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Abstract 
Buildings can play an essential role in the transition to a sustainable society. 
Different strategies, including improved energy efficiency in buildings, 
substitution of carbon intensive materials and fuels, efficient energy supply 
among others can be employed for this purpose. In this thesis, the implications 
of different insulation materials, modelling and design strategies on primary 
energy use of residential buildings are studied using life cycle and system 
perspective. Specifically, the effects of different insulation materials on 
production primary energy and CO2 emission of buildings with different 
energy performance are analysed. The results show that application of extra 
insulation materials to building envelope components reduces the operating 
primary energy use but more primary energy is required for the insulation 
material production. This also slightly increases the CO2 emissions from 
material production. The increases in primary energy use and CO2 emissions 
are mainly due to the variations in the quantities, types and manufacturing 
processes of the insulation materials. Thus, choice of renewable based 
materials with energy efficient manufacturing is important to reduce primary 
energy use and GHG emissions for building material production. 

Uncertainties related to building modelling input parameters and 
assumptions and how they influence energy balance calculations of residential 
buildings are explored. The implications on energy savings of different energy 
efficiency measures are also studied. The results show that input data and 
assumptions used for energy balance simulations of buildings vary widely in 
the Swedish context giving significant differences in calculated energy 
demand for buildings. Among the considered parameters, indoor air 
temperature, internal heat gains and efficiency of ventilation heat recovery 
(VHR) have significant impacts on the simulated building energy performance 
as well as on the energy efficiency measures. The impact of parameter 
interactions on calculated space heating of buildings is rather small but 
increases with more parameter combinations and more energy efficient 
buildings. Detailed energy characterisation of household equipment and 
technical installations used in a building is essential to accurately calculate the 
energy demand, particularly for a low energy building.  
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The design and construction of new buildings present many possibilities to 
minimise both heating and cooling demands over the lifecycle of buildings, 
and also in the context of climate change. Various design strategies and 
measures are analysed for buildings with different energy performance under 
different climate scenarios. These include household equipment and technical 
installations based on best available technology, bypassing the VHR unit, 
solar shading of windows, combinations of window u- and g-values, different 
proportions of glazed window areas and façade orientations and mechanical 
cooling. The results show that space heating and cooling demands vary 
significantly with the energy performance of buildings as well as climate 
scenarios. Space heating demand decreases while space cooling demand and 
the risk of overheating increase considerably with warmer climate. The space 
cooling demand and overheating risk are more significant for buildings with 
higher energy performance. Significant reductions are achieved in the 
operation final energy demands and overheating is avoided or greatly reduced 
when different design strategies and measures are implemented cumulatively 
under different climate change scenarios. 

The primary energy efficiency of heat supply systems depends on the heat 
production technology and type of fuel use. Analysis of the interaction 
between different design strategies and heat supply options shows that the 
combination of design strategies giving the lowest primary energy use for 
space heating and cooling varies between heat supply from district heating 
with combined heat and power (CHP) and heat only boilers (HOB). The 
primary energy use for space heating is significantly lower when the heat 
supply is from CHP rather than HOB. Operation primary energy use is 
significantly reduced with slight increase in production primary energy when 
the design strategies are implemented. The results suggest that significant 
primary energy reductions are achievable under climate change, if new 
buildings are designed with appropriate strategies. 
 
Keywords: primary energy use, material production, simulation, input 
parameters, design strategies, climate change, overheating, residential 
buildings  
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1. Introduction  

1.1. Background 
The construction and building sectors are material and energy intensive. 
Globally, civil works and building construction activities account for 60% of 
the total raw materials extractions and buildings represent about 40% of these 
[1]. The extraction and use of these natural resources present many challenges, 
including emission of greenhouse gases (GHGs), environmental degradation 
and energy security among others. World population and economic growth 
continue to put increased pressure on natural resources and the environment 
[2]. Different types of fuels accounted for about 96% of the global primary 
energy use in 2014 and fossil fuels contributed about 81% with oil, coal and 
natural gas accounting for 31%, 29% and 21%, respectively [3]. The global 
primary energy supply (including international aviation and international 
marine bunkers) between 1971 and 2014 is shown in Figure 1, by fuel types. 
Despite a significant contribution from renewable fuels to global energy 
supply, still fossil fuels dominate global primary energy use at 79% and 74% 
under the International Energy Agency’s (IEA) current and new policies 
scenarios, respectively by 2040 [4].  

The energy sector is a major contributor to global GHG emissions, 
accounting for around two-thirds of total GHG emissions [5]. Rising 
population and economic growth are suggested as main drivers of increases in 
anthropogenic CO2 emissions [6]. Atmospheric concentration of CO2 
emissions has increased by 40% since pre-industrial times, mainly from fossil 
fuel emissions [7]. In 2014, coal, oil and natural gas accounted for about 46%, 
34% and 20%, respectively, of the total CO2 emission from fuel combustion 
globally [3].   
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change. At the recently concluded Conference of Parties (COP21) in Paris, 
renewed commitments were reached to keep global warming below 2°C above 
pre-industrial levels while continued efforts are pursued to limit it to 1.5°C 
[8]. Rogelj et al. [10] assessed national plans submitted by countries to address 
the climate change challenge beyond 2020 in line with the Paris agreement. 
They suggest that the national plans collectively lower GHG emissions 
compared to current policies but still fall short of achieving the Paris target. 
More efficient use of energy and material resources, as well as the 
minimisation of energy-related environmental impacts is an essential part of 
efforts towards a sustainable society. 

1.2. Building energy use and climate impact    
Buildings can play a crucial role in the transition to a sustainable society as 
their construction, operation and disposal are associated with various energy- 
and material-related sustainability problems. GHG emissions from the 
building sector more than doubled in 2010 compared to 1970 levels, 
accounting for 19% of global GHG emissions [6]. Most building related GHG 
emissions are indirect CO2 emissions from electricity and heat generation 
(Figure 2) [6]. The building sector’s final energy use was about 32% of the 
global final energy use in 2010, corresponding to over 30% of related CO2 
emissions [6]. Both in the European Union (EU-28) and in Sweden, about 
38% of the total final energy use was attributable to the residential and service 
sectors in 2014 [11, 12]. Space heating currently dominates the final operation 
energy use of the residential building stock in most EU countries [13]. In 
Sweden, for example, buildings accounted for about 90% of the final energy 
use in the residential and service sectors in 2014 with about 55% of this being 
for space heating and hot water supply [14]. Climate change may influence 
energy demands in buildings, with greater needs for cooling especially in 
highly energy efficient buildings [6, 15]. Cooling demand is expected to 
increase by about 150% globally by 2050 [16]. 
 

2 

 
Figure 1. Global primary energy supply (EJ) by fuel type between 1971 and 2014. (Adapted 
from  [3]). 1Includes peat and oil shale. 2Includes geothermal, solar, wind, heat, etc. 

 
Several studies have emphasised the need to stabilise the concentration of 

GHGs in the atmosphere in order to avoid dangerous anthropogenic 
interference with the global climate system that may lead to potentially 
irreversible negative impacts [7, 8]. Negative impacts of climate change such 
as rising sea levels, heat waves and droughts, extreme weather patterns, food 
shortage and air pollution among others may pose significant threats to human 
life and ecosystems. Several scenario analyses suggest that the transition to a 
sustainable society requires radical shifts in the world’s energy supply systems 
through large scale substitution of fossil fuels with renewable energy supply, 
introduction of low carbon technologies and increased energy efficiency 
across different sectors [5, 6]. 

Changes in the global climate system have been unprecedented over recent 
decades [7] and  have been attributed to different factors including increasing 
concentration of GHGs in the atmosphere, primarily due to anthropogenic 
activities. The Intergovernmental Panel on Climate Change (IPCC) asserts 
with high certainty, that unprecedented concentration of GHGs in the 
atmosphere is the main cause of global warming and other negative climate 
change impacts [9]. Global mean surface temperatures have increased between 
0.65 - 1.06°C over the period 1880–2012 and are projected to further increase 
between 0.3 - 4.8°C by 2100 compared to 1986-2005 levels, depending on 
different climate scenarios [7]. Considerable efforts have been made over the 
past few decades to avert the potential negative consequences of climate 
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Various studies have explored different aspects of the energetic and 
climatic implications of buildings in different contexts. Life cycle assessments 
of conventional buildings indicate that the operation phase contributes largely 
to the total life cycle primary energy use and GHG emissions [19-21]. 
Building envelopes serve as a boundary between conditioned internal spaces 
and the outdoor climate and affect the space heating and cooling demands as 
well as comfort levels in buildings. Depending on the climate, about 33-50% 
of the global final energy use in the building sector is used for space heating 
and cooling [16]. The energy performance of envelope elements, including 
external walls, floors, roofs, ceilings, windows and doors is essential in 
estimating the heating and cooling energy requirement of buildings. Thus, 
efforts have mainly been towards reducing building operation energy use 
through improved airtightness and thermal insulation levels of envelope 
elements and by ventilation heat recovery (VHR). Insulation materials play an 
important role in improving the energy efficiency of both new and old existing 
buildings requiring renovation. In this regard, new innovative insulation 
materials and systems are emerging. A comprehensive review of traditional, 
state-of-the-art and future thermal insulation materials and solutions for 
buildings is presented in [22]. Most research on insulation materials have 
focused on their thermal properties and performance [23-28]. Some studies 
have analysed the cost, energy and environmental impacts of insulation 
materials in different climates. Ucar and Balo [29] and Ekici et al. [30] 
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of office buildings in Sweden. They found that highly glazed office buildings 
could result in higher space heating and cooling demands than those with 
conventional façade elements. Grynning et al. [49] proposed and applied three 
rating methods to assess the energy performance of different configurations of 
window u-values and solar heat gain coefficients in a Norwegian office 
building. Few studies have analysed the influence of window sizes and 
orientations on the final and primary energy use for space heating and cooling 
of buildings with varying energy efficiency levels. Leskovar and Premrov [50, 
51] studied the influence of glazing size on the architectural design and energy 
efficiency of timber-framed buildings with different external wall 
configurations and varying thermal transmittances. The focus of their studies 
was to analyse the effect of glazing size on the space heating and cooling 
demands of the studied buildings and to determine optimum glazing size on 
the south façade. However, they did not consider the primary energy 
implications and possible effects on the production energy of the different 
external wall configurations of the studied buildings. 

Various post occupancy performance studies have emphasised increasing 
risks of overheating and high cooling demands for low energy buildings in 
different climate contexts [15, 52-56]. Other studies have reported the effect of 
climate change on the energy performance of different building configurations 
and have assessed overheating intervention measures for both current and 
future climates. Wang and Chen [57] investigated the impact of climate 
change on the energy use of residential and commercial buildings in all seven 
climate zones in the United States. They found that by 2080 there would be a 
net increase in primary energy use for heating and cooling in most climate 
zones and that the effectiveness of natural ventilation for buildings in some 
cities would be significantly reduced. Dodoo and Gustavsson [58] studied the 
energy use profile, overheating risks and effectiveness of various overheating 
control measures for multi-storey residential buildings in Sweden under 
different climate scenarios. They found that heating demand decreased 
significantly, while cooling demand increased considerably for the studied 
buildings. Holmes and Hacker [59] studied the thermal comfort and energy 
use of buildings in the United Kingdom (UK) in the context of low-energy 
design strategies under climate change. They considered different ventilation 
design strategies and building operation schedules to achieve comfortable 
indoor environment. Wong et al. [60] investigated the impact of climate 

6 

The EU’s energy performance of buildings directive (EPBD) provides a 
framework methodology for calculating energy use of buildings and suggests 
that this should at least account for factors related to building thermal 
envelope, orientation, outdoor and indoor climates, lighting, heating, 
ventilation, air handling units, and passive solar systems and solar protection 
[33]. Simulation tools that can account for the dynamics of these factors are 
increasingly available and used for building energy balance calculations [34-
37]. However, the accuracy and reliability of results obtained from such tools 
partly depend on the quality of input data and assumptions. In an Australian 
study, Daly et al. [38] found that simulated final energy demand of prototype 
buildings varied by more than 50% from baselines when using plausible high 
and low simulation assumptions. Zhao et al. [39] simulated heating and 
cooling demands of buildings in different climate zones of China and explored 
the effects of key parameters influencing the buildings’ thermal performance 
including air infiltration rate, thickness of building envelope insulation and 
window u-values, external solar protection including shading co-efficient of 
windows, and window to wall ratios. Wall [40] simulated the energy 
performance of Swedish terrace houses and explored the implications of 
different assumptions and input data related to indoor temperature set-points, 
solar gains and occupant behaviour. They found large variations in space 
heating demand and attributed this mainly to underestimation of indoor 
temperature, household electricity and solar fraction for solar collectors in the 
building model. Molin et al. [41] studied the effect of different parameters on 
the energy use of low-energy buildings in Sweden. They found that among the 
studied parameters, internal heat gains had the most significant effect on the 
space heating energy use of the buildings. Danielski [42] compared simulated 
and monitored energy use of apartment buildings in Sweden and found large 
variations, despite similar construction and energy systems. This was 
attributed to uncertainties in input data for the building energy models, time 
difference between completion of the construction of the buildings and actual 
measurements, shape factor and relative size of common areas in the 
buildings. 

Several studies have shown the significance of the influence of window 
types, sizes and orientation on the energy balance of buildings in different 
climates [43-47]. Poirazis [48] analysed the impacts of varying the ratio of 
window area, glazing type and size among others on the operation energy use 
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both space heating and cooling demands, contrary to present strategies in cold 
climates with a main focus on reducing space heating demand. 

1.5. Aim and objective  
The aim of this thesis is to deepen the understanding of different strategies to 
minimise primary energy use and CO2 emissions of residential buildings from 
a life cycle and system perspective. The following specific research questions 
are addressed: 
 How does the production of different insulation materials for residential 

buildings affect the primary energy use and CO2 emission? 
 How do key input parameters, methods and assumptions as well as their 

interactions influence the energy balance calculations of residential 
buildings and energy savings of different energy efficiency measures?  

 What implications have different design strategies and their interaction 
with different heat supply options on production and operation primary 
energy use of residential buildings with different energy performance? 

 To what extent do different climate change scenarios influence the energy 
use of residential buildings with different energy performance and how can 
different design strategies and measures be used to minimise primary 
energy use? 
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change on the cooling demand of a residential building in Hong Kong under 
different GHG emission scenarios and assessed the effectiveness of increased 
indoor temperature, external wall insulation, double glazing and tinted glass. 
They found that increased indoor temperature was the most effective 
mitigation measure with occupants expected to adapt for example by changing 
clothes. Karimpour et al. [61] studied the impact of climate change on design 
variables to achieve energy efficient building envelopes in Australia under 
current and future climates. They considered different window glazing, floor 
covering, wall and roof insulation, reflective roofs and foil. They observed 
that measures to reduce cooling demand are more critical for better insulated 
buildings. 

1.4. Knowledge gaps 
Thermal properties and performance of building insulation materials have 
significantly improved [62-65]. Several studies on building insulation 
materials have focused on the economic and final energy savings in individual 
building components. However, the potential primary energy and CO2 
emission benefits of insulation materials linked to the production of 
functionally equivalent buildings have not been clearly quantified or 
demonstrated, when this research began in 2013.  

There are several uncertainties linked to energy balance analyses of 
buildings. Various studies [39, 66, 67] have also investigated implications of 
different input data and assumptions for such analysis but focused on a few 
selected parameters and individual parameter variations. Comprehensive 
assessment of simulation input parameters and assumptions, encompassing 
microclimate, building envelope, occupancy behaviour, ventilation, electric 
and persons’ heat gains as well as their interactions appears to be lacking.  

Different building design strategies may help to improve energy 
performance of buildings. The current design strategies for low-energy 
buildings are mainly geared towards improved building envelope 
performance. However, studies that analyse the energy implications, 
especially primary energy implications of incorporating different strategies in 
optimising building envelope design from a life cycle perspective seem to be 
lacking. Furthermore, design strategies for low-energy buildings need to be 
analysed under both current and future climates and optimised to minimise 
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2. Methodological framework and 
approaches 

In this thesis, the research aim and objectives are addressed by employing 
modelling and analytical tools to analyse the final and primary energy use as 
well as the associated CO2 emissions of buildings in a life cycle and system 
perspective. 

2.1. Life cycle perspective 
Life cycle assessment (LCA) is one of the most widely used bottom-up 
analytical tools for assessing the environmental impacts of products and 
services. The general framework and guidelines for conducting LCA of goods 
and services are described in the ISO 14040:2006 and 14044:2006  standards, 
respectively [68, 69]. LCA involves the compilation and evaluation of the 
inputs and outputs as well as the potential environmental impacts of a product 
system throughout its life cycle [68, 69]. Conventional LCA comprises four 
phases, namely: goal and scope definition, inventory assessment, impact 
assessment, and results interpretation. Typically, two approaches of LCA 
analyses – attributional and consequential LCA are distinguished [70, 71]. 
While attributional LCA focuses on describing the environmentally relevant 
physical flows to and from a product life cycle and its subsystems, 
consequential LCA focuses on describing how the environmentally relevant 
flows will be affected in response to possible changes [72]. Plevin et al. [71] 
suggested that LCA practitioners and researchers should recognise the 
limitations and understand the appropriate uses of  different LCA tools to 
achieve effective environmental policies and decisions. The main life cycle 
phases of buildings include production, operation and end-of-life management 
of demolished materials. LCA of buildings should cover all activities 
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Energy system analysis can be performed by bottom‐up and top‐down 
methods. A bottom‐up approach is based on highly detailed representation of 
the fundamental components and processes of a system to generate aggregate 
system behavior by modelling the interactions between the individual 
components of the system [77]. While this approach gives detailed 
information on specific processes and enables detailed comparison of different 
alternatives, truncation error may occur outside the system boundaries as the 
analysis is expanded further upstream. In contrast, the top‐down approach 
begins with an overall aggregate description of a system and then proceeds to 
break this down to characterise the individual components of the system [77]. 
Though truncation errors are avoided in the top-down approach, it has limited 
detail of specific processes and may not enable complete understanding of the 
interactions between individual components in the system.  

In this thesis, residential buildings and their energy supply chains are 
analysed in a systems perspective, using bottom-up models of mass and 
energy flows. This enabled detailed consideration of the processes in the 
energy supply chains and facilitated the comparison of different alternatives of 
the studied systems. In such comparative studies, the effect of truncation 
errors is marginal, as such errors are similar for the different alternative 
systems. 

2.3. Energy supply systems 
The choice of energy supply system depends on various factors, including 
availability of local resources and expected life time performance of a 
technology [78]. Activities over the production phase of a building include 
extraction of raw materials, processing of raw materials and assembly of 
different materials into a building. Energy may be supplied in different ways 
for these purposes with varying primary energy use and CO2 emission. The 
largest use of fossil energy is for electricity production, both globally and in 
the EU. Electricity production is dominated by fossil fuel-based stand-alone 
power plants. Policy measures, however, are being implemented to increase 
the use of combined heat and power (CHP) plants. Here, end-use electricity 
for the production of building materials from a coal-based (Paper I) and 
biomass-based (Paper IV) steam turbine plants has been considered.  

12 

associated with these phases.  LCA has been applied to assess the energetic 
and environmental impacts of buildings and building products in different 
contexts [1, 73, 74]. Still, studies have highlighted challenges associated with 
the application of LCA methods for whole building analysis. Such challenges 
relate to the complex interactions of activities over the long life span of 
buildings compared to many other products. Conventional LCA methodology 
may not adequately capture the interactions between the activities over the life 
cycle of a complete building and its energy supply systems. Such interactions 
may be explored using a system analysis approach, which accounts for the 
synergies between individual components within the system as a whole [75]. 
Basic considerations of a systems analysis approach include the objectives, 
environment, resources, components and management of the system [76]. 

In this thesis, a system analysis approach based on a life cycle perspective 
is employed to evaluate the studied buildings and their energy supply systems. 
The life cycle perspective considered here is similar to the inventory 
assessment phase of the LCA methodology and accounts for material and 
energy flows associated with the processes and activities during the life cycle. 
This approach is used in Papers I, IV and V to analyse the consequences of 
various changes on the modelled buildings and energy supply systems as it 
enables detailed assessment of specific processes and activities relevant to the 
modelled changes. In Papers II and III, key parameter values, methods and 
assumptions influencing energy flows related to the operation phase of the 
studied buildings as well as their interactions are modelled through detailed 
computer simulation. 

2.2. Energy system analysis 
The final energy demand during the operation phase of a building can be 
provided by different technologies and energy resources. Depending on the 
energy supply system and energy resources, different amounts of primary 
energy may be required to meet the required final energy demand. Primary 
energy use determines the natural resource use and the environmental impact 
of the final energy demand by taking into account all inputs and losses along 
the entire energy supply chains. Therefore, analyses of the environmental 
impacts of energy supply systems need to be conducted with a system 
perspective approach.  
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replace electricity that would have been otherwise produced in a stand‐alone 
plant with similar fuel and technology as the CHP plant [81]. The primary 
energy that would have been used to produce the replaced electricity in the 
stand‐alone plant is subtracted from that for the CHP plant to obtain the 
primary energy for the system. 

2.5. System boundaries and functional unit 
Establishing effective system boundaries and defining an appropriate 
functional unit is an important aspect in comparative analyses [82]. System 
boundaries describe the activities included in the modelled system and should 
be established broadly enough to capture the significant impacts of interest, 
but not so broad as to make the analysis too unwieldy [82]. In this work, 
boundaries are defined depending on the goals of the analyses. In Papers I and 
IV, the focus was on materials production and operation of the studied 
buildings. The system boundaries covered the complete materials and energy 
chains, including material losses, conversion and fuel cycle losses along the 
entire material production and energy supply systems processes. In Papers II 
and III, the system boundaries were defined around the building envelope and 
included all the energy flows through them. In Paper V, the system boundaries 
are extended to cover the entire energy supply chains from extraction of 
natural resources to the supplied heat and electricity in the building. 

A functional unit is a measure of the required properties of the studied 
system, providing a reference to which input and output flows can be related 
[82]. The functional unit can be defined at the level of building component, 
complete building, or services provided by the built environment [77]. In this 
thesis, the functional unit is defined at the level of an entire building and the 
results are expressed per usable floor area to readily facilitate comparison. 

2.6. Analysed parameters 
Different parameters can be used to express the energetic and climate impacts 
of buildings over their life cycle. Final energy expresses the energy supplied to 
the building excluding losses in end-use conversion as well as internal heat 
losses. While minimising final energy use is an important aspect of achieving 
low-energy buildings, this strategy does not fully reflect the environmental 
impacts and natural resource use of energy supply. Primary energy use, on the 
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During the operation phase of a building, energy is required for space 
heating and cooling, tap water heating, household appliances, lighting as well 
as fans and pumps. Space heating dominates the final operation energy use of 
the residential building stock in almost all EU countries [13]. In 2013, district 
heating accounted for about 58% of the total heat supply in the residential and 
service sectors in Sweden [79]. District heating is mostly used in multi-storey 
residential buildings, which accounted for about half of the total heat supply in 
the residential and service sectors. In this thesis, multi-storey residential 
buildings connected to district heating based on CHP plants are analysed in 
Papers I, IV and V. The primary energy efficiency of heat supply systems may 
also be affected by the heat production technology and fuel types. In Paper IV, 
alternatives where the studied buildings are heated with heat only boilers 
(HOB) are also considered to show the interaction between different supply 
systems and design strategies. Electricity supply for household appliances, 
lighting and fans and pumps are based on stand-alone plants with similar 
technologies as for material production. Currently, cooling demands for 
residential buildings are generally low in Sweden and cooling is typically 
managed in summer by shading and ventilation strategies. However, the risk 
of overheating in buildings is expected to increase under projected climate 
change scenarios. Cooling demand was analysed for the buildings in Papers II, 
IV and V. In Papers IV and V, mechanical cooling systems with electricity 
supply from stand-alone plants were assumed to meet cooling demands. The 
detailed characteristics of the district heating and electricity supply systems 
are given in the respective papers. 

2.4. Allocation in CHP production 
The district heating systems analysed in this thesis are based on CHP with 
cogeneration of heat and electricity. Allocation issues may arise in such 
multiple output systems. Allocation is the process of attributing impacts or 
benefits to a particular part of a process that results in multiple outputs and can 
be performed by different methods [80]. Allocation can be complex and 
subjective and hence could be avoided if possible e.g. through system 
expansion by including additional functions in the systems [81]. In this thesis, 
system expansion based on the subtraction method was used to avoid 
allocation in the CHP systems. The cogenerated electricity is assumed to 
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the Million Homes Programme [83]. The building is located in the Lindvägen 
area of Ronneby municipality (latitude 56.26, longitude 15.27), in southern 
Sweden and has 3 storeys of living areas made up of 27 apartments with 
heated floor area of 2000 m2 and a basement below ground level. The total 
ventilated volume is 5400 m3. The ground floor of the building is made up of 
190 mm concrete slab on 150 mm crushed stones. The north and south 
external walls consist of layers of 20 mm air gap and 95 mm glass wool 
insulation, sandwiched between 85 mm brick façade and 120 mm concrete, 
with 15mm gypsum plaster. The east and west external walls are made of 
either brick or wooden claddings on the outside with layers of 20 mm air gap, 
25 mm polystyrene insulation and 45 or 95 mm glass wool insulation with 15 
mm gypsum plaster. The basement walls have layers of 15 mm cement plaster, 
50 mm leca cement bond and 250 or 150 mm concrete on the north/south and 
east/west façades, respectively. The intermediate floors consist of 10 mm floor 
boarding over 190 mm concrete, while the attic floor has 350 mm mineral 
wool insulation placed over 160 mm concrete slab. The windows and doors 
have clear glass panels with wooden frames. Construction details and thermal 
properties of the building are given in Table 1. 

2.7.3. Täppan building 
The Täppan building (Papers IV and V) is a 6-storey concrete frame structure 
with 24 apartments, comprising 1-3 rooms with a total heated floor area of 
1686 m2 and was completed in 2014 in Växjö. The foundation of the building 
consists of layers of 200 mm crushed stone, 300 mm cellplast insulation and a 
100 mm ground floor concrete slab. The external walls consist of 100 mm and 
230 mm concrete on the outside and inside respectively, with a 100 mm layer 
of cellplast insulation material between them. The internal partitions are made 
of 200 mm concrete load bearing walls and non-load bearing walls of 30 mm 
thick gyproc plasterboard layers with steel studs spaced at 600 mm and air 
gaps of 95–145 mm between them. The intermediate floors are 250 mm 
concrete slabs whiles the ceiling floor is made up of 250 mm concrete slab and 
500 mm loose fill rock wool insulation with wooden trusses and a roof 
covering over layers of asphalt-impregnated felt and plywood. The windows 
and external doors have clear glass double-glazed panels with wood frames, 
clad with aluminium profiles on the outside. The construction details and 
thermal properties of the building are given in Table 1. 
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other hand, accounts for natural resource use and all inputs and losses along 
the entire energy supply chains in order to deliver the required final energy 
demand. In this work, final energy demand is analysed in Papers II and III 
while primary energy use is considered in Papers I, IV and V. CO2 emission 
from building material production is also considered in Paper I. 

2.7. Studied buildings 
Three different multi-storey buildings were analysed in this research and are 
briefly described below. 

2.7.1. Wälludden building 
The Wälludden building (Paper I) is a 4-storey wood-frame multi-family 
residence located in Växjö (latitude 56°87′37″N; longitude 14°48′33″E). The 
building has 16 apartments and a total heated floor area of 1190 m2. The 
ground floor comprises 15 mm oak board flooring over a 160 mm concrete 
slab laid on 150 mm macadam and insulated with 70 mm expanded 
polystyrene (EPS). The external walls are made of three layers, namely 50 mm 
plaster-compatible mineral rock wool insulation, 120 mm thick timber studs, 
and a building services installation layer of 70 mm thick timber studs with 
mineral rock wool insulation. The windows and external doors are double-
glazed panels with wood frames. The whole building façade is plastered with 
stucco except the stair well façade, which has wood panel finishes. The 
intermediate floors consist of timber floor joists with four layers of 13 mm 
plasterboards, 45 mm folded steel sheet and 300 mm mineral wool insulation 
with 15 mm oak board flooring. The internal walls separating the apartments 
are made of two layers of 30 mm thick plasterboards with mineral wool 
insulation between them while the other internal walls consist of layers of 
plasterboards with 120 mm air gap between them. The roof has two layers of 
asphalt-impregnated felt on wooden panels with 400 mm mineral rock wool 
insulation between wooden roof trusses, polythene foils and gypsum board. 
The construction details and thermal properties of the building are given in 
Table 1. 

2.7.2. Lindvägen building  
The Lindvägen building (Papers II and III) is representative of a typical 
Swedish multi-storey residential building constructed in the 1970s as part of 
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𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ∑ {∑[𝐹𝐹𝑝𝑝𝑖𝑖𝑖  × (1 + 𝛼𝛼𝑖𝑖)] + 𝐿𝐿𝑝𝑝
𝜂𝜂

𝑖𝑖
+ 𝐵𝐵𝑝𝑝}

𝑝𝑝
 

where Eproduction = total primary energy use for material production (kWh); 
i = individual material types in the building; 
F = end-use fossil fuel energy used to extract, process and transport the 
materials (kWh); 
k = fossil fuels - coal, oil, and natural gas; 
α = fuel cycle energy requirement of the fossil fuel; 
L = electricity to extract, process, and transport the materials including 
transmission and distribution losses (kWhe); 
η = conversion efficiency for electricity production; 
B = heat content (lower heating value) of the biofuels used in material 
processing (kWh). 

Data for specific end-use energy for material production based on a study 
of building material industries in Sweden [85] and a similar Norwegian study 
[86] were used to calculate the end‐use fossil fuel and electricity used to 
extract, process and transport the materials. The specific end-use energy for 
production of selected materials based on these studies is given in Table 2. 
Though these represent a relatively old data source, they are well 
representative of the context for this study and show similar trends for selected 
materials compared to results with more recent data based on [87] as shown in 
paper I. A variety of factors can affect the energy and CO2 balances of 
building materials over their life cycle [88]. Several of such uncertainties and 
variabilities are discussed in detail by [77]. The efficiency and fuel input of 
production processes and technologies may improve with time.  Uncertainties 
related to data for specific end-use energy for materials were explored in a 
sensitivity analysis in Paper I. 

2.8.2 Building materials production CO2 emission 
Further, the CO2 emission from building material production as a result of 
fossil fuel use is calculated as: 

𝐶𝐶𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓  =  ∑[𝐶𝐶𝑖𝑖  × 𝐹𝐹𝑖𝑖]
𝑖𝑖

+ 𝐶𝐶𝐿𝐿  × 𝐿𝐿𝜂𝜂 

where Cfossil = total CO2 emissions from material production (kg C); 
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Table 1. Construction details and thermal characteristics of the studied 
buildings  
Description Wälludden Lindvägen Täppan 
Construction frame Light timber Prefab concrete Prefab concrete 
Year of construction 1996 1972 2014 
Number of floors 4 3 6 
Number of apartments 16 27 24 
Living area (m2) 1045 1878 1420 
Common area (m2) 147 122 266 
Basement area (m2) - 600 - 
Total heated air volume (m3) 2980 5400 4333 
Exterior wall areaa (m2) 802 1051 1092 
Windows area (m2) 
[S/W/E/N]b 

26/90/58/26 9/117/130/9 39/161/75/39 

Window to floor area ratio 0.17 0.13 0.19 
Window to exterior wall ratio 0.25 0.25 0.29 
U-values (W/m2K):    
Ground floor 0.23 0.26 0.11 
Exterior walls 0.2 0.35/0.34/0.31c 0.32 
Windows 1.9 2.9 1.2 
Doors 1.19 3.0 1.2 
Roof 0.13 0.11 0.08 
Infiltration (l/s m2 @50 Pa) 0.8 0.8 0.6 
Mechanical ventilation Exhaust air Exhaust air Balanced with VHRd 
a Excluding windows and door area  
b South/ West/ East and North 
c East & west brick façades/ South & north brick façades /East & west wooden façades  
d Ventilation heat recovery 

2.8. Primary energy analysis and CO2 emission 
The primary energy analysis for building production phase activities is based 
on calculations of the overall primary energy use required to manufacture the 
materials necessary to construct the different building versions. 

2.8.1 Building materials production primary energy  
The primary energy use for building materials production accounts for the 
total primary energy to extract, process and transport the materials, and is 
calculated based on [84] as: 
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The final energy use during the operation phase of the buildings, including 
space heating, space cooling, tap water heating, electricity for household 
appliances, lighting, fans and pumps was estimated by computer modelling 
using the VIP-Energy simulation software [90]. VIP-Energy performs whole 
building and dynamic hourly energy balance calculations, considering 
interactions between building design, geometry, thermal characteristics of 
building envelope elements and climate conditions as well as heating, 
ventilation and air conditioning (HVAC) and other technical installation for 
different building occupancy and operational schedules. The software permits 
detailed multi-zone and multi-dimensional modelling of thermal bridges and 
heat storage capacity of building envelope components. VIP-Energy is a 
commercially available software, increasingly used by consultants and 
construction companies in Nordic countries [91, 92] and has been used in 
several scientific researches e.g. [58, 93, 94]. Validation reports of VIP-
Energy from different standard testing methods, including the International 
Energy Agency’s BESTEST, ANSI/ ASHRAE Standard 140 and CEN 15265 
suggest that it has reliable algorithms and calculation models. In an 
investigation on cost optimal building energy efficiency improvement, the 
Swedish National Board of Housing, Building and Planning [95] compared 
energy calculation results from predominant simulations software and note 
that VIP-Energy generally gives good and consistent results in comparison 
with the other software considered. Key input parameter values and 
assumptions for the energy balance simulation of the buildings are given in the 
appended papers. 

ENSYST [96] was used to calculate the primary energy needed to provide 
the final energy use in the buildings. ENSYST calculates primary energy use 
considering the entire energy supply chain from extraction of natural resources 
to the delivered final energy-use. 

20 

k = fossil fuels - coal, oil, and fossil gas; 
C = fuel-cycle carbon intensity of the fossil fuel (kg C/kWh end-use fuel); 
F = end-use fossil fuel energy used to extract, process, and transport the 
materials (kWh);  
CL = fuel-cycle carbon intensity of the reference fossil fuel to produce 
electricity (kg C/ kWh fuel); 
L = electricity to extract, process, and transport the materials including 
transmission and distribution losses (kWhe); 
η = conversion efficiency for electricity production. 

Specific fuel-cycle carbon emission values of 0.11, 0.08 and 0.06 kg 
C/kWh end-use fuel were assumed for coal, oil, and fossil gas, respectively 
based on [88]. 

 
Table 2. Specific end-use energy (kWhend-use/kg) to produce selected building 
materials 
Material Coal Oil Fossil gas Biofuel Electricity 
Rock wool 2.00 0.36 0.02 - 0.39 
Glass wool 2.86 0.52 0.03 - 2.00 
Cellulose fiber 0.51 0.09 0.01 - 0.14 
EPS 0.28 3.89 3.72 - 0.63 
Foam glass - 0.04 3.22 - 0.42 
Concrete 0.09 0.10 - - 0.02 
Plasterboard - 0.79 - - 0.16 
Lumber - 0.15 - 0.69 0.14 
Particleboard - 0.39 - 0.39 0.42 
Steel (ore-based) 3.92 0.86 1.34 - 0.91 

 

2.8.3 Final and primary energy use for building operation  
Several dynamic energy balance simulation tools that can adequately account 
for the complex interaction of different factors influencing buildings’ thermal 
performance are available. An extensive summary of key features and 
modelling capabilities of commonly used building energy simulation tools 
worldwide is presented in [89]. In the Nordic region, DEROB-LTH, 
DesignBuilder, Energyplus, ESP-r, IDA-ICE, TRNSYS and VIP-Energy are 
among the commonly used dynamic energy simulation software.  
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appliances, lighting, fans and pumps was estimated by computer modelling 
using the VIP-Energy simulation software [90]. VIP-Energy performs whole 
building and dynamic hourly energy balance calculations, considering 
interactions between building design, geometry, thermal characteristics of 
building envelope elements and climate conditions as well as heating, 
ventilation and air conditioning (HVAC) and other technical installation for 
different building occupancy and operational schedules. The software permits 
detailed multi-zone and multi-dimensional modelling of thermal bridges and 
heat storage capacity of building envelope components. VIP-Energy is a 
commercially available software, increasingly used by consultants and 
construction companies in Nordic countries [91, 92] and has been used in 
several scientific researches e.g. [58, 93, 94]. Validation reports of VIP-
Energy from different standard testing methods, including the International 
Energy Agency’s BESTEST, ANSI/ ASHRAE Standard 140 and CEN 15265 
suggest that it has reliable algorithms and calculation models. In an 
investigation on cost optimal building energy efficiency improvement, the 
Swedish National Board of Housing, Building and Planning [95] compared 
energy calculation results from predominant simulations software and note 
that VIP-Energy generally gives good and consistent results in comparison 
with the other software considered. Key input parameter values and 
assumptions for the energy balance simulation of the buildings are given in the 
appended papers. 

ENSYST [96] was used to calculate the primary energy needed to provide 
the final energy use in the buildings. ENSYST calculates primary energy use 
considering the entire energy supply chain from extraction of natural resources 
to the delivered final energy-use. 
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k = fossil fuels - coal, oil, and fossil gas; 
C = fuel-cycle carbon intensity of the fossil fuel (kg C/kWh end-use fuel); 
F = end-use fossil fuel energy used to extract, process, and transport the 
materials (kWh);  
CL = fuel-cycle carbon intensity of the reference fossil fuel to produce 
electricity (kg C/ kWh fuel); 
L = electricity to extract, process, and transport the materials including 
transmission and distribution losses (kWhe); 
η = conversion efficiency for electricity production. 

Specific fuel-cycle carbon emission values of 0.11, 0.08 and 0.06 kg 
C/kWh end-use fuel were assumed for coal, oil, and fossil gas, respectively 
based on [88]. 

 
Table 2. Specific end-use energy (kWhend-use/kg) to produce selected building 
materials 
Material Coal Oil Fossil gas Biofuel Electricity 
Rock wool 2.00 0.36 0.02 - 0.39 
Glass wool 2.86 0.52 0.03 - 2.00 
Cellulose fiber 0.51 0.09 0.01 - 0.14 
EPS 0.28 3.89 3.72 - 0.63 
Foam glass - 0.04 3.22 - 0.42 
Concrete 0.09 0.10 - - 0.02 
Plasterboard - 0.79 - - 0.16 
Lumber - 0.15 - 0.69 0.14 
Particleboard - 0.39 - 0.39 0.42 
Steel (ore-based) 3.92 0.86 1.34 - 0.91 

 

2.8.3 Final and primary energy use for building operation  
Several dynamic energy balance simulation tools that can adequately account 
for the complex interaction of different factors influencing buildings’ thermal 
performance are available. An extensive summary of key features and 
modelling capabilities of commonly used building energy simulation tools 
worldwide is presented in [89]. In the Nordic region, DEROB-LTH, 
DesignBuilder, Energyplus, ESP-r, IDA-ICE, TRNSYS and VIP-Energy are 
among the commonly used dynamic energy simulation software.  
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3. Results  

3.1. Production primary energy use and CO2 
emission of insulation materials 

In Paper I, the effects of different insulation materials on the production 
primary energy use and CO2 emission of the Wälludden building designed in 
accordance to the Swedish building code (BBR 2012) [97] and passive house 
criteria (Passive 2012) [98] for 2012 are analysed. The insulation materials 
considered in the different parts of the building versions and their 
corresponding thicknesses as well as the overall thicknesses of the building 
parts are shown in Table 3. Type of insulation material in building 
components in the existing building is shown in bold in the table. 

 
Table 3. Insulation materials with required thicknesses in the different 
building parts under each energy efficiency standard. (Adapted from Paper I). 
Bold shows type of insulation material in the existing building. 
Building part Insulation 

materials Insulation material  
thickness (mm) 

Building part overall  
thickness (mm) 

BBR  
2012 Passive  

2012 BBR  
2012 Passive  

2012 
Roof Rock wool 358 440 404 486 

Glass wool 365 450 411 496 
Cellulose fiber 350 430 394 476 

External wall Rock wool 278 364 330 416 
Glass wool 292 386 344 438 
Cellulose fiber 292 386 344 438 
EPS 262 346 314 398 

Internal wall Rock wool 276 276 370 370 
Glass wool 290 290 384 384 
Cellulose fiber 290 290 384 384 
EPS 262 262 356 356 

Ground floor EPS 148 148 473 473 
Foam glass 156 156 481 481 
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(a)Production primary energy                          (b) Production CO2 emission  
Figure 4. Primary energy use (a) and CO2 emission (b) for insulation materials production 
per square meter heated area for the initial and improved building versions under BBR 
2012 and Passivhus 2012 standards. (Adapted from Paper I). 

 
The marginal electricity for material production is varied from the 

reference coal-fired condensing plant to a natural gas-fired plant to explore the 
effects of possible future marginal electricity generation technology. The 
results are presented in Figure 5 and show an average reduction of 7% and 
20% in production primary energy use and CO2 emissions, respectively for the 
buildings when natural gas based electricity instead of coal is used.  

 

 
(a)Production primary energy                          (b) Production CO2 emission  
Figure 5. Primary energy use (a) and CO2 emission (b) for production of all materials per 
square meter heated area for the initial and improved building versions under BBR 2012 
and Passivhus 2012 standards based on either a coal- or natural gas-fired electricity 
production. (Paper I). 
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Figure 3 shows the production primary energy use for different types of 
insulation materials for the BBR 2012 and passive 2012 building versions. For 
the ground floor of the buildings, only foam glass and EPS insulations were 
compared. In the remaining building components, cellulose fiber insulation 
consistently resulted in the lowest primary energy use for production 
compared to the other insulation alternatives for both building versions, while 
glass wool gave the highest. 
 

 
(a) BBR 2012                     (b) Passive 2012 
Figure 3. Production primary energy use per square meter heated area for BBR 2012 (a) 
and Passive 2012 (b) building versions with different insulation material types. (Paper I). 
 

The production primary energy use and CO2 emissions are calculated for 
all insulation materials for different building versions. The first version 
(initial) has the same type of insulation materials as in the existing building. 
The second version (improved) has insulation materials that give the lowest 
production primary energy use for different building components. These two 
versions are modelled to the BBR 2012 and Passive 2012 energy performance. 
The improved versions have cellulose fiber insulations in all parts, except in 
the ground floor where EPS is used. The production primary energy use and 
fossil CO2 emissions for insulation materials for these four alternatives are 
shown in Figure 4. The total primary energy use for insulation materials 
production for the improved version of the BBR 2012 and Passivhus 2012 
buildings is reduced by 39% and 40%, respectively, compared to the initial 
versions. 
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Table 5. Effects of single variations of different macro and micro-climate 
parameters on simulated energy demand for the Lindvägen building.  
(Adapted from Paper II). 

 
 
Table 6. Effects of single variations of different heat gains parameters and 
assumptions on simulated energy demand for the Lindvägen building. 
(Adapted from Paper II). 

 
 

Description Final energy demand (kWh/m2)  Change from reference (%) 
Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Total  Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Reference 95 3 3 101  - - - 
Parameter variations         Outdoor temperature (Reference is based on 2013 climate data for Ronneby): 
   -1 oC 105 3 2 110  11 0 -33 
  +1 oC 86 3 4 93  -9 0 33 
Horizontal angle of shading (Reference 20 degrees): 
   10 degrees 90 3 5 98  -5 0 67 
   30 degrees 100 3 1 104  5 0 -67 
Ground solar reflection (Reference 0%): 
   25% 92 3 5 100  -3 0 67 
   50% 90 3 8 101  -5 0 167 
Wind load against building (Reference 70%): 
   30% 95 3 3 101  0 0 0 
   100% 97 3 3 103  2 0 0 
Air pressure outside (Reference 1000hPa): 
   990 hPa (-1% ) 95 3 3 101  0 0 0 
   1020 hPa (+2% ) 96 3 3 102  1 0 0 

Description Final energy demand (kWh/m2)  Change from reference (%) 
Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Total  Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Reference 95 3 3 101  - - - 
Parameter variations         Persons heat gains (Reference 1.0 W/m2): 
   1.68 W/m2 91 3 3 97  -4 0 0 
   2.16 W/m2 88 3 4 95  -7 0 33 
   3.19 W/m2 81 3 5 89  -15 0 67 
   4.30 W/m2 75 3 7 85  -21 0 133 
Electrical heat gains (Reference 3.05  W/m2): 
   2.40 W/m2 100 3 2 105  5 0 -33 
   4.4 W/m2 87 3 4 94  -8 0 33 
   4.92 W/m2 83 3 5 91  -13 0 67 
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Overall, a reduction of about 6 – 7% in primary energy use and 6 – 8% in 
CO2 emission is achieved when the insulation material in the initial buildings 
is changed from rock wool to cellulose fiber in their improved versions. 

3.2. Parameters and assumptions for energy 
balance calculations 

Increasingly, inappropriate simulation input data and assumptions are cited as 
a key cause of discrepancy between simulated and monitored energy use of 
buildings [67, 99]. In paper II key simulation input parameter values, methods 
and assumptions used for energy balance calculations of residential buildings 
in Sweden and their effects on calculated energy balance of the Lindvägen 
building are explored. Their effects on calculated energy savings of different 
energy efficiency measures are also investigated. The studied parameters are 
related to microclimate, building envelope, occupancy behaviour, ventilation 
systems, electric and persons heat gains. Tables 4 - 8 show the effect of 
varying individual parameter values and assumptions on the simulated final 
energy demand, including space heating, space cooling and electricity for 
ventilation fans and pumps of the building. In the tables, negative change 
means that the simulated energy demand is lower, while positive change 
means that it is greater, relative to the reference case. Reference parameters 
and assumptions are indicated in brackets. 

 
Table 4. Effects of single variations of different heating and cooling set-points 
on simulated energy demand for the Lindvägen building.  
(Adapted from Paper II). 

 

Description Final energy demand (kWh/m2)  Change from reference (%) 
Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Total  Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Reference 95 3 3 101  - - - 
Parameter variations         Heating set-point (Reference 21 oC): 
   20 oC 88 3 3 94  -7 0 0 
   22 oC 104 3 3 110  9 0 0 
   23 oC 112 3 3 118  18 0 0 
Cooling set point (Reference 26 oC): 
   27 oC 95 3 2 100  0 0 -33 
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calculations. The simulated demand for space cooling is significantly greater 
when the parameters giving the lowest heat demand are used. The calculated 
annual hourly peak loads and indoor air temperatures also vary significantly, 
depending on the datasets used for the simulation (Figure 7 and Figure 8). 

 

 
Figure 6. Combined effects of the extremes of parameter values giving the highest and 
lowest space heating demand of the initial Lindvägen building. (Paper II). 
 

 

 
Figure 7. Simulated annual hourly profiles for space heating of the initial Lindvägen 
building, arranged in descending order. (Paper II). 
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Table 7. Effects of single variations of different ventilation related parameters 
and assumptions on simulated energy demand for the Lindvägen building. 
(Adapted from Paper II). 

 
 
Table 8. Effects of single variations of different u-values and airtightness of 
building envelope components on simulated energy demand for the Lindvägen 
building. (Adapted from Paper II). 

 
Figure 6 shows the combined effects of the extremes of parameter values 

and assumptions giving the highest and lowest simulated space heating 
demand for the building. For comparison, the reference value is also shown in 
Figure 6 as well as in Figures 7 and 8. The simulated final space heating 
demand is increased by 32% and decreased by 47% compared to the reference, 
when the extremes of parameter values are used to perform the energy balance 

Description Final energy demand (kWh/m2)  Change from reference (%) 
Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Total  Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Reference 95 3 3 101  - - - 
Parameter variations         VHR efficiency (Reference no VHR): 
   76% 68 6 3 77  -28 100 0 
   80% 66 6 3 75  -31 100 0 
   85% 64 6 3 73  -33 100 0 
Fan efficiency (Reference 50%): 
   33% 95 5 3 103  0 67 0 
   55% 95 3 3 101  0 0 0 
Fan pressure (Reference 400 Pa): 
   200 Pa 95 2 3 100  0 -33 0 
   600 Pa 95 5 3 103  0 67 0 
Airing (Reference no airing): 
   VIP-energy approach 99 3 3 105  4 0 0 
   SVEBY approach 99 3 3 105  4 0 0 

Description Final energy demand (kWh/m2)  Change from reference (%) 
Space 
heating 

Ventilation 
electricity 

Space 
coolin
g 

Total  Space 
heating 

Ventilation 
electricity 

Space 
cooling 

Reference 95 3 3 101  - - - 
Parameter variations         U-values of envelope (Reference is initial u-values of building envelope components): 
   +20% 110 3 2 115  16 0 -33 
Airtightness (Reference 0.8  l/sm2): 
   0.6 l/sm2 98 3 3 104  3 0 0 
   1 l/sm2 99 3 3 105  4 0 0 
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Figure 9. Saved final energy for space heating when the reference and extreme parameter 
values are used and different energy efficiency measures are applied singly or cumulatively 
in the shown order for the Lindvägen building. The main bars show the energy savings with 
the reference parameter values while the error bars show savings with combined effect of 
the extremes of parameter values giving either the lowest or highest simulated space 
heating demand. (Paper II). 
 

Paper III builds on the analysis in Paper II with emphasis on the interactive 
influence of different simulation parameters and assumptions on the space 
heating demands of versions of the Lindvägen building in its existing state and 
with energy efficient improvements. Figure 10 shows a schematic illustration 
of the considered parameter groupings and the modelled interactions. Details 
of the input parameter values and assumptions variations for the energy 
balance simulation as well as thermal characteristics of the existing and energy 
efficient versions of the building are provided in the appended papers.  
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Figure 8. Simulated annual hourly profiles for indoor air temperature of the initial 
Lindvägen building, from January to December. (Paper II). 

 
The implications of calculating the energy savings of energy efficiency 

measures, implemented individually or cumulatively, with extremes of 
parameter values and assumptions giving the highest and lowest simulated 
space heating demand for the building are illustrated in Figure 9. The 
simulated energy savings are bigger when using the dataset giving the highest 
space heating demand, compared to the dataset giving the lowest space 
heating demand. Compared to the reference savings, the calculated savings for 
energy efficient new windows, extra insulation for exterior wall, VHR and 
improved airtight envelope changed significantly when the simulation is 
performed with the range of extreme datasets. On the other hand, the 
calculated energy savings for extra insulations for the attic and for the 
basement walls with the extremes of dataset vary marginally (in absolute 
terms).  
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Figure 10. Schematic illustration of the parameter grouping and interactions modelled. 
(Paper III). 
 

Tables 9a and 9b present the impacts of the different parameter values 
combinations and interactions on the calculated space heating of the 
Lindvägen building versions with household equipment and technical 
installations based on either standard technology (ST) or best available 
technology (BAT). The results from simulation of combination of parameter 
variations slightly differ from when the results of individual parameter 
variations are summed together, more so for the energy efficient building 
version. This suggests a somewhat interactive influence when several 
simulation parameter values are varied simultaneously. 
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Figure 10. Schematic illustration of the parameter grouping and interactions modelled. 
(Paper III). 
 

Tables 9a and 9b present the impacts of the different parameter values 
combinations and interactions on the calculated space heating of the 
Lindvägen building versions with household equipment and technical 
installations based on either standard technology (ST) or best available 
technology (BAT). The results from simulation of combination of parameter 
variations slightly differ from when the results of individual parameter 
variations are summed together, more so for the energy efficient building 
version. This suggests a somewhat interactive influence when several 
simulation parameter values are varied simultaneously. 
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Table 9a.  Simulated final energy demands of the Lindvägen building versions with the parameters variations and interactions 
with the hourly outdoor temperature as in the 2013 climate file for the building location. (Paper III). 
Parameter description Existing building version     Efficient building version  

                  ST  BAT  
 

          ST 
 

            BAT 

Space 
heating 
(kWh/m2) 

Change 
from  
Initial 
(%) 

 Space 
heating 
(kWh/m2) 

Change 
from 
Initial 
(%) 

 Space 
heating 
(kWh/m2) 

Change  
from 
initial 
(%) 

 Space 
heating 
(kWh/m2) 

Change  
from 
initial 
(%) 

Initial (with outdoor temperature as in reference) 80.7 -   94.1 -  18 -   28.1 - 
 + more sunny 79.5 -1.4  92.8 -1.4  17.7 -1.9  27.5 -2.0 
 + less sunny 81.8 1.5  95.5 1.5  18.4 2.0  28.7 2.1 
 + more windy 83.4 3.4  96.9 3.0  19.6 8.7  29.9 6.5 
 + less windy 78.7 -2.4  92.1 -2.2  16.9 -6.0  26.8 -4.6 
 + more shading 85.9 6.6  100.3 6.6  19.7 9.4  30.8 9.8 
 + less shading 74.7 -7.4  87.4 -7.1  16 -11.5  25.1 -10.6 
 + poor envelope 101.7 26.0  115.6 22.8  25.1 39.0  36.0 28.4 
 + more sunny + more windy 82.2 2.0  95.6 1.5  19.3 6.8  29.3 4.4 
 + less sunny + less windy 79.9 -1.0  93.5 -0.7  17.3 -4.1  27.4 -2.5 
 + more sunny + more shading 84.9 5.2  99.0 5.2  19.4 7.6  30.3 7.9 
 + less sunny + less shading 75.9 -5.9  88.8 -5.7  16.3 -9.6  25.6 -8.8 
 + more sunny + less shading 73.5 -8.9  86.1 -8.5  15.6 -13.4  24.6 -12.3 
 + less sunny + more shading 87.1 8.0  101.7 8.1  20.1 11.2  31.4 11.8 
 + more windy + more shading 88.8 10.1  102.9 9.4  21.4 18.6  32.7 16.5 
 + more windy + less shading 77.4 -4.1  90.1 -4.2  17.5 -3.2  26.8 -4.6 
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Figure 11 illustrates the effect of parameter combinations and assumptions 
giving the biggest change in space heating for the building versions. Of the 
considered interactions of parameters and assumptions, the combinations of 
“warmer outdoor temperature + ST + more sunny + less shading” and “colder 
outdoor temperature + BAT + less sunny + less windy + more shading + poor 
envelope” give the lowest and highest simulated space heating demands for 
the building versions, respectively. For these combinations, the simulated 
space heating demand decreased by 18% and increased by 64% for the 
existing building version compared to its reference space heating demand. The 
corresponding variations for the energy efficient building version are 53% and 
51%, respectively. 

 

 
Figure 11. Parameters combinations and assumptions giving the lowest and highest space 
heating demand for the existing and energy efficient Lindvägen building versions. (Paper 
III). 

3.3. Space heating and cooling demand under 
different design strategies 

In paper IV different design strategies, including varying proportions of glazed 
window areas, different façade orientations and different combinations of 
window thermal transmittances (u-values) and solar transmittances (g-values) 
to achieve optimised space heating and cooling demands for the Täppan 
building with different energy efficiency levels are analysed. The improved 
versions of the buildings are based on individual design strategies resulting in 
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Table 9b.  Simulated final energy demands of the Lindvägen building versions with the parameters variations and interactions 
with the hourly outdoor temperature as in the 2013 climate file for the building location. (Paper III). 
Parameter description Existing building version     Efficient building version  

                  ST  BAT  
 

          ST 
 

            BAT 

Space 
heating 
(kWh/m2) 

Change 
from  
Initial 
(%) 

 Space 
heating 
(kWh/m2) 

Change 
from 
Initial 
(%) 

 Space 
heating 
(kWh/m2) 

Change  
from 
initial 
(%) 

 Space 
heating 
(kWh/m2) 

Change  
from 
initial 
(%) 

Initial (with outdoor temperature as in reference) 80.7 -   94.1 -  28.1 -   18 - 
 + more sunny + more windy + more shading 87.7 8.7  101.9 8.3  21.1 16.8  32.1 14.5 
 + more sunny + more windy + less shading 76.2 -5.5  88.8 -5.6  17.1 -5.1  26.3 -6.3 
 + less sunny + less windy + more shading 85.0 5.4  99.6 5.9  18.9 4.8  30.0 7.0 
 + less sunny + less windy + less shading 74.0 -8.3  86.8 -7.8  15.3 -15.3  24.4 -13.0 
 + more sunny + more windy + more shading + 
poor envelope 110.0 36.4  124.7 32.5  28.9 60.5  40.8 45.4 

 + more sunny + more windy + less shading + 
poor envelope 96.9 20.1  109.9 16.8  24.2 34.0  34.1 23.8 

 + less sunny + more windy + less shading + poor 
envelope 99.6 23.4  113.0 20.1  25.0 38.9  35.3 25.6 

 + less sunny + less windy + more shading + poor 
envelope 106.5 32.1  121.5 29.2  26.1 44.7  38.1 35.6 

 + less sunny + less windy + less shading + poor 
envelope 93.9 16.4   107.1 13.9   21.7 20.4   31.6 12.6 
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Figure 11 illustrates the effect of parameter combinations and assumptions 
giving the biggest change in space heating for the building versions. Of the 
considered interactions of parameters and assumptions, the combinations of 
“warmer outdoor temperature + ST + more sunny + less shading” and “colder 
outdoor temperature + BAT + less sunny + less windy + more shading + poor 
envelope” give the lowest and highest simulated space heating demands for 
the building versions, respectively. For these combinations, the simulated 
space heating demand decreased by 18% and increased by 64% for the 
existing building version compared to its reference space heating demand. The 
corresponding variations for the energy efficient building version are 53% and 
51%, respectively. 

 

 
Figure 11. Parameters combinations and assumptions giving the lowest and highest space 
heating demand for the existing and energy efficient Lindvägen building versions. (Paper 
III). 

3.3. Space heating and cooling demand under 
different design strategies 

In paper IV different design strategies, including varying proportions of glazed 
window areas, different façade orientations and different combinations of 
window thermal transmittances (u-values) and solar transmittances (g-values) 
to achieve optimised space heating and cooling demands for the Täppan 
building with different energy efficiency levels are analysed. The improved 
versions of the buildings are based on individual design strategies resulting in 
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energy of the initial and improved (after implemented design strategies) 
building versions. The variations in the production primary energy use for the 
initial buildings are mainly due to the different insulation material thicknesses 
required in the external envelope components to achieve their respective 
energy efficiency levels. Steel and concrete contribute most to the production 
primary energy use, representing about 43% and 33% of the total primary 
energy for production of the initial building versions, respectively. The 
production primary energy use of the improved building versions after 
implemented design strategies to optimise their space heating and cooling 
demands increased by 4 kWh per m2 and year (14%) each for the BBR 2012 
and “As built” and 3 kWh per m2 and year (10%) for the Passive 2012 
buildings, compared to their respective initial versions. The assumed lifetime 
of the building versions is 50 years. 

   

 
Figure 13. Annual primary energy use for production of the building versions before 
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the lowest space heating and cooling demand for the building versions (Table 
10). The variations in the annual space heating and cooling demands of the 
building versions are given in Figure 12, showing that the demands for the 
improved building versions are significantly reduced, especially for the 
Passive 2012 building version. 
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Several design strategies may be employed to achieve lower operation 
energy use in buildings, including different proportions of glazed window 
areas and façade orientations as well as different combinations of window u-
values and g-values. However, the choice of window types and sizes may also 
influence the quantities of building materials and hence their production 
primary energy use. Implications of such design strategies on the production 
primary energy use of the Täppan building with different energy efficiency 
levels are analysed in Paper IV. Figure 13 shows the production primary 
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energy of the initial and improved (after implemented design strategies) 
building versions. The variations in the production primary energy use for the 
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Figure 15. Annual final space heating and cooling demands of the building versions after 
implemented strategies and measures under different climate scenarios. (Adapted from 
Paper V). 
 

The simulated annual hourly indoor temperature profiles of the Passive 
2012 building version under the climate scenarios before and after the 
implemented strategies are shown in Figure 16. Indoor temperatures exceeded 
the cooling set point by 41-47% of the total operating hours for the initial 
building versions. Based on the overheating temperature threshold of 28 ºC for 
not more than 1% of annual occupied time suggested by [100], overheating 
occurs for the Passive 2012 building version under the considered climates 
with the proportion of overheating hours ranging between 39-44%. The 
proportion of overheating hours reduced significantly to 0.1-10% after the 
implemented strategies and overheating is avoided except under RCP4.5-
2090s. The observed trend is similar for the BBR 2015 building version but 
with lesser magnitude (Paper V). 
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2050-2059 (2050s) and 2090-2099 (2090s). Figure 14 shows the variations in 
annual space heating and cooling demands of the initial building versions 
under the different climate scenarios. The initial building versions are assumed 
to have standard household equipment and technical installations. Space 
heating demand decreases, while space cooling demand increases for both 
building versions under the recent (1996-2005) and future climate scenarios, 
compared to the reference climate of 1961-1990. Cooling demand becomes 
more significant for the Passive 2012 building version under the recent and 
future climate scenarios. The effectiveness of different design strategies and 
measures to minimise space heating and cooling demands for the building 
versions under future climate scenarios are also investigated in Paper V. The 
considered strategies and measures include household equipment and 
technical installations based on best available technology (BAT), bypassing 
the VHR unit when cooling is required, solar shading of windows, 
combinations of window u- and g-values, different proportions of glazed 
window areas and façade orientations and mechanical cooling. Figure 15 
shows the variations in annual final space heating and cooling demands for the 
building versions after implementing all the considered strategies. Overall, 
space cooling is significantly reduced while space heating increased slightly 
(mainly form household equipment based on BAT) for the building versions 
under the different climate scenarios. 

 

 
Figure 14. Annual final space heating and cooling demands for initial building versions 
with standard technology under different climate scenarios. (Adapted from Paper V). 
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(a) Space heating                                            (b) Space cooling                                          
Figure 17. Annual final space heating (a) and space cooling (b) demands for building 
versions with implemented strategies under different climate scenarios. Error bars show 
corresponding demands for RCP2.6 and RCP8.5 from top to down for space heating and 
from down to top for space cooling. (Paper V). 

3.5. Operation primary energy use under different 
design strategies and heat supply options  

The effect of different design strategies on the primary energy use for space 
heating and cooling of the building versions with heat supply based on CHP or 
HOB is investigated in Paper IV under current climate. Table 11 gives a 
summary of the individual design strategies, resulting in the lowest annual 
primary energy use for space heating and cooling for the building versions. 
Window orientations and g-values giving the lowest energy use vary 
depending on whether the approach is based on achieving the lowest space 
heating and cooling demand (Table 10) or the lowest primary energy use for 
space heating and cooling (Table 11). 
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(a) Before implemented strategies 
 

 
(b) After implemented strategies 
Figure 16. Annual hourly indoor air temperature profile for the Passive 2012 building 
version before and after all implemented design strategies. (Adapted from Paper V). 
 

Figure 17 presents the effects of the implemented design strategies on the 
annual space heating and cooling demands of the building versions for RCPs 
2.6 and 8.5 (error bars) relative to RCP4.5 and compared to the reference and 
recent climates (main bars). Space heating demand for end of century 
increased slightly (about 1%) for both building versions compared to that for 
mid-century under RCP2.6. The variation in space heating is more significant 
for the same periods under RCP8.5. 
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Figure 19. Annual primary energy use for space heating and space cooling for the initial 
and improved building versions based on combination of strategies giving lowest primary 
energy with space heating based on HOB. (Adapted from Paper IV). 
 

The shares of primary energy use for production and for space heating, 
space cooling and ventilation over an assumed 50 year lifespan are presented 
in Figure 20 for the initial and improved building versions with space heating 
based on CHP. The production primary energy use is proportionally more 
significant for the improved building versions and more so with higher energy 
efficiency levels. Still, total primary energy use decreased by 10-18% for the 
improved building versions. 

 

 
Figure 20. Primary energy use for production and for space heating, space cooling and 
ventilation over 50 years for the initial and improved building versions with space heating 
based on CHP. (Paper IV). 
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Table 11. Individual design strategies giving the lowest primary energy use for 
space heating and cooling for the building versions based on different supply 
systems. (Paper IV) 
Design strategies Building energy efficiency levels 

BBR 2012 ”As built” Passive 2012 
CHP HOB CHP HOB CHP HOB 

Windows areas (%) Minus 
40% - All 

Minus 
40% - All 

Minus 
40% - All 

Minus 
40% - All 

Minus 
40% - All 

Minus 
40% - All 

Orientation North North North North North North 
u-value (W/m2k) 0.4       0.4 0.4 0.4 0.4 0.4 
g-value 0.2 0.4 0.2 0.2 0.2 0.2 
 

Figure 18 and Figure 19 show the annual primary energy use for space 
heating and space cooling for the initial and improved building versions based 
on combination of strategies giving the lowest primary energy use (Table 11) 
when space heating is based on CHP and HOB, respectively. The primary 
energy use for space heating is significantly lower when the heat supply is 
from CHP rather than HOB. The total annual primary energy use for space 
heating and cooling for the improved building versions decreased between 29-
67% and 28-58% when the space heating is based on CHP and HOB, 
respectively compared to that of the initial versions. 

 

 
Figure 18. Annual primary energy use for space heating and space cooling for the initial 
and improved building versions based on combination of strategies giving lowest primary 
energy with space heating based on CHP. (Adapted from Paper IV). 
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4. Discussion and Conclusions 

4.1. Primary energy use and CO2 emission for 
materials production 

The application of extra insulation materials to the studied buildings reduce 
the operating primary energy use but more primary energy is needed for the 
insulation material production, that also slightly increasing the CO2 emissions 
from the material production. The increases in primary energy use and CO2 
emissions are mainly due to the differences in the quantities and 
manufacturing processes of the various materials required for the construction 
of the studied buildings. For example, rock wool insulation used in the initial 
building  versions (Paper I) is produced from raw materials, which require 
more energy to be extracted and transported and the production process is 
more fossil fuel intensive, compared to cellulose fiber. The substitution of 
rock wool in the improved Passivhus 2012 building with cellulose fiber 
reduces the primary energy use for insulation material production by 40%. 
Additionally, the use of material production electricity input from a natural 
gas-fired plant instead of coal-fired plant further results in reduced primary 
energy use and CO2 emissions for the material production.  

The use of insulation to improve envelope thermal performance of both 
new and existing old buildings is important, among others in achieving energy 
efficient buildings. Therefore, financial incentives exist in many countries to 
improve the insulation of existing buildings and their airtightness [101]. Such 
policies may also include incentives for renewable based materials, for 
example insulation and building frame materials, to reduce primary energy use 
and GHG emissions for building material production.  

44 

3.6. Operation primary energy use under different 
design strategies and climate scenarios  

The effectiveness of cumulative implementation of different design strategies 
and measures in reducing the primary energy use for operating the Täppan 
building for BBR 2012 and passive 2012 versions under different climate 
scenarios is presented in Table 12. The operation primary energy use includes 
space heating, space cooling, tap water heating and electricity for household 
appliances, lighting, fans and pumps. Space heating and tap water heating is 
based on CHP plant. Mechanical cooling is assumed to meet the remaining 
cooling demands after implementing each strategy and measure. Household 
equipment and technical installations based on BAT gives the biggest decrease 
in primary energy use for both building versions, while the effectiveness of the 
other design strategies in reducing primary energy use varies depending on the 
energy performance of the building versions and the climate scenarios. 

 
Table 12. Total annual primary energy use (kWh/m2) for operating the 
building versions before and after implementing different design strategies and 
measures cumulatively under different climate scenarios (Paper V). Heating is 
based on CHP plants. 
Description RCP4.5-

2050s 
RCP2.6-
2050s 

RCP8.5-
2050s 

RCP4.5-
2090s 

RCP2.6-
2090s 

RCP8.5-
2090s 

BBR 2015    
   Initial with standard 

technology 
 
149.2 

 
150.4 148.5 

 
152.2 150.4 149.5 

 + BAT 95.5 97.4 94.2 97.6 97.4 93.7 
 + Bypass of VHR unit 94.7 96.8 93.2 96.6 96.8 92.7 
 + Shading 92.7 95.4 91.2 93.4 95.5 87.8 
 + U and g-values 91.9 94.9 90.3 93.4 95.1 86.1 
 + Orientation 91.8 93.9 90.2 93.4 94.1 85.8 
 + Window areas 91.4 93.8 89.7 92.1 94.0 84.6 
Passive 2012 

 
  

   Initial with standard 
technology 

 
135.7 

 
135.0 135.7 

 
137.9 134.7 139.5 

 + BAT 77.8 77.4 77.6 79.8 77.2 79.9 
 + Bypass of VHR unit 75.3 74.9 75.3 77.6 74.8 78.1 
 + Shading 70.2 70.5 69.7 71.3 70.5 70.8 
 + U and g-values 67.9 69.1 67.3 68.3 69.2 66.3 
 + Orientation 67.8 69.1 67.2 68.1 69.2 65.9 
 + Window areas 66.5 67.7 66.0 66.6 67.9 64.6 
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technology 
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135.0 135.7 
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 + Bypass of VHR unit 75.3 74.9 75.3 77.6 74.8 78.1 
 + Shading 70.2 70.5 69.7 71.3 70.5 70.8 
 + U and g-values 67.9 69.1 67.3 68.3 69.2 66.3 
 + Orientation 67.8 69.1 67.2 68.1 69.2 65.9 
 + Window areas 66.5 67.7 66.0 66.6 67.9 64.6 



47 

in a building is essential to accurately calculate space heating demand of 
buildings, particularly for a low energy building. Currently, the building 
energy regulation approach in several European countries as in Sweden and 
Denmark, focuses on energy demand for space heating, tap water heating and 
electricity used for fans and pumps and exclude electricity for household 
appliances and lighting. However, household electricity use interacts strongly 
with and has significant impact on space heating and cooling demands of 
buildings (Papers II, III and V). For accurate estimation of buildings’ space 
heating demand, analyses need to address all electricity use within buildings, 
including electricity for household appliances and lighting. 

Accurate analyses of energy performance of buildings require that 
sensitive key input parameters and assumptions are established based on 
expected building thermal performance, electricity consumption, energy 
efficiency levels of lighting and electrical appliances, and number of building 
occupants. Assumptions regarding sensitive climate related parameters such as 
outdoor temperature, ground solar reflection and window shading factor 
should consider site specific conditions of the building location.  

4.3. Climate scenarios and design strategies 
The space heating and cooling demands of the analysed building versions vary 
significantly with energy performance of the buildings and climate scenarios 
(Papers IV and V). Space heating demand decreases while space cooling 
demand as well as the risk of overheating increases considerably with warmer 
climate. The space cooling demand for the Passive 2012 building version 
becomes more significant than space heating under current and future 
climates.  

The combination of design strategies resulting in the improved building 
versions in Paper IV varies depending on if the lowest space heating and 
cooling demand or the lowest primary energy use is given priority. Orientation 
of the largest window areas and g-values seem to be sensitive to the choice of 
approach, while the share of window areas and the window u-values are not.   

Overall, significant reductions are achieved in the operation final energy 
demands of the building versions and overheating is avoided or greatly 
reduced when different design strategies and measures are implemented 
cumulatively under different climate change scenarios. As the number of low 
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Buildings are constructed with combinations of materials in different 
quantities with varying energetic and GHG emission implications. In Paper 
IV, the improved building versions are mainly due to increased material use in 
the building envelope elements such as triple and quadruple glazed windows, 
more concrete, steel and insulation materials in the external walls when the 
window areas are decreased, among others. That increased production primary 
energy use for the improved building versions and imply that such strategies 
should be considered in a system wide perspective considering both the 
production and operation phases.  

The results of the analyses suggest that choice of building materials based 
on renewable raw materials with low production energy use could be 
important in an overall strategy to reduce primary energy use and GHG 
emissions in the building sector. 

4.2. Input parameter values and assumptions  
Input data and assumptions used for energy balance simulations of buildings 
vary widely in the Swedish context and result in significant differences in 
space heating and cooling demands. The calculated final space heating 
demand varied by 75 kWh/m2 when the studied building is simulated with 
extremes of datasets screened from various Swedish studies and reports. The 
calculated energy savings for efficient new windows ranged from 18 to 31 
kWh/m2. The corresponding values are 19 to 29 kWh/m2 for VHR, and 6 to 23 
kWh/m2 for extra insulation to exterior walls.  

Of the parameters explored, the assumed indoor air temperature, internal 
heat gains and efficiency of VHR had significant influence on the simulated 
energy performance of the studied building as on the energy efficiency 
measures. The assumptions regarding outdoor temperature, ground solar 
reflection and window shading factor have relatively higher impact on the 
simulated space heating and cooling demands than other climate related 
parameters. Air pressure outside and the percentage of wind load that hits the 
building had a minor impact on the simulated energy performances. 

The impact of parameter interactions on calculated space heating of 
buildings is rather small but increase with more parameter combinations and 
more energy efficient buildings (Papers III). Detailed energy characterisation 
of household appliances and lighting as well as the technical installations used 
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quantities with varying energetic and GHG emission implications. In Paper 
IV, the improved building versions are mainly due to increased material use in 
the building envelope elements such as triple and quadruple glazed windows, 
more concrete, steel and insulation materials in the external walls when the 
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emissions in the building sector. 

4.2. Input parameter values and assumptions  
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kWh/m2. The corresponding values are 19 to 29 kWh/m2 for VHR, and 6 to 23 
kWh/m2 for extra insulation to exterior walls.  

Of the parameters explored, the assumed indoor air temperature, internal 
heat gains and efficiency of VHR had significant influence on the simulated 
energy performance of the studied building as on the energy efficiency 
measures. The assumptions regarding outdoor temperature, ground solar 
reflection and window shading factor have relatively higher impact on the 
simulated space heating and cooling demands than other climate related 
parameters. Air pressure outside and the percentage of wind load that hits the 
building had a minor impact on the simulated energy performances. 

The impact of parameter interactions on calculated space heating of 
buildings is rather small but increase with more parameter combinations and 
more energy efficient buildings (Papers III). Detailed energy characterisation 
of household appliances and lighting as well as the technical installations used 
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primary energy use for space heating and cooling, tap water heating, 
electricity for household appliances, lighting as well as fans and pumps is 
reduced by 37-43% and 48-54% for the BBR 2015 and Passive 2012 building 
versions, respectively when all the design strategies and measures are 
implemented under the different climate scenarios (Paper V). BAT gives the 
biggest decrease in total primary energy use for the building versions under all 
the considered climate scenarios. This is followed by window u- and g-values 
for the BBR 2015 building version under the reference and recent climates. 
Shading consistently gives the second biggest decrease in primary energy use 
for the Passive 2012 building version under all climate scenarios as well as for 
the BBR 2015 building version under future climate scenarios. Varying the 
share of window areas and orientations has a minor impact on primary energy 
use when implemented after all other strategies. This implies that other design 
strategies and measures should be prioritised instead of changing shares of 
window areas and orientations to reduce primary energy use under climate 
change. Considering a 50 year life time for windows, the choice of windows 
especially for new buildings may be based on optimised options taking into 
account the impacts of climate change e.g. for the coming 50 years. 

Overall, these analyses suggest that significant primary energy reductions 
are achievable under climate change, if new buildings are designed with 
appropriate strategies.  

4.5. Uncertainties 
The specific energy use for material production may vary due to geographical 
location, production technologies and availability of natural resources. The 
efficiency and fuel input of production processes may also improve depending 
on technological advancement and relevant policies. Data for specific end-use 
energy for materials production in this study is mainly from [85, 102]. Though 
this represents a relatively old data source, it is well representative of the 
building material production industry in Sweden, where the analysed buildings 
are located. Nevertheless, sensitivity analyses were conducted with data from 
a more recent study for selected materials to assess the impacts of improved 
efficiency and technology in material production (Paper I). The results show 
lower primary energy use and CO2 emissions with the relatively more recent 
data. Still, the production primary energy of the insulation materials based on 
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energy buildings is expected to increase across the EU in line with stringent 
regulations, these findings suggest that strategies to minimise both space 
heating and cooling demands need to be incorporated in the design of such 
buildings considering potential climate change. 

4.4. Primary energy use for building production 
and operation  

The individual strategies giving the lowest primary energy use for space 
heating and cooling for the building versions do not vary depending on 
whether the space heating is from CHP or HOB except for the g-values of the 
BBR 2012 building version. For the improved building versions based on 
combination of strategies giving the lowest primary energy use, the total 
primary energy for operation varies between heat supply from CHP and HOB. 
Aiming at the lowest space heating and cooling demand, the primary energy 
use for space heating of the improved building versions is significantly 
reduced compared to that for space cooling. Aiming at the lowest primary 
energy use, the space cooling demand is much more reduced than the space 
heating demand, in particular when the heat supply is from CHP. The primary 
energy efficiency of heat supply systems depends on the heat production 
technology and type of fuel use. When the heat supply of the building versions 
is from CHP, the primary energy use for space heating is significantly lower 
than when the heat supply is from HOB.  

Over an assumed 50 year lifespan, the share of building production 
primary energy use of the initial building versions represents 31-42% of the 
total primary energy use for production, space heating, space cooling and 
ventilation, while that of the improved versions represents 39-54% when heat 
supply is from CHP. The corresponding numbers are 23-37% and 30-50% 
when heat supply is from HOB. The share of production primary energy use is 
proportionally more significant for the building versions with higher energy 
efficiency. Overall, the total primary energy use for production and for space 
heating, space cooling and ventilation is decreased by 10-18% for the 
improved building versions.  

The primary energy use for space heating, space cooling and ventilation for 
the buildings with implemented design strategies and measures in Paper IV 
was in average reduced by 27%, compared to their initial versions. The annual 
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5. Future work 

Innovative insulation materials and systems, e.g. vacuum insulation panels, 
aerogel, gas filled panel insulation are reported to have significantly higher 
thermal performance compared to conventional insulation materials. 
Therefore, building envelopes with such systems can have higher energy 
efficiency than with conventional insulation materials. The analysis in Paper I 
could be expanded to explore the implications of such innovative materials 
over the complete building life cycle. Such analyses could seek to minimise 
the primary energy use of operation and production phases as well as the 
economic performance of such materials in comparison with conventional 
materials.  

 The influence of different types of frame materials on building production 
energy use has been emphasised in several studies [19, 105, 106], especially 
for low energy buildings. Wood framed buildings are increasingly associated 
with lower life cycle primary energy use and CO2 emissions due to the lower 
production energy and higher end-of-life benefits compared to similar 
concrete-framed buildings and higher net processing CO2 emissions for 
concrete buildings. The thermal mass of frame material may influence 
building operation energy use but the benefit of thermal mass is suggested to 
be minor for buildings in cold climates [107-109]. As the energy use profile of 
buildings may change under future climates, further studies may analyse how 
different design strategies could be used for wooden and concrete building 
systems, considering their interactions with different energy supply options to 
minimise life cycle primary energy use and GHG emissions. 

Climate change may also influence energy supply for buildings. Demand 
for electricity is generally expected to increase due to greater needs for space 
cooling [6]. In this research, analysis of space cooling is assumed to be based 
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the two datasets follow similar trends, with cellulose fiber giving the lowest 
primary energy followed by rock wool and glass wool. 

Uncertainties related to climate models and projection of future climate 
data may affect simulation results. Nik and Kalagasidis [103] assessed the 
effect of several climate uncertainties on the energy performance of residential 
buildings in Stockholm, Sweden. They observed similar trends of heating 
demand reductions and cooling demand increases as in Paper V but to various 
extents depending on the climate model used. Global Climate models (GCMs) 
are reported as the most advanced tools currently available for simulating the 
response of the global climate system to increased GHG concentrations [104]. 
Future climate projections are based on advanced and high resolution GCMs, 
which continue to improve over time. Our analyses in Paper V are based on 
the recent climate scenarios released by the IPCC to minimise these 
uncertainties. 

Uncertainties linked to simulation input parameters and assumptions for 
building energy balance calculations were the main focus in Papers II and III. 
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on electricity from stand-alone plants with biomass fuels. It is of interest to 
explore other renewable based electricity sources in this context.  

Newly planned areas may constitute different building types and 
configurations to meet various accommodation needs in society. In addition to 
climate change, this may also have implications for resource use and energy 
supply needs. The integration of different aspects of site specific conditions, 
including design of buildings and layout of the surroundings, construction 
systems and energy supply systems among others could be valuable in the 
planning and development of new urban areas. 
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