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I 

 

ABSTRACT 

 

Buildings account for up to 40% of the total energy use in the world. Directives from the European 
Union have pointed out the significance of increasing the energy efficiency in buildings. New 
regulation in countries like Sweden has established that new buildings should fulfil regulations of 
Nearly Zero Energy Buildings (NZEB), providing the opportunity for renewable energy 
technologies to achieve these goals. In this paper, the retrofitting potential of renewable energy 
technologies for a single-family home in Sweden was investigated.  
 
The present work studied the characteristics of several renewable energy technologies and their 
applications for a single-family home in Sweden, including biomass, solar photovoltaics, solar 
thermal, heat pump, and small-scale wind turbine.  Three renewable energy technologies (solar 
thermal, heat pump and small-scale wind turbine) and one renovation method (window) were 
selected to investigate. The analysis was made of the current energy use and the potential energy 
(and cost) savings from each retrofitting of these facilities by means of simulation models using 
IDA ICE software. The study results show that the proposed renewable energy technologies are 
technically feasible and economically viable as a source of alternative renewable energy in order 
to produce clean energy and reduce electricity bills for an electric-heated single-family home 
located in Sweden.  Moreover, the combined retrofitting scheme consist of solar thermal system 
and window renovation was also proposed and explored. As a result the energy performance of 
the single-family home would satisfy the nearly-zero energy building requirements and thermal 
comfort could be maintained at an acceptable level. 
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1 INTRODUCTION  

1.1 Background  

 

World society are strongly dependent on energy no matter where they lie on the globe and the 

supply of the energy is a basic requirement for the development and subsistence of the modern 

society in which the energy resources are the most crucial components. As the largest energy-

consuming sector in the world, buildings account for 40 % of the global final energy use and they 

are also responsible for approximately 24 % of the energy-related CO2 emissions [1]. With the 

fast rising requirements for living standards, these numbers are expected to continue growing in 

the near future.  

 

It is well known that the limited resource of fossil fuels with the current rate of exploitation is 

expected to deplete in the next centuries. In addition, the carbon dioxide accumulations in the 

lower layers of atmosphere precipitate the climate change, intensive floods and droughts.  Under 

the pressure of mitigating the environmental impact, European Union has launched the 

ambitious energy and climate change objectives 20-20-20. For instance, it aims to reduce 

greenhouse gas emissions by 20%, reduce energy use by 20% and meet 20% of the energy needs 

by means of renewable sources in comparison with the corresponding values in 1995 [2]. Sweden 

has gone even further and is aiming to meet 50% of its total energy need by renewable energy 

sources. Moreover, by 2020 the Swedish transport sector is aiming to cover 10% of its needs 

using renewable energy [4].  

 

In Sweden, the total supplied energy was 565 TWh in 2015 [5]. The overall energy system is 

partially based on the domestic sources of renewable energy, such as biofuels, hydropower, and 

solar energy. Additionally, there is also a large proportion of energy based on nuclear energy 

(30%) and imported energy like fossils, which count for less than 30% [6].  Almost 36% of the 

total inland energy usage (133 TWh) was consumed by households and non-residential buildings 

in Sweden in 2015 [6]. Moreover, the energy use in heating and domestic hot water in households 

and non-residential building accounted for 55% (80 TWh) of the total energy use in this sector as 

the largest delivered energy end user in 2015 [6]. Therefore, it is evident that for the targets to 
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be met, Sweden has to concentrate its efforts on reducing the energy consumption of the 

building sectors. 

 

In addition to the EU 20-20-20 target, another significant aspect is the aggravating energy related 

environmental challenges. Quite a lot of countries have launched regulations on building energy 

performance. The EU Energy Performance of Building Directive (EPBD) has stipulated that all the 

new buildings must be nearly zero energy buildings (nZEB) by the end of year 2020 [3].  A nearly 

zero energy building is the one which has a very high energy performance, and whose energy 

demand is to a large extent satisfied by the renewable energy resources on site or nearby [4]. In 

consequence, the energy performance shall be considered along with the environmental 

performance when designing the energy systems of residential building districts or single-family 

homes. 

  

Following that, the Swedish government also made a national plan leading towards to nearly zero 

energy buildings. The BBR standards, which is the collection of guidelines established by 

Boverket, proposed energy performance numbers for new buildings in Sweden in 2020 as shown 

in table 1 [11]. Electric-heated buildings are defined as having an installed electric power for 

heating of at least 10 W/𝑚2. For that located in Southern part of Sweden, it shall not exceed the 

maximum energy performance of 30 kWh/(𝑚2&a) in 2020. In 2017, Boverket has introduced the 

amendments of the overall framework of nearly zero energy buildings, and this will come into 

force in July 2017 [7]. 

 

Although building new energy efficient buildings has the potential to lower the future energy 

demand in the residential sector with the support of these policies and incentives, the biggest 

energy saving potential today, however, lies in renovating the existing building stock. In Sweden, 

there are around half a million single-family houses that use only electricity for heating (directly 

or with a water-based system) [6]. As electricity used for heating is the most expensive energy 

source, which has the highest exergy, if the single-family houses could be retrofitted with some 

renewable energy technologies and in result, the energy consumption efficiency could be 

improved by at least 20% [5].  As such, the relevance of this master thesis is to briefly give an 

insight of the feasibility to retrofit the increased renewable energy technologies, whether they 

will be technically and economically viable for a single-family home in Sweden, also to propose a 
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retrofitting scheme considering the site characteristics and the renewable energy resources in 

this area.  

 

Max energy performance 
 (kWh/𝑚2&a)  

Climate Zone 

Zone 1 North  Zone 2 Middle  Zone 3 South  
Residential (electric heating )  50 40 30 
Residential (non- electric heating ) 75 65 55 
Non-residential (electric heating ) 50 to 70 40 to 60 30 to 45 
Non-residential (non- electric heating ) 70 to 105 40 to 60 30 to 45 

 

Table 1 Proposed energy performance in new Swedish buildings in 2020 

 (source: BBR 2015, Boverket) 

  

1.2 Motivation  

 

In Sweden, there is considerable potential to improve energy efficiency of the 1.9 million 

permanently used single-family houses, and  80 % of the single-family houses are more than 30 

years old and majority of them need some renovation [7].This provides opportunities for 

introducing  energy-efficient measures which depend on homeowners’ decisions. Results from 

several surveys indicated that more than 80 % of the Swedish homeowners consider annual 

energy cost and investment cost to be the two most crucial factors in the choice of energy -

efficient measures [8]. Therefore, it is attractive to investigate the optimized retrofitting scheme 

that adopts some renewable energy technologies for a single-family home to improve its energy 

efficiency, leading towards to satisfy the Swedish nearly zero energy buildings requirements.  
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1.3 Thesis Organization   

 

This dissertation includes the introduction part which discussed the background, and motivation 

for this master studies. After the introduction, chapter 2 has conducted and it has the literature 

review of the dissertation, including a general overview of some renewable energy technologies 

that could be retrofitted into the building environment. For instance, solar photovoltaics, solar 

thermal systems, biomass technologies, heat pumps systems, and small-scale wind turbine. 

Besides, the technical viability to retrofit each renewable energy technologies into the single-

family home in Sweden are also discussed respectively. Some building renovation projects using 

building simulation software IDA ICE are also introduced. Chapter 3 describes analysis 

framework, which includes: site description, objectives, methodology and the limitation of the 

project. Chapter 4 presents the analysis, results and discussions of the findings. In the end, 

Chapter 5 will cover the conclusion of the master study and some future work.  
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2 LITERATURE REVIEW  

2.1 Nearly zero energy buildings (nZEB) 

 

In order to improve the energy efficiency and promote the energy savings in building sector, the 

EU Energy Performance of Building Directive (EPBD) has stipulated that all the new buildings must 

be nearly zero energy buildings (nZEB) by the end of year 2020 [3]. A nearly zero energy building 

(nZEB) is the one that has very high energy performance and whose energy need is covered to a 

very large extent by renewable energy on-site or nearby [4]. The nearly zero energy buildings 

definition shall be based on the delivered and exported energy, and it imposes the requirement 

on the non-renewable primary energy (NRPE) consumption. If all the renewable energy 

production is on-site, the on-site boundary and the nearby boundary are coincided. The basic 

energy balance and the system boundaries for the primary and the renewable energy 

calculations are shown in figure 1. The NRPE consumption which here identifies the total energy 

use in the buildings, includes the energy used for heating, cooling, ventilation, hot water, lighting 

and appliances. The non-renewable primary energy consumption (𝐸𝑃,𝑛𝑟𝑒𝑛) and primary energy 

indicator (𝐸𝑃𝑃) are defined in accordance to REHVA nZEB technical definition by equation 1 and 

2 indicated below.  

 

𝐸𝑃,𝑛𝑟𝑒𝑛 =  ∑ 𝐸𝑑𝑒𝑙,𝑖𝑖 𝑓𝑑𝑒𝑙,𝑛𝑟𝑒𝑛,𝑖 − ∑ 𝐸𝑒𝑥,𝑖𝑖 𝑓𝑒𝑥,𝑛𝑟𝑒𝑛,𝑖                                (1) 

𝐸𝑃𝑃 =  
𝐸𝑃,𝑛𝑟𝑒𝑛

𝐴𝑛𝑒𝑡
                                                                              (2) 

Where 𝑖 donates the 𝑖-th energy carrier;  𝐸𝑑𝑒𝑙,𝑖 and 𝐸𝑒𝑥,𝑖 are the annual delivered and exported 

energy, respectively; 𝑓𝑑𝑒𝑙,𝑛𝑟𝑒𝑛,𝑖  and 𝑓𝑒𝑥,𝑛𝑟𝑒𝑛,𝑖  are the NRPE factors for delivered and exported 

energy, respectively; While 𝐴𝑛𝑒𝑡 is the useful floor area according to the national definition.  

 

Though the definition of nearly zero energy buildings is described above, it is significant to 

constitute the concept of “very high energy performance” and “to a very large extent by energy 

from renewable Sources”. As all the delivered energy and exported energy (electricity, districted 

heating/cooling and fuels) could be summed up to the primary energy indicator (𝐸𝑃𝑃 ), the 

definition of the nearly zero energy buildings is capable to uniform in a more mathematical way.  

 



 

 

6 

 

  

Figure 1 The definition of nearly net-zero energy building with system boundary  

(Figure source: Ericsson & Werner, 2016) 

 

The nearly zero energy buildings are the buildings which shall be technically and reasonably 

achievable national energy use of > 0 𝑘𝑊ℎ/(𝑚2& 𝑎) but no more than a national limit value of 

non-renewable primary energy, achieved with a combination of best practice energy efficiency 

measures and renewable energy technologies which may or may not be cost optimal [4]. 

 

In Sweden, the government has paid lots of attention into the energy usage in building sector. 

The BBR standards, which is the collection of guidelines established by Boverket, contains a series 

of requirements regarding to the building construction and structure [9]. However, the rules for 

energy conservation of building also vary in Sweden depending on the geographic locations and 

building categories. It is well known that the climate in Sweden varies from north to south, due 

to latitude changes. Since 2005, Sweden was divided into 3 parts in climate zones from north to 

south. For instance, Stockholm and Gothenburg are both located in the Southern climate zone. 

Besides, the majority of the Swedish population lives in Southern climate zone [11]. Heating, 

ventilation, cooling and domestic hot water will all be included into the consideration of the 

delivered energy, whilst the tenants` electricity is excluded. The BBR standards stipulate that, in 

southern climate zone, the maximal energy performance for residential building with electrical 

heating will be 30 𝑘𝑊ℎ/(𝑚2& 𝑎) for nearly zero energy buildings in 2020 as listed in table 1 [9]. 
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Max energy performance 
 (kWh/𝑚2&a)  

Climate Zone 

Zone 1 North  Zone 2 Middle  Zone 3 South  
Residential (electric heating )  50 40 30 
Residential (non- electric heating ) 75 65 55 
Non-residential (electric heating ) 50 to 70 40 to 60 30 to 45 
Non-residential (non- electric heating ) 70 to 105 40 to 60 30 to 45 

 

Table 2 Proposed energy performance in new Swedish buildings in 2020 

 (source: BBR 2015, Boverket) 

 

Influenced by the productive progress towards an energy efficient buildings around Europe and 

in Sweden, Boverket has introduced the amendments of the overall framework of nearly zero 

energy buildings, and it will come into force in July 2017.  As this thesis study has been 

accomplished before April of 2017, the old concept of nearly zero energy buildings is referenced 

in this master thesis. Based on the old Swedish concept of nearly zero energy building indicated 

in table 1,  the main changes of updated nearly zero energy policies are the followings.  

 

I. The system limit of the nearly zero energy building is changed from the energy delivered 

to the building of primary energy. Accordingly, the earlier definition of building´s energy 

performance indicated in equation (2) is replaced with new definition primary energy 

factor primärenergital  𝐸𝑃𝑃𝑒𝑡  introduced for every energy carrier, for instance,  

electricity, heating, cooling, biofuels, oil and gas, and it is calculated according to the 

following formula(3) [7].   

II. The four climatic zones indicated in table 1 are replaced by the geographic adjustment 

factor 𝐹𝑔𝑒𝑜  at the municipal level, for instance, the value is 0.9 for the city of Göteborg.  

𝐸𝑃𝑃𝑒𝑡 =  
∑ (

𝐸𝑢𝑝𝑝𝑣,𝑖

𝐹𝑔𝑒𝑜
+𝐸𝑘𝑦𝑙,𝑖+𝐸𝑡𝑣𝑣,𝑖+𝐸𝑓,𝑖)×𝑃𝐸𝑖

6
𝑖=1

𝐴𝑡𝑒𝑚𝑝
                                    (3) 

Here, 𝑃𝐸𝑖  is the primary energy factor via every energy carrier ; 𝐸𝑢𝑝𝑝𝑣,𝑖, 𝐸𝑘𝑦𝑙,𝑖, 𝐸𝑡𝑣𝑣 , 𝐸𝑓 ,  are 

energy for heating, comfort cooling, domestic hot water, building energy with the unit of  

𝑘𝑊ℎ/𝑦𝑒𝑎𝑟 ; 𝐹𝑔𝑒𝑜  is the geographical adjustment factor, and  𝐴𝑡𝑒𝑚𝑝  is temperate area of the 

building .  Based on the new formula to calculate the primary energy usage 𝐸𝑃𝑃𝑒𝑡,  the maximum 

permitted primary energy consumption for a detached single-family home is 90 𝑘𝑊ℎ/𝑚2𝑦𝑒𝑎𝑟 

[7].  
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2.2 Renewable energy technologies  

 

Retrofitting a single-family home by the integrated renewable energy technologies and 

alternative renovation methods have great potential in promoting energy saving and improving 

energy efficiency. Except the concerns of the energy performance of a single-family home, the 

stakeholders are usually cost-sensitive, meaning that in achieving this objective the designed 

energy system must also be cost-efficient. The literature on the field is available in this chapter, 

and it intends to describe some of the most relevant articles/thesis/reports that are significant 

for the development of this master thesis.  As introduced before, this project mainly focused on 

analysing the energy saving potential and efficiency improvement impact of several renewable 

energy technologies integrated in building environments and alternative renovation methods for 

a single-family home in Sweden.   

 

The concept of nearly zero energy buildings implies that the system installed in, on or nearby of 

the single-family house could convert energy from renewable sources to generate to a large 

extent energy to satisfy the primary energy use of the house over the course of the year. In 

consequence, it is worthy to firstly have a rough look at the widely used renewable energy 

technologies that are available to be retrofitted for a single-family home typically in Sweden.  

 

2.2.1 Biomass  
 

Biomass is a renewable energy sources made from organic waste materials such as wood and 

agricultural resides,  and it has become an increasingly important energy source over the past 

three decades in Sweden, which accounted for almost a quarter of the total energy supply in 

2014 [6]. Today almost half of the Swedish district heating is generated from biomass. Generally, 

all the biomass utilized in Sweden originated from the forest, for the simple reason that Sweden 

has substantial quantities of forests resources with wooden fuels. While the energy crops and 

the agricultural residues from agricultural lands play a minor role in the usage of biomass [11]. 

Ericsson & Werner (2016) draws the tacit knowledge of the reasons why the development of 

biomass has been particularly impressive in the Swedish district heating sector. Firstly, the 

introduction and expansion of the biomass energy usage in Sweden was supported by the long-
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lasting national policies and the local municipal incentives.  For instance, the investment 

subsidies for oil substitution and higher oil tax in 1980s as well as the carbon dioxides tax in 1990s 

were the key drives behind the massive increase of the biomass usage in district heating. 

Furthermore, the long-lasting governmental support for bioenergy research on its conversion 

technologies, and the considerable increase of the biomass supply result in the technical 

development and knowledge, which also enable development of biomass expansion in the 

district heating [12].  On the other hand, these factors also drive the fast-growing development 

of combined heat and power production (CHP) in Sweden, which could be based on biomass. 

CHP has approximately 15% share of the district heating production and 6% share of the 

electricity production in Sweden [13]. 

 

According to the economic analysis of Werner (2017), the district heating is mainly competitive 

in dense urban areas and while the local heat pumps are more favourable in spare area such as 

for the single-family home, due to the investment required in distribution infrastructure and the 

distribution losses [12]. Therefore, this project will excluded it in this retrofitting investigation for 

the single-family houses and the appliances of the small-scale biomass based CHP will be studied 

in the future projects.  

 

2.2.2 Photovoltaics  
 

Photovoltaics, also known as PV or solar panels, is the device of converting sunlight directly into 

electricity using solar cells via the photovoltaic effect. Solar photovoltaic (PV) installations are 

growing at the exponential rate worldwide. This trend has also be seen in Sweden, with a 50 

MWP  market in 2015, the installed capacity for solar photovoltaic electricity production in 

Sweden is still small but rapidly proliferating over the years [13],   

 

The fundamental unit of a PV system is the cell, which is combined in groups to form a module 

that is combined in groups to form an array. The materials of photovoltaics deployed 

commercially could be divided into three generations:  crystalline silicon (generation one), thin 

films (generation two), and a range of materials for generation three. The efficiency of the solar 

cells utilizing various materials could be found in table 2.  Among the three divisions, the 

crystalline silicon solar cells is by far the most dominated PV cells materials accounting for more 

than 90% of the global and Swedish markets [14]. For building applications widely adopted in 
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Sweden, modules are approximately 1𝑚 × 1.6𝑚 in size with the peak power 200 WP to 300WP 

depending on the efficiency of the cell materials, while the efficiency range is between 15% and 

22% [15]. There are two fundamental categories of PV system configurations, off-grid or grid-

connected. The Swedish cooperatives are to the large extent grid-connected, meaning the PV 

system is part of the larger electricity network in Sweden.  

 

Adding PV to building environments involves applying or integrating the modules into the 

building envelopes. If  the PV replaces the traditional building materials, such as roofing tiles or 

windows, then it is considered integrated (BIPV), otherwise it is counted applied (BAPV).  In 

Sweden, rooftops are the most common locations for the integrated PV modules using  mounting 

rack or roof tiles. Modern racks are easy to install, work with a variety of panel manufacturers 

and mounting surfaces, and provide an air gap between the panels and the roof for cooling, as 

shown in figure 2 the Zep Solar racking system. Moreover, the traditional roofing materials could 

be replaced by the PV roof tiles, as seen in figure 3. Despite the fact that the costs of roofing 

materials can be saved, PV roof tiles can still be an expensive solution for a single-family home 

due to the small production volumes and long installation time given the large number of 

individual PV units. Apart from these, an increasingly popular method of integrating solar cells 

into commercial buildings is in glazing, as example of which could be found in figure 3. Multiple 

benefits could be provided by the PV modules, that are not only producing electricity, but also 

reducing cooling loads through shading and reduced lighting loads [16]. Nevertheless, BIPV is still 

relatively expensive and difficult to implement, making the BAPV economic and technical 

profitable for single-family home and multi-dwelling residential buildings in Sweden.  

 

The addition of PV modules into the single-family home in Sweden requires special consideration 

concerning mounting and maintenance to preserve the integrity of the building. For flat roofs, 

the racking tends to be moderately tilted, usually between 10° and 20°, to achieve better 

efficiency than a horizontal array as shown in figure 5 [17]. For pitched or sloped roofs, the PV 

system could be installed directly on the surface as the roof has already been tilted. There are 

mounting solutions for every type of roofing material, and the three most common types for the 

single-family home in Sweden are tile, standing seam, and corrugated steel [16]. Nevertheless, 

when designing a PV system in Sweden, the environmental conditions such as snow and wind 

loads should be taken into consideration at the specific roof in advance.  
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The technical and economic analysis study of photovoltaics system for Swedish prosumers 

(Sommerfeldt N et al., 2016; Rosiek & Batlles, 2010) primarily concluded that, with a well-

designed and located PV system in Sweden, the cooperative has a high chance of being profitable 

in a common-case scenario of policy support for both multi-family cooperative houses.  However, 

the investment must be considered in a long term with continued market growth and direct 

policy from the government.   

 

Table 3 Efficiency of PV cells [15] 

 

 

Figure 2 Servicing a BIPV roof tile and the Zep Solar racking system 

Photo source  http://www.energy.soton.ac.uk/pv-roof-tile-development/and http://www.ecodirect.com/Zep-System-Curved-Tile-

Roof-Mount-p/zep-solar-zs-ctm.htm 

 

  

Figure 3 BIPV rain-screen façade and sloped glazing 

 Photo source https://mattgieseking.wordpress.com/2012/08/29/building-integrated-photovoltaics-bipv-new-light/  

http://www.energy.soton.ac.uk/pv-roof-tile-development/
http://www.ecodirect.com/Zep-System-Curved-Tile-Roof-Mount-p/zep-solar-zs-ctm.htm
http://www.ecodirect.com/Zep-System-Curved-Tile-Roof-Mount-p/zep-solar-zs-ctm.htm
https://mattgieseking.wordpress.com/2012/08/29/building-integrated-photovoltaics-bipv-new-light/
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Figure 4 BAPV in flat roofs and pitched roofs  

Photo source http://www.archiexpo.com/prod/mprime-martifer-solar/product-108567-1108875.html 

 

 

 

2.2.3 Solar thermal  
 

Different from solar photovoltaics, solar thermal energy collectors are special kinds of heat 

exchangers that convert solar radiation energy into internal energy of the transport medium 

instead of photovoltaic effect. The major and important component of a solar system is the solar 

collector. In solar thermal applications, solar collectors and thermal energy storage components 

are the two kernel subsystems. Solar collectors need to have good optical performance, which 

absorb the heat as much as possible, whilst the thermal storage subsystems require high 

thermal storage density, excellent heat transfer rate as well as good long-term durability [18]. 

In Sweden, common solar heating systems, also the so-called referenced solar combi system for 

a single-family house consist of 7.5 𝑚2 up to 15 𝑚2of solar collector area and a storage tank 

with 500 – 1000 litres. The solar hot water preparation and space heating can be addressed 

between 20% - 60% in these solar combi systems [21]. 

 

A review of various sate of art solar thermal collectors and thermal energy storage components 

are presented and discussed in Tian and  Zhao (2013).  Solar collectors are usually classified into 

two categories according to the concentration ratios, which are concentrating collectors and non-

concentrating collectors.  As the sun changes the positon during the day, a concentrating solar 

collector usually has concave reflecting surfaces to intercept the solar irradiation to a much 

smaller receiving area resulting in an increased heat flux, whilst a non-concentrating collector 

has the same intercepting as its absorbing area. Therefore, the thermodynamic cycle of 

http://www.archiexpo.com/prod/mprime-martifer-solar/product-108567-1108875.html
http://www.archiexpo.com/prod/mprime-martifer-solar/product-108567-1108875.html
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concentrating collectors can achieve a higher Carnot efficiency and a higher concentration ratio 

than non-concentrating collectors [18].  

 

Flat-plate collectors and evacuated tube collectors are the two main non-concentrating solar 

collectors widely utilized in Swedish market. The simpler design and cheaper initial costs make 

flat-plate collectors a niche retrofitting design for single-family home in Sweden. Moreover, the 

flat-plate collectors can achieve flow temperatures of up to 90𝑜𝐶 with intense sunlight, and it 

could provide warm water even in overcast or weaker solar conditions particularly favourable for 

the weather profile in Sweden [22]. On the other hand, evacuated tube collectors (figure 5), 

which consist of glass cylinders that have a partial vacuum in them to eliminate any conduction 

losses, are more efficient than the flat-plate collectors. Nevertheless, the evacuated tube 

collectors are relatively more expensive than the flat-plate collectors in Swedish market, 

considering the improved mechanical design and technical performance [19].  

 

 

The concentrating collectors can provide high temperatures more efficiently than non-

concentrating collectors resulting from the smaller absorption surface area. There are a variety 

types of concentrating collectors, for instance, parabolic trough system, parabolic dish system as 

well as stationary concentrating solar collectors, which are categorized by the mechanical 

equipment that constantly orients the collectors towards the sun.  Despite the outstanding 

thermal efficiency of the concentrating collectors, they have several disadvantages, which make 

the concentrating collectors unfavorable for the residential building environments. Since the 

concentrators can only focus on direct solar radiation, they are more practical installed in the 

areas of high direct insulations such as arid or dessert areas shown in figure 6, and the 

performance is even worse in cloudy days.  In additions, tracking mechanisms will move the 

collectors during the day to keep them focused on the sun. Maintenance and construction costs 

of the system are therefore considerably increased than non-concentrating collectors.  Taken all 

the factors into consideration, the concentrating solar collectors will not be discussed in this 

retrofitting project for a single-family home in Sweden [20].  

  

After the thermal energy is collected by solar collectors, it needs to be efficiently stored for the 

later use. When a standard hot water boiler is retrofitted for solar thermal use, the previously 

two available connections that were used only for hot water discharge should now also be used 
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for charging the storage with solar hot water. Therefore, the retrofitting solutions commonly 

consisted of a new solar storage connected upstream to the existing domestic hot water heater 

(Sophie, 2007). Taking into account the cold Swedish climate, a forced circulation flow system 

with a water-glycol mixture is normally used for connecting solar collectors to the existing 

domestic hot water storages for a single-family home (Bernardo, 2013). As the forced circulation 

with an external heat exchanger is used, almost any kind of storage tank can be retrofitted if the 

new solar thermal system is installed. Conergy, Thermo Dynamics and Enerworks are the 

company brands of such commercial products (Conergy Australia, 2016; Thermo Dynamics Ltd, 

2015; Enerworks, 2016). Apart from that, a commercial Swedish company, Värmebaronen,  

developed a product that makes it possible to directly connect solar collectors to existing hot 

water boilers via an external heat exchanger and two pumps (Värmebaronen, 2012).  In such as 

system, relatively high annual performance, the low volume of the add-on retrofitting solution 

and a low investment cost could be achieved compared to the previous ones, which were 

concluded by Bernardo (2013) after analysing different retrofitting system in a Swedish cold 

climate. 

 

In Sweden, approximately half a million single-family electric-heated houses use conventional 

electric-heated water storage for domestic hot water production (Swedish Energy Agency, 

2015b). Taken into account the relatively expensive electricity price and cold Swedish climate, 

retrofitting the existing domestic hot water (DHW) storages and integrating the solar thermal 

technologies have the significant potential to meet the BBR standards. The retrofitted solar 

thermal systems for a typical Swedish single-family home with three or four inhabitants have 

been investigated a lot in several studies (Bernardo, 2013; Erdil et al., 2014; Qu et al., 2016; 

Probst & Roecker, 2010). The investigations of the retrofit systems illustrated that it achieved a 

comparable performance with conventional domestic hot water systems in single-family houses 

with a significant reduction in investment cost.  The aspect of energy saving will also be studied 

in this project in Chapter 4.  
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Figure 5 Flat-plate Collectors and Evacuated Tube Collectors 

Photo source http://www.solarark.com.au/comparison-between-evacuated-tube-solar-collector-and-flat-plate-solar-collectors/ 
 

         
 

Figure 6 Parabolic trough system and parabolic dish collector 

Photo source http://www.power-technology.com/ 

 

 

 

 

 

2.2.4 Small-scale wind turbine  
  

A wind turbine is a device that converts the kinetic energy of the wind into electricity. Modern 

wind turbines existing today might range from a few hundred watts to a few megawatts, which 

is a 10 MW wind turbine developed recently by SWAY (SWAY, 2014). In accordance with the wind 

turbine industry, turbines with a nameplate capacity of over 1 MW are large wind turbines while 

under 10 kW are grouped as small-scale wind turbines. Contrary to the large wind turbines which 

are commonly integrated to the power grid, smaller scale turbines for the single-family home 

located in urban areas or remote areas are frequently used as a supplement to the grid-delivered 

power. While excess power is usually stored in batteries or returned back to the grid if the wind 

turbine is connected to the gird (Moriarty, 2010).  

http://www.solarark.com.au/comparison-between-evacuated-tube-solar-collector-and-flat-plate-solar-collectors/
http://www.power-technology.com/
http://www.power-technology.com/
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The power generated by the wind turbine is defined as the equation 3 below. When the wind 

flows by the turbine rotor blades, only part of the kinetic energy of the wind could be transferred 

to the rotor and some of it carried away by the air leaving the turbine. The actual power produced 

by the rotor depends on the efficiency of which the energy transfers from the wind to the rotor, 

and this efficiency is called as power coefficient (𝐶𝑃) (Mathew, 2006).  

 

𝑃𝑇 = 1
2⁄ 𝐶𝑃𝜌𝐴𝐴𝑉3                                                                     (3) 

 

𝜌𝐴, 𝐴 and 𝑉 are the air density, the swept area of the blade and the wind velocity respectively. 

The wind power equation above clearly indicates that the energy content will vary with the third 

power of the wind speed, for instance, an increase in wind speed by 10% will result in an increase 

of wind power by around 37% available in the wind (Gipe, 2004). Consequently, the wind speed 

is a crucial factor for the amount of energy production by the wind turbine. 

 

The small-scale wind turbines models adopted massively in residential buildings environment can 

be divided into two different main categories, that are with horizontal axis and vertical axis types. 

These horizontal axis wind turbines (HAWTs) have two or three blades rotating around a 

horizontally situated shaft as shown in figure 7, and they are exclusively deployed worldwide with 

a variety of products , especially in large farms (Palm & Tengvard, 2011).  Despite the fact that 

the HAWTs are more economic and efficient than vertical axis wind turbines, there are several 

drawbacks of it when considering to implement it for single-family home in Sweden.  First, the 

energy production of small-scale horizontal axis wind turbines will lose significant in turbulent or 

lower wind speed conditions, as the wind speed in urban area is much lower compared to the 

rural areas due to the dense obstacles around. This can cause a standard HAWT to remain 

stationary for almost 21% of the year (Ragheb, 2009).  Therefore, the installation location for 

small-scale wind turbines is preferred to be in open space.  In addition to the difficulty of working 

in turbulent and weak air flows, the small scale horizontal axis wind turbines have a problem on 

starting the rotor system at low wind speed as most small HAWTs don't have variable pitch 

blades, in which the angle of attack at start-up does not coincide with its low rotational speed. 

This can cause a considerable delay in the rotor's acceleration. Some papers have been published 

on wind turbine starting (Mayer et al., 2001; Wright and Wood, 2004). According to their 
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experimental study of authors (Wright and Wood, 2004), the horizontal axis small wind turbines 

start rotating at 4.6 meters per second on average, measured from a three bladed, 2m diameter 

HAWTs, while this speed varied between 2.5 m/s and 7.0 m/s (Abazajian et al., 2009). 

 

Contrary to HAWTs, the vertical axis wind turbines (VAWTs) are the type of wind turbine usually 

developed for the purpose of urban deployment, where the main rotor shafts are set transverse 

to the wind while the main components are located at the base of the turbine. The direction 

changes of the wind have less negative effects on VAWTs since no need of moving the wind 

turbine into the direction of the wind. Nevertheless, they have lower overall efficiency in 

electricity generation than HAWTs (Cace et al., 2007). 

 

In addition to pole-mounted small-scale wind turbine that is freestanding, the roof-mounted 

turbine has also been widely deployed at the height of 10m - 12m for a single-family home in 

Sweden. Currently the roof-mounted turbines are widely harnessed for the lower investment 

cost, in spite of the higher efficiency and larger increased annual energy production of pole-

mounted small-scale wind turbines (Awan, 2013).   

 

There are several significant factors to be taken into consideration to select and install a small-

scale wind turbine into a Swedish single-family home located in urban or remote areas.   The hub 

height, low cut-in speed, the diameter and the impact of noise from the turbine to the responsive 

receptors are all crucial to evaluate and analyse.  A feasibility study of the small-scale standalone 

wind turbines for urban area in Sweden from authors (Gebrelibanos, 2015) found that installation 

of the appropriate wind turbine has a good performance of annual energy production, carbon 

savings potential and a satisfactory economical value with a feasible payback time of 14 years.   

These results were matched technically and economically by the other project (Awan, 2013) 

which investigated the feasibility of installing the vertical axis wind turbines at the passenger 

height in urban areas in Sweden. Nevertheless, fewer projects shed the light on if it is feasible 

technically and economically for installing a small-scale wind turbine in the back yard for a 

Swedish single-family home.  

 

https://en.wikipedia.org/wiki/Wind_turbine


 

 

18 

 

 

Figure 7 Horizontal axis wind turbines in a Swedish farm and pole-mounted for a single family home  

Photo source http://www.gogreengrid.com/2016/08/09/electricity-from-the-wind-how-turbines-work/ 

  

 

Figure 8 Vertical axis wind turbines operating at Texas A&M and roof-mounted for a single family home  

Photo source https://www.treehugger.com/wind-technology/ and http://www.allwindturbine.com/product_cat_list/Roof-Wind-

Generator-c13350.html 

 

 

2.2.5 Heat pump 
 

The heating market is, besides the electricity market, the predominant energy market in Sweden 

considering its geographical location. While space heating and hot tap water at home, premises 

and industries represent a fourth of Sweden’s energy consumption. The largest consumer group 

on the heating market is the single-family houses, which covered 40% of the energy demand [30]. 

In Sweden, the heating market is dominated by four technologies: district heating, electric 

heating, heat pumps and biofuel boilers.   

 

A heat pump is an effective refrigerator operating in reverse pumping heat into a building in 

heating mode. The heat pump is widely used as the heater in Nordic countries. Heat pumps were 

available since the 1970s but they got their large breakthrough only during 2000s (Nowacki, 

2007) and they were installed mainly in detached single-family houses in Sweden. About 46% of 

http://www.gogreengrid.com/2016/08/09/electricity-from-the-wind-how-turbines-work/
https://www.treehugger.com/wind-technology/
http://www.allwindturbine.com/product_cat_list/Roof-Wind-Generator-c13350.html
http://www.allwindturbine.com/product_cat_list/Roof-Wind-Generator-c13350.html
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the single-family houses in Sweden has some sort of heat pump installed (The Swedish energy 

agency 2014b). The most common type of heat pumps for a single-family home is the air source 

heat pump as seen in figure 9. According to the study of the Swedish Energy Agency, air source 

heat pumps are considered being one main reason for the large reduction in the average specific 

final energy use of the entire detached house stock in Sweden: from 170 𝑘𝑊ℎ/(𝑚2𝑦𝑒𝑎𝑟) during 

1977 to 140 𝑘𝑊ℎ/(𝑚2𝑦𝑒𝑎𝑟) in 2015. 

 

Air source heat pump extracts heat from ambient outdoor air conditions, and it could be grouped 

as air-to-air heat pump or air-to-water heat pump. Although air-to-air heat pumps have been 

around for several decades in Sweden, early generation units were not able to maintain 

reasonable efficiency and heating capacity at low outdoor air temperatures for the cold Swedish 

winter. The significant drop in performance at low ambient temperatures limited use of air-to-

air heat pumps in cold climates, proved in the studies of Probst and Roecker (2017).  

 

On the other hand, an air-to-water heat pump uses the same concept as an air-to-air heat pump 

to extract low temperature heat from outdoor air. What the difference is that it delivers heat at 

useful temperatures into a stream of water passing through its condenser. Some air-to-water 

heat pump products are capable of producing leaving water temperatures of more than 130𝑜  

even with relatively cold outdoor air. Moreover, it also allows the heat pump systems to be 

configured to provide most needed energy for domestic water heating in a single-family home 

(Qu et al., 2010). In spite that it shares the similar drawbacks as air-to-air heat pump with the 

temperature restricts, the energy efficiency of an air-to-water heat pump is higher than an air-

to-air heat pump in low temperatures (Staffell et al., 2012). Danielski et al. (2014) analysed the 

impact of installing the air-to-water source heap pumps for a detached Swedish house both in 

technical and economic perspective. The results indicated that, compared to other commercial 

technologies such as districting heating with biomass based CHP or pellet stoves, the installation 

of air source pumps are the most cost-effective method for a detached single-family house 

located in Southern part of Sweden. The similar boundary conditions shed light on selecting the 

air-to-water heat pump to retrofit the single-family home in Chapter 4.  

 

Depending on latitude, ground temperatures become relatively constant throughout the year 

(10𝑜𝐶−16𝑜𝐶) at a depth of 4m or more. Therefore, the ground provides a good heat source that  
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could be extracted and utilized for heating and cooling for residential buildings, which is the so-

called ground source heat pumps shown in figure 10. As the ground provides a stable heat source, 

the ground source heat pump has the optical energy efficiency than air source heat pump, which 

has been proved in the study of Lohani and Schmidt (2010). Apart from the installation and 

maintenance costs, the additional investment of drilling boreholes and installing pipes 

underground make it less attractive than air-source heat pumps for single-family home (Omer 

2012).  

 

Figure 9  The work principle of air source heat pumps and its product  

Photo source  http://www.stthomashanwood.org.uk/village-life/village-hall/village-hall-heating-upgrade.php and 

http://www.earthtimes.org/green-blogs/green-living/ 
 

 

  

Figure 10  The work principle of ground source heat pumps and its product   

Photo source http://antaresgroupinc.com/basics-of-ground-source-heat-pump-technology-part-1/ and 

https://www.heatpumpsscotland.com/products/ground-source-heat-pumps/ 

 

  

http://www.stthomashanwood.org.uk/village-life/village-hall/village-hall-heating-upgrade.php
http://www.earthtimes.org/green-blogs/green-living/
http://www.earthtimes.org/green-blogs/green-living/
http://antaresgroupinc.com/basics-of-ground-source-heat-pump-technology-part-1/
https://www.heatpumpsscotland.com/products/ground-source-heat-pumps/
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2.3 Alternative renovation methods  

 

Except using renewable energy sources like solar, wind and biomass, enhancing the energy saving 

features of buildings can be considered as another approach leading towards to the nearly zero 

energy buildings.  This field has been explored a lot by researchers. Serval methods are used 

commonly to retrofit the residential buildings, for instance, adding on the insulated floor slab, 

the radiant barrier, the thermal walls or exchanging to more energy-efficient windows. Zhu et 

al.(2009) investigates the impact of adopting the insulated floor slab, the radiant barrier to a 

conventional house located in suburban Las Vegas, and the data shows that  the radiant barrier 

is the major contributor for the energy savings, while an insulated floor slab and thermal mass 

walls are only effective for energy-conservation during heating periods. Another case from Radhi 

(2012) reveals that by using thermal insulation the electricity consumption due to the building 

envelope and carbon dioxide emissions are anticipated to be reduced 40% in Bahrain.  Moreover, 

the energy saving performance of a small non-residential building was tested in comparison to 

the conventional one with a roof reflectivity about 26% in Akbari & Rainer (2000).  The results 

indicate that 20% of the energy could be diminished by applying roof coatings that have high 

reflectivity (72%).The TRNSYS code was used to simulate the energy performance of modern 

houses in Cyprus, and the simulation results found that roof insulation is the most important 

factor that influences the space heating and cooling load.  

 

Apart from that, replacing the old windows to a more energy-efficient one is a common choice 

for house renovation for a single-family home located in Sweden It is always better to reduce the 

house energy needs first before installing the renewable energy technologies.  In Sweden, about 

85% of the single-family home were more than 30 years old and windows also had lower levels 

of energy efficiency with a U-value ≥ 2.0 W/(𝑚2K) [45]. Approximately 15 TWh of heat is lost 

annually through the windows of Swedish residential buildings according to the study from 

Werner A. (2010). The survey results from Nair et al. (2012) reveal that replacing the conventional 

windows with energy-efficient ones is the most cost-effective methods to improve the energy 

efficiency for a single-family located in Sweden, compared to other methods such as the thermal 

insulation and the thermal walls. This sheds the light on how to select the alternative renovation 

methods in chapter 4 in this project. Currently, the niche product of energy efficient windows 

could achieve U-value of 0.8 W/ (𝑚2K), while the triple pane insulating windows with the U-value 

https://www.researchgate.net/profile/Hassan_Radhi
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of 1.2 W/(𝑚2K) as a well-established product has a significant Swedish market share. On the 

other hand, the annual energy cost reduction, investment cost, and condition of the windows 

were the most important reasons for the window replacement decision. The research study from 

Nair et al. (2012) revealed that approximately 80% of the respondents replaced their windows 

with energy-efficient windows with U-value of 1.2 W/ (𝑚2K).  Condensation problems, perceived 

higher prices, and lack of awareness about windows with lower U-values were important reasons 

for not adopting more energy-efficient windows.  Moreover, windows sellers and installer also 

have a strong influence on the homeowner´s selection. Considering the severe water 

condensation phenomenon and the double investment costs compared to triple pane insulating 

windows with U-value 1.2 W/ (𝑚2K)  , the more energy efficient windows with the U-value less 

than 1.2 W/ (𝑚2K) are apprehensive window sellers.  The triple pane insulating glass with the U-

value 1.2 W/ (𝑚2K) from the manufacturer Traryd Window was selected and analysed for this 

single-family home model in Chapter 4.  
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2.4 Thermal comfort  

 

When comparing the effect of changes to the buildings, either the changes to the building 

structure, or the materials used or the insulation, thermal comfort quality must be maintained 

as an important boundary condition.  Thermal comfort is defined as the condition of mind which 

express satisfactory with the thermal environment [32]. One of the important goals for HVAC 

(heating, ventilation, and air conditioning) system achieving the sustainable nearly zero energy 

buildings, is to maintain the standard level of thermal comfort for occupants.  

 

Unlike the heat transfers and energy balances, the thermal comfort is just a state of mind, and 

it is hard to calculate using mathematical equations. In order to develop mathematical models 

to predict people’s responses on the thermal quality of an environment, researchers have been 

exploring the thermal, physiological and psychological response of people in varying 

circumstances. There are many factors that will impact the thermal comfort in the building 

environment, for instance, room air temperature, the average radiant temperature, the air 

speed, human`s metabolic rates, and the humidity level [33].  On the other hand, psychological 

impacts of the occupants could also affect the thermal comfort.  

 

Since thermal comfort is a result of a combination/adaptation of parameters of both the 

environment and the human body itself, Fanger, who developed the first heat balance thermal 

comfort model, stated that the condition for thermal comfort was when skin temperature and 

sweat secretion lied within narrow limits [34]. In order to predict and characterize the thermal 

loads for the occupants in the building environment, the predicted mean vote (PMV) model was 

also proposed developed by Fanger. In the PMV model approach, the data of sweat rate and 

skin temperature was obtained from the people who considered themselves feeling 

comfortable at various metabolic rates.  Moreover, according to Fanger`s proposal based on 

lots of experiences, the optimistic conditions for thermal comfort were expressed by the 

regression line of metabolic rate, skin temperature, and sweat rate, referring to table 3.   

 

As for the level of comfort, they are usually characterized using the ASHRAE thermal sensation 

scale that could be connected to the predicted mean vote (PMV) model, also shown in the Table 

3 [35]. There a lots factors in the PMV model that might have an impact on the thermal comfort 



 

 

24 

 

level of the occupants. For instance, the air temperature, the mean radiant temperature, the 

relative humidity, and the air speed, and these five parameters all define the thermal comfort 

zone. In this PMV model, zero is the ideal value, which represents the thermal neutrality. Only 

when PMV value is in recommended limit of (− 0.5 < PMV < + 0.5), it is the acceptable thermal 

comfort level for occupants [36].  

 

Based on the predicted mean vote (PMV) model, the building energy simulation software IDA 

ICE, which is also adopted in this study, currently have the option to evaluate the achieved 

thermal comfort level with the conventional criteria developed by Fanger.  In order to fulfil the 

PMV value to the recommended limit and main the acceptable thermal comfort level, the 

comfortable temperature should be kept in the interval 21°𝐶 to 28°𝐶 preferable max 25 °𝐶 in 

the bedrooms and living rooms, while for other rooms, the temperature should be maintained 

from 15°𝐶 to 28 °𝐶 in the simulation by software IDA ICE [37].   The thermal comfort level will 

also be analysed with the simulation result after each modelling scenario in Chapter 3.  

 

Table 4 ASHRAE thermal sensation scale and the predicted mean vote (PMV) model [28] 

 

It is worthy to mention that one limitation on analysing the thermal comfort level in this study.  

Since conventional theories of thermal comfort were set up based on steady state laboratory 

experiments, and this, however, is not representing the real situation in residential buildings, 

especially for a single-family home. The study from Peeters et al., (2008) and Fountain et al., 

(2010) found that the thermal comfort in residential buildings has a strong dependency on recent 

outdoor temperatures, which was presented in an algorithmic way to facilitate implementation 

in the building simulation code.  
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2.5 Simulation with IDA ICE software  

 

This project uses IDA Indoor Climate and Energy software (IDA ICE) to investigate the impact of 

integrated renewable energy technologies in the overall energy performance of the single-family 

home. IDA ICE is one of the major building energy simulation software in the area of indoor 

climate simulation of individual zones as well as multi-zone for the entire residential areas. The 

design of IDA software is based on the building geometrical description. For instance, it can 

provide the basic information of building`s geographic location for solar radiation from outside 

to inside of the building, as well as the daylighting and shading parameters. Furthermore, a 

variety of energy parameters could be found in the simulation results, including the annual 

energy consumption, the energy production from renewable energy courses, the transmission 

losses through envelop, and also the operative temperature diagram in the output results file 

[37]. These parameters for a single-family home will also be presented and analysed in the 

chapter 4 for this project.  

 

Several studies that adopting the IDA ICE software for building energy simulation provide the 

insight on the methodology for this project. For instance, with the help of IDA ICE, the study of 

Karlsson (2015) accessed the suitability and the economic viability of renovation opportunities 

for Swedish multi-family homes. Mateo & Aranaz (2011) investigated the indoor climate 

variations in a naturally ventilated church by using the simulation tool by IDA-ICE. Moreover, the 

model of water-to-water heat pump is presented and validated using experimental data by IDA-

ICE in Salvalai G (2012). All investigation results from these researches demonstrated that the 

simulated models correspond closely with the experimental operation if the input parameters of 

IDA-ICE simulation model are known. These models are referred as a base for the methodology 

applied to this study.  
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3 ANALYSIS FRAME WORK  

3.1 Site description  
 

The detached single-family home is located in the vicinity of Göteborg, Sweden. It was a 

traditional Swedish house with two floors and an attic suited in the residential district. The 

total heated floor area is 240 𝑚2, which includes a master bedroom, two small bedrooms, one 

living room, one kitchen, one storage and one hall area.   

 

Figure 11 Map site location for the detached single-family home 

(Source: adopted from Google Map)  

 

This single-family home was mainly constructed by wood. Moreover, concrete was the primary 

material for the roof, floors as well as for the basement.  Electricity was the main heating and 

source for the detached house without any retrofitted renewable energy technologies. The 

electric baseboard heaters are active from October 17th to May 1st. On the two aboveground 

floors, the thermostat is set for heating to 21𝑜𝐶 from 7 am to 11 pm and 18𝑜𝐶 at night. Since 

no air conditioning is provided, natural ventilation is the source of cooling during the warmer 

months by opening the windows at night whenever the outdoor temperature above 14𝑜𝐶. The 

mechanical ventilation has the capacity of 0.35 air change per hour all year, and uses a heat 

recovery ventilator with the apparent sensible effectiveness between 70% and 81%, depending 

on airflow and outside temperature. Additionally, for this simulation model, the concentration 

of CO2 in the occupied indoor space shall not exceed 1000 ppm with good air exchange.  

 

The total annual energy demand of the single-family house are estimated at 26714 kWh (112 

kWh/𝑚2) of which the tenants` equipment electricity counted for 16299 kWh. The delivered 

energy in the energy performance value consist of heating, ventilation, cooling and 
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domestic/service hot water, while the tenants` electricity consumption is excluded in this 

consideration. Domestic hot water (DHW) account for 48% of the delivered energy, followed 

by heating, cooling and ventilation presented by 41%, and lighting (11%). The simulation set 

up parameters for the mechanical ventilation system, the home electric appliance and input 

data are shown in table 4-5 respectively.  

 

Zone Area  
Equipment 
Load (w) 

Lighting  

(w/𝒎𝟐) 

Occupants. 
Density,  
Schedule  

Supply air  
( l/s) 

Return air 
 ( l/s) 

Laundry  75 0 0 0 10 

Hall  0 3 0 0 10 

WC 0 0 0 0 10 

Kitchen/Lounge  300 3 4, 06-08 18-22 40 20 

Master Bedroom  75 3 2, 22-06 10 0 

Small Bedroom  75 3 1, 22-06 5 0 

Bathroom  0 0 0 0 25 

Storage room  0 0 0 5 0 

Living Room  75 3 0 10 0 

Attic 
(unconditioned)  

0 0 0 0 0 

Table 5 Simulation parameters of home appliance and mechanical ventilation system 

 

Input data Content 

Wind profile Suburban (ASHRAE 1993) 

Thermal bridges All good 

Pressure coefficients Auto-fill AIVC “Semi-exposed” 

Annual domestic hot water 
(DHW) 

20 𝑘𝑊ℎ/ 𝑚2  

Distribution system losses All “good” 

Air Handling Unit CAV (constant air volume control) 

Location and climate Gothenburg 2015 

Simulation constraints 
No ideal coolers or heaters in all the rooms. The temperature 
should be kept in the interval 21°𝐶  to 28°𝐶 preferable max 25 
°𝐶 in the bedrooms and living rooms, while for other rooms, the 
temperature should be maintained from 15°𝐶 to 28 °𝐶. 

Maximum CO2 level 1000 ppm 

Table 6 Input variables of the simulation model 
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3.2 Objective of the study 
 

The main objectives of this study are to explore the impact of retrofitted renewable energy 

technologies on annual energy savings and capture economies of scale by reducing the electric 

bills and the payback period for a single-family home in Sweden.  Consequently, in order to fill 

some gaps in the previous and future research in this field, the specific objectives of this project 

are:  

 Introduce the basis of some state-of-art renewable energy technologies that could be 

retrofitted in or on a single-family home in Sweden  

 Identify the suitable retrofitted renewable energy technologies and renovation methods 

for a single-family home  

 Estimate the energy saving potential and economic viability by the selected renewable 

energy technologies and the renovation methods for the single-family home  

 Propose a scheme of retrofitted renewable energy technologies and renovation 

methods for the single-family home to meet BBR standards with the consideration of 

economic suitability 
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3.3 Methodology  
 

The central element of the approach is to analyse the feasibility of retrofitting renewable energy 

use for a single-family home in Sweden considering the annual energy saving and economic 

viability. Basically, the assessments of selecting the suitable renewable energy technologies for 

the single-family home in Sweden were based on the available potential, economic implication, 

and environmental implication on an annual basis.  In consequence, to provide the necessary 

input data, different literatures were studied carefully. By means of IDA ICE simulation, three 

kinds of renewable energy technologies (solar thermal, small-scale wind turbine, and heat pump) 

and one building renovation methods (windows renovation) were implemented and investigated 

in respective simulation models. The combined retrofitting scheme, which consist of both 

renewable energy technologies and renovation methods, were proposed and studied for this 

single-family home. There are three main steps to determine the feasibility and viability of the 

system. These include:  

1. The methods of data collection:  

- Secondary data has been previously gathered and analysed by someone else 

- Parameters considered for the analysis  

 The electricity and heating demand for the single-family home  

 Swedish electricity price per kWh 

2. The data analysis: 

 Data organization and analysis by excel  

3. The main result of the study  

 Annual energy production of each renewable energy technologies  

 Annual energy saving potential of each retrofitting methods  

 Electricity bill saving 

 Payback period  
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3.4 Limitation of the study  
 

One of the limitations in this research project was the accuracy of the some simulation input data 

at the site, such as the input data for annual domestic hot water (DHW) of this single-family 

home. Though these data was directly provided from EQUA simulation AB, it was only the 

average statistics from energy consumption of the domestic hot water of the completely 

residential district.  Another limitation was the accuracy of the measured wind and solar data on 

site as the input data for energy generation from renewable sources in the simulation, resulting 

from the limited data at the exact height and geographical location for this single-family home.  

To solve this problem, the average annual wind and solar data for the vicinity of Göteborg of year 

2015 was obtained and adopted.  

 

Furthermore, there was a limitation in finding the investment cost for selected renewable energy 

technologies for the single-family home, as the cost varies from place to place depending on the 

manufacturers.  However, to solve this problem, it was taken the average installed costs of 

different renewable energy technologies for a detached single-family home in Sweden, 

meanwhile this study tried to select the renewable energy technologies from accredited 

manufacturers and provide warranty.  This project also evaluated the renovation method in an 

economic perspective by a simple payback period calculation. As mentioned before, these 

calculations are, however, fairly uncertain since they were based on assumptions of future power 

production while the wind speed profile for this area varies every year and the constant 

electricity tariff. Moreover, the calculation did not take into account subsidies, maintenance 

costs, replacement costs, interest on loans, inflation, and increase in the electricity price. The 

economic influence of the proposed method was only appraised in a general economic point of 

view not as the market study to understand the magnitude.  
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4 ANALYSIS,RESULTS AND DISCUSSION  

4.1 Energy performance of the single-family home  
 

The energy performance for this single-family home was simulated by IDA ICE software for the 

whole year 2015, and simulation set-up and the results were presented in the following chapters 

and also listed in appendix 1-6.  

 

Annual purchased energy  

 

The annual energy consumption for this single-family home without any retrofitted renewable 

energy technologies was given in table 6 and figure 12 below.  With the annual energy 

consumption of 26714 kWh, nearly 65% of the energy was consumed as tenant electricity for this 

single-family home, including lighting and tenant equipment such as the washing machines, dish 

washers, ovens etc. Furthermore, it is clear that electric heating plays a crucial part in the facility 

electricity consumption, counting as 30% of the overall energy consumption and 88% of the total 

facility energy consumption. The result was consistent with the average heating energy 

consumption for an electric-heated single-family home in Sweden explained in chapter 1. While 

the heating, ventilation, and air conditions unit (HVAC) was satisfied with 11% of facility energy 

consumption, being the second significant part next to the electric heating. Considering the cold 

Swedish climate, it is barely needed for electric cooling which is only counted 1% of the total 

energy consumption.   

 

From the results in table 6, the total facility electricity consumption of 40 kWh/(𝑚2& 𝑎), which 

exceeds the maximum limit of 30 kWh/(𝑚2& 𝑎)   stipulated in Swedish BBR standards for 

residential buildings with electric heating system in Sweden in 2020 introduced in chapter 1 [9].  

Consequently, it is necessary to investigate the feasibility of retrofitting the single-family home 

with increased renewable energy technologies to meet the BBR standard requirements, that is 

the facility electricity consumption shall not exceed 30 kWh/(𝑚2& 𝑎).  
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Category  
Purchased energy Peak demand 

(kW) (kWh) (kWh/m2) 

Electric heating  8091 35.0 2.5 

HVAC aux  1025 4.4 0.57 

Electric cooling  132 0.6 0.12 

Total, Facility electric  9248 40.0 n/a 

Tenant Equipment  16299 70.5 2.3 

Tenant Lighting 1167 5.1 0.32 

Total, Tenant electric  17466 75.6 n/a 

   Grand total  26714 115.6 n/a 

Table 7 Annual purchased energy overview 

 

               

Figure 12 Annual purchased energy overview  

 

Thermal comfort  

 

In order to evaluate to thermal comfort level for this single-family home, four checked points of 

were selected in the modelling. One is in the living room, while the others are in the three 

bedrooms, where the family spend most of their time when they are at home. As introduced in 

Chapter 2, the criteria has been set in the simulation to evaluate if the acceptable temperature 

level for occupants is achieved based on the predicted mean vote (PMV) model. The temperature 

should be kept in the interval 21°𝐶 to 27°𝐶 preferable max 25 °𝐶 in the bedrooms and living 

rooms, while for other rooms, the temperature should be maintained from 15°𝐶 to 27°𝐶. Whilst 

Facility 
electric ; 
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Facility electric

Tenant electric
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Electric 
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if the operating temperature is outside this range, it will be counted as thermal dissatisfaction. 

The results from table 7 shows that there was 12% of occupant hours with thermal dissatisfaction 

in the year 2015 with current building construction and ventilation system.  Some retrofitting 

measures must be done to eliminate the percentage of unpleasant occupant hours and improve 

the thermal environment to a comfortable zone for this single-family home.  

 

Category  Percentage  

Percentage of hours when operative temperature is above 27oC in worst zone  14% 

Percentage of hours when operative temperature is above 27oC in average  zone 10%  

Percentage of total occupant hours with thermal dissatisfaction  12%  

Table 8 Thermal comfort result  

 

 

Heat transfer coefficient and envelop transmission  

 

The overall heat transfer coefficient (U value) is the parameter that describes how well a building 

element conducts heat or the rate of transfer of heat (in watts) through one unit area ( 𝑚2) of a 

structure divided by the difference in temperature across the structure. The average heat 

transfer coefficient of this single-family home was 0.3907 W/ 𝑚2𝐾 from the simulation result. 

This parameter is just qualified with the comparison with 0.4 W/ 𝑚2𝐾 specified in BBR standard 

[9].  

 
The results shown from table 8 and figure 12 clearly presents that, windows (43%) and walls 

(26%) are the two dominant factors responsible for energy transmission during the whole year. 

Thus, some renovation measures for the windows and floor will be considered and investigated 

to eliminate the impact of energy transmission with the purpose of lowering the energy 

consumption and promoting the overall energy efficiency for this single-family home in a general 

point of view.  

 

Envelope Transmission  
(kWh/a)  

Walls Roofs Floor Windows Thermal bridges 

During heating time 2584.1 1040.7 645.3 3227.6 703.1 
During cooling time  2384.1 524.4 2260.1 4973.9 814.3 
Rest of time  537.2 79.3 216.4 901.4 137.3 
Total  5505.5 1644.4 3121.8 9102.8 1654.6 

Table 9 Energy transmission loss through envelope  
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Figure 13 Energy transmission loss through envelope  

 
               

Detailed energy consumption  

 

An air-handling unit is the device used to regulate and circulate the atmosphere as part of 

heating, ventilation and air handling unit (HVAC). The purpose of this equipment is to collect and 

mix outdoor air with that returning from the building space. The air mixture is then cooled or 

heated, after which it is discharged into the building space through a duct system. Considering 

the cold Swedish climate, AHU heating is mostly needed in wintertime, from January to April and 

October to December, whilst the AHU cooling is usually operated in Summer time June to August 

to maintain to indoor thermal environment in the comfortable range. On the other hand, the 

electricity is demanded all around the year to satisfy the heating demand for domestic hot water 

(DHW).  The energy consumption for domestic hot water remains stable regardless of the seasons 

indicated in the simulation results of table 9.   

 

If the reader takes a closer look at the energy consumption data in figure 14, 64% of the system 

energy was consumed on domestic hot water, with the AHU heating (31%) the second largest 

and the AHU cooling (5%) the least. Alternatively, the energy demand of domestic hot water 

consumption could be satisfied to a large extent by the renewable energy taking the retrofitted 

solar panels or solar thermal technologies into consideration in the single-family home.  
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System energy (kWh) 
Sensible and latent 

Month 
AHU heating AHU cooling Domestic hot water (DHW) 

1 548.4 0.0 426.9 
2 592.0 0.0 385.6 
3 335.4 0.0 426.9 
4 228.8 0.0 413.1 
5 6.0 22.6 426.9 
6 0.0 146.6 413.1 
7 0.0 91.6 426.9 
8 0.0 116.8 426.9 
9 6.5 16.2 413.1 

10 27.1 0.0 426.9 
11 212.2 0.0 413.1 
12 444.8 0.0 426.9 

Total 2401.3 393.8 5026.3 

Table 10 System energy usage  

 

Figure 14 System energy usage overview  

 

 
Sensible and 

latent  (kWh)  
AHU 

heating 
AHU 

cooling  
AHU heat 
recovery  

AHU cold 
recovery 

Humidification  Fans  

Total 2401.3 393.8 5948.8 0.0 0.0 1019.6 

Table 11  Detailed air handling-unit energy consumption 
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4.2 Retrofitted the single-family home with renewable energy 
technologies 

  
In this section, three renewable energy technologies will be integrated respectively into the 

single-family home in the building simulation model, and the estimated energy saving and 

economic impact of respective renewable energy technologies will be analysed and compared 

accordingly.   

  

 4.2.1 Solar thermal   
 

As introduced in the literature review, there are two kinds of solar energy technologies dominant 

on the commercial market which could be retrofitted into single-family home, that is solar 

photovoltaics (PV) and solar thermal (ST). For Solar photovoltaics systems, it could convert 

sunlight into direct current electricity, which could be used by the household in the way such as 

ventilations, lighting, etc. On the other hand, solar collectors are capable of absorbing the 

incoming solar radiation and converting it into thermal energy of the fluid circulating in the 

system. In comparison with the solar photovoltaics, the low investment cost and higher energy 

efficiency make the solar thermal technologies more attractive to be retrofitted into the single-

family home in Sweden [31].  

 

The solar water heating system, which circulates water inside the system, directly converts the 

solar energy into heat of water for households. Among all kinds of available commercial 

technologies in solar water heating system, evacuated tube collectors is adopted in this study, as 

it has relatively higher energy efficiency, easy to install and maintain, and less total investment 

costs, especially suitable for a single-family home like houses and villas in Sweden. Taking all the 

related factors into consideration, the product from Apricus, ETC-10 evacuated tube solar 

thermal collectors were selected and retrofitted into the simulation model.  

 

The solar water heating system has a collector area of 4 𝑚2 and it was designed to be mounted 

on the roof with angle 30𝑜 in order to optimize the absorption rate of the solar radiation [39].  

With moderate efficiency of 69%, the average output of the solar thermal heating system was 

300W. The detailed parameters and information about this product is listed in table 11 [40], and 
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the detailed energy consumption results after the simulation were listed in table 12-14 and 

appendix 3.  Moreover, in the simulation model, the existing hot water boilers with the capacity 

of 300 litres are also retrofitted to be directly connect solar collectors via an external heat 

exchanger and two pumps from Värmebaronen. This solar water heating system works in the 

following basic steps: after the collectors absorbs the sunlight via the absorbers, the pump will 

transport the working fluid of the solar thermal collectors to the external heat exchangers of the 

retrofitted storage tank. In this way, the thermal energy is transmitted to a storage tank.  If the 

solar radiation is insufficient especially in the winter time, the conventional heating system will 

be applied to heat up the water to the desired set temperature.  

ETC-10  

Dimensions ( L x W x H)  2005 x 796 x 136 mm 

Peak output  671 W 

Aperture area  0.947 𝑚2 

Gross Area  1.59 𝑚2 

Gross dry weight  35 kg  

Collector area 4 𝑚2 

Fluid capacity    310 ml  

Flow rate  0.7 L/min ( max 15 L/min )  

Max operating pressure  800 kPa / 8 bar  

Average output 300 W 

Efficiency 69% 

Table 12 Solar thermal product information [40] 

 

Category  
Purchased energy Peak demand 

(kW) (kWh) (kWh/m2) 

Electric heating  1887 8.2 1.08 

HVAC aux  2251 9.7 0.92 

Electric cooling  547 2.4 3.34 

Total, Facility electric  4685 20.3 n/a 

Tenant Equipment  16292 70.5 2.3 

Tenant Lighting 1167 5.1 0.32 

Total, Tenant electric  17459 75.6 n/a 

   Grand total  22144 115.6 n/a 

Table 13 Energy consumption of the model with solar thermal 
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Figure 15 Energy consumption of the model with solar thermal 

 

System energy  
Sensible and latent (kWh)    

AHU heating AHU cooling  Domestic hot water (DHW)  

Total 275.6 1.6 1314.5  

Table 14 System energy usage of the model with solar thermal 

 

Utilized free energy  
Sensible and latent  (kWh)  

AHU heat recovery AHU cold recovery Solar heat 

Total 4712.8 0.0 1568.6 

Table 15 Utilized free energy of model with solar thermal   

 

Figure 16 System energy usage overview of model with solar thermal   
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The results from table 14 shows that by adopting the solar thermal technologies for this single-

family home, 1568.6 kWh was generated form the solar thermal and compensated the energy 

consumption of electric heating, which to a large extend went into the domestic hot water and 

AHU heating. The estimated energy saving after retrofitting the single-family home with solar 

thermal technologies is presented in table 15. Apparently, 8229 kWh (30.1%) of the purchased 

energy could be eliminated after the deployment, with a dramatically decrease of domestic hot 

water usage.  

 

In order to analyse economic influence after retrofitting the single-family home with solar water 

heating system, a cost analysis was performed on solar domestic hot water systems in table 16. 

Since a detailed cost analysis was not one of the major goals of the investigation, it was carried 

out in a straightforward manner to calculate the payback period. The Swedish National Board of 

Housing, Building and Planning also reports on an average investment cost of a solar domestic 

hot water system in Sweden, including the retrofitted existing domestic water storage with the 

product, to be estimated at approximately 58000 SEK for a collector area between 4 𝑚2 and 6 

𝑚2 [46].  While the installation costs 11000 SEK were based on latest study from Bernardo et al. 

(2016). The electricity price during the lifetime of the system was assumed to be 1.2 SEK/ kWh, 

which consist of electricity price 0.6 SEK/ kWh (fixed one year), electricity network price 0.305 

SEK/ kWh, and also 25 taxes based on the electricity price (2015) for detached single-family house 

with electric-heating (Swedish Energy Agency, 2016b). With such assumptions, the retrofitted 

system payback time would be roughly 7.0 years, and this corresponds with the estimation from 

other related studies, Bernardo et al. (2016) and Bales et al. (2012). However, the analysis did 

not take into account subsidies, maintenance costs, replacement costs, interest on loans, 

inflation, discount rates, residual value, and increase in the electricity price. 

 

Category  
Original model 

(kWh/year) 
Retrofitted model 

(kWh/year) 

Energy saving  

(kWh/year) (%) 

The total purchased energy  26714 18485 8229  30.1 

Domestic hot water  5026.3  1314.5 3711.8 73.8 

Table 16  Estimated energy saving of the model with solar thermal   
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Assumed parameters  Assumed value  

Annual domestic hot water load (KWh/year)  5000 

Average electricity tariff during the lifetime of the system (SEK/kWh)  1.2 

Annual electricity bill saving (SEK)  9880 

Installation costs for the retrofitted system (SEK)  11000 

Total sale price of the retrofitted system (SEK)  58000 

Payback time of the retrofitted system (years)  7.0 

Table 17 Assumed parameters used in the payback-time analysis for solar thermal  

 

 

4.2.2 Heat pump  

 
From energy simulation results presented in table 11 in chapter 4.1, nearly 85% of facility 

electricity (8091 kWh) was consumed by electric heating for this single-family home in 2015. As 

electricity used for heating is the most expensive energy source in Sweden which has the highest 

exergy, therefore, it is attractive to investigate if there are other alternative methods to satisfy 

part of the domestic heating demand, for instance, to retrofit the heat pump system into the 

single-family home.  

 

As introduced in the literature review in chapter 2, there are two common heat pump systems 

widely deployed in Sweden, ground source heat pump and air source heat pump.  Despite the 

ground source heat pump provides higher heating efficiency than the air source heat pump, the 

cheaper the installation and equipment costs make the air source heat pump an attractive choice 

for a single-family home in Sweden sine 1970s. Except for the technical and economic aspects, 

the cold Swedish climate makes the air-to-water heat pump a feasible and viable choice for a 

single-family home located in Southern part of Sweden. With a total heating capacity of 8.0 kW 

and COP value 3.62, the air-to-water heat pump was selected and added into the building model.  

The technical parameters of the heat pump are presented in table 17, and the detailed heat pump 

simulation set-up and simulation results are also listed appendix 3.  

 

Air to water heat pump operates on the same mechanical principles as air-to-air heat pumps. But 

instead of connecting outdoor units to an indoor refrigerant-to-air heat exchanger coils, they 
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employ a refrigerant-to-water heat exchanger and generate hot water. In this simulation model 

a mixed-mode distribution strategy which consists of hydronic delivery using a small fan coil and 

radiant distribution is adopted, as shown in figure 17. The small fan coil is used to provide 

moisture removal, while the radiant distribution is applied to provide the sensible heating for the 

single-family home. Heating is distributed throughout the home by circulating the hot water 

through a radiant floor, fan coils, and radiators, providing a more uniform mean radiant 

temperatures for different zone areas.  

 

Main parameters at rated conditions  

Total heating capacity  8.0 kW 

COP (incl. outdoor fan)  3.62 

Table 18 Air to water source heat pump technical specification 

 

 

Figure 17 Schematics of Air-to-water heat pump system in cooling mode with mixed-mode distribution.  

(Source: Beckman et al., 2013)  

 

From the energy simulation results indicated in table 18-19 and figure 18-19, the annual energy 

consumption was 21368 kWh including the tenants` electricity with the retrofitted heat pump 

systems.  Meanwhile, the facility electricity consumption has been dramatically decreased to 

3904 kWh from the conventional model with the facility electricity of 9248 kWh, meaning that 

66% of the electricity heating could be compensated by the renewable energy generated from 

the heat pump with the mixed-mode distribution system. On the other hand, the system energy 

including the AHU heating, AHU cooling and domestic hot water (DHW) consumption stabilized 

as the conventional model.  
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As the cost-effectiveness may be the main driver of owning the system for a single-family home, 

the similar simple method was adopted to evaluate the payback period for consumers. However, 

it is important to note that in reality prices are not uniform and could change with time, by 

location and differ among suppliers. The assumed sale price of the air-to-water heat pump with 

mixed-mode distribution system (24500 SEK/unit) was based on a study performed by the 

Swedish National Board of Housing, Building and Planning (Swedish Building Regulations, 2015b), 

which provided average prices of the various heat pumps systems installed in Sweden. Besides, 

the average installation cost 6000 SEK/unit for a single-family home to retrofit the air source heat 

pump system was referred from the review of air source heat pump technologies in Sweden from 

Danielski et al., 2012 [34]. Another assumption is that the electricity price during the lifetime of 

the system was assumed to be 1.2 SEK/ kWh, which consist of electricity price 0.6 SEK/ kWh (fixed 

one year), electricity network price 0.305 SEK/ kWh, and also taxes based on the electricity price 

(2015) for detached single-family house with electric-heating (Swedish Energy Agency, 2016b). 

The calculation results of table 21 shows that the payback period will be 8 years, aiming for 

retrofitting a single-family home with designed air source heat pump.  

 
 

Category  
Purchased energy Peak demand 

(kW) (kWh) (kWh/m2) 

Electric heating  5084  11,9 1.06 

HVAC aux  1024 4.4 0.12 

Electric cooling  136 0.6 0.57 

Total, Facility electric  6244 16.9 n/a 

Tenant Equipment  16292 70.5 2.3 

Tenant Lighting 1167 5.1 0.32 

Total, Tenant electric  17459 75.6 n/a 

   Grand total  23507 115.6 n/a 

Table 19 Energy consumption of the model with heat pump 
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Figure 18 Energy consumption of the model with heat pump 

 
System energy  

Sensible and latent (kWh)    
AHU heating AHU cooling  Domestic hot water (DHW)  

Total 2790.7  394.0 5626.3  

Table 20 System energy usage of the model with heat pump 

 

Figure 19 System energy usage overview of the model with heat pump 

 

 

Category Original model 
(kWh/year) 

Retrofitted model 
(kWh/year) 

Energy saving  

(kWh/year) (%) 

The total purchased energy 26714 23507 3207 12.8  

Electric heating 8091 5084 3207 39.7 

Table 21  Estimated energy saving of the model with heat pump 
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Assumed parameters  Assumed value  

Annual electric heating load (KWh/year)  8091 

Average electricity tariff during the lifetime of the system (SEK/kWh)  1.2 

Annual electricity bill saving (SEK)  3850 

Installation costs for the retrofitted system (SEK)  6000 

Total sale price of the retrofitted system (SEK)  24500 

Payback time of the retrofitted system (years)  8.0 

Table 22 Assumed parameters used in the payback-time analysis for heat pump 
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4.2.3 Small-scale wind turbine 
 

From the energy simulation results of the conventional model indicated in table 6 and figure 12, 

64%  (17466 kWh)  of the annual purchased electricity (26714 kWh)  was consumed to satisfy the 

demand of tenant electricity which consist of lighting, and tenants` equipment, etc. Among the 

categories of tenant electricity consumption, tenants` equipment is the dominant factor 

accounting 65% of the tenant electricity. Considering the relatively high electricity price in 

Swedish energy market, it is interesting to investigate the feasibility of using a wind turbine for 

electricity generation as introduced in the literature review in chapter 2.  

 

The geographic location of this house makes it ideal for the integration of a small-scale wind 

turbine. As shown in figure 11, this single-family house is located outside of the urban area with 

few tall buildings around. Besides, the neighbours are the similar detached single-family houses 

with spare distance. Though the pole-mounted wind turbine is more efficient than roof-mounted 

type technically, considering the average wind speed is less than 5 m/s in this residential area, 

the roof-mounted small-scale wind turbines are more feasible for this single-family home. 

Moreover, the stand-alone micro wind turbine is preferred here, meaning that the generated 

electricity from wind turbine could be directly used for lightings, electronics and ventilations for 

households, and the extra electricity is also possible to store in the battery as the energy storage.   

 

The roof-mounted small-scale wind turbine from Hannevind was selected and added in this 

model after evaluation. Hannevind is a Swedish company which has worked with manufacturing 

and designing small-scale wind turbines since 2000s. The selected roof-mounted small-scale wind 

turbine has the typical classic look of three-blade made of glass fiber with the diameter of 3.5m, 

and the mast could be designed between 12-18 meters high with the turbine weight of 100kg. 

 The minimum wind speed needed for the blades to start spin is 2-4 𝑚/𝑠 and the average output 

power from this micro wind turbine is 5 kW [42]. The technical parameters of the small-scale 

wind turbines are presented in table 22 and appendix 4. 
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Main parameters at small-scale wind turbines  

Turbine diameter  3.5m  

Turbine weight  100kg  

Hub height above ground  15m 

Minimum wind speed  2-4 𝑚/𝑠 

Referenced air density  1.225 𝑘𝑔/ 𝑚3 

Average output power 5 kW 

Table 23 Wind turbine technical parameters 

 

From the simulation results of the model with a retrofitted small-scale wind turbine in table 23, 

nearly 6100 W of electricity could be generated and compensated into the tenants` electricity 

consumption, which was based on the documented wind speed of the Göteborg area in the year 

2015. Moreover, from the analysis result in table 25, it is evident that 23.8% of annual purchased 

energy could be eliminated with the deployment of the small-scale wind turbine.  Hence, the 

installation of the small-scale wind turbine can be seen as a promotion of small-scale renewable 

energy source for electricity generation for domestic use in urban areas.  

 

Category  
Purchased energy Peak demand 

(kW) (kWh) (kWh/m2) 

Electric heating  7841 33.9 2.5 

HVAC aux  1024 4.4 0.57 

Electric cooling  136 0.6 0.12 

Total, Facility electric  9001 39.0 n/a 

Tenant Equipment  16299 70.5 2.3 

Tenant Lighting 1167 5.1 0.32 

Total, Tenant electric  17466 75.6 n/a 

Wind turbine production  -6132 -0.2 -0.42 

   Grand total  20335 114.4 n/a 

 

Table 24 Energy simulation results of the model with the small-scale wind turbine 
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Figure 20 Annual purchased energy overview of the model with the small-scale wind turbine 

 

 

System energy  
Sensible and latent (kWh)    

AHU heating AHU cooling  Domestic hot water (DHW)  

Total 2792.1 393.9 5026.3  

Table 25 System energy usage of the model with the small-scale wind turbine 

      

 

Category  Original model 
(kWh/year) 

Retrofitted model 
(kWh/year) 

Energy saving 

(kWh/year) (%) 

The total purchased energy  26714 20335 6379 23.8 

Table 26  Estimated energy saving of the model with the small-scale wind turbine 

 

 

Assumed parameters  Assumed value  

Annual tenants electricity (including tenants` equipment)  (KWh/year)  17500 

Average electricity tariff during the lifetime of the system (SEK/kWh)  1.2 

Annual electricity bill saving (SEK)  7700 

Installation costs and total sale price for the retrofitted system (SEK)  125 000 

Payback time of the retrofitted system (years)  16.2 

Table 27 Assumed parameters used in the payback-time analysis for the small-scale wind turbine 
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Having obtained the estimation of the annual energy production for the turbines from the 

previous calculations, the economic assessment of this turbine installation could be analysed 

using the same methods to recoup the payback time. The evaluation of the payback period will 

consider the investment cost that consist of product sales price and installation costs, annual 

energy production of the turbine and the electricity tariff. As the price for a small-scale wind 

turbine may vary from place to place, according to the International Renewable Energy Agency( 

IRENA, 2015), the costs for investment a well-designed small-scale wind turbines tend to range 

from 24000 SEK to 48000 SEK per installed kilowatts.  The investment cost of a small-scale wind 

turbine could vary broadly upon the market competitiveness and some other factors, for 

instance, the average price of installation a small-scale wind turbine system is 20000 SEK/𝑘𝑊 to 

40000 SEK/𝑘𝑊 in the United States and Europe. Whilst in Chinese market, the costs range from 

12000 SEK/𝑘𝑊 to 24000 SEK/𝑘𝑊depding on quality and reliability (IRENA, 2015). In this study, 

the average installed price for the small-scale wind turbine is taken as 30000 SEK/ 𝑘𝑊 . 

Accordingly, the installed cost of the selected 5 𝑘𝑊 wind turbine will be 125 000 SEK.  With this 

in mind, the payback time for installation the selected small-scale wind turbine will be 16.2 years 

assuming the electricity tariff stays constant in the future years. The analysis did not take into 

account subsidies, maintenance costs, replacement costs, interest on loans, inflation, discount 

rates, residual value, and increase in the electricity price. This payback time, nevertheless, is fairly 

longer than the payback time of the retrofitted the solar thermal system and air source heat 

pump system.  
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4.3 Alternative renovation methods  
 
 

This single-family home is an existing detached house built in 1970s that has two stories and a 

total heated floor area of 240 𝑚2heated by electric resistance heaters. Besides, it has a inclined 

roof with ceramic tiles that consist of 150 mm mineral wool between wooden beams above 

particle boards panels with U-value 0.29 W/(𝑚2K). The external walls consist of 16 mm gypsum 

board, moisture protection sheet, 120 mm mineral wool between wooden beams, and 20 mm 

wood panel with total u-value of 0.33 W/(𝑚2K). The ground floor consists of 15 mm oak boarding 

on 20 mm particle board above 110mm mineral wool laid on 200 mm concrete plate and 150 

mm macadam and have U-value of 0.2 W/(𝑚2K). All the windows are double glazed with a total 

area of 28.85 m2 and U-value of 2.0 W/(𝑚2K). Certain changes required to turn the conventional 

house towards the nearly-zero energy house are much more cost effective than other retrofitted 

methods. It is always better to reduce the house energy needs first before installing the 

renewable energy technologies such as the solar thermal system, heat pumps, and small-scale 

wind turbines.  

 

Window renovation  

 

The results presented in table 8 and figure 13 indicated that, windows are the most significant 

factor considering the annual energy transmission loss through the building envelop, accounting 

nearly half of annual energy transmission loss of the conventional model (43%) .  Therefore, some 

renovation measures could be considered to undermine the impact of energy transmission, with 

purpose of eliminating the energy consumption and promoting the overall energy efficiency for 

this single-family home in a general point of view.  

 

Envelope Transmission  
(kWh/a)  

Walls Roofs Floor Windows Thermal bridges 

During heating time 2584.1 1040.7 645.3 3227.6 703.1 
During cooling time  2384.1 524.4 2260.1 4973.9 814.3 
Rest of time  537.2 79.3 216.4 901.4 137.3 
Total  5505.5 1644.4 3121.8 9102.8 1654.6 

Table 28 Energy transmission loss through the envelope of the conventional model  
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Figure 21 Energy transmission loss through envelope of the conventional model  

 

Windows materials parameters Old windows Retrofitted windows 

Type Double  Triple  

Glass 6mm/13mm  6mm/13mm fiberglass  

Filling  Air Air 

U-value  2.45 W/(𝑚2K) 1.21 W/(𝑚2K) 

Transmission value 0.216 0.303 

Area  28.85 𝑚2 28.85 𝑚2 

Table 29 Window materials parameters of the conventional model 

 

The old windows were designed to be replaced with the new triple pane insulating glass with the 

U-value 1.2 W/(𝑚2 K) from the supplier Traryd Window.  More energy-efficient triple pane 

insulating windows with U-value less than 1.2 W/ (𝑚2K) were excluded from this model due to 

its insignificant market share, resulting from the expensive investment costs and severe water 

condensation problems. Compared to the original double pane windows, the energy 

performance of triple pane glazing window is better due to the lower U value and solar heat gain 

coefficient. Considering one more pane glass of triple pane glass windows, they are heavier and 

more durable than double pane glass windows. Fiberglass are usually the frame materials for 

triple pane windows as it is strong enough to withstand heavy loads without twisting, snagging 

and warping, thus triple pane glass windows are more durable and safer than original double 

pane glass windows.   

 

Walls
26%

Roofs 
8%Floor 

15%

Windows 
43%

Thermal 
bridges 

8%

Envelope Transmission 

Walls

Roofs

Floor

Thermal bridges



 

 

51 

 

After analysing the simulation results indicated from table 29-30, nearly one third of the energy 

transmission loss (3000.9 kWh) could be hindered by the installation of the triple pane windows, 

resulting in the annual energy saving of 5214 kWh in 2015 for this single-family home.  Having 

obtained the estimated energy saving from the triple pane windows, cost-effectiveness is the 

major factor that influences the adoption of the new windows for the single family home. 

Nevertheless, it was not simple to find the uniformed investment costs for retrofitting the trip 

pane windows for a single-family home. According to the market price listed in Bygglagret.se 

(http://www.bygglagret.se/), installation of the triple pane windows could vary broadly among 

different supplier and site locations. However, the costs for installation the trip pane windows 

range from 2000 SEK/𝑚2 to 4000 SEK/𝑚2, these prices also match the investigated data from 

Gireesh et al. (2014) which accomplished the average market price for energy efficient windows.  

Based on these data, the average investment cost for the triple pane windows with U value of 

1.2 W/(𝑚2K) was set to be 3000 SEK/𝑚2. With the total installation area of 28.85 𝑚2, the total 

investment of the triple pane windows will be 86550 SEK. Besides, the electricity price for a 

single-family home was assumed to be constant in the future years to be 1.2 SEK/kWh. Taken all 

the mentioned assumptions into consideration, the payback period were assessed to be 12.7 

years, which is longer than the three renewable energy technologies investigated above for this 

single-family home.  

 

Figure 22 Triple pane glass windows 

(Photo source: http://www.bygglagret.se/) 

 
Envelope Transmission  

(kWh/a)  
Walls Roofs Floor Windows Thermal bridges 

During heating time 1999.2 922.4 645.3 1193.8 531.2 
During cooling time  3181.7 660.4 2260.1 3919.8 1029.5 
Rest of time  927.9 168.4 216.4 988.4 253.1 
Total  6108.9 1821.2 3440.7 6102.0 1813.8 

Table 30 Energy transmission loss through envelope after the window renovation 

http://www.bygglagret.se/
http://www.bygglagret.se/
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Figure 23 Energy transmission loss through envelope of the model with retrofitted windows 

 

 

Category  
Original model 

(kWh/year) 
Retrofitted 

model 
(kWh/year) 

Energy saving 

(kWh/year) (%) 

The annual transmission loss trough 
windows  

9102.8 6102.0 3000.9 32.9 

The annual purchased energy  26714 21500 5214 14.0 

Table 31  Estimated energy saving of the model with retrofitted windows  

 

 

Assumed parameters  Assumed value  

Annual transmission energy loss through windows (KWh/year)  9102.8 

Average electricity tariff during the lifetime of the system (SEK/kWh)  1.2 

Annual electricity bill saving (SEK)  6300 

Installation costs and total sale price for the retrofitted system (SEK)  86550 

Payback time of the retrofitted system (years)  12.7 

Table 32 Assumed parameters used in the payback-time analysis for the model with retrofitted windows 
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4.4 Retrofitting scheme  
 

In order to optimize the energy system design of the single-family home to achieve nearly-zero 

energy buildings goal with thermal comfort in a cost effective method, a combined scheme was 

proposed to accomplish the multi objectives. Considering the energy saving potential and the 

estimated payback period listed in table 32, the retrofitted solar water heating system achieve d 

the highest energy saving potential with shortest payback period compared to other renewable 

energy technologies. Therefore, the solar thermal was proposed with the window renovation as 

the combined retrofitting scheme for this single-family home.  

 

Retrofitting category  Energy saving Payback time 

(%)         (year) 

Windows 14 12.7  

Solar thermal  30.1 7.0  

Heat pump  20 8.0  

Small-scale wind turbine  23.8  16.2  

Table 33 Energy saving and payback time comparison of different methods  

 

The simulation results of the model with retrofitting scheme is presented in table 33-37 and it 

could be evaluated in the aspects for energy performance, energy saving potential, thermal 

comfort as well as the cost effectiveness.  Firstly, the energy performance of this single-family 

home with the retrofitting system is 16.9 𝑘𝑊ℎ/(𝑚2& 𝑎), which satisfies the requirement of 30 

𝑘𝑊ℎ/(𝑚2& 𝑎) as a maximum limit of energy performance for the residential building with 

electrical heating system in BBR standards, and this value is calculated with the total electricity 

consumption of the single-family home for a whole year.  

 

Furthermore, by adopting the retrofitting scheme, the total purchased energy could be 

significantly saved by 35.0% compared to the conventional model of the single-family home seen 

from table 38, which includes the energy saving from Domestic hot water (73.8%), AHU heating 

(90%) and energy transmission through windows (31.8%). On the other hand, from the results of 

table 37 the thermal comfort has been promoted to an acceptable level with only 2% of 

dissatisfaction.  Moreover, based on the installation costs and the electricity tariff assumption, 

the payback time to adopt such proposed retrofitting scheme was 13.8 years for a Swedish single-

family home indicated from the calculation results in table 39.  
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To sum up, the study results show that the installation of the retrofitting scheme will have a 

better energy performance than the conventional model and thermal comfort to meet the BBR 

standards with a feasible payback period.  

 

Category  
Purchased energy Peak demand 

(kW) (kWh) (kWh/m2) 

Electric heating  2744 11.9 1.06 

HVAC aux  1024 4.4 0.57 

Electric cooling  136 0.6 0.12 

Total, Facility electric  9001 16.9 n/a 

Tenant Equipment  16299 70.5 2.3 

Tenant Lighting 1167 5.1 0.32 

Total, Tenant electric  17466 75.6 n/a 

   Grand total  17464 92.5 n/a 

 

Table 34 Energy simulation results of the model with the retrofitting scheme  

 

 

Figure 24 Annual purchased energy overview of the model with the retrofitting scheme 

 

 

System energy  
Sensible and latent (kWh)    

AHU heating AHU cooling  Domestic hot water (DHW)  

Total 275.6 1.6 1314.5 

Table 35 System energy usage of the model with the retrofitting scheme 
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Table 36 Utilized free energy of the model with the retrofitting scheme 

 

Envelope Transmission  
(kWh/a)  

Walls Roofs Floor Windows Thermal bridges 

During heating time 1999.2 922.4 645.3 1193.8 531.2 
During cooling time  3181.7 660.4 2260.1 3919.8 1029.5 
Rest of time  927.9 168.4 216.4 988.4 253.1 
Total  6108.9 1821.2 3440.7 6102.0 1813.8 

Table 37 Energy transmission loss through envelope of the model with the retrofitting scheme 

 

Figure 25 System energy usage and Energy transmission loss overview of model with the retrofitting 

scheme 

 
 

Category New model  Conventional model  

Percentage of hours when operative temperature is 
above 27𝑜𝐶 in worst zone  

0% 14% 

Percentage of hours when operative temperature is 
above 27𝑜𝐶 in average  zone 

0% 10% 

Percentage of total occupant hours with thermal 
dissatisfaction  

2% 12 % 

Table 38 Thermal comfort evaluation of the model with the retrofitting scheme 
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Category Original 
model 

(kWh/year) 

Retrofitted 
model 

(kWh/year) 

Energy saving 

(kWh/year) (%) 

The total purchased energy  26714 17464 9250 35.0 

Domestic hot water  5026.3 1314.5 3711.8 73.8 

Energy Transmission through windows  9102.8 6202.0  2900.8 31.8 

Table 39  Estimated energy saving of the model with the retrofitting scheme 

 
 

Assumed parameters  Assumed value  

Annual purchased energy saving (KWh/year)  9250  

Average electricity tariff during the lifetime of the system (SEK/kWh)  1.2 

Annual electricity bill saving (SEK)  11100 

Installation costs for the retrofitting scheme (SEK)  153 550 

Payback time of the retrofitted system (years)  13.8 

 

            Table 40 Assumed parameters used in the payback-time analysis for the retrofitting scheme 
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5 CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

 

In this research, the feasibility study to retrofit more renewable energy technologies into an 

electric-heated single-family home was conducted in the simulation models using IDA ICE as a 

case to represent the applications for detached houses in Sweden.  Solar thermal system, heat 

pumps, small-scale wind turbines and window renovations were investigated and evaluated 

respectively for the single-family home model. The performance, environmental, and economic 

evaluations of the different methods were also done analytically with the help of excel as 

described in the chapter 4.  

 

Annual purchased energy saving of solar thermal system, air source heat pump, and small-scale 

wind turbines were estimated at 30.1%, 20% as well as 23.8%. Knowing estimated annual energy 

production of the renewable energy technologies and energy saving for the single-family home, 

another key factor was considered in determining the feasibility of adopting different renewable 

energy technologies. In this case, the economic performance of various renewable energy 

technologies was primarily determined by the payback period, as it is the simplest method to 

evaluate the economic feasibility of the installation. The calculation results indicated that 

retrofitting the solar thermal system has the shortest payback time of 7 years, while the initial 

investment cost of the air source heat pump are the least expensive with the slightly longer 

payback period of 8 years. Therefore, installation of the solar thermal system into the single-

family home seems to be a more appropriate choice. Despite the fact that the small-scale wind 

turbine is capable of satisfying part of the tenants` electricity consumption, the rather large 

investment cost (125 000 SEK) and longer payback period (16.2 years) make it less favourable 

option for a single-family home.   

 

On the other hand, the energy saving potential of renovating the windows from double glaze 

pane to triple glaze pane was also carefully studied and analysed. The calculation results 

indicated that 30% of the energy transmission losses through the windows could be undermined 

by installation the energy-efficient triple glaze pane windows, and 14% of the purchased energy 
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could be saved by this renovation. However, the large investment cost (86550 SEK) and relatively 

longer payback period of 13.8 years also needs to be taken into consideration for state-holders.  

To sum up, the results from this study has shown that the proposed renewable energy 

technologies are technically feasible and economically viable as a source of alternative renewable 

energy in order to produce clean energy and reduce electricity bills for an electric-heated single-

family home in Sweden.  By adopting the retrofitting scheme which consist of the installation of 

solar thermal system and the window renovation, the energy performance of the single-family 

home would satisfy the nearly-zero energy building requirements and thermal comfort could be 

maintained at an acceptable level.  

 

 

5.2 Future work  

 

Having established the structure for the modelling of the single-family home in building 

simulation software IDA ICE with dependent variables, future work could revolve around more 

renewable energy technologies, for instance, the biomass based combined heat and power (CHP) 

installation and solar photovoltaics, as well as economic viability for the electric-heated single-

family home in Sweden. In order to achieve the more accurate simulation results, the algorithms 

of simulation for different kinds of renewable energy technologies need to be fully analysed.  

Testing the retrofitting renewable energy technologies in real houses will provide important 

information about the reliability of the data regarding the actual energy saving potential, the 

required installation time, the importance of the volume of the retrofitting unit, and the hot 

water comfort as experienced by the users. Furthermore, in order to fully conduct the cost 

analysis, the life cycle cost analysis or cash flow analysis method could be adopted to provide the 

completely economic picture for state holders.  
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APPENDIX  

Appendix 1 

Input data for the building simulation of the conventional model 
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Input data for the building simulation of the conventional model with retrofitting scheme  
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Appendix 2 
 

Simulation results for the single-family home without any retrofitting systems 

 
1. Annual purchased energy overview  
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2. Thermal comfort 

 

  
 

The operative temperature graph in Master bedroom and Small bedroom of the model  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

3. Energy transmission from the envelop 
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4. System energy overview  

 

       
5. Air handling unit energy  

      
 

6. Auxiliary energy and utilized free energy  

                                                       

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 



 

 

67 

 

 

Appendix 3  
 

Simulation results for the conventional model with the solar thermal  
 

1. Apricus, ETC-10 evacuated tube solar thermal collectors product information  

     
 
2. Annual purchased energy overview  

    
         
3. System energy overview  
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4. Utilized free energy  

 
 
 

Appendix 4 
 

Simulation results for the conventional model with the heat pump  

  
1.  Air to water source heat pump technical specification 
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2. Annual purchased energy overview 

         
 

 

3. System energy usage of the model  
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Appendix 5 
 

Simulation results for the conventional model with the small-scale wind turbine  
 

1. Wind turbine technical parameters 

 

 

2. Annual purchased energy overview

 
 

3. System energy overview 
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4. Energy transmission through envelop  

            
 

 

Appendix 6 
 

Simulation results for the conventional model with the retrofitting schemes  

 
1. Annual purchased energy overview 

 
 

2. System energy overview
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3. Utilized free energy and auxiliary energy overview 

      
 

 

4. Thermal comfort 

 
 

          The operative temperature graph in Master bedroom and Small bedroom of the model  
 

          
 
 


