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Abstract: 

Decisions made at the early stage of building and settlement design can greatly influence 
the energy performance of the built environment. However, the type of feasible design 
intervention and their impact strong depends on project: if it is a new development or a 
re-development, whether the setting of the project is urban or rural, etc. 

Utilizing Bysjöstrand EcoVillage as a case, the aim of this thesis is to improve the energy 
performance of a new development at its early design stage through the passive and active 
use of solar energy. 

The study evaluated the energy saving potential of various passive solar design strategies 
as well as the solar energy potential of the new development. The steps taken to reduce the 
energy consumption are focused on the annual heating demand of buildings, since it 
accounts for more than a half of the total energy consumed by the village. The energy 
saving potential of the following passive solar design approaches were considered: 
building siting, building orientation, windows-to-wall ratio (WWR) analysis and insulation 
thickness optimization from the economic perspective. Furthermore, an assessment of 
energy generation potential from on-site photovoltaic (PV) systems was conducted. The 
financial viability of each building’s PV system was also conducted. 

According to the results, the evaluated passive solar design strategies can reduce the 
annual heating energy consumption close to 17 %. Regarding onsite energy generation, 
electricity from roof-installed PV systems can cover over 100% of the annual energy 
consumption estimated for the residential lighting and equipment within the eco-village. 
In summary, this study has demonstrated that with the above design considerations a 50 
% reduction of energy consumption from the utility grid is possible. This study is useful for 
architects, energy engineers, and other parties who are involved in residential buildings 
energy performance optimization. 

Keywords: Energy optimization, energy efficiency, passive design, active design, early 
design stage, neighborhood 
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Abstract 
 
Decisions made at the early stage of building and settlement design can greatly influence the 
energy performance of the built environment. However, the type of feasible design 
intervention and their impact strong depends on project: if it is a new development or a re-
development, whether the setting of the project is urban or rural, etc.  
 
Utilizing Bysjöstrand EcoVillage as a case, the aim of this thesis is to improve the energy 
performance of a new development at its early design stage through the passive and active 
use of solar energy.  
 
The study evaluated the energy saving potential of various passive solar design strategies as 
well as the solar energy potential of the new development. The steps taken to reduce the 
energy consumption are focused on the annual heating demand of buildings, since it 
accounts for more than a half of the total energy consumed by the village. The energy saving 
potential of the following passive solar design approaches were considered: building siting, 
building orientation, windows-to-wall ratio (WWR) analysis and insulation thickness 
optimization from the economic perspective. Furthermore, an assessment of energy 
generation potential from on-site photovoltaic (PV) systems was conducted. The financial 
viability of each building’s PV system was also conducted.  
 
According to the results, the evaluated passive solar design strategies can reduce the annual 
heating energy consumption close to 17 %. Regarding onsite energy generation, electricity 
from roof-installed PV systems can cover over 100% of the annual energy consumption 
estimated for the residential lighting and equipment within the eco-village. In summary, this 
study has demonstrated that with the above design considerations a 50 % reduction of 
energy consumption from the utility grid is possible. This study is useful for architects, 
energy engineers, and other parties who are involved in residential buildings energy 
performance optimization.   
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1 Introduction 
 
Efficient energy use in the residential sector is at the forefront of global energy 
concerns. According to the International Energy Agency, building construction and 
operations accounted for the largest share of the global final energy use (36 %) in 2018 
[1]. In Sweden, the residential and service sector accounts for 39 % of the country’s 
final energy use [2]. Therefore, energy saving, and renewable energy substitution play 
a paramount role at building-scale as well as at settlement-scale. 
 
Novel building design and construction approaches aim at reducing negative 
environmental impacts, while maintaining the thermal comfort of occupants. In this 
regard, the greatest challenge is the reducing non-renewable energy consumption 
and/or its replacement with renewable energy. Thus, the strategic decisions made at 
the initial design stage are of great importance. 
 
Many aspects of the overall building performance depend on decisions made in the 
early stage of the design. These decisions are often made with little considerations to 
aspects such as energy use, indoor thermal environment or lifecycle cost. These aspects 
are often not assessed until much later, in the detailed building design phase. However, 
in the later phase, often only small changes to the building are possible, while 
significant improvements will likely come at high expense. Consequently, it may not 
be entirely possible to solve the issue at hand and to improve the performance of the 
building [3]. 
 
The purpose of this study is to assess and reduce the energy consumption of a 
proposed eco-village utilizing both passive solar design principles and active solar 
energy system. Utilizing solar design strategies is about understanding the constraints 
of a site and proposing design solutions that reduce (or eliminate) the reliance on 
mechanical systems. The challenge of passive solar design strategies is that they must 
be incorporated at the early stages of the design if they are to be effective. 
 

 Aims and objectives 
 
The aim of this thesis is to improve the energy performance of a planned 
neighborhood development at its early design stage. Utilizing the Bysjöstrand eco-
village as a case study, the following research questions have been formulated: 

1. What kinds of passive solar design principles can be considered at this 
stage of a design?  

2. Which of them has the biggest influence on annual heating energy 
consumption of the village? 

3. What is the solar energy potential of the eco-village? 
4. What is the total energy demand of the energy-optimized eco-village? 

 
2 Literature Review 
 
The literature review presents a few interesting works with previous knowledge in the 
studied field and the theoretical and practical background on the passive and active 
building design principles. 
 
The book of Baker and Steamer, Energy and Environment in Architecture [4], points out 
the importance of the architectural work during the early stages of design in terms of 
energy-efficiency and thermal comfort. The authors mention two aspects why 
architectural decisions made in the early phase are important from energy and 
environmental performance point of view. Firstly, the building construction factors 
need to be determined in advance, since in the future their adjustment will be quite 
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hard. Secondly, these are certain strategies for low energy consumption of buildings, 
the use of which will lead to improved building performance and more comfortable 
living for residents. The authors of the book also explain the use of passive design 
solutions to improve energy performance [4]. 
 
Littlefair, in his work states the view that the passive solar design strategy includes 
work with setting “the form, fabric and systems of a building to increase the benefits 
of ambient energy for heating, lighting and ventilation, to reduce the consumption of 
conventional fuels” [5]. He believes site layout is the most important factor affecting 
building solar access. Also, Littlefair describes several methods for evaluating the 
availability of passive solar gain within a site layout in obstructed sites. The author 
considers techniques such as angular criteria, sunpath diagrams and solar gain 
indicators and he also includes consideration of computer programs for sunlight 
analysis. Considering various techniques for quantifying solar access, the author 
describes not only the advantages, but also the disadvantages of particular methods [5]. 
 
The importance of prioritizing passive building design principles is explained in the 
paper about passive and active strategies [6]. The authors of the study compared “the 
impact of passive (e.g. improved thermal performance of envelopes, redesign of the 
building shape and orientation) and active design approaches (blind control, lighting 
control, heat exchanger, and  geothermal heat pump)” through a case study building’s 
energy saving. The authors considered the case when the building is already designed, 
and it is extremely challenging to change things. The passive design solutions were 
recommended, which in total outperformed the actions of active design strategies. 
Overall, a 32% of reduction the energy consumption of the study building was 
achieved. 
 
The passive solar design features and their impact on the energy efficiency of buildings 
are presented in Florin Babota’s work [7]. The author discusses the contribution of the 
solar energy to energy use in a building. Excessive solar gains are considered in terms 
of advantages and disadvantages for inhabitants. According to the article, well-
designed building parameters through the use of passive design techniques create 
comfort for building users’ while minimizing energy use. “The key elements of passive 
design” in the author's work are: the location and orientation of the building, the layout 
of the building, the design of windows, insulation properties, thermal mass, shading 
and ventilation [7].  
 
In the work on Methodological Analysis Approach to Assess Solar Energy Potential at the 
Neighborhood Scale [8] the author talks about ways to assess the potential of solar energy 
at the neighborhood scale. In addition, in his study he proposes to unite existing two 
methodologies of assessing solar potential in a one “logical and sequential chain of 
steps”. The first step in the described approach is urban analysis, where attention is 
focused on building parameters that effect on the solar potential. The next steps are 
the assessment of solar radiation using a special plugin Rhino [7] and the creation of a 
solar map for the visual perception of the costing results. There is also an analysis of 
building morphologies in the work, followed by the final stage of evaluating solar 
energy generation using the PV system. After a methodological explanation of the 
approach, the author demonstrates its application in a case study. 
 
The literature review above reveals research, questions, problems, and methods related 
to Energy Optimization capabilities at the Early Design Stage. These works have 
contributed to the planning and development of this study. A ‘space’ for contributing 
new research is the use of not only one method for providing solar access to a building, 
but the selection of mixed techniques to achieve energy efficiency of a building or 
settlement in view of various conditions and limitations at the initial stage of project 
development. 
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3 Materials and methods 
 
This study utilizes Bysjöstrand Ekoby Association’s Bysjöstrand eco-village project in 
Sweden as a case study. The eco-village is currently under development and the 
construction is planned to begin in 2022. 
 
In building energy optimization processes, passive solar principles should be 
considered as early as possible. These include decisions like building siting and 
orientation. Once these parameters are decided and the design stage completed, it is 
often impractical or too expensive to reconsider them later. If optimal orientation can 
be achieved, it will reduce the heating requirement, the energy costs and the emitted 
greenhouse gases [7]. 
 
In order to answer the first question of the thesis, the key parameters influencing the 
energy-efficiency of buildings are listed in Table 1. Considering the design stage, the 
parameters are marked either as fixed or not fixed (or conceptual). The fixed 
parameters in this case are those that always remain unchanged, either because they 
cannot be changed (such as the climate) or because they are still at a conceptual level 
(such as building system details). Additional information regarding fixed parameters is 
provided in the Appendix B. In the case of the eco-village, the location of the site 
(climate) and geometry of the buildings are fixed. The type of glazing and window 
shading systems could be theoretically modified. However, since they are fixed in UMI 
[9] (the numerical model used by this study), they were not analyzed in this study. Non-
fixed parameters are those that can be adjusted to reduce the energy consumption of 
the village. 
 
In light of the above, this study will examine the influence of site layout, building 
orientation, WWR and insulation thickness on the annual heating energy consumption 
of the village.  
 
Table 1. Parameters influencing the heating energy consumption of a building. 

 # Parameters Fixed or 
conceptual Not fixed 

1 Geographical location 
 Climate +  
2 Building characteristics 

 Geometry of a building +  
 Size +  
 Orientation  + 

 Building siting (within the lot)  + 
 Building materials/construction  + 
 WWR  + 
 Type of glazing  (+) 
 Window shading  (+) 
3 Building energy systems 

 Electricity +  
 Heating +  
 Cooling +  

 Ventilation +  
 Air conditioning +  
 DHW +  
4 Internal gains 

 Occupancy* +  
 Lighting* +  
  Equipment* +  

*    Occupancy pattern-dependent parameters. 
(+) Not fixed, but not evaluated parameters. 
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 Methodological approach 
 
In order evaluate the heating energy performance of the eco-village and to develop 
recommendations for improving energy-efficiency, the following methodological 
approach is proposed. The approach follows the logical sequence of five steps depicted 
on Figure 1. 

 
 
Figure 1. The energy saving potential analysis. 
 
In the final step of this study, the solar potential of the roofs is evaluated in four steps 
(see Figure 2) and the benefits of PV panels to offset the energy demand of the village 
are assessed. For evaluation the technical and economic potential of solar energy 
applications, this step utilizes a cost-benefit analysis. 
 

 
 
Figure 2. Solar potential analysis. 

 
 Project background 

 
Eco-villages are viable alternatives to urban life [10]. In such eco-settlements, people 
value the social-economic and cultural-spiritual component, as well as the low 
environmental impact and ecologically sustainable lifestyle.  
 
Bysjöstrand Ekoby is located south of Grangärde, 20 km away Ludvika and 45 km 
away from Borlange, Sweden (Figure 3). The initiative for creating Bysjöstrand's eco-
village was taken up by Grangärdebygdens Interest Association, a non-profit rural 
association for housing in Grangärde and its surroundings. In the development of the 
area, the association cooperated with the municipality and other interested parties. The 
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association has also been supported by the architectural company, Inobi, thorough the 
design process [11].   
 

 
Figure 3. Site location. 
 
Grangärdebygdens Interest Association’s vision for Bysjöstrand Ekoby is based on 
basic prerequisites like people’s health, sustainable lifestyle and a vision for a cross-
generational community [11].  
Since the inception, a closed water treatment system combined with food production 
has been planned for the project. In this system, the wastewater from households will 
be locally purified and used for local food cultivation. By solving both water supply 
and purification onsite, the design will reduce the vulnerability of supply and the 
burden on municipal management networks [11]. 
 

 Site design and analysis 
 
Site analysis is the process of studying the contextual forces that influence the building 
performance. Any site study begins with the gathering of physical site data [12].  
 
LOCATION 
Bysjöstrand EcoVillage is located in the county of Dalarna, Sweden. The site is 
surrounded by a hilly landscape and spruce forests. The hill of Korsnäsberget rises east 
of the area, while on the west it is bounded by the lake Bysjön.  
 
LAYOUT 
The shape of the site is elongated and stretches along the shore of the lake. The layout 
is simple and elegant. It is organized around a central road that runs along the 
longitudinal axis of the village, with residential houses on its both sides. Each house 
or group of houses has their own lot that can accommodate complementary buildings 
(such as garages, sheds or greenhouses) and green spaces for leisure or gardening 
(Figure 4). 
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Figure 4. Bysjöstrand EcoVillage plan. 
 
The central part of the settlement, located close to the main entrance to Bysjöstrand 
EcoVillage, is dedicated to communal facilities. It is called the Culture Centre. It 
includes a preschool, a café or restaurant, a grocery shop, a gym and many other 
facilities. To the south of the Culture Centre is the Recycling Centre. It contains 
functions related to wastewater treatment, nutrient recovery, cultivation, food 
production, waste sorting, recycling and composting. 
 
NUMBERS 
The total developable land area of the settlement is 31 156 m2. It is planned to 
accommodate up to 40-80 residential buildings and one central public building (Table 
2).  
 
Table 2. Site information 

Total land area 31 156 m² 
Total buildable surface according to detailed plan 13 800 m² 
Approximate number of houses 40 - 80  pcs 
Approximate number of inhabitants 105 - 210 person 
Planned expansion period 2 020 - 2 023 year 

 
At this stage, 30 two-story wooden buildings are planned. They are the subject of the 
current study. The details of these buildings are presented in Section 3.4 Building and 
related data. 
 
ENERGY 
The electricity grid is built to the property limit and, at this stage of the project, is 
considered as an alternative to onsite production. With regards to building heating, no 
common heating heating system is planned. The individual heating systems are left to 
the property owners to decide [11]. 
 
A common solar power plant is not planned. On the other hand, property owners are 
encouraged to invest in the production of solar energy on their roofs for their own 
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needs or for offsetting their electricity bills. The houses are recommended to be 
planned with both PV and solar thermal panels [11]. 
 
CLIMATE 
According to the Köppen-Geiger climate classification system [13], the climate of 
Dalarna County (Sweden) belongs to the Dfc climate category: temperate climate with 
cold summer and without dry season. The site-specific climatic data necessary for the 
study are obtained from METEONORM [14]. The file provides information on solar 
availability, temperature, cloudiness and prevailing winds.  
 
According to this data, the mean annual dry bulb temperature is 5.9 °C. The warmest 
month is July with +17.6 °C average temperature and the coldest month is February 
with -3.9 °C. The warm period lasts for 5 months, from May to September, with an 
average daily maximum temperature above 16 °C (Figure 5). The cold period lasts for 
7 months, from October to the end of April, with an average daily maximum 
temperature below 2 °C.  
 

 
Figure 5. Colour isopleth diagram of monthly vs hourly dry bulb temperature. 
 
Regarding cloudiness (Figure 6), the average percentage of the sky covered by clouds 
experiences seasonal variation over the course of the year. The clearer part of the year 
generally begins in February and lasts for about 6 months, ending towards the end of 
August. According to Figure 6, most clear sky days occur at the beginning of March. 
The cloudier part of the year begins in September and lasts for about 6 months until 
about mid-February.  
 

 
Figure 6. Colour isopleth diagram of monthly vs hourly cloud cover. 
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With regards to the daily pattern, the sky is frequently overcast during the first part of 
the day. This means that less direct solar radiation reaches the site in the morning than 
in afternoon. This influences the amount of solar gains beneficial for the houses during 
the heating period. 
 
Figure 7 presents the distribution of the available solar radiation during the heating 
period (October-May), when access to solar radiation is most important.  
 
On the left side, it is a stereographic projection of the Tregenza sky [15]. Also known 
as the radiation dome, this diagram presents the sun angle and solar intensity at which 
sunlight strikes an area on a yearly basis. The radiation dome either can be used in the 
design process to determine the preferred orientation of the building or, if orienting 
the building is not possible, on which facade to put the maximum amount of glazing. 
 
The stereographic projection also shows that the study site receives more sun in the 
afternoon than in the morning (peaking around 210 º azimuth angle). This is in line 
with the observations made at the daily pattern of cloud cover (Figure 6), where most 
overcast sky was found to occur during the first part of the day. 
 
On the right side of Figure 7 is the radiation rose. It shows the amount of incoming 
radiation on vertical surfaces oriented at different directions. The radiation rose also 
indicates that facades oriented south to south-west receive slightly higher amount of 
solar radiation then walls oriented south to south-east.  
 

 
 
Figure 7. Tregenza sky and radiation rose calculated for the heating period. 
 
The wind rose on Figure 8 shows the conditions of the wind direction and intensity at 
a height of 10 m above the ground. Wind conditions are spread over 16 wind directions 
and 5 wind speed classes (not including the strongest wind speed category of 11.1–
13.9 m/s).  
 
According to the wind rose data, only 23 out of 8 760 hours (0.3 %) are calm. The 
most common wind direction is west-southwest. The wind speeds between zero and 
3.3 m/s are the most common. Wind speed between 8.5 m/s and 11.1 m/s occurs 
least often and prevails mostly from the side of the lake, in other words, from west. 
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Figure 8. Wind rose 
 

 Buildings and related data 
 
Building and related data, including site layout, building geometry, construction and 
materials were provided by the architectural firm Inobi [16]. Currently, there are 30 
residential buildings planned as part of the project. Six types of buildings are identified 
based on their area, configuration and architectural appearance (Table 3). 
 
Table 3. Building types. 

Types of buildings 

# Type Picture Q-ty, 
[pcs] 

Occu-
pants,  
[pers] 

Occu-
pancy 

density, 
[p/m²] 

Q-ty 
of 

floors 
Height, 

[m] 
Roof 
slope, 

[°] 

Built-
up 

area, 
[m²] 

Total 
area, 
[m²] 

1 Type 
1 

 

11 4 0.022 2 8.1 30.0 101.8 203.5 

2 Type 
2 

 

2 3 0.022 2 8.1 30.0 79.7 159.3 

3 Type 
2.1 

 

2 7 0.022 2 8.1 30.0 159.3 318.7 

4 Type 
3 

 
8 3 0.022 2 8.2 40.0 65.0 130.0 

5 Type 
3.1 

 
3 6 0.022 2 8.2 40.0 130.0 260.0 

6 Type 
3.2 

 
4 6 0.022 2 8.2 40.0 130.0 260.0 

    Total             3027.5 6055.1 

 
Building with wood has a long tradition in Sweden; wooden buildings are therefore 
considered to be part of Sweden’s cultural heritage. It is a natural, sustainable and 
recyclable material with a wide range of applications. All buildings in the eco-village 
are planned to be built out of timber with identical building construction. 
 



10 

The baseline building construction is developed from the provided data. In this case, 
the insulation thicknesses in roofs, facades and floors are selected so that the 
constructions meet the U-value requirements of Boverket´s building regulations [17]. 
Table 4 presents the constructions assumed in this study: the constituent materials, 
their respective properties and the resultant U-values. For reference, the required U-
values are also included. A full description and illustration of these constructions are 
provided in the Appendix A. Due to the limitation of the numerical model, ventilated 
air gaps and claddings were disregarded both in the case of roofs and facades. In the 
case of the ground floor, the crawl space is modelled as a non-ventilated air space. 
 
At this stage of the project, very little is known about the future occupants of these 
buildings. Therefore, occupant density was assumed on the basis of residential 
buildings data from the Statistics Sweden [18]. According to the data, the average 
habitable area per person in one- or two-dwelling buildings is 47 m2. This translates to 
0.022 p/m2 (Table 3). 
 
Table 4. Façade, ground floor and roof construction and their thermal transmittance. 

Building 
component Material Thickness, 

[m] 
R, 

[m²K/W] 

Façade wall 

Rse  0.04 
Cover panel 0.022 - 
Bottom panel 0.022 - 
Air gap  0.014 - 
STEICOuniversal board 0.035 0.73 
Loose wood fibre insulation 0.040 1.11 
Wood fibre insulation batt  0.160 4.44 
Vapour barrier 0.002 - 
Air gap 0.034 0.18 
Gypsum board (2 layers) 0.025 0.16 
Rsi  0.13 

Total U-value = 0.15 [W/m²K] 
Required U-value = 0.18 [W/m²K] 

Ground floor  

Rse  0.04 
OSB board 0.02 0.15 
Wood fibre insulation batt  0.22 6.11 
OSB board 0.02 0.15 
Wood floor 0.02 0.14 
Rsi  0.17 

Total U-value = 0.15 [W/m²K] 
Required U-value = 0.15 [W/m²K] 

Roof 

Rse  0.04 
Roof tiles 0.040 - 
Air gap + Tiles batten 0.025 - 
Air gap + Counter batten 0.025 - 
Waterproof breathable membrane 0.002 - 
Sarking 0.020 0.15 
Air gap 0.050 0.16 
Wind protection 0.002 - 
Wood fibre insulation batt  0.200 5.56 
Vapour barrier 0.002 - 
Wood fibre insulation 0.050 1.39 
OSB board 0.020 0.15 
Gypsum board 0.013 0.08 
Rsi  0.10 

Total U-value = 0.13 [W/m²K] 
Required U-value = 0.13 [W/m²K] 

Window Clear glass, 3 panes, filled with air  0.97 
 

Total U-value = 1.03 [W/m²K] 
Required U-value = 1.2 [W/m²K] 
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The buildings are assumed to be non-air conditioned and naturally ventilated outside 
of the heating period (April to October). In order to avoid overheating the external 
shading for windows is considered. Shading control operates when solar radiation is 
above a defined set point of 300 W/m². Heating and domestic hot water (DHW) 
settings, as well as occupancy patterns referring to residential building use were kept at 
default UMI tool values in the model. Additional information is provided in the 
Appendix B. 
 

 Numerical modeling 
 
The three-dimensional model of the eco-village was built in Rhino 3D [19]. 
 
SOLAR ACCESS AND SOLAR POTENTIAL 
The Ladybug plugin [20] of Grasshopper [21], a “graphical algorithm editor”, assisted 
in the shadow and solar potential analysis. Ladybug was also used for the graphical 
presentation of the results. 
 
BUILDING ENERGY USE 
This study utilized the Urban Modeling Interface (UMI) [9] plugin for Rhino3D CAD 
software [19] to assess the energy performance of the proposed eco-village. UMI is an 
urban building energy model (UBEM) developed to aid urban design and early 
architectural design decisions related to site layout and building massing design [22]. It 
allows for operational building energy use studies at the neighbourhood and city level. 
As discussed by Backer and Steemers [4], the decisions made at this stage influence the 
energy performance of buildings considerably.  
 
UMI utilizes the concept of shoebox modeling to estimate the operational energy of 
buildings [23]. UMI’s algorithm divides the buildings into simple building volumes, the 
so-called shoeboxes, and clusters them into finite groups based on their physical 
characteristics and solar exposure. Building energy simulation is then conducted for 
these “shoeboxes” utilizing EnergyPlus [24].  
 
According to Dogan and Reinhart [23], the energy load simulation of UMI is sensitive 
to construction standards (accuracy increases with increasing construction standards) 
and solar radiation availability (accuracy decreases with for climates with increasing 
solar radiation availability). The authors also found larger error of margins for 
“shoeboxes” that are not well represented by the discrete number of shoebox models.  
 
Preliminary results indicated that there is also a level of uncertainty in the program: the 
results given by the model varied even though input parameters were kept constant. 
Greatest variations in the results were observed in the case of the smallest building 
(Type 3) with average standard deviation of 1 % for the estimated heating energy. In 
general, the variation decreases with increasing building size and the average standard 
deviation for the largest building (Type 3.1) is 0.4 %. However, one of the larger 
buildings with non-representative solar radiation exposure did not follow this trend 
and had the largest variation in its heating results (mean standard deviation 1.7 %).  
 
SOLAR ENERGY POTENTIAL 
The study utilized NREL’s System Advisor Model (SAM) [25] for the evaluation of 
eco-village’s solar energy potential considering tilt and orientation of the roofs, along 
with the geographical location and the prevailing weather conditions of the site. It is a 
free techno-economic software model that facilitates decision-making for people in 
the renewable energy industry [25].  
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 Economic analysis 
 
Assessing the effectiveness of investments is a standard procedure for making financial 
decisions. The economic feasibility of increased insulations thicknesses beyond the 
BBR requirements and of PV module installations are evaluated on the basis of 
economic calculations utilizing discounted payback period (DPP) and net present value 
(NPV). DPP and NPV are both wildly used in the industry. NPV is often preferred by 
professionals with non-financial background, while financiers generally prefer the 
DPP.  
 
Discounted payback period is calculated as  
 

 
                            Equation 1 [26] 

 
 
 where Q is the initial investment, r is the real discount rate (calculated from inflation 
and discount rate) and CF is the periodic cash flow. 
 
NPV is calculated as the compound of uniform series [27]: 
 

                                                                               
Equation 2 [27] 

 
  
where P is NPV, R is the periodic cash flow, i is the real discount rate (calculated from 
inflation and discount rate) and n is the number of periods (the service life of the 
material). 
 
In the above calculations, characteristic material and energy prices are considered. 
Namely, 1 350 SEK/m3 cost is assumed for the additional wood fiber insulation over 
the baseline. In the case of electricity prices, 1.776 SEK/kWh is assumed for grid 
supplied electricity [28] and 4.736 SEK/kWh (or 45 EUR cent/kWh) assumed for the 
case of on-site electricity production [29]. A discount rate of 1 % and an inflation rate 
of 1 % is assumed in the calculations. Since the service life of insulation materials is 
around 50 years [30], NPV is calculated for this period. The various assumptions and 
amounts considered in the economic analyses are summarized in Table 5. 
 
Table 5. Values considered in the insulation economic analysis 

Total façade area (without openings) 6 500 m2 
Total roof area 4 100 m2 
Total ground floor area 3 030 m2 
Annual heating energy use for the baseline scenario 347 657 kWh/year 
Cost of material 1 350 SEK/m³ 
Cost of energy (grid connected) 1.776 SEK/kWh 
Cost of energy (on-site generation) 4.736 SEK/kWh 
Discount rate 1 % 
Inflation rate 1 % 
Real discount rate 1E-09  

Lifetime 50 years 
 
The Table 6 presents the estimated values used as an input data in the PV technical 
economic analysis. The estimate for energy production assumes a standard grid-
connected PV system. To estimate the system size, a standard 300 W module was 
assumed with an area of 1.71 m². The PV system installed cost was estimated to be 
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14.86 SEK/W DC. This value was determined based on 2016 prices from the National 
Survey Report of PV Power Applications in Sweden with current costs for PV modules 
updated based on market prices from a company [31]. The remaining input data for 
PV performance calculation are summarized in Table 6 below. 
 
Table 6. Values considered in the PV modules economic analysis 

Array type Fixed roof mounted   
PV module type Standard  

PV module area 1.71 m² 
Rated Power 300 W 
DC to AC ratio 1.1  
Inverter efficiency 96 % 
Electricity energy price 1.776 SEK/kWh 
PV module cost 14.86 SEK/W DC 
Discount rate 1 % 
Inflation rate 1 % 
Real discount rate 1E-09  
Lifetime 20 years 

 
 

4 Results and discussion 
 

 Baseline energy demand 
 
The estimated total annual energy consumption of the eco-village is 596 786 
kWh/year. With the 6 055,1 m2 of total area of buildings, this translates to an average 
of 91 kWh/m2/year energy consumption. Out of total annual energy use, 366 165 
kWh/year is needed for heating residential buildings. This is the largest share of the 
total energy consumption and accounts for slightly more than 60 % (Figure 9). The 
share of the remaining energy uses are as follows: 20 % is consumed by equipment, 19 
% by lighting and less 1 % is required for DHW production.  
 

 
 

Figure 9. The share of total annual energy consumption 
 
UMI tool [9] is a black box model, which means one does not have access to the full 
documentation. The findings of preliminary sensitivity analyses indicated that the 
energy consumption by equipment, lighting and DHW are calculated as a function of 
occupant density, occupancy pattern and associated power densities. Since at this stage 
of the very little is known about the prospective occupants and their distinct occupancy 
patterns, the first part of the study focuses on energy need for space heating only.  
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 Shadow study 
 
Shading reduces the amount of solar radiation incident on buildings and hence can 
influence the building energy performance significantly [7]. Shadow analysis allows 
designers or engineers to determine the optimal location of building in order to reduce 
the energy use for space heating (or cooling). The shadow analysis makes it possible to 
assess the influence of obstacles and optimize the siting of buildings based on an 
analysis of the number of available hours of sunshine. Mutual shading between 
buildings influences the heating energy consumption during the winter seasons. 
 
For the shadow study, the Grasshopper plugin Ladybug [20] is used. It can calculate 
and visualize the number of hours of sunshine on a horizontal surface for a given 
period of time taking into account the obstructions. In this analysis, the 3D model of 
the eco-village is used with the climate data derived from METEONORM [14] and 
the assessment is done for the standard heating period of this region (October-May) 
at 2 m horizontal resolution. 
 
Figure 10 shows the initial shadow analysis conducted for the eco-village with its 
original site layout plan. The shadow analysis shows the places with minimum and 
maximum amount of sunhours on the site during the analysed period. The darker spots 
around the building, especially to their norther sites, indicate predominantly shaded 
areas. The areas where considerable mutual shading occurs are circled. Shaded 
buildings consume more energy for heating (and lighting) in the winter, so a more 
optimal location of buildings can reduce energy costs both on a village scale and on a 
residential building scale.  
 

 
 

Figure 10. Shadow study. 
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In order to prevent overshadowing, the location of buildings that create excessive 
shading or are located in areas of considerable shading are adjusted. The proposed 
siting adjustments take into account both the established lot boundaries with the site 
and the architectural planning decision of the eco-village. Therefore, buildings in this 
case are only moved forward or backward along their axes by no more than 5-10 
meters. Due to the complexity of the design, each case required individual evaluation.  
 
Figure 11 summarizes the recommended site layout adjustments. The comparison with 
Figure 10 reveals that in the proposed layout the houses are spaced further apart, and 
the shadows do not overlap. After the shadow analysis and site adjustments the total 
annual energy use for space heating is reduced by about 2 000 kWh. Although this 
reduction is only about 1 % at the eco-village level, the improved site layout resulted 
in up to 4 % reduction of the annual energy use for space heating at individual 
buildings. The normalized average number of kilowatt-hours spent on heating 1 m² of 
building decreased from 56 to 55 kWh/m².  
 

 
 

Figure 11. Shadow study for the revised site layout. 
 

 Orientation study 
 
Among the passive solar design parameters, building orientation is the most important 
and most studied [32], [33]. The level of direct solar radiation received by building 
facades depends on the orientation of the building [32]. The proper orientation may 
lower the overall energy consumption. It is interesting to note that proper orientation 
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may also make the integration of renewable energy systems easier, leading to reduced 
dependency on non-renewables [34]. 
 
It is generally agreed that, on the norther hemisphere, a southern orientation is optimal 
for gaining heat in the winter and for controlling solar radiation in the summer. As a 
rule, the longest wall sections should be oriented toward the south [35]. However, the 
orientation in this case is studied with a view to optimizing the annual energy demand 
within the boundaries of a given lot allocated for a particular house and with adjacent 
buildings in mind. 
 
Orientation analyses evaluate which orientation of a building reduces most the heating, 
cooling and/or lighting energy consumption of a building. In its simplest form, the 
analysis consists of rotating the building around its centre and assessing its thermal 
performance at each incremental degree. The optimal orientation is that where the 
energy consumption is the lowest [36]. 
 
In order to find the optimal orientation of buildings, each building type was assessed 
separately. During this process, the varying contexts of the buildings were disregarded, 
and each type was rotated in an unobstructed setting from 0° to 180°at 30-degree 
intervals. In this analysis, the 0° refers to a building positioned with its main axis 
aligned north-south and its façade with the greatest WWR facing east (see Figure 12).  
 
 

 
Figure 12. Building orientation study. 
 
The results of the theoretical analysis for all six buildings types, calculated separately, 
is supplied in the Appendix C. The total energy consumption for annual space heating 
was calculated with UMI. According to the analysis, for maximum solar gain the 
optimal orientation of the predominant number of houses is in the direction to the 
south or within 30-60 degrees to the west of it. This western bias in the ideal orientation 
is also supported by climate analysis conducted in the Section 3.3 Site design and 
analysis. 
 
Buildings that require orientation optimization are indicated by colour on Figure 13. 
On each side of the building the windows-to-walls ratios are also indicated as 
percentages. For orientation optimization only a few houses require adjustments. 
According to the results of the theoretical building orientation analysis, the houses of 
Types 1sw3, 32sn1, 32sn2 can achieve their optimal orientation by rotating 180˚, Types 
1se2 and 1se1 need 90˚ rotation clockwise. Whereas Types 3ss, 1ss5 and 32sw are 
simply flipped horizontally so that their facades with largest window-to-wall ratios is 
oriented southwards. 
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Figure 13. Buildings that require better orientation. 
 
The outcome of the optimized building orientation is presented in Figure 14. In total, 
seven buildings are subject to orientation improvement. Since only a small proportion 
of buildings is influenced by the proposed adjustments, the energy saving is not 
significant at the eco-village level. However, in comparison to the shadow analysis 
results, the percentage of energy use reduction for space heating after orientation 
optimization at the building level is up to 9.12 % (Table 7).  
 
Table 7. Space heating energy reduction in buildings after orientation optimization. 

 
 

Type1ss 5 Type1se 1 Type1sw 3 Type32sn 2 Type1se 2 Type32sw Type32sn 1 Type3ss

3,76 2,19 3,51 4,42 3,61 9,12 6,05 0,00

Reduction energy use for space heating, %
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Figure 14. Site layout with revised building orientations. 
 

 Window to wall ratio study 
 
The result of energy simulations of the entire village shows that the energy for space 
heating is consumed unevenly by homes. These differences are best illustrated by 
normalized energy consumption values, which expresses the absolute performance of 
a building in term of consume kilowatt-hours of energy divided by square meter.  
 
According to the normalized heating energy consumption map of the eco-village 
(Figure 15), the most energy-inefficient building are those that belong to the Type 1 
category (see buildings houses that are coloured red). 
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Figure 15. Map of normalized heating energy consumption (residential buildings only). 
 
The next step in heating energy optimization is to analyse problematic buildings in 
terms of their window-to-wall ratios. According to the study on the influence of WWR 
on the energy consumption [37], WWR is one of the key energy-saving design 
parameters. Solar gains through windows can be utilized to partially offset heating 
energy needs [4]. The effect of glazing type and shading systems is a complex topic 
and requires a separate, more detailed analysis. These parameters are not considered in 
this study. 
 
The WWR analysis of this study assesses the impact of WWR on the heating energy 
consumption of the village. WWR optimization can be achieved without considerable 
interference with the architectural appearance of the buildings. At the focus of this 
analysis are the least energy-efficient homes, as identified via Figure 15. First, solar 
radiation potential of building surface was mapped with the help of a Ladybug plugin 
[20] (Figure 16). Here, the solar radiation potential refers to the solar radiation 
intercepted by the building envelopes (kWh/m2) and is calculated for the heating 
period only. 
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Figure 16. Solar radiation potential of the building envelopes during the heating period. 
 
 
 
In the following steps, the solar radiation potential of the problematic buildings is 
assessed (see Figure 15) and their WWR is revised according. Since this requires the 
individual assessment of buildings, the process is illustrated through the example of 
two houses: Building A and Building B. 
 
The least energy efficient Type 1 homes have 20 % WWR on 3 sides and 30 % on one 
side. The buildings from Type 1 have two main different orientations: that of Building 
A and Building B, respectively (see Figure 17 and 18). The longitudinal axis of Building 
A is close to north-south oriented and most buildings have their façade with largest 
(30 %) glazing ratio facade to west or south-west. Building B has its longitudinal axis 
east-west oriented and the façade with 30 % WWR faces close to south.  
 
Eight houses of Type 1 belong to the Building A category, while the remaining three 
houses are Building B. 
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Figure 17. Solar radiation potential of Building A and B. 
 
 
 
As illustrated by Figure 17, walls with southerly orientation receive about 300 – 400 
kWh/m2 during the heating period. Thus, in order to improve the WWR for the Type 
1 buildings and hence to reduce heating energy consumption, it is best to increase the 
existing WWR by 10 % on walls with southerly orientation. 
 
Walls with easterly orientation are the least beneficial in terms of solar radiation, not 
counting northerly exposures. According to the analysis results, they northerly walls 
receive 2-3 times less solar radiation then to the easterly ones. Therefore, under WWR 
optimization, the glazing area was reduced in relation to the wall area on the easterly 
walls by 10 %.  
 
The decision is also supported by the climate analysis that found that, during the 
wintertime, the first half of the day is generally cloudier than in the second half. The 
buildings influenced by WWR optimization and the proposed WWR are presented in 
Figure 18. 
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Figure 18. Window-to-wall ratio optimization. The revised buildings and the new WWR values are 
indicated by blue. 
 
WWR optimization of affected 11 buildings out of 30 and resulted in a 4 % reduction 
in the total energy consumption for heating of the entire village. At the building level, 
the energy use reduction is even greater. Table 8 shows these values for the affected 
Type 1 buildings. The WWR study and optimization reduced the heating energy 
consumption of the 11 buildings by an additional 10.5 % on average.  
 
Table 8. Heating energy reduction after window-to-wall ratio optimization.  

 
 
After the previous three steps, utilizing passive solar design principles only, the total 
heating energy consumption of the eco-village is reduced to 347 657 kWh/year. This 
is 18 500 kWh/year reduction and amounts to 5 % reduction compared to the baseline 
case.  

Building code Type1ss 5 Type1ss 2 Type1ss 4 Type1ss 3 Type1se 1 Type1sw 3 Type1ss 6 Type1sw 2 Type1sw 1 Type1ss 1 Type1se 2

Before WWR optimization 12695,79 12740,06 12641,83 12819,61 12650,44 12957,47 12673,12 12940,75 12944,55 12551,35 12685,81

After WWR optimization 11216,30 11660,35 11196,42 11385,47 11217,21 11618,17 11662,95 11547,86 11551,28 11202,73 11302,17

Reduction energy use for space 
heating, %

11,65 8,47 11,43 11,19 11,33 10,34 7,97 10,76 10,76 10,74 10,91

Energy need for space heating,  kWh/year
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 Building envelope insulation analysis 
 
Building envelope insulation have a significant impact on the heating (and cooling) 
energy consumption of a building [38]. In order to determine the optimal insulation 
thickness for each building construction element (wall, roof and ground floor), 
sensitivity analyses were conducted.  
 
The baseline insulation thickness of for each construction is the thickness of a wood 
fibre insulation that is required for the given construction to meet the Swedish building 
standard set for thermal transmittance (see Table 4). The impact of insulation thickness 
is studied for each building construction element separately at 2 cm increments. That 
is, the effect of additional 2, 4, 6, and 8 cm thick insulation layers was investigated in 
the energy demand as well as on the overall economic benefit of such investment. 
 
Figure 19 presents the total heating energy demand of the eco-village for different 
additional insulation thicknesses at three different building construction elements. 
According to the results, facade insulation has the greatest impact on the heating 
energy consumption.  
 
The impact of increased insulation is almost linear: each additional 2 cm of insulation 
on the façade results in about 5 000 – 6 000 kWh energy savings per year. At the same 
time, the impact of increased insulation thickness in roofs and ground floors is less 
significant. However, there are about twice as much façade area than ground floor area 
and the ratio between façade and roof area is around 3:2.  
 

 
 

Figure 19. Annual heating energy demand of the eco-village as a function of additional insulation on 
different construction elements. 
 
In order to determine the optimal insulation thickness, an economic benefit analysis 
utilizing DPP and NPV values was performed. The results of this analysis are 
presented in Table 9. According to the results, adding extra insulation to the roof and 
ground floor will not make economic sense. In both cases, the capital cost is almost 
equal to or higher than the NPV. Therefore, economically it is not worth to invest in 
additional roofs and floors insulation layers. 
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Table 9. Economic performance of different insulation thicknesses. 
Insulation 
thickness, 

[mm] 

Added 
thickness 

[m] 
Capital cost 

[SEK] 
Energy use 
for heating 
[kWh/yr] 

Energy 
saved 
[kWh] 

Benefit 
[SEK] 

DPP, 
[year] 

NPV, 
[SEK] 

 

Façade wall 
160 

(Baseline) 0.16 1 404 000 347 657      

+ 0.02 0.02 175 500 340 037 7 620 13 533 13 501 156  

+ 0.04 0.04 351 000 334 065 13 592 24 139 15 855 970  
+ 0.06 0.06 526 500 327 791 19 866 35 282 15 1 237 601  
+ 0.08 0.08 702 000 324 030 23 627 41 962 17 1 396 078  

Roof 
200 

(Baseline) 0.2 1 107 000 347 657      

+ 0.02 0.02 110 700 344 760 2 897 5 145 22 146 554  
+ 0.04 0.04 221 400 341 914 5 743 10 200 22 288 578  
+ 0.06 0.06 332 100 340 222 7 435 13 205 25 328 128  
+ 0.08 0.08 442 800 338 477 9 180 16 304 27 372 384  

Ground floor 
220 

(Baseline) 0.22 899 910 347 657      

+ 0.02 0.02 81 810 346 538 1 119 1 987 41 17 557  
+ 0.04 0.04 163 620 346 320 1 337 2 375 69 -44 894  
+ 0.06 0.06 245 430 345 377 2 280 4 049 61 -42 966  
+ 0.08 0.08 327 240 343 969 3 688 6 550 50 254  

 
With regards to the optimal façade insulation, it is concluded that the economically 
most beneficially thickness is the 220 mm, or the adding of an extra 6 cm to the 
baseline insulation thickness (Table 9). The baseline insulation in roofs and ground 
floors and an additional 6 cm of insulation in facades results a 327 791 kWh/year 
heating energy consumption, which is a close to 6 % (or nearly 20 000 kWh) energy 
use reduction compared to the case with baseline insulation. 
 

 
 

Figure 20. Net present value as a function of additional insulation on different construction 
elements. 
 
The above optimal thicknesses are selected with the assumption of 1.776 SEK/kWh 
of electricity price. However, if the eco-village decides to generate its electricity on site, 
the price of energy is expected to be considerably higher. Consequently, with the 
assumption of a 4.736 SEK/kWh levelized cost of energy, even higher insulation 
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thicknesses can be justified (see Table 10). At this energy price of electricity, 24 cm 
overall insulation thickness in each construction element can be justified. This 
insulation thickness translates to an additional 8 cm insulation in facades, an additional 
4 cm in roofs and to an additional 2 cm in ground floor constructions over the baseline 
thicknesses (listed in Table 4). Added together, these insulation thicknesses reduce the 
annual heating energy consumption of the eco-village to 304 399 kWh/year, which is 
a 16.9 % reduction compared to the case with baseline insulation. 
 
Table 10. Economic performance of different insulation thicknesses with on-site energy generation 
(with 4.736 SEK/kWh of levelized cost of energy). 

 
 
 

5 Radiation data 
 
The passive design technique is aimed to minimizing the energy use of buildings by 
optimally designing and positioning the building itself, as well as by taking advantage 
of renewable energy resources. Compared to passive design methods, the active design 
uses additional equipment. With it, it can generate energy for building energy needs 
and create optimal indoor comfort for occupants. 
 
Solar energy is considered as one of the most significant types among all renewable 
energy types used in active design. It is due to its advantages of being environmentally 
clean, carbon-free and accessible [39], [40].  
 
Active solar technology uses equipment to convert solar energy into usable electricity 
or to heat water for technological or domestic needs in a building. In this part of the 
study, the solar energy potential is assessed in terms of capability to generate electricity 
for Bysjöstrand eco-village needs (lighting and equipment). For this purpose, PV 
modules mounted on the preferred slope of the roof (with highest yield) are evaluated. 
In addition, to assess the efficiency and economic benefit of using solar panels, a 
technical and economic analysis of utilizing standard (crystalline silicon) PV modules 
with a power of 300 W and a size of 1.666 mm x 1.016 mm x 40 mm (1.71 m2) was 
performed. 
 
 
 

Insulation 
thickness, [mm]

Added 
thickness 

[m]

Capital cost 
[SEK]

Energy use 
for heating 
[kWh/year]

Energy 
saved 
[kWh]

Benefit 
[SEK]

Discount 
payback 
period, 
[year]

Net present 
value 
[SEK]

Internal 
rate of 
return

160 (Baseline) 0.16 1 404 000 347 657
+ 0.02 0.02 175 500 340 037 7 620 36 088 5 1 628 916 21%
+ 0.04 0.04 351 000 334 065 13 592 64 372 5 2 867 586 21%
+ 0.06 0.06 526 500 327 791 19 866 94 085 6 4 177 769 21%
+ 0.08 0.08 702 000 324 030 23 627 111 897 6 4 892 874 20%

200 (Baseline) 0.2 1 107 000 347 657
+ 0.02 0.02 110 700 344 760 2 897 13 720 8 575 310 20%
+ 0.04 0.04 221 400 341 914 5 743 27 199 8 1 138 542 20%
+ 0.06 0.06 332 100 340 222 7 435 35 212 9 1 428 508 17%
+ 0.08 0.08 442 800 338 477 9 180 43 476 10 1 731 024 16%

220 (Baseline) 0.22 899 910 347 657
+ 0.02 0.02 81 810 346 538 1 119 5 300 15 183 169 9%
+ 0.04 0.04 163 620 346 320 1 337 6 332 26 152 982 7%
+ 0.06 0.06 245 430 345 377 2 280 10 798 23 294 474 8%
+ 0.08 0.08 327 240 343 969 3 688 17 466 19 546 078 9%

Roof

Ground floor

Façade wall
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 The village’s electricity demand 
 
In Section 3.4 Buildings and related data, it was mentioned that at this design stage of 
the eco-village project there is no detailed information about the number of occupants, 
which affects the amount of electricity consumption. So, according to Statistics 
Sweden [18] the estimated average density of occupants on 1 m² of housing was taken 
as 0.022 person. Schedules for lighting and equipment use are taken by provided by 
UMI tool default patterns. As for loads, an equipment and lighting power densities 
were taken 4 W/m² and 7 W/m², respectively. Thus, based on the estimated energy 
demand for lighting and equipment the amount of electricity required is 230 156 
kWh/year. The normalized value for electricity demand per square meter is 35 
kWh/m2/year. 
 

 Solar radiation analysis 
 
The latitude of Bysjöstrand Eco-Village is 60.24 °, and the longitude is 14.98 °. 
According to the weather file derived for the study location, the monthly mean diurnal 
distribution of beam, diffuse and global horizontal irradiance changes considerably 
through the months (Figure 21). The average beam irradiance is 2.54 kWh/m²/day, 
average diffuse is 1.29 kWh/m²/day and average global horizontal irradiance is 2.39 
kWh/m²/day.  
 

 
 
Figure 21. Monthly solar radiation [25]. 
 
Utilizing a Ladybug plugin [20], the solar potential of all roofs slopes was evaluated. 
The results in this analysis are presented in Figure 22 in the form of a solar map. The 
colors of the roofs indicate how much radiation the surface receives. As it can be seen, 
the majority of buildings roofs receives over 700 kWh/m² annually. For the subsequent 
more detailed solar energy production analysis, each building was examined 
individually. 
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Figure 22. Solar radiation analysis. 

The simulation result shows three buildings with a roof azimuth angle close to 90° 
have low efficiency in terms of received solar radiation. However, the roofs of all 
residential buildings will be considered in the subsequent assessment of solar energy 
production. It will reveal more accurately the utility of each roof. 
 
All residential buildings roofs in the village are gable roofs and have two types of 
slopes: one with 30 ° and another with 40 ° (Table 11). The buildings in the village 
were divided according to the orientation of the preferred roof slope, that is the one 
which is closest to the southern orientation. The orientation is expressed via azimuth 
angles, where the zero azimuth of a PV array indicates that it is facing north, 90 ° to 
east, 180 ° to south and 270 ° to west [41]. 
 
Table 11 presents the main quantitative data of the buildings’ roofs and PV modules. 
Given the different orientation of the roofs, in total 12 different categories of roof 
orientations were determined in the study.  
 
Table 11. The buildings' roofs parameters 

 
 

a b c d e f g h i j k l
Type 2 Type 2.1

Roof area, m²/roof slope 46 92
Roof tilt, degrees 30 30
Roof azimuth, degrees 165 193 245 155 155 90 155 245 178 245 105 189
Q-ty of houses, pcs 5 3 3 2 2 2 1 5 2 1 1 3
Q-ty of PV modules, pcs./roof 22 45

40
86

Building type

29 21 4270

144
40

Type 3.2Type 3.1

Parameters

60
30 40

43
Type 1 Type 3
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 Solar energy generation analysis 
 
The estimation of energy production from a PV system connected to a grid was 
performed by using the NREL SAM program [25]. The simulation utilized the same 
weather file generated from METEONORM [14] as the first part of this study. Table 
12 describes the summarizes the required input data by the software. 
 
Table 12. Input data. 

Module type Standard   

System losses 14  % 

Array type Fixed roof mount   

Tilt angle according to Table 11 degrees 

Azimuth angle according to Table 11 degrees 

Advanced inputs   
DC/AC ratio 1,1 ratio 

Inverter efficiency 96  % 

GCR  0.4 fraction 
 
The results of the solar energy production study are presented in Table 13 (more details 
in Appendix D). The amount of annual electricity production by houses varies between 
3 850 and 17 700 kWh. The total amount depends on the area, azimuth angle and slope 
of a roof. The highest performance is shown by those houses that have an azimuth 
angle close to 180 ° (that is, facing south). These are the buildings a, b, g, i and l. The 
least efficient in the production of electricity are the buildings with an azimuth of about 
or equal to 90° (buildings f and k). Their percentage of covering the building's 
electricity needs is the smallest of all. 
 
The total amount of estimated annual electricity production is 239 032 kWh. This 
amount fully covers the estimated annual electricity demand for lighting and 
equipment of the residential buildings in the eco-village.  
 
Table 13. Electricity generation results. 

 
 
 

 Techno-economic assessment of PV system 
 
In this section, the viability of PV system implementation in Bysjöstrand eco-village is 
assessed from the economic point of view. For this analysis, the values of DPP and 
NPV were used. The results of this study are presented in Table 14. 

a b c d e f g h i j k l

Type 2 Type 2.1

Roof area, m²/roof 
slope

46 92

Roof tilt, degrees 30 30
Q-ty of houses, pcs 5 3 3 2 2 2 1 5 2 1 1 3 30
Annual energy 
produced by PV, 
kWh/roof slope

7 141 7 306 6 727 5 337 10 754 3 850 5 078 4 857 17 700 16 268 8 368 10 649 8 670

Total annual energy 
produced by PV, kWh

35 705 21 918 20 181 10 674 21 508 7 700 5 078 24 285 35 400 16 268 8 368 31 947 239 032

Annual electricity need, 
kWh (lighting + 
equipment)

35 593 21 355 21 356 11 145 22 277 9 093 4 546 22 732 30 458 15 229 9 093 27 279 230 156

Electricity demand 
reduction by PV

100% 103% 94% 96% 97% 85% 112% 107% 116% 107% 92% 117% 104%

TotalParameters

Building type

Type 1 Type 3 Type 3.1 Type 3.2

60 43 144 86

30 40 40 40
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Table 14. Techno-economic analysis results. 

 
 
The discount payback period shows approximately how many years the initial capital 
investment will be paid back. In this case, this period is 4-5 years. Similarly, the net 
present values also demonstrate that the installation of PV systems on these roofs are 
financially feasible. 
 
6 Conclusions  
 
This study examined the influence of site layout, building orientation, window-to-wall 
ratio and insulation thickness on the annual heating energy consumption of planned 
eco-village. The study also evaluated the solar energy (photovoltaic) potential 
considering the roof spaces in the village.  
 
The study found that by improving site layout design of the village slightly more than  
2 000 kWh (0.6 %) heating energy reduction can be achieved. The improved 
orientation of buildings constitutes an additional 1 834 kWh annual energy reduction 
(0.5 %). Furthermore, the adjustment of window-to-wall ratio at the least energy-
efficient building types reduced the annual heating energy demand of the village by 
another 14 518 kWh (or by 4 %).  
 
During the study, an improvement in the thermal characteristics of building 
constructions resulted in the largest reduction in energy consumption for the space 
heating of Bysjöstrand eco-village houses. The calculated optimum insulation 
thickness for building elements for the grid connected case provided an additional 32 
875 kWh/year energy reduction (9.5 %). However, with higher electricity energy prices 
due to on-site energy generation, even higher insulation thicknesses can be justified. 
These results are even higher overall energy savings. The energy savings after 
optimizing the insulation thicknesses for on-site electricity generation is 43 258 
kWh/year (12.4 %). 
 
Compared to the baseline case, these passive solar design interventions improved the 
heating energy performance of the eco-village by 16.9 % in total, that is, reduced the 
energy consumption by 61 766 kWh/year. The impacts of these steps on the heating 
energy of the eco-village are summarized in Table 15. 
 
 
 
 

Azimuth 
[°]

Total 
capital cost 

[SEK]

Energy use for 
electricity 

[kWh/year]

Energy 
produced 

[kWh/year]

Benefit 
[SEK]

Discount 
payback 
period, 
[year]

Net present 
value, 
[SEK]

Internal 
rate of 
return

a 165 651 754 35 593 35 705 170 527 4 2 758 788 23%
b 193 391 053 21 355 21 918 104 680 4 1 702 555 23%
c 245 391 053 21 356 20 181 96 384 4 1 536 637 22%

Type 2 d 155 199 871 11 145 10 674 50 979 4 819 709 23%
Type 2.1 e 155 399 743 22 277 21 508 102 722 4 1 654 702 23%

f 90 186 836 9 093 7 700 36 775 5 548 668 21%
g 155 93 418 4 546 5 078 24 253 4 391 632 23%
h 245 467 091 22 732 24 285 115 985 4 1 852 613 22%
i 178 625 684 30 458 35 400 169 070 4 2 755 724 23%
j 245 312 842 15 229 16 268 77 696 4 1 241 077 22%
k 105 186 836 9 093 8 368 39 966 5 612 475 21%
l 189 560 509 27 279 31 947 152 579 4 2 491 069 23%

Total 4 466 690 230 156 239 032 1 141 617 18 365 649

Type 3.1

Type 3.2

Type 3

Building type

Type 1
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Table 15. Summary of optimization heating energy consumption results. 

 
 
The results of the orientation optimization indicate that the most optimal orientation 
of buildings in the village is south-southwest. Due to the well-planned layout of the 
eco-village and the good orientation of the buildings, the first three study steps show 
only modest results in terms of annual heating energy reduction in the village. 
However, the impact of these steps is greater if the optimization results are considered 
at the individual building-scale and not at the scale of the village, since not all 30 houses 
were subject to improvements. 
 
In the second part of the work, the solar energy potential of the village for electricity 
production was analysed. The estimated amount of annual electricity need of the village 
for lighting and equipment is 230 156 kWh/year. According to the results, the village 
can accommodate 230 PV modules on the roof slopes with reasonable orientation. 
After calculating the electricity yield of roofs with different azimuth angles separately, 
the study found that the eco-village can produce about 239 032 kWh electricity per 
year. In other words, the total annual amount of generated energy is able to cover 
slightly more (104 %) than the estimated residential electricity needs for lighting and 
equipment in the village. 
 
Sometimes the ideal location of the building, its orientation or even the size of the 
window may contradict the desired aesthetics or general architectural idea. It is not 
always easy to find a quick solution. Some issues cannot be completely excluded, so it 
is important for the engineer and architect to ensure that all interested parties are on 
the same page. 
 
The Bysjöstrand EcoVillage optimization approach presented in this study consists of 
two main phases. The first phase is aimed at reducing the energy consumption of the 
village through the use of passive design principles. Through this, a 10 % reduction of 
annual total energy demand was achieved. In the second phase, after minimizing the 
energy consumption of buildings, the solar energy potential of the eco-village was 
analyzed. Generating electricity using solar modules has reduced the annual energy 
need of the village by an additional 40 %. In total, a 50 % reduction has been achieved 
by bringing down the initial 596 786 kWh/year energy demand to 295 988 kWh/year. 
The summary results of this study, by means of total annual energy demand, are shown 
in Table 16. 
 
Table 16. Final result of energy optimization. 

 

Step 
# Optimization steps

Heating 
energy 

consumption 
[kWh/year]

Energy 
savings to 

previous step 
[kWh/year]

Improvement 
to previous 

step [%]

Energy 
savings to 
baseline 

[kWh/year]

Improvement 
to baseline 

[%]

0 Baseline case 366 165 - - - -

1 Shadow analysis 364 009 2 156 0.6% 2 156 0.6%

2 Orientation study 362 175 1 834 0.5% 3 990 1.1%

3 WWR study 347 657 14 518 4.0% 18 508 5.1%

4a
Insulation (grid 
connected)

314 782 32 875 9.5% 51 383 14.0%

4b
Insulation (on-site 
generation)

304 399 43 258 12.4% 61 766 16.9%

1 Baseline case 596 786 kWh/year 100 %
2 Passive design strategies - 61 766 kWh/year -10 %
3 Active solar systems - 239 032 kWh/year -40 %
4 Energy-optimized eco-village 295 988 kWh/year 50 %
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 Limitations 
 

1. Software limitations: UMI 
• does not calculates lighting needs according to daylight availability.  
• trees need complex modelling, because the canopy transmissivity 

during winter (leaves down) is different than in summer (fully green). 
 

2. Project limitations: 
• impact of trees and not considered.  
• terrain, landscape are not included.  
• it is possible to use for PV both sides of some roofs 

 
 Applicability of the study 

 
The methodological framework demonstrated in this study can be used in other 
heading dominate parts of the world. However, the outcomes of the techno-economic 
study will likely depend on local electricity energy prices and capital investment costs. 
The outlined methodological framework might also be less suited to existing 
neighborhood, where site layout and building orientation cannot be altered.  
 

 Future work 
 
Due to the limitation of UMI, the impact of different window and glazing properties 
were not analyzed. Therefore, it is recommended that further works evaluate the 
following:  

- Influence of window glazing types. 
- Impact of window shading systems.  
- Thermal comfort of the occupants. 
- Overheating of buildings with orientation and shading optimization. 
- The impact of the future climate. 
- The energy challenges of an off-grid village. 
- Solar thermal potential of the eco-village. 
- Economic viability of full roof solar energy systems (utilizing both slopes). 

 
With regard to the study of solar energy, the next step may be to re-evaluate the 
calculations of PV systems based on updated data at the subsequent stages of the eco-
village project development. 
 
In the future, all values should be revised and compared with Swedish building 
regulations in subsequent design stages as the data is updated. 
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Appendices 
 
Appendix A: Building element's construction 
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Appendix B: Input UMI settings 
1. DHW 

 
 
2. Ventilation 
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3. Conditioning 

 
 
4.  Loads 
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Appendix C. Orientation analysis results.
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Appendix D. Solar energy generation results. 
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