertime 
and in some cases during cold winter days. Discomfort is mentioned in the 
interviews related to draught from supply terminal devices and cold floor 
surface temperatures. 

The low-energy building causes lower CO2 emissions than a comparable 
typical Swedish building. CO2 emissions can be used as an indicator of the 
amount of resources connected to the primary energy used. Hence, the low-
energy building uses fewer resources than the comparable building. In addition, 
the embodied energy is about 40 percent lower for the low-energy building.  

Another energy carrier can be used to decrease the environmental impact. 
With today’s energy prices it seems that it in the long run it is economically 
profitable to use a ground source heat pump or biofuel if several households 
are connected to the same sub-station.  
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8 Using a systems approach on other objects 
In the following section four different studies are surveyed. The projects are variously finished, 
ongoing or in the initial phase. 

8.1 Data centre 
The energy demand in the computer environment is considerable and will 

increase in the future as more electronics are packed tighter, increasing the heat 
density (Brill, 2006). Data centres are facilities with electronic equipment that 
generate considerable amounts of heat and require a stable thermal 
environment. The heat dissipated has to be chilled away. The common way to 
remove the heat is to use chilled air that is flowing through the floor of the data 
centre, into the racks and the servers and back to Computer Room Air 
Conditioning (CRAC) units. It is essential for the energy use and the thermal 
environment that this procedure be effective. The study includes an energy 
audit and several temperature measurements to analyse the thermal 
environment in a data centre facility. The airflow pattern from one rack was 
visualized using an IR camera (Karlsson & Moshfegh, 2003). The energy system 
of the facility was defined as shown in Figure 8.1. Only electronic equipment 
was present in the room.  

 
Figure 8.1. The energy system of the data centre. 

8.2 Dairy 
In a study from a dairy a wrapping facility was analysed. The indoor climate as 

well as the energy demand were evaluated and a measuring programme was 
launched. The power demand was divided for the production and supporting 
processes and the thermal climate, i.e. temperatures and air velocity, was 

“The trouble with generalisations 
is that they don’t apply 

to particulars” 
Lincoln & Guba 
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analysed by point measuring. The indoor climate was further analysed using 
CFD simulations. The energy demand in general and especially the energy 
demand for heating and cooling, as well as the indoor climate in the whole 
dairy, was analysed by Karlsson et al. (2005). The possibility to lower the energy 
demand by using variable air volume-flow systems (VAV) and still fulfil the 
requirements on indoor temperature levels has been further analysed by Rohdin 
& Moshfegh (accepted for publication in Building and Environment). 

8.3 Die-casting shop 
In contrast to the data centre (without any people) and the dairy the workers 

in a die-casting shop are exposed to toxic compounds in the air. The casting 
shop was found in an industry hall with several melting ovens for magnesium 
and aluminium. The melt surface was protected from oxidation by salt that 
reacts with the magnesium. The study involved an energy audit of several 
processes in the building. A pre-study of the thermal environment involving 
temperature measurements and airflow measurements was made15. Several 
measures and further studies, for example an interview study, were discussed 
with the company, but unfortunately interviews have not been possible to 
perform. The thermal climate and the air quality in the casting shop were 
analysed nonetheless (Rohdin & Moshfegh, 2006). 

8.4 Health-care facilities  
The energy demand and the indoor climate are both important in hospitals. 

An orthopaedic clinic at a Swedish hospital is being investigated in order to 
provide guidelines for energy efficiency measures and indoor climate 
improvements in health care facilities. The indoor climate and the energy use 
will be surveyed by measurements and simulations. A questionnaire will be 
distributed to nursing staff and patients about their perception of the indoor 
climate. Health-care facilities have special requirements on the indoor climate 
that have to be fulfilled by the technical systems and be accepted by nursing 
staff and patients.  

 

                                           
15 Those measurements have been reported in an unofficial report by Thollander, Karlsson 
and Rohdin (2004). 
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9 Discussion 
Energy demand in the building sector is of great importance if sustainable 

development is to be achieved, due to its influence on global energy demand. 
One of the most important issues on the global political agenda is the 
greenhouse effect and the emission of carbon dioxide. Solving that problem will 
require efforts on different fronts, using both present and future technologies - 
we should not wait for new technical solutions to our problems - and by actions 
at both the supply and demand side of the energy system (Pacala & Socolow, 
2004). Low-energy and energy-efficient buildings are one important option to 
reduce the emissions, including both the technical and social parts of the 
buildings. This thesis is about evaluating the energy and indoor climate 
performance of low-energy buildings, exemplified in a study of 20 terraced low-
energy buildings. 

The approach proposed in this thesis relies on a socio-technical systems 
approach; that is, taking both technical and social systems into considerations 
when evaluating the object. Both energy and indoor climate performance have 
been investigated as well. To the author’s knowledge, no other similar studies 
have involved the occupants and focused on both energy and indoor climate, 
what distinguishes this thesis is a pronounced system thinking and socio-
technical focus.  

The systems approach discussed in Chapter 2 is in many cases manifested by 
optimisation or simulation. In this thesis optimisation has not been used due to 
the problem of finding a suitable description of optimisation parameter when 
dealing with comfort parameters. A life cycle cost optimisation should be used 
together with other evaluation methods as the comfort and energy performance 
achieved also depends on the tenants’ activities. 

Energy usage in buildings depends on many things. People do not purchase 
their homes for energy reasons; they will live their lives there and move in 
because of several other, mainly cultural reasons (see for example Aune, 2004 
and paper III). Further, the energy demand that arises from households cannot 
be decreased with one general solution. In a study that compares household 
energy requirements in Australia, Brazil, Denmark, India and Japan one of the 
conclusions was that there was a difference between average energy 
requirements, even at equal income levels (Lenzen et al., 2006). Geographical 
conditions, population density, conservation and technology and consumer 
lifestyles are found to influence the result. Climatic conditions play a minor role 

”Ingen människa är en ö” 
John Donne (1572-1631)
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in the overall picture. These results show that a method focusing on both 
technical and social measures to decrease the energy demand is valuable.  

It is further clear that the performance of the building is an outcome of 
decisions made by multiple managers. An existing building is a product of a 
chain of choices made by, for example, the architect, engineers and the 
households at different stages in the building life cycle. The primary energy 
used for operation of a building is a product of the building’s technical systems, 
how this system is managed by the occupants and how the surrounding energy 
system is organized; which energy carrier and energy transformation plants are 
used. These different systems are all dynamic and managed by different 
managers with diverse goals.  

The systems approach (Churchman, 1968) claims that the most appropriate 
methods should be used to analyse a certain problem. In this thesis those 
methods are measurement of physical variables, simulation of energy and 
indoor climate parameters, interviews with occupants about indoor climate 
issues and calculation of environmental parameters connected to energy 
requirements. If the analysis concerns other objects, supplementary methods 
may be used or combined in other ways than have been the case within this 
thesis. Nevertheless, the combination of measurements, simulations and 
interviews captures both technical and social components of a building as an 
energy system that would not be captured if the methods were used alone. For 
example, the draught in the upper toilet may have never been measured without 
the complaints from the tenants; the reliability of the simulation model is 
improved by both measurement results as well as results from other simulation 
models; and the functionality of the heating system is illustrated by interviews, 
simulations and measurements.  

Low-energy buildings are buildings that use new technologies or combine 
technologies in new ways and have low energy demand. Yet to distinguish 
among energy-efficient, low-energy and passive houses is hard, as the 
definitions are sometimes used together or for similar objects. If energy-
efficient houses are defined as buildings that are built within economical limits 
but with lower energy demand compared to similar buildings, today’s low-
energy buildings will be the energy-efficient houses of tomorrow. Low-energy 
houses are thus one step towards sustainable development. Nevertheless, our 
apparently demand for increased comfort may act in the opposite direction and 
increase the energy demand.  

The definition of sustainable development relies on the formulation about 
“the needs of the present” generation. The definition of “needs” is somewhat 
problematic as it seems to change with time. Our demands on temperature 
levels within a certain range independent of the outdoor climate imply an 
increasing energy demand. This has been described by Shove:  

But at what price do we cut ourselves off from nature? It is one thing to modify the 
elements but when buildings are constructed as climatic fortresses, the symbolic 
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division between a managed interior and an unruly and unpredictable world outside is 
ever more strongly pronounced (Shove, 2003, p. 27). 

The connection between our needs and the ambition for sustainability is like a 
donkey moving towards a carrot attached to the donkey itself. The donkey will 
never reach the carrot, as they are moving with the same speed in the same 
direction. Achieving sustainability may therefore call for changing our needs, 
looking for other things besides carrots just in front of us. Further, sustainable 
development should fulfil economic, social and environmental considerations. 
Historically, economic considerations have played the most important role. 
Social and environmental aspects should be considered more carefully; low-
energy houses do act in that direction.  

The low-energy houses described in this thesis show that by using well-known 
technology it is possible to achieve a building that uses almost half the amount 
of energy compared to a comparable building. The building gives the technical 
possibilities for the occupants to control their climate. The interviews showed 
that they are mostly satisfied with the buildings (not only the indoor climate). 
However, the buildings can be improved. The ventilation evaluation shows that 
ventilation shortcuts may be found. On the other hand, none of the occupants 
complained about anything connected to indoor air quality. The simulations 
show, for example, that the connection between orientation and energy demand 
was weak and that the risk of overheating was crucial in warmer climates. The 
interviews, measurements, and simulations results show that the house was 
warmer where people spend most of their time and that the social load is of 
importance in well-insulated houses.  

The construction of houses with well-insulated envelopes uses more 
embodied energy but decreases the energy demand during operation. With an 
energy carrier other than electricity the CO2 emissions can be lowered even 
further, but this is strongly dependent on the accounting method for electricity. 
With a thermo-dynamical approach the use of electricity for heating should be 
avoided, as this means use of high quality energy. Instead, low-exergy sources, 
for example waste heat, should be utilised. District heating would be favourable 
but due to the high investment cost for very low power demands this is not 
economically feasible with today’s energy prices.  

Are the particular low-energy buildings described in this thesis the solution for 
sustainable development? Certainly not – as discussed in the main text there are 
no general solutions. Indeed, the buildings do decrease the energy demand 
without deteriorating the indoor climate below acceptable limits and make it 
possible for the occupants to make them comfortable but as discussed above 
the buildings can be improved or changed to fit into the surrounding energy 
system. Nevertheless, low-energy buildings, like the ones described in this 
thesis, act in a sustainable direction.  

According to the scenarios presented in Section 1.4.1 the Swedish building 
stock should decrease its total energy demand at year 2050 to about 40% of the 
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values from year 2000 by a more efficient use of space and applying energy-
efficient measures to present building stock and new buildings. The main 
difference between the scenarios and the analysed low-energy building is that 
the present building is heated by electricity and some solar heating. In the 
scenarios houses are to be heated by combinations of solar or district heating or 
solar/biofuel heating. Further work should be done on developing buildings 
not using electricity for heating purposes and confining electricity use for other 
purposes to a minimum. 

Taking up the thread from Nässén & Holmberg, presented in Section 1.4, 
policy makers should have in mind the following points when developing 
policies for building energy systems. First, do not promote too strong a 
dependency on electricity; instead, provide flexibility at the demand side. 
Hence, it is important to use different energy carriers depending on the 
geographical situation and the opportunities to utilise nearby heat sources. 
Second, measures on the supply side should be involved. For example it is 
important to use district heating networks for combined heat and power 
production. From the Swedish perspective, low-energy houses such as those 
described in this thesis are suitable for locations outside cities but can with 
advantage be placed in groups with a common central biofueled boiler.  
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10 Concluding remarks 
This thesis has described a multi-dimensional evaluation approach for energy 

and indoor climate issues. The approach moves through different system levels 
and changes focus between energy and indoor climate. It is emphasised that, 
when present, the humans as well as their actions should be included in the 
system.  

A study of a Swedish low-energy building was used to exemplify the approach 
and try to answer how a low-energy building works. The building was evaluated 
by different measurements, simulations, and interviews of the occupants. The 
CO2 emissions arising from the energy demand were also calculated for 
different surrounding energy systems.  

The combination of building energy simulation, measurements, interviews, 
calculation of environmental impact and computational fluid dynamics 
simulations seems appropriate for an evaluation of a low-energy building. All 
methods have their advantages and disadvantages. Building energy simulation 
should be used in conjunction with measurements for validity reasons. Further, 
using interviews together with simulations and measurements improves the 
trustworthiness of all methods and points out differences that should be further 
investigated.  

An important question concerning the functionality of a low-energy building 
is the functionality with respect to what and who. In this thesis the energy 
requirements and indoor climate are in focus. From an energy point of view 
these buildings work well compared to ordinary buildings, using about half the 
amount of purchased energy. However, the primary energy requirement can be 
further reduced by using devices such as heat pumps, and the environmental 
impact can be further decreased using other energy carriers. The indoor climate 
can be improved as well. For example, temperature differences between floor 
levels could be avoided by proper layout, draught from supply air terminal 
devices should not be present and the airflow pattern should be investigated to 
improve the ventilation efficiency. However, it is possible for the occupants to 
make themselves comfortable and the disadvantages mentioned during the 
interviews are regarded as of minor importance by the tenants. From the 
occupants’ point of view a similar picture of the functionality is rising. A 
fireplace and floor heating are two features that were mentioned during the 
interviews that would have improved comfort. 

”Förutsägelser är svåra. 
Särskilt om framtiden.”
Niels Bohr (1885-1962)
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It was found from the interviews, the simulations as well as the measurements 
that the air-to-air heat exchanger, the integrated heater, and its control system 
was the technical component that influenced indoor climate and energy 
performance the most. More attention should be paid to this in the next 
generation of low-energy houses. 

Low-energy houses like the one presented in this thesis utilise surplus heat to 
a great extent. Surplus heat from appliances, etc., will always be utilised for 
heating purposes, but it is accentuated in low-energy buildings where the social 
load plays an important role for the indoor climate. Returning to the systems 
approach, the social load is a resource to the system and it is more important 
for low-energy houses than for houses just fulfilling the regulation 
requirements.  
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11 Further work 
The projects reported within this thesis could be further investigated. Some 

findings can be interesting to investigate in more detail or can be a point of 
departure for other studies.  

First, the definition of different kind of buildings should be clear. A 
continuation of earlier attempts to distinguish between low-energy buildings 
and energy-efficient buildings may be helpful for future work.  

Low-energy buildings can be further developed and built on a larger scale. 
Recently, several Swedish projects have been built based on the concepts used 
in Lindås. The next step is to build low-exergy houses that may use other 
technology solutions. Projects that utilise findings from social studies are also of 
importance to achieve sustainability (if possible). The evaluation of the houses 
reported in this thesis was performed about one year after occupants have 
moved in. A subsequent evaluation study involving interviews and 
measurements in about five years should be of great importance for achieving 
understanding about the living in low-energy houses and their technical 
performance, as well as the interplay between the technical and social 
dimensions.  

Refurbishments of existing houses are important to reduce the energy 
demand. A socio-technical approach to this issue gives other opportunities than 
a pure technical approach. 

The simulation program ESP-r could be developed with other occupation 
schemes and a possibility to calculate the embodied energy. Integrating CFD 
and energy simulations is valuable for whole building description of energy and 
indoor climate issues. The possibilities within ESP-r to integrate CFD-
simulation and energy simulation can be further developed for faster and more 
accurate solving. Further, the connection to the surrounding energy system and 
a simulation of both supply and demand sides could be further developed, 
although it must be admitted that it is already possible to simulate, for example, 
a boiler.  

Prediction of airflow and temperature patterns by CFD-simulation within this 
low-energy building can be further examined. For example, to investigate the 
impact on the thermal climate from different locations of the supply air 
terminal devices or another heating system. 

”Du blir aldrig färdig 
och det är som det ska” 

Thomas Tranströmer (1931-)
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The approach will be further used in other environments for example a study 
of health-care facilities and for industrial premises, as described briefly in 
Section 8.4.  
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