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Abstract 
 
A study was achieved about energy use and daylighting conditions in the multi-family building 
Greenhouse located in Malmö, Sweden. The aim of the study was first to analyze and develop 
innovative design solutions for multi-family dwellings with good daylighting and low energy use 
thereby solving the conflict between these two aspects. The second objective was to validate the 
simulation tools normally used in the practice of a large architectural office (White architects). The 
third objective was to verify the adequacy of the current minimum daylight factor requirement in 
relation to subjective assessments by building inhabitants of Greenhouse.  These objectives were met 
by using a research method based on measurements, advanced lighting and energy simulations and 
subjective assessments. The results indicate that the simulations allow predicting the measured values 
with a reasonable accuracy. The results also show that the presence of a glazed sunspace and balcony 
has a significant impact on daylighting indoors, reducing the daylight factor by at least 50% in adjacent 
spaces under overcast sky conditions. The simulations also validated the relevance of having larger 
window sizes on the south orientation, intermediate sizes on the east and west orientations and 
smaller sizes on the north orientation, when highly insulated windows are considered. However, 
overheating issues need to be addressed at the early design stage with provision of efficient solar 
shading protections. The study also shows that daylighting is generally preferred over electric lighting 
by the inhabitants and that although the highest daylighting level criteria was used for the certification 
of the building, a significant portion of tenants found the daylight level to be ‘neither bright nor dark’ 
or ‘dark’, which was an unexpected result. Overall, the research allows establishing relations between 
measurements, simulations and subjective assessment. 
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Executive summary 
 
This report summarizes the aim, methods, results and conclusions of a research project on energy use 

and daylighting in the multi-family building Greenhouse located in Malmö, Sweden (latitude 55N, 

longitude 13E). This multi-family building located in the Eco-city Augustenborg is a green innovative 
building integrating glazed sunspaces for urban gardening in addition to many other innovative 
environmental features. The building received the environmental certification Miljöbyggnad Gold in 
addition to the Swedish Passive House certification FEBY.  
 
The aim of this research was first to analyze and develop innovative design solutions for multi-family 
dwellings that would provide good daylighting and low energy use. The second objective was to 
validate the simulation tools normally used in the practice of a large architectural office (White 
architects). The third objective was to verify the adequacy of the current minimum daylight factor 
requirement in relation to subjective assessment by building inhabitants.   
 
These objectives were met by using a research method based on measurements, advanced lighting 
and energy simulations and subjective assessments by the building inhabitants. The measurements 
consisted of simple daylight factor measurements using hand-held lux meters under typical CIE 
overcast sky conditions. The simulations used the Grasshopper, Honeybee, Diva-for-Rhino platforms 
and even some optimization tools such as Octopus. The subjective assessments were based on a 
questionnaire distributed to the tenants of Greenhouse during the winter 2016-2017. 
 
The results indicate that the simulations allow predicting the measured values with a reasonable 
accuracy, which was an unexpected outcome due to the large amount of possible errors both on the 
simulation and measurement side. The few cases that did not show high correlation between 
simulations and measurements could be explained by specific circumstances (shadow from plants or 
curtain in the window). Even in these cases, the measurements returned logical values compared to 
the simulations. 
 
The simulations showed that the presence of a glazed sunspace and balcony has a significant impact 
on daylighting indoors, reducing the daylight factor by at least 50% in the adjacent living spaces. In 
general, the addition of sunspace and balcony had a stronger effect on daylighting levels close to the 
building envelope as this part of the room is daylit by the zenithal sky component. The back of the 
room was not as strongly affected by the presence of sunspace and balcony since this part of the 
room is lit by the sky patch directly above the horizon. On the positive side, the results indicate that 
the sunspace and balcony increase daylight uniformity across the space, which could be beneficial for 
visual comfort. 
 
The sunspace and balcony geometry (length and depth) was the factor affecting daylighting in the 
adjacent space more strongly compared to glazing-to-wall ratio (GWR, in the intermediate wall) and 
light reflectance value (LRV). Larger (longer and deeper) balconies resulted in lower daylighting levels 
in the adjacent spaces, as expected. 
 
The simulations focusing on fenestration design also validated the relevance of having larger window 
sizes on the south orientations (when highly insulated windows are used), intermediate sizes on the 
east and west orientation and smaller sizes on the north orientation, which replicates results from 
earlier research. However, overheating issues need to be seriously addressed at the early design stage 
with provision of efficient solar shading solutions, especially on the south side. The results also 
indicated that several optimal solutions could be developed for the north orientation compared to the 
south orientation for example, and this is due to the fact that the daylighting and heating objectives 
are in conflict with each other on the north side i.e. small windows yield a lower heating demand but 
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low daylighting while large windows yield high daylighting level but a high heating energy use. In 
contrast, passive solar gains on the south orientation compensate for the higher heat losses due to 
larger windows. Thus, larger well-insulated windows on the south orientation yield both lower heating 
load and higher daylighting levels, which is acceptable as long as overheating is controlled by efficient 
solar shading devices. On east and west orientations, intermediate window sizes (40-50%) performed 
best in terms of heating energy use and daylighting. 
 
The simulation results also indicated that a square window is more favorable in terms of heating 
energy use as the frame-to-glazing area is optimized which minimizes heat losses. On the other hand, 
a high head height for the window is generally favorable in terms of daylighting penetration in the 
space. Thus the optimal window solutions on the north facade consisted of square windows located as 
close as possible to the ceiling. 
 
In general, the optimization study on the living room space indicated that the presence of windows 
behind the balcony and sunspace was detrimental in terms of heating load and daylighting since the 
passive solar gains were lost. One recommendation to the architects is thus to place sunspace and 
balcony next to the opaque parts of the building envelope and not in front of usable windows from 
the main living spaces. This aspect was emphasized in the two independent simulation studies 
performed as part of this research. 
 
Both measurements and simulations showed that the daylight factor level in the Greenhouse was 
lower at the point of measurement than the one accepted during the planning and certification 
process. This is due to a different interpretation regarding the position of the measurement point, 
which emphasizes the need for clearer explanation about this aspect in building regulations and 
certifications. 
 
The subjective assessments indicated that daylighting is generally preferred over electric lighting by 
the inhabitants. Although the building received the highest daylighting level credit in the certification 
(Miljöbyggnad gold), a significant portion (up to a third) of respondents found the daylight level to be 
‘neither bright nor dark’ or ‘dark’, which was an unexpected result. A significant portion of the 
respondents also expressed the wish for more daylight, especially in the kitchen, which was in this 
case located closer to the building core. The study also points to the need for differentiated 
daylighting criteria for different rooms, with higher daylight levels in the kitchen and lower levels in 
the bedrooms. One recommendation for architects in this case was to inverse kitchen and living room, 
where the kitchen requires high daylight levels and the living room requires lower levels to reduce 
screen (TV, computer) related glare and/or reflections. This means perhaps placing kitchens directly 
adjacent to the building envelope and allowing living rooms and perhaps bedrooms to be placed 
closer to the building core. 
 
Overall, this research established relations between measurements, simulations and subjective 
assessments. 
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HVAC Heating Ventilation and Air conditioning 
IGU Insulated glazing unit 
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ipRGC Intrinsically photosensitive retinal ganglion cell 
IRC Internally reflected component 
LD Light dependency (%) 
LRV Light reflection value (%) 
LT Light transmittance (%) 
N North orientation 
OT Overheating time (%) 
S South orientation 
SAD Seasonal affective disorder 
SC Sky component 
SCN Suprachiasmatic nuclei 
sDA Spatial daylight autonomy (%) 
SEU Specific energy use (kWh/m2) 
Tvis Visual transmittance (%) 
U Thermal conductance (W/m2K) 
UDI Useful daylight illuminance (%) 
UR Uniformity ratio (-) 
VT Visual transmittance (%) 
W West orientation 
WWR Window-to-wall ratio (%) 
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Terminology 
 
Annual Sunlight Exposure (ASE) 
Number of hours per year at a given point where direct sun is incident on the surface. 
 
Climate-Based Daylight Modelling (CBDM) 
Prediction of various radiant or luminous quantities, such as irradiance, illuminance, radiance and 
luminance, using sun and sky conditions that are obtained from the standard meteorological datasets 
or climate files. 
 
CIE Standard Overcast Sky 
Meteorological condition of clouds completely obscuring all the sky, which is characterized by the 
luminance at the zenith being approximately three times brighter than at the horizon. Also defined as 
a CIE mathematically defined standard sky, where the sun is fully obscured and there is no indication 
of its position (Tregenza & Wilson, 2011). 
 
Daylight 
Combination of all light received from the sky as direct light from the sun and indirect light from the 
diffused daylight scattered in the atmosphere and reflected light from the ground and surrounding 
objects. 
 
Daylighting 
Illumination of interior spaces in buildings by natural light (direct and indirect light) by using properly 
designed windows and skylights. 
 
Daylight Autonomy (DA, %) 
Percentage of the occupied hours of the year when the minimum illuminance threshold is met by 
daylight alone (Reinhart & Walkenhorst, 2001). 
 
Daylight Factor (DF, %) 
Ratio of the illuminance due to daylight at a point on the working plane indoors, to the simultaneous 
outdoor global illuminance on a horizontal plane from an unobstructed CIE overcast sky. 
 
Daylight Glare Probability (DGP, %) 
Glare prediction index. A function of the vertical eye illuminance, the glare source luminance, its solid 
angle and its position index (Wienold & Christoffersen, 2006). 
 
Glazing to Wall Ratio (GWR, %) 
Ratio of the total glazed area to the exterior envelope wall area. 
 
Illuminance (E, lux or lx) 
Photometric quantity describing the total luminous flux incident at a point or sensor from all 
directions of the half sphere. Illuminance is measured in lux, where one lux is one lumen per square 
meter. 
 
Light Reflectance Value (LRV, %) 
Measure of the total quantity of visible light reflected by a surface at all wavelengths and directions 
when illuminated by a light source.  
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Light Dependency (LD, %) 
Percentage of the occupied hours of the year when electrical light sources are required to maintain a 
minimum illuminance threshold when it cannot be met by daylight alone. Inverse of Daylight 
Autonomy (DA), where LD = 100 % - DA.  
 
Light Transmittance (LT, %) 
Also known as visible light transmittance (VT or Tvis), which is the amount of visible light that passes 
through a glazing material. A higher LT means there is more daylight coming through the windows. 
 
Luminance (cd/m2) 
Photometric quantity describing the luminous intensity per unit area of light travelling in a given 
direction. Luminance is measured in candelas per square meter, where one candela is one lumen per 
steradian. 
 
Miljöbyggnad 
Building certification system for Swedish conditions developed by the Swedish Green Building Council 
(SGBC). 
 
Nearly zero-energy building (NZEB) 
Buildings with very high energy performance and where the required amount of energy mostly comes 
from renewable energy sources.  
 
Overheating time (%) 
Amount of hours when the operative temperature is higher than a user-set threshold. These hours are 
counted only during the time that a studied space is occupied (and only between April and September 
in the present study). 
 
Overlit Area (OA) 
Percentage of area that is considered overlit. It is based on the Daylight Availability (DAV), a metric 
proposed in 2010 that is meant to combine Daylight Autonomy (DA) and Useful Daylight Illuminance 
(UDI) into a single figure (Reinhart & Wienold, 2011).  
 
Perez sky model 
Mathematical model used to describe the relative luminance distribution of the sky dome, which has 
now become the standard model for daylighting calculations since it uses weather data gathered from 
weather stations around the world. 
 
Point Daylight Factor (DFp, %) 
Daylight factor measured at a single point, where the point is located 1,0 m away from the darkest 
lateral wall, 0,80 m above the floor, halfway in the room from the exterior envelope. 
 
Self-administered questionnaire 
Questionnaire designed to be completed without intervention or support from an interviewer.  
 
Spatial Daylight Autonomy (sDA) 
Daylight metric used in America (LM-83-12 in IESNA, 2012) and which measures the percentage of the 
area that achieves 300 lux for at least half of the analysis hours (occupancy hours).  
 
Specific energy use (kWh/m²yr) 
Annual energy demand required for heating, cooling, domestic hot water and property electricity, 
divided by the zone floor area (annual kWh/m²yr). 
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Sunspace 
Additional glazed area or room in a building that is intended to collect and store solar energy. 
 
Uniformity Ratio (UR) 
Ratio of minimum to average daylight factor or illuminance in a space. 
 
Useful Daylight Illuminance (UDI, %) 
Fraction of the time in a year when indoor horizontal daylight illuminance at a given point falls within 
given range (Nabil & Mardaljevic, 2005). 
 
Urban farming 
Practice of cultivating, processing and distributing food in or around a village, town or city. 
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1. Introduction 
 
Environmental certification systems such as LEED, BREEAM and MiljöByggnad are currently strong 
drivers in the Swedish building sector. These systems encourage architects, engineers and developers 
to imagine, plan and verify all aspects of the building design towards a higher performance in terms of 
environmental sustainability.  
 
One of the most important credits in such systems is the energy use credit, which addresses the 
energy use for operation of the building. This credit is often expressed as a maximum allowed energy 
intensity (kWh/m2yr) and peak load (W/m2). The factors affecting the energy use of a building are 
many: building envelope design (compactness), insulation levels, thermal bridges, airtightness, 
ventilation rates, heat recovery system, passive solar design concept, orientation, etc. Windows also 
have a major role to play in the energy balance of a building since they typically have a U-value 
(thermal conductance) that is about 5-10 times higher than that of a highly insulated wall. Thus in 
practice, this means that windows lose 5-10 more energy to the outside than an opaque insulated 
wall. On the other hand, windows allow solar radiation inside the building, which can be either a 
positive or negative contribution depending on whether the solar heat gains are positively or 
negatively contributing to a neutral energy balance. In the summer, spring and autumn, passive solar 
heat gains might be undesirable in highly insulated buildings, an aspect which is also controlled in 
environmental certification systems through the solar heat gain limitation credit. 
 
Window size and assembly thus have a significant impact on thermal comfort and energy use in 
buildings and it is thus a carefully controlled aspect of low energy building design. In general, the 
smaller the windows, the easiest it is to reach the energy use and solar heat gain credits in 
environmental certification systems. On the other hand, a building without windows is a sad building 
that does not support its inhabitants since daylighting and a connection to the outside have been 
shown to positively affect health and well-being of building inhabitants. In fact, daylighting through 
windows and skylights come with a range of positive effects: 

1. Better visual performance (one sees better indoors); 
2. Stimulation of the circadian cycle (night/day) through appropriate timing, spectrum and 

intensity of daylight; 
3. Reduction of stress, and feeling of security and connection; 
4. Increased productivity of occupants (relevant for workplaces); 
5. Flicker-free; 
6. Higher luminous efficacy (lumen/Watts) compared to most electric light sources leading to 

energy savings for electric lighting; 
7. Improved image of the building (through environmental certification); 
8. Positive effect on sales; 
9. Higher building and rental value. 

 
In addition to this, another important health aspect of daylight, sunlight to be more specific, concerns 
the production of vitamin D in human beings. Due to the fact that the type of radiation needed for the 
production of vitamin D, UVB-radiation, is absorbed by ordinary window glass (Wacker & Holick, 
2013), this effect cannot occur indoors since the skin must be directly exposed to UVB radiation. 
Clothing and sunscreen also block the UVB-radiation needed for the production of vitamin D (Webb, 
2006). This means, that it is important for humans to go outside, independently of the amount of 
daylight or sunlight received indoors. Vitamin D is needed to maintain a healthy skeleton, but has also 
been linked to positive regulatory effects on the immune system, preventing influenza and mitigating 
mitigating cancer and autoimmune diseases (Engelsen, 2010). Vitamin D deficiency, which is prevalent 
in Nordic countries, is known for causing rickets, but has also been associated with a number of other 
health issues (Wacker & Holick, 2013).  
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Since daylight is a free energy source so essential to health, well-being, productivity, energy-efficiency 
and building value, environmental certification systems attribute credits for minimum daylighting in 
buildings. These credits are obtained when demonstration is made that the building reaches minimum 
daylight level indoors, which is most often expressed as a minimum daylight factor or daylight 
autonomy level. Additional requirements may also entail e.g. access to a minimum view out, to direct 
sunlight and some uniformity metric for daylighting. 
 
1.1 Research questions 
The environmental certification credits for energy use, solar heat gain and daylighting are in conflict 
with each other. In achieving low heating demand, the building envelope is required to be airtight and 
highly insulated with high-performance windows, which can reduce the light transmittance compared 
to the ordinary clear-glass windows (Bülow-Hübe, 2001). Windows are constantly developing towards 
lower U-values, but the number of glass panes and coatings is also increasing, which also affects the 
light transmittance. As discussed in the introduction, it is also easier to reach the low energy and low 
solar heat gains requirements with limited window areas. On the other hand, the daylight credit 
requires sufficient glass areas and relatively high visible transmittance. In normal early design phase 
processes, the building’s energy performance is often prioritized over daylight utilization, resulting in 
negative consequences for the indoor visual comfort (Vanhoutteghem, et al., 2015). This also has 
negative consequences on health, architecture and indoor environmental quality. There is thus a great 
need for innovative design solutions that tackle both energy use and daylighting.  The first research 
question addressed in this research is thus: 
 

 
 What are the innovative design solutions allowing to meet both the energy and daylighting credits 
 in environmentally certified buildings? 
 

 
Technology development, research and voluntary certification systems have pushed the building 
sector to use advanced simulation tools to verify the fulfillment of the certification requirement 
standards. The development of the industry's digital tools places new demands while providing new 
opportunities for architects and consultants. However, the links between simulations, measured 
values and user experience have not been thoroughly investigated in the Swedish context. Many 
consultants offer today estimates of daylight from simulation tools that can be downloaded free of 
charge from the Internet, without expert knowledge on the science of illumination. The problem is 
that neither the client nor the consultant have hands-on experience with real measurements of 
daylight and thus can hardly judge whether the results from the simulation tools are reliable. It is 
therefore important to extend experience regarding measurements versus simulation estimates. The 
second research question addressed in this report is thus: 
 

 
 Is the simulation tool used for daylighting compliance reliable i.e. does it provide results that are 
 reasonably accurate compared to measured values? 
 

 
Finally, although environmental certification systems have set a standard for a minimum daylighting 
level in buildings, literature shows that this question has not been researched in depth. Despite having 
identified light as something that is of great importance to our health and well-being, it is still 
unknown what could be considered an adequate daily dose of light or darkness, as expressed byVeitch 
& Galasiu (2012). There is thus a need to know more about how the prescribed daylight level is 
perceived by the building inhabitants. The third question addressed in this research is thus: 
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 Is the minimum daylight factor level required in the environmental certification system 
 sufficient/adequate in the climatic context of Sweden? 
 

 
1.2 Objectives 
The main objective of this project is thus to first analyze and develop innovative solutions and 
guidelines for multi-family housing with good daylighting and low energy use thereby solving the 
conflict between these two aspects. The second objective is to validate the simulation tools normally 
used in the practice of a large architectural office (White architects). The third objective is to verify the 
adequacy of the current minimum daylight factor requirement level in relation to assessment by 
building inhabitants.  These main objectives are summarized in Error! Reference source not found. and 
they are linked to the research methods used. 
 

 
Figure 1 Research objectives and methods. 
 
These research objectives are met through an in-depth study of daylighting and energy use of a new 
innovative multi-family building called Greenhouse located in the eco-city Augustenborg in Malmö, 

Sweden (latitude 55North, longitude 13E) (Malmö Stad, 2016). The study involved advanced 
computer simulations, in situ measurements as well as subjective evaluations to the building 
inhabitants, see Figure 1. The following sections of this report present a background about the project 
as a whole, the methods used in the research for the measurements, simulations and subjective 
evaluations, the results on each of these separate topic, and finally a discussion and conclusion 
overviewing the results as a whole. 
 
1.3 Scope and limitations 
This research was very ambitious from the start but the research budget was limited so the research is 
evidently limited to what was possible to achieve with the means and time available. The important 
contribution of the graduate students, who were not compensated financially for their work, made it 
possible to meet almost all the initial research objectives. 
 
Among the more serious limitations of the project, we should mention that energy use could not be 
measured directly as was done for daylighting. However, energy use data from the consultant involved 
in the project (NCC) was retrieved and compared to our own simulation results. All other design 
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iterations were only investigated by computer simulations and cannot be verified as this would have 
entailed building each geometric variation, which is practically and economically impossible. 
 
Simplifications of the studied apartments were made in the computer simulations by only selecting 
the main studied areas. The focus of the study was on daylight quantity and not quality, so aspects 
such as visual comfort and glare were overlooked in the analysis of simulation results. Shading caused 
by plants in the sunspace and balcony was not taken into consideration in the simulations. 
 
Another important limitation of the simulation study was that the heating demand was calculated for 
each fenestration solution with an unlimited indoor air temperature. This in turn can result in slightly 
different heating demands, as in reality occupants would ventilate space by the use of the openings 
when the operative temperature exceeds 27 °C or 28 °C. In other words, the heat gained by solar 
irradiation is slightly overestimated in the current study. An hourly study showed that (excluding the 
summer months), the operative temperature exceeds 27 °C partly during April, May and September. 
During April and May this only occurs for two or three days, whereas in September it occured for most 
of the first half of the month.  
 
The fourth limitation concerns the measurements. As it was quite challenging to measure daylight in 
occupied apartments and during specific daylight conditions (overcast), hand-held instruments had to 
be used as it was impossible to leave the instruments on site for extended periods of time. Moreover, 
only six days of measurements could be scheduled with the appropriate daylight conditions after the 
start of occupation (September 2016). In addition, some measurements had to be performed under 
less than ideal conditions as the weather was unstable, which also affected the results of the 
measurements. 
 
Finally, a more serious limitation is probably the fact that the questionnaire could only be distributed 
during the darkest period of the year due to time and budget constraints. This means that the 
subjective evaluations really represent the opinion of respondents for the worse case conditions. It is 
the hope of the authors that further investigations will be performed at other times of the year in the 
same building.  
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2. Background 
 
2.1 Importance of daylight for building inhabitants 
Light is important to people’s health and wellbeing; it greatly affects the mood, emotion and mental 
alertness of humans as expressed in a recent European Standard (SSI-12464, 2011). Research has 
identified the benefits of daylight and sunlight in buildings for the health and well-being of occupants, 
including its necessity for the regulation of circadian rhythms (Osterhaus, 2005). According to the 
European Standard (SSI-12464, 2011), daylight ‘varies in level, direction and spectral composition with 
time and provides variable modelling and luminance patterns, which is perceived as being beneficial 
for people in indoor (…) environments’. Veitch (2007) claimed that daylight is one way to provide 
healthy lighting in buildings; it is energy-efficient, rich in short-wavelength light and available much of 
the time at high intensities. ‘Designing buildings that make greater use of daylight and recognize the 
additional benefits of natural light could have great benefits for the occupants because solar radiation 
is naturally rich in the short wavelength (blue) radiation that regulates the circadian system’, as 
outlined by Webb (2006).  
 
Van Bommel (2009) wrote that ‘using lighting in the right way in buildings means principally starting 
by studying the possibility of daylight use’. According to Mardaljevic, Heschong & Lee (2009), there is 
probably general acceptance that ‘a space with good daylighting is one that minimizes visual 
discomfort and provides high levels of visual quality under solely or predominantly daylight conditions 
frequently throughout the year’. Reinhart (2002) defined daylighting as ‘the conscious usage of glare-
free natural light to light a building’s interior’. More recently, Reinhart & Wienold (2011) proposed a 
definition of daylighting i.e. ‘space that is primarily lit with natural light and that combines high 
occupant satisfaction with the visual and thermal environment with low overall energy use for lighting, 
heating and cooling’. They added that daylighting design thus becomes a compromise between 
optimizing the annual daylight availability within a space while making sure that the space is energy 
efficient and provides high occupant satisfaction.  
 
‘Daylight remains a predominant factor in how a space is revealed and perceived by its users’ (Lam, 
1986, Guzowski, 2000, via Andersen et al, 2008). In general, daylight presence has a ‘significantly 
positive contribution to lighting quality’ (Boubekri, 1995) and ‘makes an interior space look more 
attractive’ (Li et al, 2008). Daylight has a natural variation in brightness and intensity and carries 
information about the world outside; about the time of day, the weather and the season. The dynamic 
changes in daylight ‘have a positive influence on mood and stimulation’ (van Bommel & van den Beld, 
2004). Daylight illumination levels in a space are dynamic, constantly changing both in intensity and 
spatial distribution pattern as the two variable sources of daylight – the sun and the sky – interact with 
the geometry and physical properties of the space, the exterior context and interior conditions 
(Mardaljevic, Heschong & Lee, 2009). Bluish morning light has biologically an activating (alerting) 
effect, while the red sky that we see more often in the early evening has a relaxing effect. According to 
Reinhart, Mardaljevic & Rogers (2006), ‘a well daylit space should host a stimulating interplay of light 
and building form that satisfies occupants’ needs by keeping them comfortable’.  
 
2.1.1 Biological effects of light 
Our most obvious use of light is that it makes it possible for us to see. But light also affects us in other, 
‘non-visual ways’, and as expressed by Veitch & Galasiu (2012), our health and well-being relies on 
regular exposure to both light and darkness each day. The non-visual effects of light control the timing 
of our biological clocks, or ‘circadian rhythms’ but also our performance and feeling of alertness 
(Foster, 2011; Schierz & Vandahl, 2008). Insufficient daily light exposure has been recognized as a 
health issue in industrialized countries ( CIE, 2004/2009 via Veitch & Galasiu, 2012).  
 
The human physiology, metabolism and behavior is strongly affected and maintained by the daily cycle 
of day and night. Our circadian rhythm is naturally slightly longer than nature’s 24 hour rhythm of light 
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and dark (Czeisler, o.a., 1999) and needs daily resetting to stay aligned to the real day-night cycle 
(Foster, 2011), a process which is called entrainment (Boubekri, Shishegar, & Khama, 2016). The 
circadian rhythms contribute to many processes in the body, such as the sleep-wake cycle, core body 
temperature (CBT), alertness and performance patterns, as well as hormone production 
(Amundadottir, St. Hilaire, Lockley, & Andersen, 2013). All these processes could be categorized as the 
biological light responses (BLR). The BLR is controlled by a non-rod, non-cone photosensitive receptor 
in the eye called retinal ganglion cells (ipRGCs), a photoreceptor discovered in 1990s. This receptor 
has a photopigment named melanopsin that is more sensitive to short-wavelength light with a peak 
sensitivity that is blue-shifted (λmax ≅ 460-480 nm) in comparison to the photopic visual system 
(λmax = 555 nm) which is dominated by the response of cone photoreceptors. The ipRGCs send light 
induced signals to the suprachiasmatic nuclei (SCN) that has about 50,000 cells in the anterior 
hypothalamus of the brain (Mardaljevic, et al., 2013). This structure acts as a control center and 
receives signals, most importantly through light, about when to prepare for sleep and when to wake 
up and prepare for activity (Boubekri, Shishegar, & Khama, 2016).  
 
Low light levels or darkness in the evening signals production of a sleep hormone called melatonin and 
exposure to light in the morning signals production of two hormones important for energy and activity 
levels, i.e. serotonin and cortisol (Boubekri, Shishegar, & Khama, 2016). These hormones are 
important for the entrainment of the circadian rhythm, and light plays an important role in regulating 
them.  
 
As the peak sensitivity of the ipRGCs is shifted towards the blue light, the type of light exposure 
therefore plays a major role on the BLR response. Research has shown that blue-enriched light 
improves subjective alertness, performance, mood, and sleep quality in comparison to white light 
(Viola A. , James, Schlangen, & Dijk, 2008). Various research tackled how the day and night cycle, and 
consequently the time of exposure to daylight, affects our body and the negative consequences on 
human performance, alertness and health if this cycle is not maintained (Andersen, et al., 2011).  
 
For a healthy, active person, the production of the sleep hormone has a peak in the middle of the 
night (Veitch & Galasiu, 2012), but exposure to light at night, particularly blue light, can disturb the 
timing of the circadian rhythm (Foster, 2011). The higher the light exposure during daytime, the lower 
this sensitivity of the circadian system to light exposure during night (history) (Figueiro, 2013). In other 
words, a person who lives or works outside during the day will not be as influenced by light exposure 
at night as a person who lives or works indoors all day.  
 
Light exposure during night has been identified as a possible reason for increased health issues, 
especially breast cancer among people who do night-shift work (Hansen, 2001; Schernhammer, o.a., 
2001; Stevens, 2002 via Christoffersen, 2011). Research has also shown that children using luminous 
displays such as ipads at night exhibit sleep delays (Chang, et al., 2015).  
 
The introduction of electric lighting makes it possible to live an active life independent of nature’s 
cycle of lightness and darkness. Electric lighting has reduced our exposure to natural light, increased 
our exposure to light after sunset and altered the timing of the circadian clock (Wright, o.a., 2013). 
Research indicates that our health is affected by not following nature’s rhythm of a ‘biological day’ 
(Foster, 2011). The light intensity most of us receive indoors through electric lighting is not 
comparable to the intensity of daylight (Foster, 2011).  
 
A disturbed circadian rhythm can cause a well-known form of depression, most often referred to as 
seasonal affective disorder (SAD)  (Boubekri, Shishegar, & Khama, 2016). The most common form of 
the condition occurs during the dark winter season, with symptoms like oversleeping, mood changes, 
lack of energy and over-eating (Tregenza & Wilson, 2011; Christoffersen, 2011) and is more common 
at northern latitudes where daylight is very limited during the winter months (Boubekri, Shishegar, & 
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Khama, 2016; Christoffersen, 2011). Special light sources used for light therapy are a popular method 
used for curing SAD, but a Swedish review of different studies could neither confirm nor reject the 
efficiency of this treatment (Pettersson, 2008). Dynamic light sources according to specific lighting 
schemes is another method which is believed to have positive effects on shift-workers in terms of 
adapting to the work hours (Lowden & Åkerstedt, 2012). One similar way of bringing our knowledge 
about the biological effects of light into practice is suggested by Figueiro (2013) through the use and 
development of modern lighting sources in combination with specific lighting schemes. Schierz and 
Vandahl (2008) expressed reservations about such use of electric light to improve health.  
 
People in industrialized countries spend 85-90% of their time indoors (Jenkins, Phillips, Mullberg, & 
Hui, 1992; Kotlík B & Mikešová, 2008; Klepeis, o.a., 2001; Schweizer et al., 2007) and as expressed by 
Christoffersen (2011), this means low exposure to daylight for many of us. In addition to this, the 
northern latitude of Sweden means that daylight is only available for a few hours per day during the 
winter months and the intensity of the light during the winter is low. Working daytime hours, daylight 
is available while being indoors and the little time spent outdoors occurs during the dark period of the 
day, before sunrise or after sunset.  
 
Swedes’ exposure to daylight varies significantly depending on the season (Adamsson, Laike, & Morita, 
2016) and low exposure to daylight among indoor workers has been related to sleep problems, mental 
fatigue and an overall lowered health perception (Lowden, Kecklund, Åkerstedt, Magnusson-Hansson, 
& Westerlund, 2013). While it is still unknown what could be considered a ‘healthy’ daily light dose 
(Veitch & Galasiu, 2012), Tregenza and Wilson (2011) pointed out that the design of buildings has an 
impact on our access to daylight considering the extensive time many of us spend indoors. 
 
Inadequate light exposure, or light exposure with inappropriate timing compared to nature’s rhythm, 
will thus affect the circadian rhythm and in turn disrupt the sleep-wake pattern, which is so essential 
to good health and well-being. The consequence may be a reduction of performance and metabolic 
functions affecting mood, social skills, concentration, memory, inducing fatigue, depression and 
weight gain (Foster, 2011). Research also indicates that there is a connection between disturbed 
circadian rhythm, sleep and the immune system (Foster, 2011; Irwin, 2002; Irwin et al., 1996), 
increasing the risk for diseases like cancer and viral infections (Foster, 2011).  
 
In addition to the effect that light exposure has on regulating the circadian rhythm, light also has other 
alerting effects (Veitch & Galasiu, 2012; Foster, 2011; Schierz & Vandahl, 2008) which activate parts of 
the brain involved in alertness, cognition, memory and mood (Foster, 2011). Increased light exposure 
during daytime, especially blue light in the morning, has showed positive effects on the ability to learn 
and process information.  
 
2.1.2 Visual needs 
Moving from discussing the non-visual aspects of light, light obviously also affects vision, which 
indirectly also affects health since poor vision might be detrimental to proper function of a human 
being. Appropriate light levels and distribution are needed for the activities or tasks to carry out. A 
good luminous environment has been summarized and expressed by Lam (1992) using the following 
words: 
 
‘We are comfortable when we are free to focus our attention on what we want or need to see, when 
the information we seek is clearly visible and confirms our desires and our expectations, and when the 
background does not compete for our attention in a distracting way.’ 
 
While good lighting conditions create visual comfort and good visual performance, inappropriate 
conditions cause discomfort, headache, glare and disorientation (Rogers & Tillberg, 2015). The 
amount of light needed (illuminance) to perform visual tasks depends on the task and the 
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environment where it is performed. Some typical values of required illuminance are presented in 
Table 1, as proposed by VELUX (2014) and Dubois & Angeraini (2017). 
 
Table 1 Typical illuminance values and how to interpret them. 

 
Illuminance (lux) Interpretation 

 
20 

 
Lowest threshold for ordinary perception 
 

100 Threshold for switch-on probability of electric lighting 
Tasks in movement, casual seeing with low detailing 
 

200 Lower threshold for continuously occupied spaces 
 

300 Preferred daylight illuminance level for continuously occupied spaces 
Tasks which are moderately easy 
 

500 Upper acceptable threshold for spaces where working with VDUs is dominant 
 

1000 Illuminance required for tasks which are very difficult, high detailing required 
 

 
According to Mardaljevic & Christoffersen (2016), an illuminance below 100 lux has a high probability 
of people switching electric lighting on, while an illuminance at 300 lux is considered sufficient by most 
building users. For example, 300 lux is a common ambient light level in office environments in Sweden. 
 
The Illuminating Engineering Society of North America (IESNA, 2000) developed an illuminance level 
recommendation based on activities for every building types and rooms. The residential building 
lighting levels recommendations are presented in Table 2. From this table, the average illuminance 
level that was taken as a threshold value for the annual daylight simulation and calculation for the 
electrical lighting consumption used in this research was set at 150 lux, which is also a common value 
for performing daylight simulations in residential buildings. 
 
Visual needs also depend on age and general health. With age, most people, even those with healthy 
vision, have higher visual needs compared to younger people (Schneck & Haegerstrom-Portnoy, 
2003). Due to these age-related changes of the lens, an older person often needs two or three times 
the illuminance of a younger person with healthy vision to perform the same visual tasks (Littlefair, 
2015). These changes also lead to a need of higher task contrast, more glare protection, increased 
time for adapting to varying light conditions and an increased glare recovery time (Schneck & 
Haegerstrom-Portnoy, 2003). Similar problems, especially a need for higher illuminances and an 
increased glare sensitivity, are common for people with visual impairments (Littlefair, 2015). 
 
Daylight through windows provides two visual functions; a view out and illumination. There is some 
evidence that daylight might be more effective in providing visual performance than electric lighting as 
pointed out by Tregenza and Wilson (2011). The fact that daylight has perfect color rendering qualities 
and does not flicker is mentioned by Rogers and Tillberg (2015). Electric lighting does not provide a 
view out and most people prefer the natural variation of daylight and its connection to the world 
outside over the possibly flickering electric lighting (Rogers & Tillberg, 2015; Tregenza & Wilson, 2011).  
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Table 2 Tasks and preferable illuminance, source IESNA (2000). 

Residential Horizontal Illuminance Vertical Illuminance 

General lighting 50 lux 
 

Conversation, relaxation, 
entertainment 

30 lux 
 

Circulation 30 lux 
 

Specific visual task 
  

Dining 50 lux 
 

Handcrafts and Hobby 
  

Crafts 300 lux 50 lux 

Sewing 500 lux 100 lux 

Work bench 1000 lux 300 lux 

Easel hobbies 
 

300 lux 

Kitchen range 
  

Cooking 500 lux 100 lux 

Difficult Seeing 500 lux 100 lux 

Cleaning Up 300 lux 50 lux 

Kitchen counter   
Cutting 500 lux 100 lux 

General 300 lux 50 lux 

Laundry 300 lux 30 lux 

Music 300 lux 50 lux 

Reading 
  

In a chair (casual) 300 lux 50 lux 

In a chair (serious) 500 lux 100 lux 

In a bed (casual) 300 lux 50 lux 

Reading at desk 
  Casual 300 lux 30 lux 

Serious 500 lux 100 lux 

Table games 300 lux 50 lux 

 
2.1.3 Perception of daylight and visual preferences 
Every single person has a unique perception of daylight (Tregenza and Wilson, 2011). What one ‘sees’, 
depends on each person’s individual experiences and expectations, on physical factors  like noise and 
heat, on the social environment and the frame of mind, motivation and interest in what the person is 
doing.  
 
According to Tregenza and Wilson (2011), most of us prefer to work and live in daylit environments, 
which might be connected to the fact that our senses are stimulated by change and not by constant 
conditions. Visual information is not only needed for the activities we are involved in, but for 
evolutionary biological information needs. As pointed out by Lam (1992), satisfying our need for 
biological information, ‘environmental clues’ (weather, time of day, enclosure etc.), might even be 
more important to us than satisfying our visual needs for activities. We need these clues in order to 
know how to behave, what to expect and how to react. Consciously and unconsciously we seek 
information about the environment and Lam (1992) also expresses that we react negatively to 
environments which do not offer such clues.  



28 
 

 
According to Veitch and Galasiu (2012), research has shown that most people prefer to have windows 
or skylights in the main living spaces, which is probably connected to the fact that windows make a 
room appear more spacious and reduces the feeling of enclosure. For the same reason, windows are 
less appreciated in bathrooms, where a higher degree of privacy and enclosure is usually desirable.  
 
How much daylight is needed varies according to surveys between different groups of people, and it is 
likely that the preference for a specific daylight quantity is connected to the function of the building, 
its architectural nature and the cultural background of the person (Tregenza & Wilson, 2011). 
According to Tregenza and Wilson (2011), occupants of very high density residential blocks of Hong 
Kong have been found to be satisfied with lower daylight levels than the occupants of social housing in 
Western Europe and people in modern expensive areas have been found to expect more of both 
daylight level and view out than people in lower-cost areas.  
 
Too much daylight can cause glare and visual discomfort, a problem which is likely to be more 
common among elderly and vision impaired people as mentioned earlier. As pointed out by Veitch and 
Galasiu (2012), most research about visual discomfort caused by too much light from windows has 
been carried out in office settings assuming a middle-aged person with healthy vision, which cannot 
be applied to residential environments and which does not take into consideration how light is 
perceived by an old or vision-impaired person. The subject of discomfort from light through windows 
has not been investigated for residential buildings and even for offices there is a gap in research when 
it comes to how discomfort caused by daylight, sunlight and windows is perceived by different age 
groups (Veitch & Galasiu, 2012).  
 
Research from office settings suggests that the sensation of glare and level of discomfort is also 
affected by variables not related to lighting, such as the task involved (Veitch & Galasiu, 2012) or how 
interesting is the scene outside (the glare source) (Galasiu & Veitch, 2006; Tuaycharoen, 2011). For 
example, most people experience less discomfort with a nice view of the landscape or interesting TV-
screen, than when looking at less interesting scenes with the same brightness and luminance pattern 
(Tregenza & Wilson, 2011; Tuaycharoen & Tregenza, 2005, 2007). Somehow, what is uncomfortable is 
sometimes still perceived as acceptable, due to compensatory mechanisms (Veitch & Galasiu, 2012).  
 
According to Veitch and Galasiu (2012), there is still much to be understood about discomfort in 
residential settings and about the experience of discomfort. In their literature review they found that 
studies of daytime residential light levels in the USA (Bakker, Iofel, & Lachs, 2004) and the Netherlands 
(Aarts & Westerlaken, 2005) show that home-dwelling elderly often rate their light levels as adequate, 
even when they are much lower than what is recommended for good visual performance. They also 
point out that the reason for this would be interesting to know, especially since studies have shown 
that increased light levels in the homes of elderly has a positive effect on life quality (Brunnström, 
Sörensen, Alsterstad, & Sjöstrand, 2004). Veitch and Galasiu (2012) also claimed that daylighting 
needs to be combined with better understanding of the activities and visual needs in residential 
settings. Meeting both non-visual and visual needs simultaneously is a challenge and will not be 
guaranteed by the mere presence of daylight through a window.  
 
2.1.4 Minimum daylight level 
As expressed by Veitch and Galasiu (2012), it is still unknown what could be considered an adequate 
daily dose of light or darkness. The question of what would be a reasonable daylight level to use as a 
minimum level needs to be investigated, and one way of collecting information in the subject is to 
actually ask people how they feel about the daylight conditions in their homes. The subjective 
perception of daylight in residential settings has not to the authors’ knowledge been studied to any 
larger extent internationally and even less nationally.  
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Sweden and the other Nordic countries have a climate with long and dark winters, not comparable to 
other European countries or other parts of the world. The architecture is dominated by low-rise 
buildings and the cities are less dense than in many other parts of the world. The few international 
studies that have been found are located in parts of the world with conditions very different from the 
Swedish ones, which makes it difficult to assess whether the research findings would be similar in 
Sweden.  
 
One study was recently carried out in Hong Kong (Xue, Mak , & Cheung, 2014), which investigated the 
effect of daylighting and human behavior on luminous comfort in residential buildings. A total of 340 
questionnaires were distributed, collected and statistically analyzed. Satisfaction with daylighting was 
found to affect the degree of luminous comfort the most and external obstructions had the largest 
impact of the physical factors. Among the behavior related factors, the use of electric lighting affected 
the luminous comfort the most. Extensive use of electric lighting was found an indicator of poor 
daylighting conditions and lower luminous comfort. They also found that 90% of the respondents were 
mostly concerned about the daylighting performance of their living room. The six factors most 
affecting the occupants’ satisfaction with daylighting were perception of uniformity, thermal 
discomfort, external obstruction, solar access hours in summer, expected sunlight hours in winter and 
orientation. No statistical difference between genders was found, but older people tended to be more 
satisfied with their luminous environment.  
 
In another study, the perception of uniformity was pointed out as an important factor for assessing 
daylighting quality among researchers, a result found through a questionnaire survey (Galasiu & 
Reinhart, 2008). The questionnaire was directed to professionals in the field of sustainable building 
and daylighting. Among the respondents, 28 were researchers and a majority of them reported that 
they used daylight uniformity as an indicator of the overall quality of their daylighting design. Only two 
other criteria were additionally listed as significant by the researchers; avoidance of glare and energy 
savings. 
 
Another recent study of residential settings in Hong Kong (Xue P. , Mak, Cheung, & Chao, 2015) 
investigated the effect of sun shadings and balconies on luminous comfort. The analyzed 
questionnaires indicated a positive effect on glare-related issues, but a negative effect on the 
illuminance uniformity. It was also noticed that the residences with a balcony tended to use internal 
shadings and electric lighting more, which was linked to dissatisfaction with privacy.  
 
The question of what metric to use in residential daylighting design was raised by Xue, Mak & Huang 
(2016) for typical Hong Kong residences. Statistical analysis of a questionnaire survey in combination 
with climate-based simulations was used as method. The study showed that the static metric 
uniformity is determinant of luminous comfort; low uniformity indicates lower luminous comfort. The 
dynamic metric average DA300 also showed a correlation with luminous comfort, with the conclusion 
that these two metrics could be a useful combination in daylighting design. 
 
2.2 Daylight and energy efficiency 
According to Veitch and Galasiu (2012), daylight is the most energy-efficient light source during 
daytime and the most energy-efficient way of providing the light exposure needed for health and well-
being. However, for it to be a sustainable and energy-efficient method of delivering light inside 
buildings, understanding how it affects other aspects is necessary. Daylighting, energy-efficiency and 
thermal comfort are three closely related aspects of sustainable building. Daylighting requires good 
planning with appropriately placed and sized windows, suitable orientation and wise choices of solar 
control. If these things are not carefully planned, there is a risk of negative effects on both energy 
efficiency and thermal comfort, as well as on the visual comfort of occupants. The mere presence of 
daylight will not guarantee energy efficiency, or visual comfort for that matter. As an example, if the 
solar shadings are used throughout the day due to failed planning of the daylighting (or the solar 
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shading control system), unnecessary energy is lost through windows that are not used, while electric 
lighting needs to be switched on.  
 
A well designed daylit building has potential for saving energy through daylight utilization, i.e. the 
replacement of electric light by daylight. For commercial buildings, the saving potential is in the range 
between 20-60% (VELUX, 2014). Residential buildings have not been studied to the same extent and 
there is less understanding and knowledge about the daily activities and preferences for light in 
dwellings (Veitch & Galasiu, 2012). Data from Denmark (2005) shows that electric lighting uses 15-17% 
of the total electricity use of residential buildings (Logadóttir et al, 2013). Just like in the Swedish 
energy regulations, this energy consumption is excluded from the Danish national energy 
requirements.  
 
Studying the saving potential in dwellings requires assumptions of a user profile for how the light is 
switched on and off, which in turn requires good understanding of how and when the occupants use 
their homes. A study from 2012 showed that the need for electric lighting was reduced between 16-
20% by introducing a skylight in a single-family house (VELUX, 2014). The results included eight 
different European locations and different orientations of the house. In line with these results, 
daylight utilization in a single family house located in Stockholm was found to reduce the need for 
electric lighting by 23-42% in a Swedish study performed by simulation (Du, Hellström, & Dubois, 
2014).  
 
In Sweden, the required level of energy efficiency in buildings in the current building code does not 
include the occupants’ use of electricity. For residential buildings, this means that electricity for 
lighting and other household equipment lies outside the energy regulations and does not affect the 
performance of the building. This has been criticized for not encouraging and rewarding sustainable 
behavior and for risking missing out on significant energy saving opportunities (Rogers & Tillberg, 
2015). According to a recent article (Lundgren, 2016), this also has consequences for the design of 
buildings, leading to core dependency and limited design choices without necessarily resulting in 
optimized energy efficiency. As pointed out by Lundgren (2016), the current Swedish building code 
(BBR) has made windows generally undesirable from (a limited) energy point of view. By excluding the 
occupants’ electricity use for lighting in the energy section, one very positive energy aspect of window 
glass is ignored, which is offering free daylight that could reduce the need for electric lighting. While 
the architect might want to optimize the size of the window glass to provide good daylighting 
according to section 6.3 (Light, within section 6: hygien, health and environment), the consultant 
responsible for the energy efficiency focuses on the regulations in section 9 (Energy management) and 
might want to minimize window sizes to limit solar heat gains and heat losses. The current building 
code has made daylighting and energy efficiency two conflicting aspects, where the energy aspect is 
more likely to be prioritized since there is a requirement on verification of energy efficiency but not on 
daylighting. 
 
2.3 Daylighting definitions and metrics 
The amount or level of daylight outside depends on the solar elevation and the sky conditions and 
varies according to location, season, time of day, and weather (VELUX, 2014). The building skin 
functions as a filter of daylight. The level of available daylight inside buildings depends on the 
orientation, building site characteristics, façade and roof characteristics, size and positioning of 
windows, window glazing properties, shading system, geometry and reflectance of interior surfaces 
(VELUX, 2014).  
 
There are three components of interior daylight (VELUX, 2014); direct sunlight, diffuse skylight and 
reflected light. Direct sunlight is very intense, directional and has constant movement. When the 
direct sunlight is scattered by the atmosphere and clouds, it creates the second component of daylight 
called diffuse skylight. This light is very soft and has a much lower intensity. Both direct light and 
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diffuse skylight are reflected by the ground and surrounding environment, which defines the third 
component of daylight i.e. reflected light.  
The amount of reflected light depends on the surface reflectance properties of the surroundings. 
Reflected light from the ground often contributes to 15% or more, of the total amount of daylight on 
the façade of a building and in high density areas, reflected light can even be the main supplier of 
daylight inside buildings (VELUX, 2014).  
 
Daylight is generally measured using the so-called daylight metrics. ‘A metric is some mathematical 
combination of (potentially disparate) measurements and/or dimensions and/or conditions 
represented on a continuous scale’. ‘A metric may not be directly measurable in the field’ 
(Mardaljevic, Heschong & Lee, 2009). 
 
Daylight metrics allow assessing either the quantity or quality of available daylight and/or visual 
comfort inside buildings, and some metrics address both aspects. Daylight metrics can be simplified 
methods of static conditions such as the daylight factor or more advanced dynamic methods called 
dynamic daylight metrics (DDM). DDM require advanced computer simulations (Rogers & Tillberg, 
2015), often referred to as Climate-Based Daylight Modelling (CBDM) (Mardaljevic, 2006). Qualitative 
metrics may be used to predict the probability of glare, for instance. One popular metric is the 
‘Daylight Glare Probability’ (DGP), which is more complex compared to quantifying metrics (Rogers & 
Tillberg, 2015).  
 
2.3.1 Daylight factor 
First proposed in the UK in the early 1900s (Love, 1994) and formalized into building standards over 50 
years ago, the Daylight Factor (DF) is simply the ratio of internal horizontal illuminance measured at 
workplane height to the simultaneously measured unobstructed horizontal illuminance under a 
standard CIE overcast sky conditions (Hopkinson, 1963, via Mardaljevic, Heschong & Lee, 2009). The 
daylight factor (DF) is presented as percentage and can be expressed with the following equation, as 
illustrated in Figure 2. 
 

DF =
E indoor

E outdoor
∙ 100 [%]    (1) 

 
 

 
 
Figure 2 Example of daylight factor calculation in a simple room. 
 
The concept of using an illuminance ratio to quantify the amount of daylight in buildings has at least 
been around since 1909 when Waldram published a measurement technique based on the approach 
(Waldram, 1909 via Reinhart, Mardaljevic, Rogers, 2006). The original motive for using ratios rather 
than absolute values was to avoid the difficulty of having to deal with ‘frequent and often severe 
fluctuations in the intensity of daylight’ (Reinhart, Mardaljevic, Rogers, 2006). 
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The DF remains the most widely used performance measure for daylighting and ‘for the majority of 
practitioners, the consideration of any quantitative measure of daylight begins and ends with daylight 
factor’ (Nabil & Mardaljevic, 2006). Over the past fifty years, this design practice has remained largely 
unchallenged with a few notable exceptions (Kendrick & Skinner, 1980, Tregenza, 1980, via Reinhart, 
Mardaljevic, Rogers, 2006).  
 
Love & Navvab (1994) mentioned some advantages of the daylight factor: 

 The DF allows expressing the efficiency of a room and its window(s) as a ‘lighting system’; 
 The DF describes the relationship between interior and exterior spaces by indicating the 

contrast between the two environments (lower DF values correspond to higher contrasts 
between interior and exterior environments). 

On a practical level, the DF has the advantage that predictions are intuitive and easy to communicate 
within a design team (Reinhart, Mardaljevic & Rogers, 2006). 
 
However, Love & Navvab (1994) and Nabil & Mardaljevic (2006), also claimed that the DF is clearly 
insufficient alone to evaluate lighting quality in a space due to its intrinsic limitations: 

 Light from the sun and non-overcast skies cannot be considered with the DF; 
 The DF does not allow assessing the impact of building or room orientation since the overcast 

sky is isotropic (same in all directions); 
 DF values are very variable even under overcast sky conditions due to variable sky distribution; 
 The effect of mixed lighting (natural and electric) cannot be quantified with the DF; 
 The non-horizontal light (from walls), which is critical for human perception, is not considered 

in the measurement of horizontal DF. Note that a measurement of the horizontal illuminance 
does not either allow a description of the non-horizontal light. 

 
Table 3 Average daylight factor (ADF) and interpretation. 
 

ADF  
(from side 
windows) 

Rooms without electric 
lighting 

Rooms with daytime electric 
lighting 

 
1% 

 
Gloomy appearance, harsh 
contrast with view out 

 
Electric lighting may mask 
daylight variations 

 
2% 

 
Areas distant from window 
may seem underlit 

 
Appearance of daylit room 
even if electric lighting is the 
main task illumination 

 
5% 

 
The rooms look brightly 
daylit. Visual and thermal 
discomfort may occur with 
large window areas 

 
Electric lighting rarely needed 

 
10% 

 
The character of a semi-
outdoor space, such as a 
conservatory. Visual and 
thermal conditions may be 
unsuitable for office-type 
tasks 
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The DF only really applies to a temperate climate with many cloudy situations, according to Loe 
(2009). But as expressed by Mardaljevic, Heschong & Lee (2009), ‘actual daylight illumination 
conditions deviate markedly from the overcast sky paradigm’. This is so even for Northern Europe 
where there is a commonly held belief that skies are ‘mostly’ overcast and so use of the DF as a basis 
for evaluation is justified. Mardaljevic (2006) even claimed that the DF persists as the dominant 
evaluation metric because of its simplicity rather than its capacity to describe reality. The DF is both 
climate- and orientation-independent. He claims that daylight is inherently climate-dependent and 
time-varying, the accepted evaluation method, called the DF, makes no account of this reality 
(Mardaljevic, 2006). 
 
Tregenza & Wilson (2011) proposed the following criteria (Table 3) for assessing light quality using 
average DF values (ADF), which are in line with previous research discussed in the last sections: 
 
Note that assuming an overcast sky of 10 000 lx, which is standard in Northern Europe: DF of 1% = 100 
lx; DF of 2% = 200 lx; DF of 5% = 500 lx. These levels therefore correspond quite well to the absolute 
illuminance levels and their interpretation presented in the previous section. This framework for 
analysis is consistent and thus used in the present study. 
 
2.3.2 Dynamic Daylight Metrics (DDM) 
At present, building regulations and certification systems are moving away from the DF model due to 
its intrinsic limitations. The DF metric is replaced with the so-called dynamic daylight metrics (DDM) 
such as the Daylight Autonomy (DA) and Useful Daylight Illuminance (UDI). These new metrics are a 
result of the development of Climate-Based Daylight Modelling (CBDM), which is the ‘prediction of 
various radiant or luminous quantities (e.g. irradiance, illuminance, radiance and luminance) using sun 
and sky conditions that are derived from standardized annual meteorological datasets’ (Mardaljevic, 
Heschong & Lee, 2009). CBDM thus allows a whole year simulation instead of looking at single sky 
situations. The most common DDM used in practice are defined below. 
 
Daylight Autonomy (DA)  
DA is ‘the percentage of the occupied hours of the year when the minimum illuminance threshold is 
met by daylight alone’ (Reinhart & Walkenhorst, 2001). The specific illuminance threshold is chosen 
based on the visual task and the required amount of daylight needed to perform the task. These 
values are usually obtained from standards, building regulations or some value to fulfill building 
certifications such as LEED and BREEAM. Daylight illumination levels are dynamic and time dependent, 
the influence of location and orientation strongly affect the daylight availability in the interior space. 
According to Mardaljevic (2006), in using DA method, climate file of a specific location is used to 
incorporate the global, diffuse and direct irradiance measurements that are used to obtain the 
luminance sky distribution, as well as to incorporate the global, diffuse and direct illuminance as 
hourly data. It is important to use the suitable climate file for each studied project. 
 
Spatial Daylight Autonomy (sDA) 
sDA is the percentage of the area that achieves 300 lux with daylight alone for normally at least half of 
the analysis hours (occupancy hours).  
 
Useful Daylight Illuminance (UDI) 
UDI is the percentage of the occupied hours of the year when illuminance lies within one of the three 
illumination ranges: 0-100 lx, 100-2000 lx, and over 2000 lx (Nabil & Mardaljevic, 2005). It provides 
information not only on useful daylight levels, but also on excessive levels that could be the cause of 
glare or unwanted solar gains. 
Annual Sunlight Exposure (ASE) 
ASE is the number of hours per year at a given point where direct sun is incident on the surface. 
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2.4 Building regulations and certifications for daylighting in Sweden 
Daylight in buildings is mainly regulated in the building regulations (BBR) by the National Board of 
Housing, Building and Planning, ‘Boverket’. BBR includes both mandatory provisions (‘föreskrifter’) and 
general recommendations (‘allmänna råd’). The general recommendations state how the binding 
mandatory provision can or should be fulfilled, by presenting a method for showing that the 
requirement is met. This is however just a recommendation and other methods can be used, provided 
that it can be demonstrated that the binding regulation (mandatory provision) is still met (Boverket, 
2016).  
 
2.4.1 The Swedish building code, BBR 
The requirements regarding daylight in BBR include three aspects; daylight (Boverkets 
författningssamling, 2016), sunlight (Boverkets författningssamling, 2014) and a view out (Boverkets 
författningssamling, 2016). The daylight criteria, is expressed as a recommendation, which can be met 
if a point daylight factor (DFp) of 1% is measured, calculated or measured, at a single point located 
one meter from the darkest wall, halfway in the room.  
 
The binding regulation regarding daylighting, for any room used more than occasionally, is that the 
design and orientation of the room should offer good access to direct daylight. This mandatory 
provision is followed by a general recommendation, suggesting a simplified method of window-to-
floor area ratio of 10% for showing that the regulation is met. The method is standardized according 
to SS 91 42 01, where certain conditions for when the method is valid are specified. These conditions 
regard the size of the room, window glazing, geometry and positioning and sky exposure angle, which 
are greatly limited. Following this method, it is suggested to demonstrate a DFp > 1% if the conditions 
for using the simplified method are not fulfilled, an alternative method is recommended. The 
alternative method is described in a separate document, ‘Räkna med dagsljus’ (Löfberg, 1987), where 
the DFp is calculated using formulas in three steps (to calculate the three parts SC, ERC and IRC).  
 
A general recommendation is also presented for providing a view out, with a minimum of one window 
in any room used more than occasionally. The window should be positioned in a way that makes it 
possible to follow the course of the day and seasonal changes and skylights are not considered 
suitable to fulfill this requirement. Access to direct sunlight is regulated by a mandatory provision, 
saying that at least one room, where people spend longer periods of time, should have access to 
direct sunlight.  
 
2.4.2 Daylight in environmental certification systems 
The use of environmental certification systems has greatly increased over the past years, with 
Miljöbyggnad, BREEAM-SE and LEED being regularly used on the Swedish market (SGBC, 2016). These 
systems all include daylight as an environmental indicator, but compulsory requirements for 
daylighting are only found in the Swedish system Miljöbyggnad. In the Swedish building sector, all 
three environmental certification systems Miljöbyggnad, LEED and BREEAM are used and they are 
managed by the Swedish organization for sustainable building, ‘Sweden Green Building Council’ 
(SGBC, 2016).  
 
2.4.2.1 Miljöbyggnad 
The most spread environmental certification system in Sweden is Miljöbyggnad (SGBC, 2016; 
Miljöbyggnad, 2016). Miljöbyggnad, originally called ‘Miljöklassad byggnad’ stems from a government 
financed initiative called ‘Bygga-Bo-Dialogen’ and was developed in cooperation between scientists 
and 27 companies (Johansson & Hedin, 2011). When Bygga-Bo-Dialogen ended in 2009-2010, a non-
profit organization took over the responsibility for the system (Johansson & Hedin, 2011). The name 
was changed to ‘Miljöbyggnad’ in 2011 when SGBC took over the responsibility for developing and 
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administrating the system (Komin, 2016). Around 870 Swedish buildings had been certified according 
to Miljöbyggnad by the end of 2016, with SILVER as the most popular certification level (SGBC, 2016). 
 
Miljöbyggnad has three certification levels (SGBC, 2016); BRONZE, SILVER and GOLD. Daylight is one of 
the aspects included in indoor environment and to achieve the different levels of certification, a point 
daylight factor (according to the standard SS 91 42 01) in each room needs to meet the requirements 
presented in Table 4 (SGBC, 2016): 
 
Table 4 Environmental certification levels and their requirements on the daylight factor. 
 

Building standard 

BBR Minimum Point DF* 

  ≥1,00% 

Building certifications 

Miljöbyggnad Point DF* 

  Bronze Level Silver Level Gold Level 

  ≥ 1,00% ≥ 1,20% ≥ 1,20%* 

BREEAM Sweden For latitude of 55° to 60° 

 
Average DF** 

 
First credit  Exemplary level 

 

All buildings Single-storey buildings 
Multi-storey 

buildings 

 
2,10% 4,20% 3,15% 

 
Uniformity Ratio 

 
0,4 

 
Minimum Point DF 

 
First credit  Exemplary level 

 
All buildings Single-storey buildings 

Multi-storey 
buildings 

  0,84% 1,68% 1,26% 

BREEAM International For latitude of 55° to 60° 

 
Average DF** 

Kitchen 2,10% *** 

Living areas 1,60% *** 

 
Uniformity Ratio 

 
0,3 

 

Average 
daylight 

illuminance  

Minimum daylight 
illuminance at worst lit 

point 
Occupancy time 

Kitchen 100 lux 30 lux 3450 hours per year 

Living areas 100 lux  30 lux 3450 hours per year 

   
The same principle and point of measurement is used in Miljöbyggnad as in BBR. This system is 
presently under revision and lower values have been proposed but a recent research project indicated 
that lower values would not solve the current compliance bottleneck (Dubois et al, 2017). In LEED and 
BREEAM, the requirement is based on an average daylight factor (ADF) for a percentage of the space.  
 
One significant difference between Miljöbyggnad and the two international systems BREEAM and 
LEED is the fact that Miljöbyggnad has daylight as a compulsory requirement for certification, while it 
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is an optional credit in BREEAM and LEED. This means that a building can be certified according to 
BREEAM or LEED without fulfilling the daylight requirements. The systems also have different 
requirements on daylight, which are briefly discussed in the following section.  
 
In Miljöbyggnad, the first level of certification, BRONZE, corresponds to the regulations in BBR. If the 
BBR requirements are met, the building obtains automatically the BRONZE level points for daylighting 
only. The BRONZE level is marketed as a guarantee of the building actually fulfilling the authorities’ 
minimum requirements (SGBC, 2016). Apart from DF, the system has requirements for the view out, 
the glazing in relation to floor area and for the last level of certification also a passed questionnaire 
result from the tenants, where at least 80% find the quality of daylighting acceptable or better (SGBC, 
2016). 
 
2.4.2.2 BREEAM 
BREEAM (BRE Environmental Assessment Method) is a certification system from the United Kingdom, 
developed and administrated by BRE (Building Research Establishment). It has been on the market in 
different versions since 1990 and is the most spread international environmental certification system 
in Europe. SGBC has adapted BREEAM to Swedish conditions and since 2013, it is the version called 
BREEAM-SE that is used in Sweden. The system covers significantly more aspects than Miljöbyggnad 
(SGBC, 2016). The registered number of Swedish BREEAM-certified buildings in 2016 was nearly 400 
(BRE, 2016).  
 
When it comes to daylighting, BREEAM-SE has two options for fulfilling the requirement. One is by 
using a climate-based dynamic indicator, with a minimum average illuminance level of 200 lux during 
2650 hours of the year. The other alternative is by achieving a minimum average daylight factor of 2.1-
4.4% depending on certification level, number of floors, type of building and latitude (SGBC, 2016). In 
addition to this, there are requirements regarding either uniformity or a minimum DF, with an 
alternative possibility to fulfill specific requirements for room depth and a view out (SGBC, 2016). The 
BREEAM criteria utilized to evaluate different fenestration solutions are shown in Table 3.  
 
2.4.2.3 LEED 
The LEEDTM Green Building Rating System was developed in the USA by the non-profit organization 
called U.S. Green Building Council (LEED, 2016). This system, which has been on the market in 
different versions since 1999, is the most spread internationally and covers more aspects than any 
other environmental certification system (SGBC, 2016).  The number of Swedish LEED-certified 
buildings was close to 200 by the end of 2016, with an additional 80 in the registration process 
(USGBC, 2016). 
 
Fulfilling daylight requirements is one way of collecting certification credits in LEED, but the daylight 
credit is not compulsory. The requirements for daylighting have varied significantly between different 
versions of LEED (Rogers & Tillberg, 2015). In the latest version 4.0, Spatial Daylight Autonomy (sDA) 
(IESNA, 2012) and Annual Sunlight Exposure (ASE) are used (USGBC, 2016), which are DDM. Two other 
options are available, one by simulating illuminance levels, meeting a specific range for a certain 
amount of hours on two specified calendar days, and the other by physical measurements of the 
illuminance level, also for a specific amount of hours on two different occasions (USGBC, 2016).  
 
2.4.3 Energy requirements in BBR, FEBY and MiljöByggnad Gold 
The Swedish National Board of Housing, Building and Planning (Boverket) is also responsible for the 
requirements regarding the energy performance of Swedish buildings. Boverket publishes the Swedish 
building code, Boverkets’ Building Regulations (BBR) that sets the mandatory standards for new 
constructions and renovations. The BBR version used in this research was BBR22 (Regelsamling för 
byggande, 2015). In addition, voluntary criteria for zero-energy houses, passive houses and low-
energy houses were developed by a group of experts appointed by the Forum for Energy Efficient 
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Buildings (FEBY). At the time of carrying this research, the criteria version was called FEBY12, which is 
divided into separate documents for residential and commercial buildings (FEBY12, 2012). Both BBR22 
and FEBY12 criteria are expressed in terms of specific energy use. Table 5 shows the requirements on 
specific energy use for the corresponding climatic zone of Malmö. 
 
Table 5 BBR22 and FEBY12 requirements for the apartment specific energy use. 

  
BBR22 
(2015) 

FEBY12 
(2012) 

Maximum specific 
energy use / (kWh/(m²·year)) 

65 45 

 
The operative temperature is often used to assess indoor thermal comfort, as it combines the room 
air temperature with the radiant temperatures of the room surfaces. So far, there is no requirement 
that dictates an acceptable amount of overheating time for residential spaces. Nevertheless, studies 
have shown that occupants prefer specific operative temperature levels, depending on their activity 
and clothing level, as well as the outdoor ambient air temperature (ISO7730, 2015). For Swedish 
workplaces, there is a requirement for different temperature classes, proposed by the 
‘Beställargruppen Lokaler’ (BELOK) project method (BELOK, 2008). According to FEBY, the resulting 
operative temperatures should fulfill any of the BELOK classes TB= 24 °C, 25 °C, 26 °C. The value of the 
selected class should not be exceeded for more than 80 hours between April and September. This 
research follows this method in that it sorts results according to BELOK classes, but no specific 
requirements are set for the operative temperature of the apartment.  
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3. Method 
 
This section describes the method used in the three parts of this research i.e. measurements, 
simulations and subjective evaluations. Some details are left out voluntarily to reduce the size of the 
report. For further details, the original theses work should be consulted (Angeraini, 2017; Bournas & 
Haav, 2016; Levin, 2017). 
 
3.1 Context: Greenhouse in the eco-city Augustenborg 
The studied object is Greenhouse, a residential building located in a part of Malmö called Ekostaden 

Augustenborg (Latitude 55N, longitude 13E). A view of Ekostaden, with Greenhouse in the middle, is 
presented in Figure 3 and Figure 4.  
 

 
 
Figure 3 Site conditions shown from Google Earth, source: Google Map Data (2016) 
 

 
 
Figure 4 View of Greenhouse in its context, source MKB Fastigheter (2016). 
 
Greenhouse is owned by MKB, the largest housing company in Malmö (MKB Fastigheter AB, 2016), 
and is part of their work on developing new sustainable building concepts. The building was developed 
with the idea to offer sustainable lifestyle choices, including urban gardening and bicycle 
transportation. The building has been environmentally certified according to both Miljöbyggnad Gold 
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and the FEBY12 passive house standard. Miljöbyggnad Gold includes specific requirements for 
daylighting while the passive house standard FEBY12 requires an energy efficient building.  
 
Greenhouse, designed by Jaenecke Arkitekter was finished in 2016 and consists of both a fourteen-
story building referred to as ‘Höghuset’ (high house) in this report, and a lower building called 
‘Låghuset’ (low house), which can both be seen in Figure 5. An underground garage and old laundry 
building create a connecting garden space between the two parts. 
 

 
 
Figure 5 Street view (rendered) of Greenhouse showing the lower part of Höghuset, the connecting 
laundry building and Låghuset, source MKB Fastigheter. 
 
Höghuset includes a total of 32 apartments, most of them with two rooms and kitchen and some with 
three rooms and kitchen. These apartments are called ‘odlingslägenheter’ (apartments for gardening), 
since they include a 20 m2 balcony for cultivation. The large balconies are divided in two parts, one 
glazed and one open. Both parts are surrounded by 40 cm wide planting beds and a specific workshop 
for planting and storing the necessary equipment is located in direct contact with both balcony and 
elevator.  
 
Each floor consists of three apartments, typically distributed according to Figure 6, and oriented in 
three directions, i.e. south (S), east (E) or west (W). The larger three-room apartments have balconies 
oriented to the south. A typical layout of a West-oriented apartment is presented in figure 6.  Note 
that the two lower floors of Höghuset are slightly different as they house student apartments. 
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Figure 6 Typical floor of Höghuset showing the three apartments oriented to the west (W), east (E), 
and south (S). 
 

 
Figure 7 Typical layout of a West-oriented apartment (Höghuset). 
 
Låghuset includes a total of 12 apartments, some with four rooms and kitchen and the others with five 
rooms and kitchen. The apartments are accessed through exterior corridors on the northwest side of 
the building and the glazed surfaces are typically oriented to northwest and southeast. An example of 
one upper and lower floor of Låghuset is presented in Figure 8 and an example of the layout of one 
apartment is shown in figure 8.  
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Figure 8 Floor plans of the upper six maisonette apartments of Låghuset. The highlighted apartment is 
presented in detail in figure 9. 

 
Figure 9 Example of the layout of an apartment of Låghuset. The rooms that were included in the 
questionnaire are marked on each plan. 
 
3.1.1 Sunspace as a cultivation area 
Greenhouse implements a combination of 20 m2 fully glazed (sunspace) and unglazed balcony with 
cultivation area in each apartment units. The sunspace and balcony in Greenhouse provide the 
possibility for the tenants to grow their own food, a practice commonly called urban gardening. Urban 
gardening is rapidly increasing in popularity in cities around the world, since it provides not only food 
but also many other benefits, such as additional greenery to the cities, increasing shading to the 
adjacent space and improving the biodiversity in the local surroundings (Howard, 2016). More 
information on sunspace design and examples can be found in Angeraini (2017). 
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Figure 10 Photograph of the sunspace of Höghuset. 
 
3.2 Measurements 
Physical daylight measurements were performed in five apartments of Höghuset during the end of 
September and beginning of October 2016. The purpose of the measurements was to evaluate the 
reliability of the computer simulations. The measurements were performed in collaboration with 
students and staffs involved in the research project and were spread over a number of weeks due to 
the necessity to measure under typical overcast sky conditions in combination with the apartment 
being available.  
 
3.2.1 Selected apartments and time for measurements 
The measurements could only be carried out in Höghuset for practical reasons and only after the start 
of occupation i.e. around September 2016. The apartments were chosen to represent different 
orientations and floors of Höghuset, as presented in Table 6. All measurements were performed 
within one month of the autumn equinox and around lunch time as suggested in a recent monitoring 
protocol (Dubois & Gentile, 2015). Due to easier access to the west apartment on the 11th floor, this 
apartment was assessed instead of the west apartment on the 12th floor, where the tenant was more 
difficult to reach. Since simulations have shown that from 4th floor up, the floor level does not 
significantly influence results, results from 11th floor can replace results from the 12th floor. The South 
apartment was added at the last minute in the measurements as tenants were moving out and the 
apartment was empty for a short period of time, which made it easier to access the apartment and 
measure its daylighting conditions.  
 
Table 6 Five apartments that were assessed by measurements, including date and time. 
 
Apartment no. 

 
Orientation 

 
Floor 

 
Date of meas. 

 
Time  

 
Comments 

 
4E 

 
East 

 
4 

 
2016-09-28 

 
11-13 

 

4W West 4 2016-09-29 11-12  
12E East 12 2016-10-07 11-12  
11W West 11 2016-09-29 13-14 Replaces 12W 
11S South 11 2016-10-06 11-13 

 
Additional 
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The aim of the measurements was to compare the measured DF values with the simulated ones. 
Three types of measurements were performed i.e. daylight factors according to a grid, point daylight 
factors (DFp) according to the Miljöbyggnad definition, and the surface reflectance of walls and floors.  
 
3.2.2 Instrumentation 
The interior and exterior illuminance was measured simultaneously under overcast sky conditions 
using a Hagner EC-1 and E4-X illuminance meters respectively. The Hagner Digital Luxmeter, model 
EC1, is a small, handy and extremely user friendly instrument for accurate measurement of 
illuminance over a range of 0.1-200,000 lux. The light detector is made of Sillicon photodiode Vλ-
filtered and cosine corrected, see Figure 11. The accuracy is higher than ±3% (±1 in last digit) 
according to the manufacturer’s brochure (Hagner, 2016). 
 

  
Figure 11 Spectral sensitivity (left) and cosine correction (right) of the Hagner luxmeter, which closely 
relates to the visibility curve of the CIE standard observer and compensates for measuring errors 
owing to oblique incident light, source Hagner website www.hagner.se.  
 
The E4-X Hagner Digital Luxmeter is a precision instrument for measuring illuminance covering a range 
of 0.01-200,000 lux. The detector, connected to the instrument by a 2 m flexible cable, is also fully 
cosine corrected for the spectral sensitivity of the human eye in accordance with the CIE standard, see 
Figure 11. The light sensitive device used in the detector is a very stable, long-life silicon photo diode 
which performs to a high reliability and minimizes the necessity of recalibration. The instrument has 
built-in temperature compensation. The detector is a Vλ-filtered and cosine corrected silicon photo 
diode with a measuring range of 0.01-199,900 lux, suitable for outdoor conditions. The accuracy is 
higher than ±3% (±1 in the last digit on the display). The temperature range is -5° - +55°C. 
 
Both instruments were calibrated prior to the measurements against ‘Standard light A’ by the 
company Hagner in Stockholm. The reference used was MTt6P03331-K01, traceable to SP Technical 
Research Institute of Sweden and secondary reference 52132. The calibration accuracy was ±3%. As 
the light sensitive silicon diodes are extremely stable over long periods of time, recalibration every two 
or three years should be sufficient under conditions of  use of the instrument.. The measurement on 
various luminance levels has shown that the instrument had linear readout within given limits.  
 
3.2.3 Measurement procedure  
The exterior illuminance was measured from the roof of Höghuset, to avoid influence from obstructing 
buildings. The daylight factor was determined by measuring the interior and exterior horizontal 
illuminance simultaneously under overcast sky conditions. The interior illuminance was measured 
without obstructing the illuminance meter and with all electric lighting switched off, horizontally at 0,8 
m from the floor along lines perpendicular to the facade as suggested in a recent monitoring protocol 
(Dubois & Gentile, 2015). One line of measurement was taken starting from the middle of each glazed 
portion on the facade and one line for each opaque portion in order to have a balance of bright and 
dark points. The illuminance was measured at a distance of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 meters 
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from the façade with more points in the vicinity of the building envelope, where daylight varies more 
and less points at the back of the room, where light conditions are more stable, see Figure 12. The 
exterior illuminance was recorded on the roof of the building, where adjacent shadowing was 
minimal.  Additionally, the points of measurements as identified in MiljöByggnad were also marked in 
each apartment and recorded. 
 

 
Figure 12 Points of indoor measurements for a west facing apartment. 
 
The whole measurement process lasted approximately 2,5 hours per apartment, where the first hour 
was used for marking the measurement points on the floor, adjusting the illuminance meter 
horizontally on a tripod and the following hour was used for the recording of the illuminance, point by 
point. This process required at least 2-3 persons, where 1-2 person were taking the indoor illuminance 
and one person was recording the exterior global illuminance from the roof of the building. The 
research staff contacted each other by mobile phone and clearly stated the moment when they took 
each point by stating e.g. ‘point 1, now’. The measurements were collected as fast as possible i.e. 
within the same hour in order to avoid changing weather conditions. Following this process, the 
research team gathered inside the apartment to collect measuring instruments and marks as well as 
take pictures of each room of each apartment. They returned to the office where the data was 
immediately entered on an Excel sheet for further analysis. All the information was ordered under an 
electronic filing system. 
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3.3 Simulations 
The simulations were extensive and cannot possibility be comprehensively described here with a 
sufficient level of details. The reader should consult the original theses for any detailed questions 
concerning the simulations (Angeraini, 2016; Bournas & Haav, 2017). The simulation work was divided 
in two parts, where one part concerned the effect of sunspace and balcony on daylighting in the 
adjacent living spaces and the second part focused on the effect of fenestration size and position on 
daylighting, energy use, and overheating. The overall simulation process is illustrated in Figure 13. 
Note that the impact of sunspace was only studied in terms of its effect on daylighting due to time 
limitations and difficulty in accessing a computer simulation tool that would correctly address the 
building physics problem involved. 
 

 
Figure 13 Diagram explaining the overall simulation sequence. 
 

3.3.1 Geometric model 
In all simulation tasks, the existing apartment buildings surrounding Greenhouse were included in the 
computer model used for the simulations as shown in Figure 14. Based on the location, the climate file 
of Copenhagen, Denmark, was used throughout the study as this was the closest location in the 
weather data files available at the time of performing this research. This climate file was downloaded 
from the DOE weather database. 

 
Figure 14 Modelled apartment tower and its context. 
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3.3.2 Simulation programs used 
Advanced daylight and energy simulation tools were used to perform the base case simulation, 
parametric studies as well as optimization studies of Greenhouse. The following paragraphs briefly 
describe the main simulation tools used in this research. 
 
Rhinoceros 
A model of the building was first built in the Rhinoceros 5.0 environment. Rhinoceros, which is often 
abbreviated as Rhino, is a 3D modelling tool capable of creating, editing, analyzing, documenting and 
animating complex geometries. Rhino provides unlimited free-form modelling tool which can translate 
NURBS curves, surfaces, solids, point clouds and polygon meshes (McNeel & Associates, 2016). Rhino 
can be coupled with an algorithmic modelling tool named Grasshopper. 
 
Grasshopper 
Grasshopper is a graphical algorithm editor developed by David Rutten (Grasshopper, 2016). The 
model in Rhino is generated firstly by dragging components into Grasshopper canvas and connecting 
them with other components or some input data. Grasshopper is open-source and it can be used for 
various kinds of modeling, analyzing and simulating if connected to various plugins. Grasshopper 
provides the flexibility of changing the model inputs into a multi-parametric study. In this study, two 
plugins called Ladybug and Honeybee were used to perform the daylight simulations for the base case 
as well as parametric studies.  
 
Honeybee 
Honeybee connects the visual programming environment of Grasshopper to four validated simulation 
engines (EnergyPlus, Radiance, DAYSIM and OpenStudio). With these simulation engines, Honeybee is 
capable of evaluating building energy consumption, comfort and daylighting simultaneously and 
synergetically (Roudsari & Pak, 2013).  
 
Ladybug  
Ladybug (Roudsari & Pak, 2013) imports standard EnergyPlus weather files (.epw) into Grasshopper 
and provides a variety of 3D graphics to support the environmental analysis during the initial stages of 
design. Ladybug and Honeybee make parametric modeling possible based on validated environmental 
data sets and simulation engines.  
 
Octopus 
Octopus is a multi-objective optimization problem solving tool which uses evolutionary principles in 
parametric design. Octopus allows multiple objectives at once, generating a range of optimized trade-
offs between the extreme of each objective using the Strenght Pareto Evolutionary Algorithm (SPEA2) 
(Vierlinger, Zimmel, & Grohmann, 2016). It allows the search for many goals at once, producing a 
range of optimized trade-off solutions between the extremes of each goal (Vierlinger, Zimmel, & 
Grohmann, 2016). Optimum solutions are shown in a two-to-six-dimensional solution-viewport that 
can be navigated by the user. Within the solutions, the user can specify particular solutions to densify 
the further optimization around the selection. The history of the optimization runs can be recorded, 
saved and loaded again. In this study, Octopus was used as the optimization tool to find the optimum 
solution between two objectives which were the daylight and energy performances in different 
studied apartments.  
 
Radiance 
Radiance is the core illumination program used behind all the daylight calculations. It is a backward ray 
tracing program that calculates light levels in a simulated daylit space at specific points taking into 
consideration space geometry, glazing properties, luminaire specifications, and time, date and sky 
conditions. The program simulates lights based on physical laws of illumination. The calculated output 
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includes 3-channel (RGB) radiance, irradiance and glare indices that may be displayed as color images, 
numerical values and contour plots (Fritz & McNeil, 2016). 
 
Radiance uses backward ray-tracing method to solve the rendering equation under most conditions, 
which includes specular, diffuse and directional diffuse reflection and transmission in any combination 
to any level and in any environment. The tool combines deterministic and stochastic ray-tracing 
techniques to achieve the best balance between speed and accuracy in the calculation methods.  
 
Radiance is one of the most advanced daylighting and lighting simulation tools available today and it 
has been validated by scientific studies (Mardaljevic, 1999; Aizlewood et al., 1998; Ubbelohde & 
Humann, 1998; Jarvis & Donn, 1997, etc.). More information about the program can be found in Ward 
Larson & Shakespeare (1998). 
 
DIVA for Rhino 
The plug-in DIVA for Rhino (Solemma LLC, 2016) uses the Daysim algorithm, developed by Reinhart 
(2016) in collaboration with the Fraunhofer Institute for Solar Energy Systems (ISE) and National 
Research Council (NRC) Canada.  
 
DAYSIM 
DAYSIM is a validated, Radiance-based daylighting simulation tool that models the annual amount of 
daylight in and around buildings based on the daylight coefficient approach and Perez sky models 
(Reinhart, 2016). By using DAYSIM, users can model dynamic facades systems, specify complex electric 
lighting systems and controls including manual switches, occupancy sensors and photocell controlled 
dimming systems. DAYSIM provides simulation outputs ranging from climate-based daylighting metrics 
and electric lighting energy use. DAYSIM produces hourly schedule for occupancy, electric lighting 
loads and shading devices which can be further coupled with thermal simulation engines, such as 
EnergyPlus (Reinhart, 2016). In this study, electric lighting loads generated from DAYSIM were used to 
analyze the electrical lighting consumption in all the studied rooms. 
 
EnergyPlus 
EnergyPlus is an open source whole building energy simulation software which models energy 
consumption for heating, cooling, ventilation, lighting, plug and process loads, as well as water use in 
buildings. EnergyPlus provides integrated solutions of thermal zone conditions and HVAC system, heat 
balance-based solution, user-defined time steps, combined heat and mass transfer, advanced 
fenestration models, illuminance and glare calculations, as well as HVAC and lighting control strategies 
(US Department of Energy, 2015, 2016). EnergyPlus was used via Honeybee to perform the energy 
simulation in this study. EnergyPlus is used as a simulation engine for different dynamic thermal 
modelling (DTM) tools, and has been fully validated (Chantrasrisalai, et al., 2003; Tabares-Velasco, et 
al., 2012; Pereira, et al., 2014). 
 
3.3.2.1 Simulation input and settings 
For the daylighting simulations, the surface properties of the studied apartments were determined 

based on the actual building finishes of the Greenhouse project, as described in  

The building’s occupancy schedules were determined by Bournas & Haav (2017), who developed a 

daily occupancy schedule where each apartment was assumed to be occupied by two people working 

during weekdays. The daily occupancy of the rooms in each apartment is presented as a fraction from 

0 to 1 in Table 9, where 0 indicates an unoccupied space and 1 indicates that the space is fully 

occupied.  
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Table 7.  
 
The building’s occupancy schedules were determined by Bournas & Haav (2017), who developed a 
daily occupancy schedule where each apartment was assumed to be occupied by two people working 
during weekdays. The daily occupancy of the rooms in each apartment is presented as a fraction from 
0 to 1 in Table 9, where 0 indicates an unoccupied space and 1 indicates that the space is fully 
occupied.  
 
 

Table 7 Surface properties. 

Building Component 
Material 

Type 

Light 
Reflectance 

Value (%) 

Light 
Transmittance 

Value (%) 

Light 
Transmissivity 

Value (%) 

Interior wall Opaque 70 - - 
Interior ceiling Opaque 80 - - 
Interior floor Opaque 30 - - 
Glazing, triple-pane Glass - 59 64 
Balcony wall Opaque 70 - - 
Balcony floor Opaque 20 - - 
Balcony ceiling Opaque 20 - - 
Balcony glazing, single 
pane 

Glass - 90 98 

Ground reflectance Opaque 20 - - 
Surrounding building Glass 30 - - 

  
The simulation settings were also determined according to values presented in Table 8.  
 
Table 8 Daylight simulation settings. 

Parameter Input 

Climate file Copenhagen, Denmark 

Static daylight simulation 

Type of sky CIE Overcast sky 

Dynamic daylight simulation 

Illuminance 
threshold 

150 lux 

Occupancy 
schedule 

See Table 4. 

Electrical lighting 
load 

3 W/m2 

Radiance settings 

-ab 6 
-ad 2048 
-as 2048 
-ar 64 
-aa 0,2 

Grid settings 

Simulation grids 0,5 m x 0,5 m 
Point DF 1,00 m away from the darkest wall, 0,80 m above the floor, halfway from the 

exterior envelope 
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Table 9 Fractional occupancy schedule per zone. 



 
3.3.3 Impact of sunspace 
The first part of the simulations, described in detail in Angeraini (2017), concerned the impact of the 
sunspace on the daylight performance of adjacent living spaces. A secondary goal of these simulations 
was to analyze the effect of balcony design and characteristics on daylighting with the expectation to 
develop innovative solutions for balcony and sunspace design. The following sections describe the 
simulation workflow, base case, and parametric variations studied. 
 
3.3.3.1 Simulation workflow 
The simulation workflow used in this part of the simulations is presented in Figure 15.  
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Figure 15 Simulation workflow used for the simulations related to sunspace design and optimization. 
 
3.3.3.2 Base case 
Since all apartments from the fourth floor up were identical, it was not judged necessary to model all 
apartments but rather to focus on the extremes. The initial simulation study thus focused on the east 
and west facing apartments on the fourth and twelfth floor of Höghuset in order to verify the effect of 
orientation and floor level on the daylight performance of the living spaces adjacent to the sunspaces. 
The studied apartments are further shown in Figure 16, where the position of each apartment is 
marked based on the elevation and orientation. 
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Figure 16 Selected apartments for the sunspace study. 
 
Besides the orientation and floor level, the main focus of this part of the simulations was on the living 
spaces of each apartment which include a living room, a kitchen and an adjacent workshop. Other 
rooms such as bedrooms, bathrooms, hallways were not studied in this part of the simulations. For 
both orientations, a 20 m2 balcony with 11 m2 cultivation area was attached to the living space. The 
balcony is divided into two climate zones, half of the balcony is glazed and the rest is left open. The 
sunspace in this study thus refers to the glazed balcony area, whereas the unglazed area is referred to 
as balcony. The studied apartments’ geometry was simplified, see Figure 12. The east and west 
apartments’ internal floor and glazing ratios (GWR) are further described in Table 10. 
 
Table 10 Studied apartment's area and sunspace GWR 

Rooms 
Area (m2) 

West Apartment East Apartment 

Living room 31,5 31,5 
Kitchen 3,7 3,7 
Workshop 5,7 5,0 

Sunspace glazing to wall ratio 

All sunspace walls 56% 56% 
Sunspace-balcony divider wall 88% 88% 
 
In the first phase of the study, the studied apartment was modelled as similar as possible to the built 
apartment in order to obtain the most realistic results, especially for the daylight conditions in the 
adjacent living spaces.  
 
To simplify the model for the daylight simulations, each of the apartment model was simplified to only 
the studied spaces, such as the living room, kitchen and workshop along with the sunspace and 
balcony. Three steps of simplifications were achieved by firstly removing the sunspace and balcony, 
then the sunspace and balcony were attached to the apartment and at last the sunspace and balcony 
were simplified to simple rectangular boxes to be further studied and analyzed in the parametric study 
phase. Figure 17 presents the daylight model for the west apartment. The simplifications on the east 
apartment used the same principle. 
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Figure 17 Simplified daylight model for the west apartment. 
 
The apartment that does not have sunspace and balcony is called no sunspace and balcony model, the 
apartment with sunspace and balcony is called real case model and the iteration model with sunspace 
is called simplified model throughout this report. 
 
The apartment had three different zones (living room, kitchen and workshop) with different 
occupancy schedules and electrical lighting loads that were determined by the space area and the 
lighting plan. These three zones were assumed to have the same illuminance threshold value of 150 
lux. 
 
3.3.3.3 Parametric study  
A series of parametric studies was conducted in order to find out if a design solution would be better 
than another one in terms of how daylighting in adjacent spaces is affected by the presence of 
sunspace and balcony. The parametric study diagram is presented in Figure 18. 
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Figure 18 Diagram explaining the parametric study. 
 
As shown in Figure 18, the parametric study took into account three independent variables, namely, 
the sunspace and balcony geometry, the glazing-to-wall-ratio (GWR) and the light reflectance values 
(LRV) of the sunspace and balcony floor and ceiling, see Angeraini (2017) for further details. All of the 
variations were combined into 96 different cases for each apartment which were simulated 
individually. The dependent variables were the average daylight factor (DF), average daylight 
autonomy (DA), point DF (DFp), daylight uniformity (Uo) and electrical lighting use. The best 
performing solutions based on the daylight conditions were identified as optimum design solutions for 
each apartment. 
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3.3.4 Impact of fenestration 
The second part of the simulations concerned the optimization of windows and façade design with 
respect to daylighting and energy use, independently of balcony design. The main aim of this part was 
to assess the trade-offs between heating and daylighting due to different fenestration choices. In 
order to achieve this, climate-based daylight modelling (CBDM) and dynamic thermal modelling (DTM) 
tools were combined into a single simulation set-up. Achieving both objectives (daylighting and low 
energy demand) simultaneously requires a large amount of iterations between different fenestration 
solutions. The use of an optimization algorithm as a form-generative tool was thus necessary to 
reduce simulation time and design iterations by making proper simplifications without compromising 
the validity of results. The following sections describe the daylight and energy models of this part of 
the simulations. Further details about the method can be found in Bournas & Haav (2016). 
 
3.3.4.1 Studied apartments 
This part of the simulations focused on east and west facing apartments located on the 12th floor of 
Höghuset. The two apartments had an equal area of 68 m² each and almost identical plan layouts, 
which were simply simplified as mirror plans, see Bournas & Haav (2016). 
 
3.3.4.2 Daylight dependent variables 
This section provides further information about the daylight dependent variables used in this section 
of the report. Light Dependency was used as an objective during the bi-objective optimization 
between daylight and heating.  
 
Daylight Autonomy (DA) 
For this part of the simulations, the average daylight autonomy was calculated for a threshold of 150 
lx (DA150lx) for the Living Room zone and a threshold of 50 lx (DA50lx) for the Bedroom zone based 
on values proposed in a document by IESNA (2011). The DA schedule was identical to the occupancy 
schedule described previously, only not including the sleeping hours for the Bedroom zone. 
 
Useful Daylight Illuminance (UDI) 
Defined in section 2.3.2 Dynamic Daylight Metrics (DDM). 
 
Light Dependency (LD) 
LD is the inverse of DA and is equal to (100 % - DA). It represents the percentage of the occupied 
hours of the year when electrical light sources are required to maintain a minimum illuminance 
threshold when it cannot be met by daylight alone. This metric is used in the genetic algorithm, since 
the algorithms’ architecture is programmed to converge towards solutions with minimum objective 
values. In other words, the genetic algorithm tries to minimize the objective under question, in this 
case LD. In short, the genetic algorithm is working on increasing the Daylight Autonomy by minimizing 
Light Dependency. 
 
Uniformity Ratio (UR) 
The UR is the ratio of the minimum to average DF of all points of a given measurement grid. This ratio 
can be used in addition to the DF, to assess whether there are unevenly daylit areas across the studied 
space or not. High UR normally avoids large contrasts and glare but complete uniformity should be 
avoided as it can create dull lighting conditions. 
 
Overlit Area (OA) 
This variable indicates the percentage of area that is considered overlit. It is based on the Daylight 
Availability (DAV) proposed by Reinhart & Wienold (2011) that is meant to combine DA and UDI into a 
single figure. Daylight Availability measures the percentage of occupied time in a year when the 
illuminance is ten times higher than a user-set threshold. The intension is to detect areas with 
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overlighting that could be the cause of discomfort glare or overheating. A DAV exceeding 5 % of the 
occupied time is considered unacceptable. From there, the Overlit Area is defined as the quotient of 
the number of sensor points with unacceptable levels, divided by the total number of sensor points in 
the room under study. 
 
3.3.4.3 Energy dependent variables 
In the case of energy use, two dependent variables were studied: 
 
Specific energy use (annual kWh/m²) 
It is the annual energy required for heating, cooling, domestic hot water and property electricity, 
divided by the zone floor area. 
 
Overheating time (hours) 
The amount of hours when the operative temperature is higher than a given threshold. These hours 
are counted only during the time for which the studied spaces are occupied. 
 
3.3.4.4 Simulation tools and workflow 
A graphical representation of the interconnection between the different software is shown in Figure 
19. The workflow included the design of the initial geometry within Rhino3D, importing it into 
Grasshopper and from there, connecting all simulation engines via Honeybee to form a single 
simulation script. Part of this script was the Octopus genetic algorithm to produce and evaluate 
different fenestration designs in terms of the objectives of low heating demand and low light 
dependency. 
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Figure 19 Optimization algorithm workflow 
 

The apartment geometry with an initial fenestration design was input in Grasshopper. Using Honeybee 
components inside Grasshopper, the simulation engines of Radiance, Daysim and EnergyPlus were 
connected to the geometry, assigning different zones and surface properties. The different dependent 
variables calculated by each simulation engine are described in the following sections. During the 
operation of the algorithm, each simulation was followed by another one with an altered fenestration 
design. Prior to proceeding to the next simulation, the genetic algorithm provided by Octopus-explicit 
was used to generate a subsequent fenestration design for assessment. This was based on two 
optimization objectives (Lighting dependency and annual heating demand). Further details about the 
interior architecture and the logics of the genetic algorithm are presented in Bournas & Haav (2016).  
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3.3.4.5 Daylight model 
The daylight study was achieved for the parts of the apartments that have external walls, where a 
fenestration design was investigated. Daylight measurement grids were therefore placed in the 
bedroom and living room of East and West facing apartments. This section only presents the settings 
for the West apartment.  
 
The apartment geometry and the different surface types used as input for the Radiance calculations 
are shown in Figure 20. Geometry simplifications include the corners of the balcony and external 
walls, the extension of the living room to the area located between points DEFG and the exclusion of 
furniture from the model, with the exception of the bedroom wardrobe and the workshop door to the 
living room. The bedroom area is located between points ABCD. 
 

 
Figure 20 West facing apartment geometry and surface types used in Radiance simulations. 
 

Different fenestration designs were generated by placing a single window in each of the five 
fenestration zones (F1, F2, F3, F4 and F5). The generation scheme and geometric rules for each 
window are described further down. The possibility for the absence of a window was also considered. 
Initially, the fenestration for the bedroom (F1) was optimized, not considering the luminous conditions 
or the heating intensity for the rest of the apartment. A selection was made among optimum solutions 
for the bedroom. The finally selected bedroom window was used as a constant input when varying the 
fenestration in zones F2, F3, F4 and F5 for the living room study.  
 
Table 11 shows the rendering option settings used in this part of the simulations for Radiance. Due to 
the necessity for reduced simulation times, the selected settings had to be reduced to medium 
accuracy settings (Ward Larson & Shakespeare, 1998; Ward Larson, 1996).  
 
Table 11 Radiance rendering options settings. 

Ambient bounces 
(ab) 

Ambient division 
(ad) 

Ambient sampling 
(as) 

Ambient 
resolution (ar) 

Ambient accuracy 
(aa) 

5 512 128 128 0,15 
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The surface properties were the same as described in section 3.3.2.1. To this list, we should add that 
the exterior wall and furniture were modelled with a reflectance of 50% and 65% respectively. All 
opaque surfaces were considered grey, i.e. with the same RGB value, consisting of totally diffuse 
plastic materials with specularity and roughness zero.   
As Radiance annual simulations can be time-consuming, a parametric study was performed to select 
the optimum measurement grid for the daylight distribution. More information about surface 
properties and this parametric study can be found in Bournas & Haav (2016). 
 
3.3.4.6 Electric light model 
Moving past the daylight simulation, the workflow of the created algorithm continues with the 
electrical lighting simulation. The Radiance simulation that preceded this step provided the hourly 
illuminance values for each point on the grid. Following that, the simulation engine of Daysim used 
these values to create a list of hourly electrical lighting power values. A unique feature of Daysim is the 
manual lighting control model, the use of which mimics how occupants switch electric lighting on or 
off, as documented in the Lightswitch study (Reinhart, 2004). 
 
A ’simple model’ of Daysim was used, where the software assumes an 'ideal lighting system'. In this 
case, it is the daylight in space that is modeled, and not the electric lighting system itself. The user only 
needs to input the installed lighting power per zone, the target illuminance and the type of control for 
the light sources. It is assumed that the lighting system will deliver the missing illuminance when fully 
switched on (Reinhart C. F., DAYSIM header File Deyword: Electric Lighting System, 2016). The input 
for electric lighting considers a lighting load of 3W/m2 and a target illuminance of 150 lux with a 
manual control as defined by Lightswitch. 
 
The lighting load of 3 W/m² corresponds to an electrical lighting system of compact fluorescent lamps 
that can provide 150 lx in the studied zones. Relevant research on key values for electrical lighting 
intensity when simulating residential spaces in Sweden do not exist yet. One report (Bladh, 2008) 
provides measured data on the annual electrical light use of Swedish houses. In this research, the 
lighting load value of 3 W/m² was validated by calculating the annual electricity use of the whole 
apartment for a lighting schedule that follows the set occupancy schedule, as it is described further 
down. It was concluded that 3 W/m² was a reasonable value, as it leads to an annual electricity use of 
approximately 700 kWh, which is equal to the average measured electric lighting use in Swedish 
households stated in the aforementioned report. 
 
3.3.4.7 Energy model 
After the Daysim simulation, the EnergyPlus engine was initiated to calculate the annual heating 
energy intensity, the amount of solar gains and the time when overheating occurs. The electrical 
lighting use had to precede the energy simulation in order to provide the sensible heat load generated 
by the light sources. This load profile is integrated in the EnergyPlus simulation, as it affects the 
heating load of the studied space throughout the year. 
 
During the optimization process, only the energy used for space heating was weighted against the 
daylight levels. No cooling was assumed as this is unusual in Swedish dwellings. For the comparison of 
the different fenestration solutions based on the aforementioned standards, the energy use of DHW 
and property electricity were added to the space heating energy after the simulations, to provide the 
specific energy use. The property electricity was set to 7,40 kWh/m² annually according to the 
preliminary documentation regarding the energy performance of the apartments (NCC Construction 
Sverige AB, 2014). According to the same report, the energy for the DHW was set to 20 kWh/m² 
annually.  
 
This section describes the different simplifications and settings used for the energy modelling. It also 
defines the energy standard requirements that were used to evaluate different fenestration solutions. 
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A validation study was conducted by comparing results from Honeybee and Designbuilder™ (2015), to 
create a robust energy model. This study is described in detail in Bournas & Haav (2016). 
 
Construction 
The energy zones and different construction types assumed in EnergyPlus are shown in Figure 21. All 
zones are conditioned spaces, apart from the Closed and Open Balcony. All zones were designed as 
convex shapes, in order to use the ’Full interior and exterior’ solar option in EnergyPlus (U.S. 
Department of Energy, 2015). This option is taking into account the effect of exterior shadowing 
surfaces and window shading devices. This was a necessity due to the existence of the Closed Balcony 
zone, in order to accurately estimate the solar gains reaching the Living room zone. 
 

 
Figure 21 The different energy zones assigned in EnergyPlus and the surface constructions. 
 
In reality, the Closed balcony is not conditioned, but it has a microclimate, due to its glazed envelope, 
which affects the Living room space. The Airwall constructions are assumed by EnergyPlus as surfaces 
that allow a constant airflow between zones, in other words, the air is mixed between two zones 
separated by an Airwall. This surface is not meant to model inter-zone buoyancy-driven flow, but to 
estimate a constant airflow. The adiabatic surfaces are the ones in contact with the storeys’ 
common areas (hallway, staircase). For reasons of simplicity and calculation time, no heat transfer 
was assumed between the apartment and these common spaces. Two different window types 
were modelled: One single pane clear glass mounted on the Closed Balcony walls that was not 
iterated in the fenestration study and one triple pane insulated glazed unit (IGU), that was used in 
the balcony doors and in every opening iterated during the optimization of fenestration zones F1, 
F2, F3, F4 and F5. Table 12 presents the construction properties of the different EnergyPlus 
surfaces. Detailed constructions including material layers can be found in Bournas & Haav (2016). 
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Table 12 Construction properties of building elements used in the thermal simulation.  

  U-Value (W/m²·K) g-value (-) 

Exterior wall 0,15 - 

Interior partition - - 

Airwall - 100% 

Floor & Ceiling slabs Adiabatic - 

IGU (Glazed door) 0,80 53% 

Clear glass 5,75 89% 

IGU (Windows) Variable* 53% 

* Calculated, see Bournas & Haav (2016) 

Window properties used in the thermal simulations are presented in Table 13. More detailed 
information about the process involved in the definition of the fenestration can be found in Bournas & 
Haav (2016).  
 
Table 13 Window components properties. 

Window pane  Triple 

Glass U-value Ug 0,60 W/m² 

Frame U-Value Uf 1,10 W/m² 

Glass thermal bridge Ψ 1,01 W/m·K 

Window light transmittance 59% 

Window g value 53% 

 
HVAC 
The Heating, Ventilation and Air Conditioning (HVAC) system used in the thermal simulations was the 
’Ideal Air Loads’ system embedded in EnergyPlus (U.S. Department of Energy, 2015). This system is a 
demand control all-air system, where both ventilation and space heating are provided by air supplied 
to the zone to meet requirements set by the user. These were defined as a heating setpoint and 
setback of 21 °C and 19 °C respectively. The heat recovery on the ventilation system was set to 80 %. 
The actual ventilation system in the Greenhouse apartments is a constant air volume (CAV) system, 
while the ’Ideal Air Loads’ is occupancy driven. By disabling the ventilation flow per person and 
calculating an average flow (per person + per area) to input as a constant flow, the system was 
modelled as a CAV system. No cooling was assumed for the apartments, as it is actually the case, but 
overheating time was assessed. No other HVAC components were designed in the model 
(Heating/cooling coils, fans, heat pumps, ducts etc.). Table 14 summarizes the HVAC utilized settings. 
 
Table 14 HVAC input data. 

Heating*   

Setpoint 21 °C 

Setback 19 °C 

Schedule Always ON 

Cooling NO 

Mechanical ventilation   

Type CAV 

Fresh air per m² 0,52 l/s 

Heat recovery 80% 

Schedule Always ON 

* After Ideal Air Loads System (US Department of Energy, 2015) 
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Internal Loads 
Internal loads in the form of sensible or latent heat are generated within the apartment by different 
sources. The ones considered in this research were as follows: 

a) The occupants metabolic rate (W/m²person); 
b) The electric equipment use (W/m²); 
c) The electric lighting use (W/m²). 

 
The electric lighting is calculated first by DAYSIM as explained previously. The metabolic rate of the 
occupants depends on the occupant activity level (met) and clothing level (clo), among other 
parameters. Data on metabolic rate can be found in the American Society of Heating, Refrigerating 
and Air-Conditioning Engineers (ASHRAE) Handbook of Fundamentals (ASHRAE, 2013). A constant 
clothing level of 1 clo was used for all studied thermal zones of the energy model. The activity level 
was selected according to the assumed activity conducted in each zone, as shown in Table 15, which 
led to the metabolic rate values shown in the table. 
 
Table 15 Activity and electric equipment types and loads per zone. 

Zone 
(Name) 

Activity 
(Type) 

Metabolic rate  
(W/person,m²) 

Equipment 
(Type) 

Equipment load 
(W/m²) 

Bedroom Sleeping 70 Various 0,65 

Living room Seated 100 TV, Stereo, Video 12,53 

Kitchen Cooking/eating 145 
Fridge, Kitchen stoves, 
Dishwasher 

218,79 

Workshop Workshop 250 Various 0,66 

Bathroom Bath 130 Various 0,66 

 
The electric equipment load was calculated for each zone based on the assumed nominal power of 
each electric device. The wattage of each electric device was calculated so that the annual electricity 
use (kWh) would coincide with the measured values reported by Zimmermann (2009). In this way, the 
annual electricity use of the apartment equipment was set according to the statistics for Swedish 
houses at 2300 kWh annually.  
 
The heat generated due to the metabolic rate is dependent on the occupancy level in each zone. In 
other words, it is dependent on the number of occupants inside each room for every hour of the year. 
The occupancy schedule was assumed differently for weekends and weekdays, as shown in section  
3.3.2.1 Simulation input and settings. 
 
The heat generated by the electric equipment is dependent on the amount of devices turned on, and 
the duration of use. Both the amount and duration were set hourly, in a way that the equipment use 
per zone was in accordance with the occupancy of the zone. For example, when the kitchen was 
occupied, the stoves or the dishwasher could be turned on. Other devices such as the fridge or extra 
devices (Table 16) were assumed constantly on in standby mode.  
 
Final selection of fenestration design according to multiple objectives 
Once the daylighting and heating optimization of the living room zone was finished, a set of 51 Pareto 
optimal solutions were stored in an Excel database, with all their corresponding dependent and 
independent variables. More detailed information about the genetic algorithm used can be found in 
Bournas & Haav (2016). Using Pollination (Roudsari, 2015), a web-based application for exploring 
multi-dimensional data, a refined selection upon these 51 solutions could be made, depending on the 
objectives of: Specific energy use, Overheating time, DA150lx, DF and UR.  
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Table 16 Fractional electric equipment schedule per zone. 



3.4 Subjective evaluations 
A partly developed, self-administered questionnaire with closed questions was the starting point for 
this part of the study. This first draft of the questionnaire, designed by members of the research team, 
included seven chapters presented in the following order:  
1) general satisfaction with the apartment;  
2) daylight level;  
3) daylight distribution;  
4) direct sunlight;  
5) view through windows;  
6) physical environment; 
7) personal information.  
At this point, five tenants had also been selected and contacted to make appointments regarding 
physical measurements of daylight in their apartments. The research team also decided to distribute 
the questionnaire during the winter of 2016-2017.  
 
The study progressed with testing the questionnaire on respondents in two steps before handing out 
the final version to the tenants of Greenhouse. These steps will be described in the following sub-
chapters and are also illustrated in Figure 22. 
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Figure 22 Workflow of the subjective assessment 
 
3.4.1 Pre-test 
After a first informal pre-test to five inhabitants of other dwellings, the questionnaire was revised and 
a pre-test was planned. The language was generally simplified to be as clear and informal as possible, 
avoiding difficult and/or unnecessary words. The introduction text was supplemented with more and 
clearer instructions and the general layout of the questionnaire was improved. The order of the 
questions was slightly changed, with the chapter of general satisfaction moved from the very 
beginning to a later chapter, to give the respondents an opportunity to reflect on the specific subject 
before answering generally.  
 
The questionnaire was thus handed out to a small group of five tenants who had their apartment 
monitored, as a final test of the questionnaire before distribution to the rest of the tenants. MKB 
handled the practical distribution and collecting of the questionnaires and an English version of the 
questionnaire was produced for the tenants who preferred it. 
 
The introduction letter informed the respondents about the purpose of the questionnaire and 
instructed them to reflect on their general perception of daylight during this season of the year 
(autumn/winter). They were also instructed to be at home when filling the questionnaire and to 
answer during daytime with electric lighting preferably switched off. Each respondent should also 
specify the time and date they filled the questionnaire and what apartment number he or she had. 
The respondents were also instructed to return the questionnaire in the mailbox at the local MKB 
office two weeks later. Note that these four responses were not analysed separately in the results, 
due to the rather small number of respondents available.  
 
Three of the questionnaires were returned on time and apart from indicating a need for clearer 
instructions about the apartment number, no need for further revision was identified.  
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A new section was however added to the questionnaire before locking the final version. This section 
included three questions about activities, daylight as only light source when performing different 
activities and the respondents’ personal preferences about daylighting versus electric lighting. 
Background research revealed a lack of knowledge about this type of information and it was found 
both interesting and useful to include these questions in this study.  
 
3.4.2 Final questionnaire 
The final version of the questionnaire was distributed during the late part of December 2016 and 
collected during January 2017. It was handed out to all tenants of Greenhouse, except the students on 
the lower floors of Höghuset and the five tenants who answered during November. A compressed 
overview of the final questionnaire is found in Table 17. Note that this version does not have the same 
layout as the full version of the questionnaire; it is compressed. The full questionnaire version as 
received by the tenants can be found in Levin (2017). 
 
Table 17 A compressed summary of the questionnaire. 

IMPORTANT, READ THIS BEFORE! 
Questionnaire about daylighting in Greenhouse 

 
Dear tenant, 
This questionnaire is part of a research project about daylighting and energy in 
Greenhouse entitled ‘Conditions for daylighting in environmentally certified buildings – 
example from the Greenhouse Augustenborg’. This project is funded by the Swedish 
Energy Agency  
(grant #39682-1) and ARQ (grant #4:2105).  
 
In this project, we want to evaluate the daylighting conditions in your apartment. 
Daylighting plays a central role in guaranteeing a healthy living environment and 
reducing energy consumption. You will receive two identical questionnaires at different 
times of the year. Each questionnaire takes about 30 minutes to answer.  
 
The questionnaire is composed of eight parts. Please take time to answer each question 
as honestly and thoughtfully as possible. The answers should be based on the average 
daylight levels that you experience at this time of the year. As the questionnaire focuses 
on natural light it is important that you follow the instructions below: 

o Be at home when answering the questionnaire 
o Answer the questionnaire during daytime  
o Switch off electrical lighting (if possible) 

In addition, ‘bedroom 1’ in the questionnaire refers to the main bedroom in the 
apartment. Rooms that are not listed can be specified and described in the category 
‘other room’. Please select only ONE answer unless otherwise stated. 
 
Your opinion is important, so we would very much appreciate your feedback. Answers 
are kept confidential and will become anonymous when computerized. 
 
 
 
Please fill in your apartment number, the date and time before filling the questionnaire.  
 

Apartment number:  705 -  _   _  _  - 01 
Date: ___________________________________Time: 
____________________________ 
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Please leave your filled questionnaire in the postbox at MKB’s office 
(Augustenborgsgatan 3), all pages stapled together or placed in an envelope, the 1st of 
January 2017 AT THE LATEST! 
 
 
 
Before you start, here are some useful definitions to help you answer the questionnaire: 
 

o ‘Daylight’ refers to light penetrating through windows including sunlight and 
diffuse or reflected light. 

o ‘Sunlight’ refers to direct light from the sun. Direct light and sunlight are 
synonymous.  

o ‘Daylight level’ refers to the amount of daylight. 
 

PART 1: DAYLIGHT LEVEL 
1a. How would you describe daylight in the following rooms (living room, kitchen, dining room, 
bedroom 1, workshop, glazed balcony, other room): 

Very dark Dark Neither dark nor bright Bright Very Bright I don’t know 

1b. How would you wish to change daylight in the following rooms (living room, kitchen, dining room, 
bedroom 1, workshop, glazed balcony, other room): 

Less daylight No change More daylight Does not matter I don’t know 

1c. Please rank the following rooms (living room, kitchen, dining room, bedroom 1, workshop, glazed 
balcony, other room) according to your need for daylight:  

Living 
room 

Kitchen Dining 
room 

Bedroom 
1 

Workshop Glazed 
balcony 

Other 
room  

1d. Choose the description best corresponding to your experience of each room (living room, kitchen, 
dining room, bedroom 1, workshop, glazed balcony, other room): 

Glaring, so 
bright I have to 
close the 
curtains 

Very awakening 
and refreshing, 
pleasant 

Has just enough 
light for 
performing tasks 

Rather 
dull and 
sad 

Very dark and 
gloomy, 
unpleasant 

PART 2: DAYLIGHT DISTRIBUTION 
2a. How would you describe the distribution of daylight in the following rooms (living room, kitchen, 
dining room, bedroom 1, workshop, glazed balcony, other room): 

Very even Even Acceptable Uneven Very uneven I don’t know 

2b. Do the following rooms (living room, kitchen, dining room, bedroom 1, workshop, glazed 
balcony, other room) have any dark areas that are interrupting daily activities or making the 
space uncomfortable?  

No Yes, a few Yes, many I don’t know 

2c. Do the following rooms (living room, kitchen, dining room, bedroom 1, workshop, glazed 
balcony, other room) have any bright areas that are interrupting daily activities or making 
the space uncomfortable? 

No Yes, a few Yes, many I don’t know 

PART 3: DIRECT SUNLIGHT 
3a. Do you experience direct sunlight in the following rooms (living room, kitchen, dining room, 
bedroom 1, workshop, glazed balcony, other room): 

Not at all A little Moderately Much Very Much I don’t 
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know 

3b. How often do you use curtains, blinds or other sun shadings during daytime in the 
following rooms (living room, kitchen, dining room, bedroom 1, workshop, glazed balcony, 
other room): 

Never A few 
times per 

week 

1-2 h per day 3-4 h per 
day 

More than 4 h 
per day 

I don’t 
know 

3c. What is the main purpose when you use internal shading? Select ONE or SEVERAL 
alternatives for each room (living room, kitchen, dining room, bedroom 1, workshop, glazed 
balcony, other room) from the list below: 

I have no 
shading 

Prevent direct 
sunlight 

Prevent 
diffuse light 

For 
privacy 

Prevent 
heat 

To darken the 
room 

PART 4: VIEW THROUGH WINDOWS 
4a. How sufficient is the view through the windows in the following rooms (living room, kitchen, dining 
room, bedroom 1, workshop, glazed balcony, other room):  

Very poor Poor Acceptable Generous Very generous I don’t 
know 

4b. How would you describe the view through the windows in the following rooms (living room, 
kitchen, dining room, bedroom 1, workshop, glazed balcony, other room):  

Very 
unpleasant 

Unpleasant Acceptable Pleasant Very pleasant I don’t 
know 

PART 5: GENERAL SATISFACTION OF YOUR APARTMENT 
5a. How would you describe your general satisfaction with the following aspects of your 
main living spaces (the main living spaces are the living room, kitchen and dining room): 

Very 
dissatisfied 

Somewhat 
dissatisfied 

Moderate Somewhat 
satisfied 

Very satisfied I don’t 
know 

5b. How would you describe your general satisfaction with the following aspects of the 
glazed balcony: 

Very 
dissatisfied 

Somewhat 
dissatisfied 

Moderate Somewhat 
satisfied 

Very satisfied I don’t 
know 

PART 6: ACTIVITIES AND REQUIREMENTS 
6a. What activities are common in your home? Choose ONE or SEVERAL activities for each room (living 
room, kitchen, dining room, bedroom 1, workshop, glazed balcony, other room): 

I use 
digital 

screens 

I watch 
TV 

Paperwork Seated 
detailed 

work 

Standing 
detailed 

work 

Other 
activity 

No 
particular 

activity 

6b. How do you feel about daylight as the only light source when performing the following 
activities (digital screens, TV, paperwork, seated detailed work, standing detailed work, 
socializing, cleaning, meals, orientation): 

Too little 
daylight 

Slightly too 
little daylight 

Enough 
daylight  

Slightly too much 
daylight 

Too much 
daylight 

Don’t 
know 

6c. How do these statements match you (Not Correct, Partly Correct or Correct): 

I don’t take very much notice of 
daylight 

Daylight is nice, but electric lighting suits me 
just as good 

I prefer daylight to electric lighting I am satisfied with the amount of daylight 
received outdoors 

I need plenty of daylight indoors to feel 
good 

I need plenty of daylight indoors for good 
vision 

The activities I perform indoors often 
require blocking daylight out 

I am sensitive to intense/bright daylight and 
often experience discomfort when exposed to 
intense/bright light 
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PART 7: PHYSICAL ENVIRONMENT 
7a. Where were you while answering the questionnaire? 

Next to the 
window 

Roughly in the 
middle of the 

room 

Further back in 
the room 

Not in the 
room 

Not at 
home 

7b. How was the electric lighting when you answered the questionnaire? 

All electric lighting was 
switched off 

Parts of the electric 
lighting was switched 

on 

Most of the electric 
lighting was switched on 

I don’t 
know 

7c. How would you describe the sky conditions outside at the moment? 

 1 2 3 4 5 6 7  
Sky fully covered with 
clouds 

□ □ □ □ □ □ □ 
Completely clear sky            

(no clouds) 

7d. What part(s) of the day do you normally use the following rooms (living room, kitchen, dining 
room, bedroom 1, workshop, glazed balcony, other room) during weekdays/7e ‘…weekends’: 

Most 
parts of 
the day 

before 
8:00 

8:00-
11:0

0 

11:00-
14:00 

14:00-
17:00 

17:00-
19:00 

after 
20:00 

I use the room 
very little 

PART 8: PERSONAL INFORMATION 
8a. What is your age? 

<19 19-29 30-39 40-49 50-59 60-69 >70 

8b. What is your gender? 

Male Female Other 

8c. Do you use any visual aids (e.g. glasses, contact lenses, magnifying glass etc.)? 

Yes, always    Yes, sometimes     No, never 

8d. If you answered yes to the preceding question, please provide further details: 

Shortsighted Farsighted Both 
shortsighted and 

farsighted 

Bifocal 
lenses 

Trifocal 
lenses 

Progressive 
lenses 

8e. Select the ONE alternative below that best corresponds to the type of work you have: 

I work using 
a computer 
the majority 
of the time 

I work 
using a 

computer 
sometimes 

My work 
does not 
involve 

computers 

My work is 
performed 
outdoors 

I am 
retired 

I do not 
work at the 

moment 

I am a 
student 

8f. Select ONE or SEVERAL alternatives below to describe your working hours:  

I work during 
daytime 

I work evenings I work nightshifts Not applicable 
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4. Results 
 
4.1 Measurements 
The following sections present the measured values in the master bedroom as well as in the main 
living spaces compared to simulated and/or design values. The discussion focuses on average, median 
and DFp values with full report of the data in the Appendix A. An average and median for all measured 
points as well as for selected points are presented. The selected points are simply points taken every 
meter. Since more measurements were taken close to the window, there is a risk that the average and 
median values of all points will overrepresent the high DF values close to the window thereby raising 
the average and median. Hence it is necessary to consider a solid grid at every meter in order to 
obtain more representative average and median values. 
 
4.1.1 Daylight factor in the bedroom 
Figure 23 shows the average (DF ave), median (DF median) and point daylight factor (DF p) values 
measured on the 4th and 11-12th floor apartments on East, West and South orientations. Since the 
DFp was not directly simulated in the bedroom, the DF p value for the design of the building i.e. the 
target DF p according to Miljöbyggnad is presented. 
 

 
Figure 23 Average, median and point daylight factor values for the 4th and 11-12th apartments on 
east, west and south orientations in the bedroom. 
 
Comparing then the DF p for the measured and design values, Figure 23 shows that the results are 
very close for the apartments 4E, 4W 11W. The measured value should be expected to be lower since 
there is furniture in reality, which is not the case in the simulations. Apartment 12E obtained a much 
lower DFp value in the measurements compared to the DFp design value. After the monitoring, the 
measuring team found out that they had forgotten to remove a curtain in the window during 
measurements. The measurement values are thus much lower than the design values but the results 
seem nevertheless logical since the curtain should reduce daylighting compared to the design value. 
The DFp values for the South apartment bedroom were much higher than the DFp design value but 
this space was much larger and had more windows than in bedrooms located on the East and West 
side so the DFp at the design phase was also probably higher, see Figure 24. 
 
The results also show that the DFp value is fairly close to the DF median values (both all points and 
selected points), which confirms results from other research (Dubois et al., 2017). 
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Figure 24 Master bedroom in the 11th floor South facing apartment. This bedroom had two windows 
instead of one. 
 

4.1.2 Daylight factor in the main living spaces 
Figure 25 shows the average (DF ave), median (DF median) and point daylight factor (DF p) values for 
the 4th and 11-12th floor apartments on East, West and South orientations. The south apartment on 
the 11th floor was not studied by simulations and this data is thus absent in the graph. 
 

 
Figure 25 Average (DF ave), median (DF median) and point daylight factor (DF p) values for the 4th and 
11-12th apartments on east, west and south orientations in the main living spaces. 
 



70 
 

As seen in Figure 25, measurements show the highest DFp for the main living space for apartment 
11W while simulations show the highest DFp for apartment 12E. The difference between simulated 
and measured result for the 4W apartment can be explained by the large amounts of plants in the 
glazed balcony during measurements, see Figure 26. It was expected that the measured value would 
be much lower than the simulated one for this apartment. 
 

 
Figure 26 Photo showing the plants in the sunspace of apartment 4W. 
 
There is however no obvious explanation for the difference between measured and simulated DFp in 
apartment 12E (0.84% compared to 1.2%), except for the fact that the weather conditions were quite 
variable during the day of measurements. The measuring staff reported that they had to stop at some 
point because the sky changed from overcast to sunny with clouds with a non-typical distribution. 
However, note that measured and simulated values correspond remarkably well for apartments 4E 
and 11W.  
 
Overall, the simulation results show a reasonably high correlation with the measurements results 
considering the large amount of error sources in the daylight measurements (variable sky distribution, 
interior finishes, presence of furniture in addition to ‘normal’ measurement errors, e.g. error on 
sensors, position of points, height of points, shading of the measurement equipment by staff, 

obstacles etc.). Note that for the simulations, a normal error of 20% has been noted by other 
researchers (Reinhart, 2017). 
 
Another interesting aspect of Figure 25 is the fact that the median values correspond reasonably well 
with the DFp values as shown in previous research and for the bedroom, except perhaps for 
apartment 4E. This apartment was more heavily furnished than the other apartmentsand that the 
measuring staff reported that some of high values close to the window were missed when measuring 
as some grid points were simply not accessible. 
Finally, it is worth noting that the three simulated DFp are below the requirement for Miljöbyggnad 
Gold, which can be explained by a different interpretation of the position of the DFp in relation to the 
façade. In this case, the projecting team considered the limits of the glazed balcony as room limit 
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when determining the half room depth, which moved the measuring point further away from the 
building core and thus gave more optimistic values than what was simulated and measured in reality. 
 
4.2 Simulations 
 
4.2.1 Impact of adding a sunspace and balcony 
The first series of simulations pursued the goal to analyze the impact of adding a sunspace on the 
daylighting conditions in the apartments. This was achieved by a study of average daylight factors, 
transversal daylight factors, point daylight factors and daylight autonomy in the living room, kitchen 
and workshop.  
 
4.2.1.1 Impact of sunspace on the average daylight factor 
The following figures present the comparison between the average DF of the living room, kitchen and 
workshop for cases with and without sunspace. Figure 27 presents the average daylight factor in the 
living room in three different building conditions. 
 

 
Figure 27 Average daylight factor in the living room. 
 
Figure 27 shows how the average daylight factor in the living room was reduced after the sunspace 
and balcony were added. On the west oriented apartments, both on the fourth and twelfth floor, the 
average DF was reduced from 4,8% to almost 2,0%. For the east-facing apartments, the average DF 
was reduced from 4,0% to 1,8% on the fourth floor and from 4,3% to 1,9% on the twelfth floor. It can 
be seen that adding the sunspace and balcony reduced the living room’s average DF between 50 and 
60% in all cases. The simplified model for each studied case had close values to the real case model 
with a maximum difference of 5% in the simulated average DF. This indicates that the iteration model 
gave approximately same values as the initial building design (real case model). 
 
Besides the living room, the kitchen and workshop were also studied and the same trend as in the 
living room was observed i.e. the average DF was reduced by at least 50% when the sunspace and 
balcony were attached to the building. For the iteration model, the values were slightly higher in the 
kitchen and slightly lower in the workshop but the difference was judged negligible. These detailed 
results can be found in Angeraini (2017). 
 
4.2.1.2 Impact of sunspace on the transversal daylight factor 
In order to investigate in detail how the addition of sunspace and balcony affected the daylight 
conditions in the living areas, two sections were produced showing the DF transversally across the 
room for each orientation. The sections were taken from the center of the openings in the living room. 
Section A1 and B1 represent the living room of the west and east apartment, whereas Section A2 and 
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B2 represent the living room and kitchen for the west and east apartments. The results are shown in 
Figure 28. 
 

 
 

Figure 28 West apartment section and DF points. 
 
Figure 28 shows how the daylight factor at each point dropped when the sunspace and balcony were 
added to the building in the living room facing West. The same trend was observed for the east facing 
apartments on 4th and 12th floor, see Angeraini (2017) for all results. Figure 28 shows that the biggest 
drop was found in the areas closest to the windows where the DF was reduced by 75-80% on both 
floors when the sunspace was added. Looking at Section A2, which shows the living room and kitchen, 
the DF values at the back of the room (kitchen area) did not exhibit an extreme drop compared to the 
areas near the windows. This is explained by the fact that the areas closest to the windows receive 
more light from the zenith, which is then blocked by the balcony and sunspace, whereas areas in the 
back of the room receive more light from the horizon and from the internally reflected light 
component, which is less affected by the balcony and sunspace. This trend happened on both lower 
and higher apartments. However, daylight uniformity (i.e. minimum to average DF) in the studied 
space increased when the sunspace and balcony were added to the apartment, which may contribute 
to reduce contrast and improve visual comfort. 
 
4.2.1.3 Impact of sunspace on the point daylight factor 
Figure 29 presents the point DF value according to BBR and Miljöbyggnad’s definition in each 
apartment.  
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Figure 29 Point DF in the studied apartments. 
 
It can be observed from Figure 29 that the point DF in all studied apartments was reduced by at least 
60% when sunspace and balcony were added to the apartment building. Regarding the building 
requirements, for BBR, almost all apartments, except the fourth floor of the west apartment, reached 
the 1,0% point DF. For the Miljöbyggnad Gold requirement, all the apartments were below the 1,2% 
point DF requirement. Note that the point DF values were different between the east and west 
apartment. This can be explained by the slightly different geometry in the living space, slightly 
different position of the point DF and different shadowing by neighboring buildings. 
 
4.2.1.4 Impact of sunspace on daylight autonomy 
The following figures present the daylight autonomy (DA) analysis for the living room, kitchen and 
workshop. Each case with different building conditions, apartment’s floor heights and orientations are 
presented in each figure. The DA is based on the occupancy of the studied space and illuminance 
threshold of 150 lux, which were explained in previous sections. 
 
Figure 30 shows the average daylight autonomy in the studied living rooms, comparing the conditions 
with and without sunspace, as well as the simplified model for all studied orientations and different 
floor heights. 

 
Figure 30 Average daylight autonomy in the living room. 
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Figure 30 shows that the twelfth floor west-facing apartment had the highest average DA in the living 
room compared to the other apartments in all conditions, whereas the lowest average DA occurred on 
the fourth floor east-facing apartment. Figure 30 shows that adding sunspace and balcony to the 
apartments reduced the average DA in the living room by 30% on the west side for both floor heights, 
43% on the lower east apartment and 35% for the higher east apartment. For the simplified model, 
the average DA value for the four studied apartments slightly decreased by 2%, which was judged 
negligible.The DA was also studied for the kitchen and workshop in four studied apartments, see 
Angeraini (2017) for the full results. 
 
4.2.1.5 Impact of sunspace on the electrical lighting 
The electrical lighting consumption was calculated in each room based on the occupancy schedules 
specified for each room, lighting level of 150 lux and electrical lighting load of 3 W/m2. The annual 
electrical lighting consumption in the living room is presented in Figure 31. 
 

 
Figure 31 Annual electrical lighting use in the living room. 
 
Figure 31 shows that with no sunspace or balcony, both west apartments had annual electrical lighting 
consumption of 2,3 kWh/m2, year in the living room, whereas the east apartments obtained 2,4 
kWh/m2, year on the fourth floor and 2,3 kWh/m2, year on the twelfth floor. The electrical lighting use 
increased by 5% for the west side apartments and 12% for the east side apartments when the 
sunspace and balcony were added to the building. These small increases compared to the large drops 
in DA can be explained by the fact that most electrical lighting is used outside daylight hours so the 
largest portion of the load is unaffected by envelope design. It is nevertheless interesting to observe 
that sunspace and balcony do affect electrical lighting use. Other results for the kitchen and workshop 
can be found in Angeraini (2017). 
 
4.2.2 Impact of balcony and sunspace design on daylighting 
The purpose of the sunspace and balcony design iterations was to improve the daylight conditions in 
the living spaces for the four studied apartments. The overall results and specific results for each 
studied parameters are presented in the following sections. 
 
4.2.2.1 Impact of geometry on average and point DF 
In this section, the results of the average and point DF were sorted based on the sunspace and 
balcony geometry. D represents the depth (m) and L represents the length (m) of each sunspace and 
balcony. Each depth variation is presented by different shapes and the different lengths are presented 
by the different colors (dark grey presents the shortest length and white presents the longest length). 
Figure 32 shows the average and point DF in the living space (living room and kitchen) of the studied 
apartments, only on the west side. The results for the east facing apartment follow the same trends, 
see Angeraini (2017) for the full results. 
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Figure 32 Effect of geometry on the average and point DF on the west apartments. 

 
Figure 32 shows that in the studied apartments, having the least depth of 1,4 m with the shortest 
length, which was 1,2 m, gave the highest average DF and point DF in the living space, which was an 
expected result.  
 
Looking at all depth variations from 1,4 m to 3,2 m, combined with 1,2 m in length, these geometries 
provided the highest values of average DF and point DF which were always above the assigned 
threshold values. These values then decreased when the depth and length of the sunspace and 
balcony were both increased simultaneously. For all four studied apartments, the geometry with the 
least depth, which was 1,4 m, could be combined with all the lengths and it could still achieve the 
thresholds, except on the fourth floor east-facing living space. In most cases that were combined with 
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the sunspace and balcony length of 4,8 m, it was harder to achieve the threshold values. More 
detailed results on geometrical variations can be found in Angeraini (2017).  
 
4.2.2.2 Impact of geometry on DA and DF 
All geometrical variations were also analyzed based on the effect of the average DA in relation to the 
average DF. We only present the results for the west orientation; other results can be found in 
Angeraini (2017). The DA values were based on the required 150lux illuminance threshold and the 
occupancy schedule of each space as explained in the previous sections. 
 
Figure 33 shows that the geometry affected the average DA and DF in the living room of the west and 
east apartments. In each graph, the base case average DA is presented by the dashed-dotted grey line, 
whereas the base case average DF is presented by the grey dotted line. The black dotted line shows 
the 2,1% average DF required by BREEAM Sweden. These lines appeared in each graph to determine 
the cases that can provide the average DA and average DF that are higher than the base case values 
and required thresholds. 
 
As shown in Figure 33, all geometries with 1,4 m to 3,2 m depth in combination with 1,2 m length, had 
the highest values for average DA and average DF on the fourth floor of the west-facing apartment. 
Almost all the variations were above the threshold lines, except the ones combined with 4,8 m in 
length. A similar trend was also observed on the twelfth floor, all geometries with depths ranging from 
1,4 m to 3,2 m in combination with a length of 1,2 m had higher values of average DA and average DF. 
For geometries that had longer lengths, such as 3,6 m and 4,8 m, the threshold values were harder to 
meet.Besides the living room, the kitchen and workshop were also studied. The reader is referred 
again to the report by Angeraini (2017) for further details on these simulation results. 
 
4.2.2.3 Impact of geometry, GWR and LRV on average DF and DA 
Studying the effect of varying the glazing-to-wall-ratio (GWR) and the light reflectance values (LRV) on 
the average DF and average DA, the living room was taken as the studied space and the results are 
presented in the following figures. The geometries and reflectance value of the chosen cases are listed 
below: 
First comparison with the shorter length: 

 1,4 m deep and 1,2 m long with floor and ceiling LRV of 20% (1,4 D – 1,2 L – F20-C20). 

 1,4 m deep and 1,2 m long with floor LRV of 40% and ceiling LRV of 80% (1,4 D – 1,2 L – F40-
C80). 

 3,2 m deep and 1,2 m long with floor and ceiling LRV of 20% (3,2 D – 1,2 L – F20-C20). 

 3,2 m deep and 1,2 m long with floor LRV of 40% and ceiling LRV of 80% (3,2 D – 1,2 L – F40-
C80). 

Second comparison with the longer length: 

 1,4 m deep and 4,8 m long with floor and ceiling LRV of 20% (1,4 D – 4,8 L – F20-C20). 

 1,4 m deep and 4,8 m long with floor LRV of 40% and ceiling LRV of 80% (1,4 D – 4,8 L – F40-
C80). 

 3,2 m deep and 4,8 m long with floor and roof LRV of 20% (3,2 D – 4,8 L – F20-C20). 

 3,2 m deep and 4,8 m long with floor LRV of 40% and ceiling LRV of 80% (3,2 D – 4,8 L – F40-
C80). 
 

Figure 34 presents the effect of varying the GWR and reflectance value with 4,8 m long sunspace and 
balcony in relation to average DF in the living room. The results for shorter balconies can be found in 
Angeraini (2017). 
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Figure 33 Effect of geometry on the average DA and average DF of the west facing living rooms. 
 
The results shown in Figure 34 indicate that for the west apartments, the average DF slightly increased 
when the LRV of the sunspace and balcony’s ceiling and floor were increased but this effect was small 
compared to the effect of changing the geometry. The effect of increasing GWR and LRV on DA and 
electrical lighting was also analyzed and showed similar trends, see Angeraini (2017) for further details 
on these topics. 
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Figure 34 Effect of GWR and LRV on the average DF of the living room with longer balcony and 
sunspace. 
 
4.2.2 Impact of fenestration 
 
4.2.2.1 Impact of fenestration in the bedroom 
In this section, the simulation results for the bedroom are presented first since they are the easiest to 
grasp as there was only one window and no balcony in this room. The results for the living room are 
presented in the following section.  
 
The results for the bedroom focus on the effect of orientation and window geometry (WWR, head 
height and height-to-width ratio) on light dependency (LD50lux) and annual heating demand 
(kWh/m2yr) for cardinally oriented bedrooms. Note that all simulations were performed for the 12th 
floor only as it was shown with previous simulations that the difference between the fourth and 
twelfth floor were negligible. The results for a north, east and south oriented bedroom are presented 
in Figure 39, see Bournas & Haav (2016) for the results of the west orientation.  
 
The long Pareto front on the north orientation (Figure 35) indicates the high conflict between the 
objectives. The optimum WWRs range from 10 % to 62 %. All windows are placed high on the façade, 

and are mostly occupying the left side of it (seen from outside), as the room is oriented 8 to the west. 
Left placed windows are also utilizing the interior surfaces’ reflectance for light distribution inside the 
bedroom in a better way since the walls have a higher reflectance than the wardrobe. The results for 
the north orientation generally indicate that small windows yield high electric lighting use but low 
heating demand while large windows yield low electric lighting demand but high heating demand. 
 
For the east orientation, the optimum trade-off between the objectives is achieved for WWRs 
between 42 % and 62 % (Figure 36). The least efficient designs are those with a WWR equal to 16 % or 
less. As the WWR increases, the heating demand is reduced, but only until a WWR in the range of 40 
% to 50 %. From that point on, adding more glazing increases the heating demand. The pattern is 
similar for a west oriented room (see Bournas & Haav, 2016), but all designs have a lower light 
dependency compared to the east because occupancy occurs in the evening coincide with sunlight. 
Placing the bedroom on the east results in a slightly lower heating demand compared to the west. On 
the other hand, the light dependency is lower on the west, as the bedroom was assumed occupied 
from 22:00 to 00:00 hours, when the sun is mostly on the west side throughout the year. For both 
east and west, WWRs below 16 % are not performing well for none of the objectives. For WWRs larger 
than 50 %, the light dependency is slightly reduced, whereas the thermal performance deteriorates, as 
the solar gains cannot compensate for the heating losses due to the increased window size. Finally, it 
was shown that east-facing windows are better off placed on the left side of the façade (seen from the 
outside), while the optimum position on the west is on the right side, in response to the solar 
geometry. 
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For a south oriented room (Figure 37), the best choice is to use the highest possible WWR, equal to 78 
% in this case. This can be explained by the fact that a higher WWR for south can be used to exploit 
passive solar gains. As for the consequences on the indoor operative temperature, this is studied 
further down. Contrary to the north, the minimum number of Pareto optimal solutions indicates that 
the objectives of daylighting and heating are not in conflict with each other on the south side. 
Increasing the WWR results in minimizing both objectives. Moreover, the heating performance of all 
cases on the south is better that any case on the other orientations. The difference in heating demand 
as a function of WWR is higher, indicating that the energy used for heating is more sensitive to the 
WWR choice for this orientation.  A WWR of 78 % is a choice based only on minimizing the heating 
energy use and maximizing the daylight levels. Considering the overheating time, one could argue that 
shading is necessary, with a corresponding impact on the light dependency and the utilized solar gains. 
Note that when the overheating occurs, the occupant will normally also want lower daylight levels (as 
in warm countries). 
 
An overview of the Pareto optimal cases for each orientation is illustrated in Table 18. It is shown that 
there is a higher number of possible design solutions for north facing windows, with a maximum WWR 
of 62 %. For the east and west orientations, the optimum WWR approximately ranges from 40 % - 50 
%. On the south, the highest WWR of 78 % is the optimum choice.  
 
Examining Table 18 one can see that all designs involve windows with the highest possible head 
height, at 2,55 m. This independent variable affects the daylight penetration in the room, as it is 
described further down. Moreover, the optimum windows have a shape that tends to be square, in 
other words, the height-to-width ratio of these windows is close to 1,0. For a north orientation, the 
majority of the Pareto optimal solutions have a WWR that is lower than 40 %. For east and west, a 
WWR of approximately 40 % to 50 % achieves the optimum trade-off between the objectives, while 
on the south side, the window opening has to be the maximum possible (WWR = 78 %). 
 
Figure 38 shows the relation between the DF and annual heating demand for each orientation. 
Achieving a DF of 2,1 %, as per the BREEAM (Code for sustainable built environment, 2014) minimum 
requirement results in a different energy use for heating, depending on the orientation. It is shown 
that the DF requirement is reached for a WWR larger than 30 %. For the same window choice of e.g. 
32 % WWR (circled case in Figure 38), the heating demand is 30,2 kWh/m² for the east orientation, 
31,1 kWh/m² for the west orientation, 20,9 kWh/m² for the south orientation and 34,9 kWh/m² for 
the north orientation. 
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Figure 35 Relation between LD50lx and annual heating demand (kWh/m2) for different WWR for the 
North orientation (top) and Pareto optimal and elite cases (20 in total) for the optimization of LD50lx 
and annual heating demand (kWh/m2) on the North orientation (bottom). 
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Figure 36 Relation between LD50lx and annual heating demand (kWh/m2) for different WWR for the 
East orientation (top) and Pareto optimal and elite cases (20 in total) for the optimization of LD50lx 
and annual heating demand (kWh/m2) on the East orientation (bottom). 
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Figure 37 Relation between LD50lx and annual heating demand (kWh/m2) for different WWR for the 
South orientation (top) and Pareto optimal and elite cases (20 in total) for the optimization of LD50lx 
and annual heating demand (kWh/m2) on the South orientation (bottom). 
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Table 18 Pareto optimal fenestration designs in order to maximize DA50lx and minimize annual 
heating demand of the bedroom for each orientation. 
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Figure 38 DF and annual heating demand of the bedroom for each orientation, as a function of the 
window-to-wall ratio. 
 
The annual heating demand of the bedroom was previously shown to vary as a function of WWR, but 
not always in a straightforward way for the east and west orientations. The reason behind this is 
exemplified in Figure 39 Figure 40 and Figure 41, where the annual heating demand is shown as a 
function of the solar gains through the window for each orientation.  
 
Figure 39 shows the effect of the solar gains for an east oriented bedroom. For WWRs smaller than 20 
%, the heating demand is the highest possible. It is interesting that a WWR between 10 % and 20 % 
can yield the same energy use as a WWR larger than 70 %. The WWR of 70 % compensates for its high 
U-value by exploiting nearly 100 kWh/m² of solar gains annually. The amount of solar gains is 
proportional to the size of WWR. The heating demand is decreasing until a WWR in the range of 40 % - 
50 %. For higher WWRs, the heating demand increases, even though the solar gains are increasing 
simultaneously. The reason for this is that after a specific overall U-value (wall + window), the 
conduction losses become so high that the energy gained by solar radiation is not sufficient to 
compensate for the increase in heat losses. The same trend in heating energy use for different WWRs 
can be seen for a west oriented bedroom, see Bournas & Haav (2016) for the full results.  
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Figure 39 Annual heating demand for East bedroom as a function of solar gains. 
 
The effect of solar gains on the annual heating demand for the north orientation is more 
straightforward. The low amount of solar radiation on the north façade (Figure 40) results in the 
heating demand being mostly dependent on the window U-value, in other words, larger WWRs result 
in a higher heating demand.  
 
On the south orientation (Figure 41), the high amount of solar gains results in a clear pattern: Larger 
windows induce a lower annual heating demand. Overall, passive solar gains for heating can be more 
efficiently exploited by orienting the bedroom towards the south. Further analysis of solar gains in 
relation to DF and DA is presented in Bournas & Haav (2017). 

 
Figure 40 Annual heating demand for North bedroom as a function of solar gains. 
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Figure 41 Annual heating demand for South bedroom as a function of solar gains. 
 
The studied apartment does not have an active cooling system. It is reasonable to assume that 
increased solar gains can result in overheating in the bedroom during occupancy time. Figure 42 
shows the difference between a north and a south oriented bedroom in terms of overheating time (%) 
i.e. percentage of time for which the operative temperature exceeds 25 °C. The results indicate that 
unless an efficient solar shading solution is provided, it is not wise to increase the WWR on the south 
orientation, as the optimization of heating and daylighting suggested. The Pareto optimum solution of 
south has an overheating time of 50 %! On the contrary, using larger glazing areas on the north makes 
more sense, as approximately the same DA50lx levels can be achieved with significantly lower 
overheating time. This is the result of the bedroom being highly insulated. Persson et al. (2006) have 
mentioned this in the context of highly insulated houses in Sweden. 
 

 
Figure 42 Overheating time for different DA50lx levels reached, as a function of the WWR. 
 
The effect of window head-height and height-to-width ratio was examined for the bedroom, as there 
was no balcony shading the window, which could influence the results. Table 19 shows the daylighting 
performance in terms of daylight autonomy of all cases for each orientation with respect to the 
window-head-height. The lighter values indicate higher DAs and thus a better performance.  
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Table 19 Percentage of simulated designs for which the DA50lx exceeded a given value, for different 
window head-heights (all orientations included). 

Head height 2,55 m 2,05 m 1,55 m 

Orientation E* N* W* S* E N W S E N W S 

DA50lx 
(%) 

1 100 100 100 100 100 100 100 100 100 100 100 100 

2 100 100 100 100 100 100 100 100 89 96 100 96 

3 100 100 100 100 94 100 100 100 87 87 100 87 

4 99 100 100 100 88 94 100 96 87 87 100 87 

5 94 100 100 100 76 91 100 94 85 87 100 87 

6 94 97 100 100 76 82 100 84 74 85 100 87 

7 88 96 100 96 76 81 100 82 70 85 100 83 

8 83 93 100 94 76 76 100 78 65 74 100 76 

9 83 90 100 90 73 76 100 76 57 74 100 72 

10 83 86 100 86 73 76 100 76 54 63 89 67 

11 83 83 100 83 69 75 100 76 52 57 87 63 

12 81 83 100 83 69 70 93 73 46 52 87 57 

13 81 83 94 83 63 67 76 69 39 46 80 50 

14 78 79 85 82 58 63 76 66 35 37 63 46 

15 76 76 83 79 51 58 70 60 30 35 50 35 

16 74 76 81 76 43 46 60 51 20 24 39 28 

17 65 68 76 74 39 39 49 43 9 17 20 20 

18 51 53 65 57 31 34 39 37 2 7 11 7 

19 43 43 50 43 21 22 27 22 0 0 2 0 

20 22 26 35 29 7 10 10 10 0 0 0 0 

*E: East - N: North - W: West - S: South 

Table 19 shows that windows with a high head height (2,55 m above floor level) are consistently 
performing better. This is the result of daylight penetrating deeper in the space when the head height 
is high. A rise of illuminance on the sensors at the back of the room is the reason for a higher DA50lx. 
For the west orientation, none of the designs obtained a DA50lx lower than 10 %, and there is a lower 
variability between the different window head heights. This is the result of the received direct solar 
irradiation, which is higher for a west bedroom due to the assumed occupancy schedule of 22:00 to 
00:00 hours. 
 
Table 20 shows the effect of the height-to-width ratio of the window on the DA50lx, for each 
orientation. It is shown that square-shaped windows consistently perform better. Vertical windows 
perform better than horizontal for lower DA150lx levels, meaning, for lower WWRs. For higher WWRs, 
horizontal windows perform better. It should be noted that square-shaped windows have also a better 
thermal performance, as their frame-to-glazing ratio is lower.  
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Table 20 Percentage of simulated designs for which the DA50lx exceeded a given value, for different 
window height-to-width ratios (all orientations included). 

Height-to-Width <0,75 (horizontal) 0,75-1,25 (squared) >1,25 (vertical) 

Orientation E* N* W* S* E N W S E N W S 

DA50lx 
(%) 

1 100 100 100 100 100 100 100 100 100 100 100 100 

2 95 97 100 97 100 100 100 100 98 100 100 100 

3 92 95 100 95 100 100 100 100 93 100 100 97 

4 92 92 100 93 100 100 100 100 85 97 100 93 

5 79 92 100 92 100 100 100 100 80 93 100 93 

6 75 88 100 89 96 100 100 100 80 90 100 85 

7 74 85 100 85 92 100 100 100 73 80 100 80 

8 71 75 100 77 90 96 100 98 70 80 100 80 

9 66 75 100 75 90 96 100 94 67 78 100 75 

10 66 71 96 73 90 90 100 92 65 75 97 72 

11 64 67 95 70 87 90 100 90 63 72 97 70 

12 62 64 92 66 83 88 100 90 62 67 92 67 

13 55 62 78 64 79 85 98 87 62 63 80 62 

14 52 53 73 60 73 77 90 83 58 62 68 62 

15 51 52 64 52 67 71 88 75 52 62 62 60 

16 45 49 55 51 63 63 79 65 42 58 58 52 

17 36 40 47 45 58 62 63 63 35 47 50 42 

18 29 32 37 32 52 54 58 56 18 37 35 28 

19 19 19 27 19 44 46 50 46 13 22 15 13 

20 9,6 14 14 14 27 31 31 31 0 13 10 3,3 

*E: East - N: North - W: West - S: South 

 
4.2.2.2 Impact of fenestration in the living room 
A large number of results were produced for the living room and it is impossible to present all results 
here. The reader is invited to consult Bournas & Haav (2016) for the complete results. Note that the 
results for the living room are more difficult to grasp as there was more than one window in the 
façade and also some windows were adjacent to balcony and/or sunspace, see Bournas & Haav (2016) 
for further explanation. 
 
Figure 43 shows the 51 Pareto optimal solutions and their corresponding WWR. A thumbnail 
(phenotype) is superimposed for each range of WWR. Examining the phenotypes leads to interesting 
findings: when a low WWR is used (10 % - 20 %), fenestration zone F3 is utilized by the algorithm. This 
zone is not as shaded by the balcony as F4 or F5. Increasing the WWR leads the algorithm to generate 
solutions where F3 and F5 are combined, thus a wide spread window location and west-oriented 
windows are preferred for daylighting and heating respectively. When larger glazing areas (WWW > 35 
%) are required, the algorithm populates the north façade (F2) for the first time in the Pareto front. 
The F2 window is placed high and not in contact with the F3 window, for better daylight distribution 
with the least possible glazing area. Although utilizing the northern façade improves the daylighting 
performance, it also yields a higher energy use for heating. Examining the highly glazed designs, it is 
evident that only for very high WWRs does the algorithm populate fenestration zone F4. The existence 
of the glazed balcony door (grey hatch on phenotypes) was already providing daylight close to that 
area, and the balcony over F4 has a negative effect: any window placed in that zone will be 
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contributing more to the thermal losses than the daylight gains. Finally, there is a negligible increase in 
daylighting when increasing the WWR beyond 50 %, but the heating demand increases significantly. 

 
Figure 43 Pareto optimal solutions in terms of LD150lx and the specific energy use of the west 
apartment. 
 
Table 21 shows the phenotypes of all the Pareto optimal solutions, per WWR range. Table 21 
illustrates the same principle: west oriented openings are the optimum choice for small WWR, with 
the preference on fenestration zone F3. For WWR between 20 % and 30 %, the combination of F3 and 
F5 is the optimum design choice. A northern window is mostly generated for WWRs above 40 %, and 
fenestration zone F4 is populated for WWRs above 50 %. The majority of the windows is placed high 
on the façade and they are more square-shaped (height-to-width ratio ≈ 1). 
 
An analysis of solar gains was also performed for the living room, see Figure 44. This figure shows the 
impact of the admitted solar gains on the specific energy use and the DF levels for one, two or three 
windows. The two graphs of Figure 44 indicate that the optimization objectives of heating and daylight 
are both proportional to the amount of solar heat gains. The left chart shows that the solar gains are 
proportional to the number of windows and specific energy use. The Pareto optimal solutions are 
shown here to be the ones with the highest possible solar gain, for a given heating demand. The right 
chart shows that the DF increases when higher solar gains are admitted and that approximately 40-50 
kWh/m² of solar gains are required for a Pareto optimal solution to achieve the BREEAM average DF 
criterion.  
 
 
  



90 
 

 
Table 21 Pareto optimal solutions for each WWR for the west apartment. 

 
 
 
The following two figures show the effect of the admitted solar gains on the DA150lx of the living 
room, for the use of two windows (Figure 45) and three windows (Figure 46). Examining Figure 45 
shows that placing the two windows on either F2-F4 (pink points) or F2-F5 (light-blue points) leads to 
high DA150lx levels with the least possible solar gains. These are the fenestration designs that receive 
mostly diffuse or indirect irradiation, as they have windows on the north façade and behind the 
balcony. The figure also shows that the Pareto optimal solutions are those that receive at least 28 
kWh/m² of solar gains annually (fenestration zones F3-F4 and F3-F5). 
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Figure 44 Impact of the admitted solar gains on the specific energy use of the apartment and the DF 
levels of the living room, for different number of windows. 
 
Figure 45 shows that when using three windows, high DA150lx levels can be achieved with the least 
amount of solar gains when avoiding placing a window on F3 (blue points). The other designs (light-
blue, purple and green points) are the ones including Pareto optimal solutions in terms of heating and 
daylighting. These designs are shown to be the ones with the highest possible solar gains each time. 
More analysis of solar gains can be found in Bournas & Haav (2017). 
 

 
Figure 45 DA150lx as a function of the annual solar gains when two windows are placed in different 
fenestration zones. 
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Figure 46 DA150lx as a function of the annual solar gains when three windows are placed in different 
fenestration zones. 
 
The independent variables examined for the living room were the number of windows used and the 
fenestration zones selection for their placement. Figures 33 and 34 show all simulated solutions for 
the living room of the west apartment, classified by WWR and number of windows respectively. 
 

 
Figure 47 LD150lx and specific energy use for all simulated designs, sorted by WWR range, west-facing 
apartment. 
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Figure 48 LD150lx and specific energy use for all simulated designs sorted by number of windows, 
west-facing apartment. 
 
Figure 47 shows that the LD150lx is mostly reduced when increasing the window area until a WWR of 
approximately 40 % - 50 %. Increasing the glazing area beyond this percentage leads to negligible 
daylight gains and considerable increase in heating demand. It is interesting to note that a 
fenestration design with a WWR of 10 % to 20 % (purple) can actually perform worse that one of 40 % 
to 50 % (light pink), both in terms of daylighting and the heating objective. This is a result of the 
fenestration zone utilized each time. Figure 48 shows that the Pareto optimal solutions (black crosses) 
consist mostly of two, three or four windows. Although using one window leads to a low energy use, it 
results in poorer daylight conditions. On the other hand, using four windows does not yield 
considerably higher daylight levels, compared to using three windows. The main part of the Pareto 
front is populated by two- and three-window solutions.  
 
Figure 49 shows the performance of all fenestration designs with two windows, when different 
fenestration zones are used demonstrating the importance of window placement. 
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Figure 49 LD150lx and specific energy use for two-window designs, allocated in different fenestration 
zones. 
 
Figure 49 shows that the solutions where the windows are placed further apart are more optimal in 
terms of daylighting but the solutions avoiding window on the north side or behind the balcony result 
in lower heating demand since passive solar gains compensate for some of the heat losses. 
 
Figure 50 shows the specific energy use as a function of the overall U-Value (walls + windows) and the 
annual solar gains as a function of the WWR, when one window is placed on the northern fenestration 
zone. The left chart shows that when placing the second window on F3 (green points), a lower heating 
demand can be achieved with the use of the same insulation level. The right chart explains this by 
showing that the solar gain potential per glazing area is higher for two windows on F2 and F3 i.e. 
windows that receive solar radiation. 
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Figure 50 The specific energy use as a function of the overall U-Value and the annual solar gains as a 
function of the WWR, when one window is placed on the northern fenestration zone.  
 
Similar analysis was performed for cases with three windows, which is presented in detail in Bournas & 
Haav (2016). The overall conclusions from these analyses are along the same lines. 
 
Figure 51 shows the specific energy use of the west apartment, as a function of DF and UR, for the 
placement of two windows in different fenestration zones. The left chart shows that in order to 
achieve the BREEAM (Code for sustainable built environment, 2014) average DF of 2,1 %, the two 
windows should be placed either on F2-F3 (green points) or on F2-F4 (pink points) or on F2-F5 (light-
blue points). This shows a contradiction between the daylight certification requirement and the 
thermal performance of the apartment: all three pre-mentioned combinations have always a window 
on the northern façade (F2) that results in a higher heating demand. There are only two fenestration 
designs that are Pareto optimal (black crosses) and still pass the BREEAM criterion. These cases are 
the ones placing the second window on F3, which was shown to induce higher solar gains and thus 
lower heating energy use. The lowest DF is reached when placing both windows on the fenestration 
zones facing the balcony area (F4-F5, blue points). These windows cannot benefit the apartment with 
much daylighting or passive solar gains so they are net energy losers. 
 
On the other hand, the uniformity ratio UR shown on the right chart is the lowest possible when 
placing the windows on F2 and F3 (green points). For a design solution to be Pareto optimal and 
achieve a higher uniformity ratio simultaneously, the two windows should be placed on F3 and F5 
(purple points). The same UR levels can be achieved for F2-F5, where the windows are spread as much 
as possible on the building envelope, but in that case, the specific energy use is always higher. It is 
therefore shown that achieving a low energy use, a high DF and a satisfying UR is not possible, when 
using two windows on the living room zone. The same analysis was performed for solutions including 
three windows; see Bournas & Haav (2016) for further details. 
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Figure 51 Specific energy use of the west apartment, as a function of the DF and the UR, for the 
placement of two windows in different fenestration zones. 
 
The electricity use for lighting is a variable that depends on the daylight levels of the living room. 
Figure 52 shows the electric energy intensity for lighting as a function of the window-to-wall ratio, 
when two windows are placed in different fenestration zones.  It is shown that spreading the windows 
as much as possible over the building envelope results in the lowest possible electricity use for lighting 
(F2-F5, light-blue points). The most demanding design in terms of electric lighting is the one where the 
two windows are placed next to each other and in front of the balcony area (F4-F5, blue points). The 
overall electricity use as well as variation between the designs is relatively small, as the illuminance 
threshold for lighting was set to only 150lx. 

 

 
Figure 52 Annual electric lighting use for different placement of two windows. 

 
FEBY does not provide benchmark values for the overheating time that a residential space should 
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comply with. One report (Sandberg, 2011) suggests that the operative temperature should not exceed 
26 °C for more than 10 % of the occupancy time between April and September, for the ’worst’ part of 
the building. On the other hand, the Passive House Institute (2015) states that the operative 
temperature should not exceed 25 °C for more than 10 % of the year. In practice, occupants in houses 
have a higher flexibility to open a window or pull down a shading device when their thermal comfort is 
affected by high operative temperatures. Nevertheless, the following results show the trend of the 
overheating time as a function of window-to-wall ratio and the window placement, with the intention 
to define the solutions that result in the least possible overheating. 
 
Overheating time in the living room of the west facing apartment was also studied. The following two 
figures show the daylight levels achieved and the corresponding overheating time, for cases with two 
and three windows. Additionally the Pareto optimal solutions of the daylighting-overheating 
optimization are plotted (black X). Figure 53 shows the overheating time (Top > 25 °C) for the use of 
two windows in different fenestration zones, and the corresponding DF. In general, the figure shows 
that the overheating time is proportional to the DF levels achieved. The solutions that have the 
shortest overheating time for a given DF level are the ones that have at least one of the windows 
placed on the north (F2-F3, F2-F4 and F2-F5). The only Pareto optimal solutions that meet the 
BREEAM criteria have almost the highest possible overheating time. None of the Pareto optimal 
solutions from daylighting and overheating optimization (black X markers) can meet the BREEAM 
criteria. 
 
When using three windows (Figure 54), avoiding placing a window on F3 results in the lowest 
overheating times and can also achieve the BREEAM criterion for an average DF above 2,1 %. This 
configuration is Pareto optimal for the optimization of daylighting and overheating. On the contrary, 
the daylighting and heating optimization suggests that fenestration zone F4 should be omitted (green 
points and black crosses). This configuration leads to the highest possible overheating times. 
Examining both Figure 53 and Figure 54, it is evident that it is impossible to satisfy the BREEAM 
criterion and keep the overheating time (Top>25 °C) below 10 % as the Passive House Institute 
suggests, unless a good shading solution is provided in the design. 
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Figure 53 Overheating time (Top > 25 °C) as a function of the DF for the use of two windows in different 
fenestration zones. 

 
Figure 54 Overheating time (Top > 25 °C) as a function of the DF for the use of three windows in 
different fenestration zones. 
 
4.2.2.3 Selection of best design solutions based on multiple objectives 
This section only investigates the west apartment and the living room area. There were 51 Pareto 
optimal solutions for the optimization of heating and daylighting, and 48 for the optimization of 
daylighting an overheating time. A choice of two or three best cases between these designs was made 
based on the following criteria: number of windows, specific energy use, overheating time, DA150lx, 
DF and UR. The cases are shown below, for the possibilities of having two or three windows. 
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Daylighting and Heating optimization - Designs with two windows 
Table 22 shows the two-window solutions that achieve the highest possible uniformity ratio UR. It is 
shown that in order to satisfy this objective, the windows must be spread on the envelope. What is 
interesting here, is that for a pareto optimal solution to have a high uniformity ratio, the average DF is 
below the BREEAM requirement of 2,1 % in this case. 
 
Table 23 shows the two-window solutions that achieve an average DF of 2,1 %. The figure shows that 
the windows are not placed in the balcony area, in order to capture a higher portion of the sky dome, 
thus, more sky radiation. The achieved DF values are significantly higher than the BREEAM 
requirement (3,2 % and 4,5 %). The problem here is the low uniformity ratio, which is a result of 
placing both windows on the far north-west part of the living room. Compared to the previous figure 
(high uniformity), the overheating time is slightly higher in this case. 
 
Table 22 Two-window Pareto optimal solutions that achieve the highest possible uniformity ratio UR. 

 
 
Table 23 Two-window solutions that achieve the BREEAM criterion for an average DF of 2,1 %. 

 
 
Daylighting and Heating optimization - Designs with three windows 
Table 24 shows the three-window Pareto optimal designs that achieve the highest possible DF and UR 
simultaneously. These cases are approximately the same as in Table 22, where UR was maximized for 
two windows, only with an additional window high up on the northern façade to improve the DF. 
  



100 
 

Table 24 Pareto optimal three-window designs that maximize DF and UR simultaneously. 
 

 
 
Table 25 Pareto optimal three-window solutions that achieve the BREEAM criterion and have the 
lowest possible overheating time. 
 

 
 
 

Table 25 shows the Pareto optimal three-window solutions that achieve the BREEAM criterion and 
have the lowest possible overheating time. It is evident that smaller WWR induces less overheating, as 
the difference between the two cases is considerably large. The small highly placed windows help 
achieve a high DF by letting light penetrate deeper in the space. The problem is that they are not as 
spread on the available envelope area, leading to a very low uniformity ratio (second case).  
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Table 26 shows the Pareto optimal three-window solutions that result in the lowest possible specific 
energy use and have the highest possible DA150lx simultaneously. The window-to-wall ratio can be 37 
% when placing all windows on the west façade, and 31 % when placing one of the windows on the 
northern façade. The latter is achieving a higher DF but a lower UR. 
 
Table 26 Pareto optimal three-window solutions that yield the lowest possible specific energy use and 
have the highest possible DA150lx. 
 

 
 
Daylighting and Overheating optimization - Designs with two windows 
Table 27 shows the Pareto optimal two-window solutions that yield the highest DA150lx levels and the 
least overheating time. The WWR is 20 % - 23 %, and the windows are placed behind the balcony, to 
avoid solar irradiation that could overheat the living room. When optimizing these two parameters, 
the DF is at very low levels, and the uniformity is average. 
 
Table 27 Pareto optimal two-window solutions that yield the higher DA150lx levels and the least 
possible overheating time. 
 

 
 
Table 28 shows the two-window designs that yield the lowest possible specific energy use while 
keeping a low overheating time. In order to satisfy these two objectives, the algorithm converged to 
smaller WWRs (16 % - 17 %), with a negative impact on the daylight conditions. 
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Table 28 Pareto optimal two-window designs that yield the lowest possible specific energy use while 
keeping a low overheating time. 

 
 
Daylighting and Overheating optimization - Designs with three windows 
Table 29 shows the three-window designs that yield the highest possible uniformity ratio while 
keeping a low overheating time and achieving the BREEAM criteria of an average DF above 2,1 %. A 
third window is now placed on fenestration zone (F2), to illuminate the northern part of the living 
room and achieve both higher UR and DF values. In order for the DF to meet the BREEAM 
requirement, it is a necessity that the overheating time exceeds 10 % of the occupancy time. The 
WWR in both designs is 36 %. 
 
Table 29 Three-window designs that yield the highest possible uniformity ratio while keeping a low 
overheating time and achieving the BREEAM criteria of an average DF above 2,1 %. 

 
 
Overall the results indicate that in order to reduce the overheating time, fenestration zone F3 should 
not be utilized. This is in conflict with the daylight and heating optimization goals, where fenestration 
zone F3 is needed in order to reduce the heating demand and the light dependency. Moreover, it was 
shown that for all cases, the average DF can achieve the highest values (over 3 %) when the windows 
are placed on the north-west corner of the living room, with a negative effect on the uniformity of 
daylight across the space. Overall this last section outlines the necessity for solar shading and perhaps 
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to also have regulations controlling overheating in addition to emphasizing the importance of 
uniformity as an important criterion for good daylighting in a space. 
4.3 Subjective evaluations 
 
4.3.1 Profile of the respondents 
Of the 41 distributed questionnaires, a total of 30 questionnaires were completed, representing 29 
different households. The distribution of respondents (house, orientation, floor) are presented in 
Table 30 and Table 31. 
 
Table 30 Distribution of respondents with respect to house type and position/orientation. 

 Number of distributed 
questionnaires 

Number of 
collected 
questionnaires 

Comment 

Höghuset 31 24 23 households 
West 11 8  
East 11 9  
South 9 7 1 vacant 
Låghuset 10 6  

Lower block 4 2 2 vacant 
Upper Block 6 4 1 corner apartment 

 
Table 31 Distribution of respondents in Höghuset with respect to floor position. 

 Number of distributed 
questionnaires 

Number of 
collected 
questionnaires 

Comment 

Höghuset    
    Floor 4-6 8 7 1 vacant 
    Floor 7-9 9 5  

Floor 10-14 14 11  

 
As seen in Table 30 and Table 31, the collected questionnaires of Höghuset cover the three 
orientations of the apartments quite evenly. A slightly lower representation of the floors 7-9 can be 
noticed, but the representation of floors can still be considered satisfying. However, for Låghuset, the 
number of respondents is much lower but the number of households is also lower in this part of 
Greenhouse.  
 
The distribution of the respondents’ age and gender is presented in Figure 55. As can be seen in Figure 
55, the majority of respondents were women (63%).  Looking at the age distribution, a majority of the 
respondents were between 19-39 years of age (64%). Other collected personal information about the 
respondents show that most of them had normal daytime jobs (71%) and only a small part worked 
evenings (10%) or nightshifts (6%). Most respondents worked using computers to some extent, with 
27% reporting using computers a majority of the time, 33% sometimes while 20% were students. 
Judging from these results, a significant part of the respondents can be assumed to work in front of 
computers and during daytime. Only a small part of the respondents indicated other types of 
workdays, by reporting performing their work outdoors (3%), not working (3%) or retirement (10%).  
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The collected information about the respondents’ visual health show that half of them never used any 
visual aids, while the other half either used visual aids always (40%) or sometimes (10%). The 
dominating visual impairment was being shortsighted (79%).   
 
4.3.2 Daylight level 
How would you describe the daylight? 
The responses to this question are summarized in Figure 56.  
 
As seen in Figure 56, no respondent reported perceiving any room as very dark and only a small part 
(4-13%) reported perceiving dark conditions. A majority of the respondents found the main living 
spaces, workshop and glazed balcony to be in the range ‘bright-very bright’, while the bedroom is 
perceived as ‘neither dark nor bright’ by the majority of respondents. Notable is however the 
significant part of the respondents (25-54%) who perceived the interior rooms as ‘dark-neither dark 
nor bright’, which is surprising considering that the daylight level in Greenhouse is designed to be 
more generous than the requirements in BBR. Summaries of the responses from each apartment 
orientation is presented in figure 13-15, presenting the answers for ‘dark’, ‘neither dark nor bright’ 
and ‘bright-very bright’ separately, in order to make the results a bit clearer.  
 

Figure 55 Age and gender distribution of respondents. 
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Figure 56 Höghuset - Responses to question 1a: How would you describe daylight in the following 
rooms? 
 

 
Figure 57 Höghuset - Responses to question 1a: How would you describe daylight in the following 
rooms? Only answers of ‘dark’ are presented in the figure and for each apartment orientation 
separately. 
 
As seen in Figure 57, dark perception is more frequent for east oriented apartments, with the highest 
scores for bedroom (22%) and workshop (22%). 
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Figure 58 Höghuset - Responses to question 1a: How would you describe daylight in the following 
rooms? Only answers of ‘neither dark nor bright’ are presented in the figure and for each apartment 
orientation separately. 
 
Perception of ‘neither dark nor bright’, as presented in Figure 58, is rather equally distributed between 
the orientations in the living room and kitchen, with scores between 22-33%. The dining room had 
significantly more responses coming from south oriented apartments (43%), and none at all from east 
ones. The bedroom obtained higher scores in all three orientations, the highest noted for west 
oriented apartments (63%). The workshop obtained highest scores for east oriented apartments (44%) 
followed by south ones (29%). The glazed balcony had low scores for ‘neither dark nor bright’ in all 
three orientations.  

 
Figure 59 Höghuset - Responses to question 1a: How would you describe daylight in the following 
rooms? Only answers in the range between ‘bright’ to ‘very bright’ are presented in the figure and for 
each apartment orientation separately. 
 
As seen in Figure 59, the main living spaces (living room, kitchen and dining room) are perceived as 
‘bright - very bright’ by a majority of respondents. West oriented living spaces are perceived as bright-
very bright more frequently than the south oriented ones, which have one window less due to a 
different layout of the larger south apartments. The east oriented living spaces show a greater 
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variation in the perception of the three parts of the open space (living room, kitchen and dining room), 
with a much brighter perception in the dining room.  
 
The glazed balcony is also perceived as ‘bright - very bright’ by most respondents, with west oriented 
balconies more frequently perceived as bright-very bright than the other orientations. The workshop 
is reported as ‘bright-very bright’ by the majority of respondents of west and south oriented 
apartments, while only a third of the respondents of east oriented apartments reported ‘bright - very 
bright’ conditions.  
 
In west or east oriented apartments, the bedroom obtained lower responses for ‘bright-very bright’ 
than the main living spaces. The bedrooms of east oriented apartments show a greater variability in 
perception, with answers ranging from ‘dark’ to ‘bright’.  The master bedroom of the south oriented 
apartments was perceived as ‘bright - very bright’ to the same extent as the south living spaces.  
 
The respondents’ perception of daylight in Låghuset is presented in Figure 60. The answer category 
‘very dark’ did not receive any score and it is therefore not presented in the graph. Answers for 
‘bright’ and ‘very bright’ category are summarized in a single category to make it clearer. 

 
Figure 60 Låghuset - Responses to question 1a: How would you describe the daylight in the following 
rooms? Only represented answers are presented and answers of ‘Bright’ and ‘very bright’ have been 
summarized to one category. 

As seen in Figure 60, the main living spaces of Låghuset are perceived differently by the respondents. 
A majority of respondents (67%) found the kitchen ‘bright - very bright’, while the same amount of 
respondents found the dining room ‘dark’ (33%) as ‘neither bright nor dark’ (33%) or ‘bright-very 
bright’ (33%). The living room was perceived as ‘bright - very bright’ by half of the respondents. The 
responses indicate that the main living spaces are perceived as brighter closer to the façade (kitchen, 
living room) and darker closer to the core (dining room). This was also pointed out in a comment by 
one of the respondents. The master bedroom, with only four reported answers from the six 
questionnaires from Låghuset, is found to be ‘neither bright nor dark’ or ‘bright’ by the respondents.  
 
How would you wish to change the daylight? 
The respondents’ wish for change of the daylight level (Höghuset) is presented in Figure 61. 
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Figure 61 Responses to question 1b: ‘How would you wish to change the daylight in the following 
rooms?’ 
 
As seen in Figure 61, a wish for more daylight in Höghuset is expressed by 21% of respondents for the 
dining room, bedroom and glazed balcony, by 29% of respondents for the kitchen and by 33% of 
respondents for the living room and workshop. The others expressed that they did not wish for any 
change, with one exception where 4% (1 respondent) wanted less daylight in the living room.  
 
Figure 62 shows the frequency of respondents wishing for more daylight in relation to each of the 
three apartment orientation. 
 

 
Figure 62 Responses to question 1b (Höghuset): ’How would you wish to change the daylight in the 
following rooms?’ Only the respondents wishing for more daylight are presented, each apartment 
orientation separately.  
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As shown in Figure 62, a wish for more daylight is less frequent among respondents living in 
apartments oriented towards west than towards east or south orientations. Respondents of south 
oriented apartments show the largest tendency of wishing for more daylight. 
 
A wish for more daylight in Låghuset is expressed by 17% and 33% of respondents for the kitchen, and 
living room and dining room respectively. The others in Låghuset expressed no wish for change.  
 
Rank the rooms 1-6 according to your need for daylight (1 is the highest need): 
A summary of the ranking made by the respondents is presented in Figure 63. A higher need for 
daylight is represented by 1 and a lower need for daylight by 6.  
 

 
Figure 63 Responses to question 1c:’Please rank the following rooms according to your need for 
daylight (1 highest need, 6 lowest)’. 
 
As indicated by Figure 63, three rooms can be identified at a certain ranking more frequently than 
others. These are the glazed balcony at 1st place, the dining room at 4th place and the bedroom at 6th 
place. The other rooms are ranked by the respondents with greater variation.  Figure 64 shows the 
same results, presented using three ranking intervals instead of six.   
 

Rank 1 Rank 2 Rank 3 Rank 4 Rank 5 Rank 6

Living room 24% 17% 28% 14% 17% 0%

Kitchen 28% 28% 21% 14% 7% 3%

Dining room 7% 24% 21% 41% 3% 3%

Bedroom 3% 0% 3% 17% 31% 41%

W-shop 0% 22% 17% 4% 39% 17%

Glazed balc. 46% 13% 17% 4% 4% 17%

Other room 0% 14% 0% 29% 14% 29%
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Figure 64 Ranking of rooms according to need for daylight, presented using three intervalls (1 highest 
need, 6 lowest) 
 
As can be seen in Figure 64, the bedroom and workshop show a higher frequency of being ranked last 
in terms of need for daylighting. A high share of respondents expressed a need for daylight in the 
glazed balcony and kitchen. The dining room is typically ranked in the middle, while the living room is 
split between a high and a medium need for daylight.  
 
Choose the statement best corresponding to your experience of the room: 
A summary of the respondents’ choice of statement(s) for describing each room in Höghuset is 
presented in Figure 65.   
 

 
Figure 65 Responses to question 1d:’Choose the statement best corresponding to your experience of 
the room’ (Höghuset). 
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Figure 65 shows quite similar trends for the main living spaces (living room, kitchen and dining room), 
with 42-54% finding the space ‘very awakening and refreshing, pleasant’ and 46-50% describing it as 
having ‘just enough light to perform tasks’. The results are also similar for bedroom and workshop, 
with a majority of the respondents using the statement ‘has just enough light to perform tasks’ for 
describing these rooms. Most respondents (88%) find the glazed balcony ‘very awakening and 
refreshing, pleasant’. The highest use of the statement ‘rather dull and sad’ is seen for the kitchen 
(25%) and workshop (21%). 
 
A review of the responses for each orientation reveals the following: 

 Reports of perceiving a room as glaring are rare to non-existent for south oriented apartments 
and generally not above a maximum of 10% for west or east oriented apartments. The 
exceptions are living rooms (25%) of west apartments and bedrooms (22%) of east 
apartments.  

 
 Reports of perceiving a room as dull (or dark) are almost non-existent for west oriented 

apartments. For east and south oriented apartments some respondents, ranging between 33-
44%, found living room and kitchen ‘rather dull and sad’. The workshop was also perceived as 
‘rather dull and sad’ by 44% of the respondents on the east side.  

 
 The use of the statement ‘very awakening and refreshing, pleasant’ for describing a room 

obtained the highest frequency in the main living spaces of west oriented apartments (63-
88%), followed by south apartments (57%). Rooms of east oriented apartments generally 
show a much lower use of this statement for describing the rooms (11-33%). 

 
A summary of the respondents’ choice of statement(s) for describing each room in Låghuset is 
presented in Figure 66.   
 

 
Figure 66 Responses to question 1d:’Choose the statement best corresponding to your experience of 
the room’(Låghuset). 
 
Figure 66 shows that a majority of the respondents of Låghuset describe the main living spaces by 
using the statement ‘has just enough light for performing tasks’. The remaining responses are mainly 
represented by use of the statement ‘rather dull and sad’ (33%) for the living- and dining room and 
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‘very awakening and refreshing, pleasant’ for the kitchen (33%). This adds to previous results and 
indication of a darker core of the main living spaces and a kitchen which is perceived as brighter than 
the rest of the space. The descriptions of the bedroom are varied and show equal use of ‘rather dull 
and sad’, ‘has enough light for performing tasks’ and ‘very awakening and refreshing, pleasant’.  
 
Summary part 1, daylight level 
Two different questions about the respondents’ perception of the rooms were included in part one. 
Responses to the first question indicated that a surprisingly large share of respondents (25-37%) 
perceive the main living spaces in the range ‘dark’ or ‘neither dark nor bright’. Bedrooms of west and 
east oriented apartments were perceived as darker than the living spaces of these apartments, which 
is also the case for workshops of east apartments. Differences between apartments of various 
orientations can be noticed; with respondents of western apartments more frequently using ‘bright’ 
or ‘very bright’ to describe the rooms (except the bedroom). The responses for Låghuset indicate that 
the kitchen is found to be ‘bright’ or ‘very bright’, while the core of the main living space (dining room 
and possibly parts of the living room) is perceived as darker. 
 
The second question about the respondents’ perception of the rooms does not indicate any significant 
problems with excessive levels of daylight in either Höghuset or Låghuset, but some problems were 
reported in the living room of west apartments and bedroom of east apartments. The second question 
revealed that a part of the respondents of east and south oriented apartments (Höghuset) perceived 
their living room and kitchen as ‘rather dull and sad’. A significant portion of the east apartment 
respondents (Höghuset) also perceived the workshop as ‘rather dull and sad’, confirming the previous 
results. Again, rooms of western apartments tend to be perceived the brightest. The second question 
also confirms the previous findings in Låghuset, i.e. a share of respondents found the core of the main 
living spaces as darker, describing it as ‘rather dull and sad’.  
 
No respondent, with one exception, expressed the wish for less daylight in any room. A wish for more 
daylight is expressed by 21-33% and to a higher extent by respondents of east and south oriented 
apartments.  
 
The kitchen (and glazed balcony) is often prioritized in terms of need for daylighting, while a medium 
need for daylight is typically expressed for the dining room and a lower need for daylight typically 
expressed for the bedroom. 
 
4.3.3 General satisfaction with the apartment 
How would you describe your general satisfaction with the following aspects of your main living 
spaces (living room, kitchen and dining room)? 
 
Figure 67 presents the answers regarding the general satisfaction of the main living spaces, as 
expressed by the respondents of Höghuset.  
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Figure 67 Responses to question 5a (Höghuset):’How would you describe your general satisfaction 
with the following aspects of your main living spaces (living room, kitchen and dining room)?’ 
 

As shown in Figure 67, for most categories, the assessment corresponds to ‘somewhat to very 
satisfied’ for more than 80% of the respondents. The only categories with a lower share of 
respondents answering in this range are electric lighting (71%) and temperature (67%). These two 
categories also have the largest portion of respondents with an assessment in the range between 
‘somewhat and very dissatisfied’, with electric lighting at 21% and temperature 25%.  
 
4.3.4 Activities and requirements 
Figure 68 presents a summary of the reported activities in each room (answers of the question ‘What 
activities are common in your home?’). ‘Digital screens’ refers to all digital screens other than TV, 
‘paperwork’ refers to both reading and writing different types of paper documents (newspaper, books, 
magazines, mail etc.), ‘seated detailed work’ refers to activities like crafts, knitting, board games etc. 
and tanding detailed workrefers to activities like ironing, washing up, cooking, etc.  
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Figure 68 The respondents’ report of common activities in the different rooms of the apartment. 
 
The following results can be summarized from Figure 68: 
 

 The use of digital screens (other than TV) are reported by a significant portion of respondents 
in the living room (93%), dining room (70%) and bedroom (62%), but this activity takes place 
to some extent in all rooms.  

 81% watch TV in the living room, which is more or less the only room where this activity takes 
place. 

 Paperwork and paper reading mainly takes place in the living room (74%), dining room (74%), 
bedroom (65%) and also on the glazed balcony (52%). 

 Seated detailed work mainly takes place in the living room (56%) and dining room (70%). 
 Standing detailed work mainly takes place in the kitchen (100%), workshop (76%) and glazed 

balcony (57%). 
 
How do you feel about daylight as only light source when performing the activities below? 
Figure 69 presents how the respondents perceive daylight as only light source when performing a 
number of listed activities.  The responses have been summarized in three categories, expressing 
insufficient, sufficient or excessive daylight levels for the particular activity.  
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Figure 69 Responses to question 6b:’How do you feel about daylight as the only light source when 
performing the activities below?’ The responses have been summarized in three categories; 
insufficient, enough and excessive daylight. 
 
As seen in Figure 69, the daylight level is not found to be higher than desired for any activity, with 
exception for the use of digital screens (11%) and watching TV (30%). However, the majority of 
respondents found the daylight level appropriate for these digital activities (screens 78% and TV 52%). 
Most respondents (89%) perceived the daylight level as just enough for normal orientation and that it 
could work as only light source for this. The daylight level is reported sufficient by the majority for 
activities with lower demand on visual performance, such as socializing (74%) and meals (67%). 
However, for activities with higher level of detailing, such as different types of paperwork or paper-
reading, seated or standing detailed work and cleaning, only 48% find the daylight level sufficient as 
only light source and the others reported that it is slightly or even too low for these activities.  
 
How do these statements match your opinion? 
Figure 70 presents how well a number of statements regarding daylight in everyday life correspond to 
each respondent.  
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Figure 70 Responses to question 6c: ’How do these statements match you?’ 
 
The following can be summarized from Figure 70: 

 The respondents are generally not sensitive to intense daylight and only 15 % answered that 
they can experience discomfort to some extent when exposed to intense daylight. 

 93% claimed that daylight does not interfere with daily activities and they do not need to 
block daylight. 

 41% need plenty of daylight indoors for good vision and 48% agree that this is important to 
some extent. 

 67% express that plenty of daylight indoors is important for them to feel good. 
 63% are not satisfied with the daylight they are exposed to outdoors. 
 67% express that they prefer daylight over electric lighting. 
 52% express that electric lighting is not an equivalent substitute to daylight. 
 44% partly agree on not taking much notice of daylight while another 44% disagree on not 

taking much notice of daylight. 
 
4.4.2 Objective versus subjective evaluations 
This chapter focuses on discussing the results from the subjective assessment in relation to the 
objective measurements in Höghuset. No measurement was performed in Låghuset and the response 
rate was quite low so this section only covers Höghuset. 
 
Subjective indication:  

 The main living space of west oriented apartments is brighter than the living space of east and 
south oriented apartments. The living space of south oriented apartments is perceived as 
darkest. 

 The main living spaces of western apartments are more frequently described as bright-very 
bright; they are perceived by no respondent as dull, dark or sad and no respondent has 
expressed the wish for more daylight.  
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 The main living spaces of east and south oriented apartments on the other hand show a 
higher percentage of respondents describing them as less bright and the spaces have a 
significant portion of respondents wishing for more daylight, especially in the south 
apartments.  

 
The measured results are discussed again and presented in Figure 71, this time without including the 
results from the main living space with the excessive planting in the glazed balcony. 

 
Figure 71 Measured daylight factors of the main living spaces 
 
Independently of which daylight factor is studied, the main living space of the west apartment did 
obtain higher daylight factor values than the east or south facing apartment. The measured average 
and point daylight factor in the west apartment is also higher than in the south, but the median 
daylight factors in the main living space of the west and south apartment are identical. The subjective 
impression is thus partly supported by the measurements. However, the difference between the 
daylight factors of the three orientations is not significant in terms of visual perception and it is likely 
that the respondents’ perception is influenced by other aspects, e.g. evening sunlight in western 
apartments, which corresponds to the time of occupation for most people working during the day. 
 
Subjective indication:  

 The main bedroom of south oriented apartments is brighter than the bedroom of east and 
west oriented apartments. The measured daylight factors were previously presented in figure 
47, but a review of these results in Figure 72 presents the difference even clearer (here the 
bedroom of 12E is excluded due to left curtain during the measurements).  
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Figure 72 Daylight factors in the bedroom, comparison between different apartment orientations 
 
As seen in Figure 72, both the average, median and point daylight factor are significantly higher in the 
master bedroom of south oriented apartments than for the other orientations. The subjective 
indication is thus supported by the results from measurements. The results of both measurements 
and subjective evaluations were anticipated since the bedroom of the south apartment has more 
windows and thus more daylight than the bedroom of east and west facing apartments. 
 
Subjective indication:  

 The bedroom of east and west oriented apartments is perceived as darker than the main living 
spaces of these apartments. 

 
Figure 73 presents the daylight factors of the bedroom and main living space. Here the apartment 
with excessive planting in the glazed balcony and the apartment with the hanging curtains in the 
bedroom have been excluded in the comparison, leaving one western and one eastern apartment to 
review.  
 

 
Figure 73 Comparison between daylight factors in the bedroom and main living space (in one east and 
one west apartment). 
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As seen in Figure 73, the daylight factors in the east apartment bedroom are higher than in the east 
apartment main living space. A similar result is found in the western apartment, if comparing the 
average DF. However, a comparison between the median or point DF of the western apartment does 
not indicate any significant difference between the bedroom and main living space.  
 
The comparison shows that if anything, the bedroom is objectively brighter than the main living space, 
which is contrary to the respondents’ perception. This means that other factors have influenced the 
respondents’ perception, resulting in the bedroom being perceived as darker than other spaces. One 
hypothesis is that the respondents’ perception is influenced by the daylight distribution, which was 
more uneven in the bedroom due to the window position in the corner of the room. 
 
Subjective indication:  

 The workshop in east oriented apartments is dark, especially in comparison to the workshop 
of west oriented apartments.  

 
Figure 74 presents the median and average DF in the workshop of different apartment orientations. 
Here the apartment with excessive planting in the glazed balcony is excluded (the workshop is 
adjacent to the glazed balcony). One east apartment is also excluded due to no available 
measurements for this specific workshop as the room was filled with furniture and it was impossible to 
walk in it. This leaves one east, one west and one south apartment to compare.  

 
Figure 74 Average and median DF of the workshop. Comparison between different apartment 
orientations.  
 
As seen in Figure 74, the workshop of the south oriented apartment had significantly higher daylight 
factors than for the east or west apartments. This can be explained by a completely different layout of 
the south apartments, with the south workshop having a corner window which is non-existent on the 
east and west sides. Comparing the east and west workshop, they obtained similar daylight factors.  
 
The measurements do not correspond to the difference between the subjective perception of 
workshops of east and west workshops, where some respondents of east apartments report a wish for 
more daylight in the workshop and to a higher extent describe it as dull and sad. Neither do they make 
sense of the subjective finding of respondents of south apartments wishing for more daylight in the 
workshop (57%), while respondents of west apartments do not. Clearly, other aspects are influencing 
the perception of daylight in the workshops. The measuring staff reported that this room was deeper 
and the daylight was more uneven in the east and west apartments. 
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5. Discussion 

5.1 Measurements 
The research showed that simulated and measured daylight factors corresponded reasonably well 
given the large amount of error sources in both measurements and simulations. There were two cases 
where measurements and simulations did not match but in both cases, the lower measured values 
(compared to simulations) could be explained by a blocking of the window by plants in one case and 
curtain in another case. However, even in these cases, the values obtained were logical and seemed 
reasonable. The measurements were very time- and staff-demanding as a whole grid needed to be 
defined in each room and at least two persons were needed for the whole time. In the future, it would 
be interesting to develop instrumentation that would allow non-intrusive and continuous monitoring 
so that the sensors may be left in place for a few days and then moved. Such instrumentation exists in 
the context of laboratory studies. 
 
5.2 Simulations 
 
5.2.1 Impact of balcony and sunspace 
The simulations showed that adding the sunspace and balcony on the apartment building significantly 
reduced the amount of daylight in the adjacent living spaces. For all spaces in all four studied 
apartments, at least 50% of daylight received in the adjacent spaces was lost due to the attached 
sunspace and balcony. This was then also affecting the result of the DFp, which was required to be at 
least 1,2% according to Miljöbyggnad’s Gold Building Certification in Sweden.  
 
Looking at the transversal DF for all studied apartments, the results indicated that the area closer to 
the glazing experienced the greatest reduction in the amount of daylight when the sunspace and 
balcony were added. The addition of sunspace and balcony blocked the light coming from the zenith 
into the space, causing a smaller sky view angle to the area near the glazing. In comparison, daylight 
levels in the back of the room were not as strongly affected by the presence of sunspace and balcony. 
This is explained by the fact that deeper parts of the room are lit by the sky closer to the horizon, 
which is not blocked in the same way by the sunspace and balcony. 
 
As a consequence, it was expected that adding the sunspace and balcony would increase the daylight 
uniformity of the adjacent living spaces. The higher uniformity was reached mostly by the cases which 
had higher GWR (between sunspace-balcony and main living spaces). But looking at the results, the 
sunspace and balcony did not have a significant effect on the uniformity ratio. This is explained by the 
north corner windows that was not affected by the sunspace and gave the extra daylight in the living 
space thereby offsetting the gains in uniformity obtained with the sunspace and balcony. However, it 
is obvious from the transversal daylight analysis that the sunspace and balcony do have a positive 
impact on uniformity. 
 
Since this study is a residential study and most of the spaces are unoccupied during the day, the 
threshold value for the daylight autonomy was relatively low compared to office buildings which could 
achieve a maximum DA value up to 80%. In the studied apartment building, the living room of the 
west apartments had 26% average DA on both floors without the sunspace, whereas the east 
apartments had a DA average of 23% on the fourth floor and 25% on the twelfth floor. These values 
were then the maximum average DA that could be reached by the sunspace design in the parametric 
studies. These values are low due to the low occupancy rate during daytime where there is daylight. 
 
The addition of sunspace and balcony reduced the daylight autonomy (DA) in all four studied 
apartments. The DA values obtained were variable due to the studied space, occupancy schedule, 
orientations and floor heights. Lower values on the east apartments were observed. This was caused 
mainly by the occupancy schedule, which assumed that the living spaces in the apartment were 
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mostly occupied in the evening. During the evening, the sun’s position is more beneficial for the west-
facing apartments, leaving the east apartments to have an extremely low DA values in the kitchen, 
especially on the fourth floor apartment which was also shaded by obstruction from the surroundings.  
 
Without the sunspace and balcony, the point DF in each studied room reached the 1,2% point DF 
required by Miljöbyggnad Gold. After adding the sunspace and balcony, all studied apartments had a 
DFp below 1,2%. The different values obtained compared to the projected value can be explained by 
different ways of interpreting the position of the DFp. This suggests the need for clarifications in the 
actual building regulations and certifications. 
 
Overall, the parametric study on balcony and sunspace design indicated that the geometry of the 
sunspace and balcony had the largest influence on the daylight conditions in the adjacent spaces, 
compared to other aspects such as GWR (in the intermediate wall) and LRV. The geometry is the most 
crucial aspect in designing an optimal sunspace according to this daylight study. In general, increasing 
the depth and length of the sunspace and balcony reduced the DF in all the studied spaces and DFp in 
the adjacent spaces. As a consequence, architects should strive to minimize the size of balcony and 
sunspace or place them on an opaque part of the façade. When looking at the design of the MKB 
Greenhouse, it is obvious that it would have been possible in this case to place the balcony and 
sunspace adjacent to e.g. the corridors, vertical circulation, toilets, etc. The other part of the 
simulations indicated that this would also contribute to reduce energy use as passive solar heat gains 
could be utilized in the main spaces. 
 
In all cases, increasing the depth and length of the balcony reduced the amount of daylight in the 
space which increased the need for electric lighting. A higher average DA compared to the base case 
must be obtained to achieve a lower electrical lighting consumption. During the day, the electrical 
lighting was less needed since the space was only occupied in the morning and in the evening during 
weekdays and for longer hours in the weekends. The geometry combinations that could ensure the 
lowest electrical lighting consumption were the ones that had the shortest length (1,2 m). All the 
depths could still achieve a low electrical lighting consumption and high average DA by combining it 
with the length up to 2,4 m. In other words, the results suggest that the length was a more important 
parameter in terms of resulting electric lighting consumption than the depth of the balcony. 
 
In general, DF and DA increased when the sunspace GWR increased. But in this study, the base case 
already had a high GWR, which was almost 60% on the outer balcony walls and 88% on the wall 
dividing the balcony and sunspace. On smaller balconies with the least depth and length, the effect of 
varying GWR was not significant, because the living room windows that were adjacent to the balcony 
and sunspace were less obstructed. It has more impact on the larger balconies and sunspaces with the 
larger depth and longer length that were covering and shading the whole living room windows 
adjacent to the balcony and sunspace. For example, increasing the GWR from 40% to 60% increased 
the average DA by 12% and the average DF by 9% in the living room.  
 
Since the rest of the balcony already had high LRV for the surfaces and the single glazed sunspace 
already had a high light transmittance (LT) value, the surfaces that could be improved were the floor 
and ceiling LRV. The values were simultaneously increased to 40% for the floor and the ceiling was 
increased to 80%. Studying the results, the increase of the balcony and sunspace LRV did not have a 
significant effect on daylighting in adjacent spaces, especially for smaller sunspace and balcony. It had 
more influence for cases with larger balconies, with deeper depth and longer length, which allows 
more light to be reflected when it enters the balcony and sunspace to be distributed to the adjacent 
space. In other words, LRV is an important parameter when the main part of the daylight contribution 
comes from the internally reflected component, as is the case with the deep and long balcony. 
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In a site and project specific study, orientation and floor height play important roles in the results, 
especially for the annual daylight simulations. It was observed that the east apartments had lower DF 
compared to the west apartments due to the obstructions on the east side. Orientation and floor 
height had larger influence on the annual dynamic daylight simulation (DA). Since the studied building 
was an apartment, the studied living spaces, such as living room, kitchen and workshop, were only 
occupied during the morning before work and in the evening after the occupants got back from work. 
This explains why the east apartments, especially the fourth floor had lower average DA values 
compared to the other apartments. In the evening, when the living space was occupied the most, the 
sun is already setting down on the west side, giving the east side less amount of daylight due to the 
sun’s position and the shading caused by the southern apartments that blocks light to come into the 
east apartments. The twelfth floor of the east apartment had higher average DA values due to less 
obstructions caused by the surroundings. For both floors on the west apartments, the average DA and 
DF were in the same range, which supports the conclusion that in a less obstructed area, the different 
floor heights above the general surrounding building height (about four floors) did not have a great 
impact on daylighting results. 
 
5.2.2 Impact of fenestration 
Multi-objective optimization of fenestration was performed for a single apartment of Greenhouse 

using climate-based daylight modelling (CBDM) and dynamic thermal modelling (DTM). The results of 

this part of the simulations indicate that the goals of daylighting and heating are in conflict with each 

other in the Swedish climatic context, but not to a high extent when highly insulated buildings with 

good windows are considered.  

The results presented for the bedroom showed that there is a clear correlation between DA50lx and 

DF for all orientations. This can be attributed to the fact that the bedroom had a simple geometrical 

shape, one window and it was not shaded by obstructions. In contrast, the living room results indicate 

that it is difficult to correlate the two metrics when there are windows receiving different amounts of 

irradiation. For that reason, the DA150lx was shown to express the daylight conditions more 

accurately in the living room area. The argument here is that although there is a high percentage of 

time with overcast sky conditions in Sweden, different geometries and obstructions make the climate-

based metrics more precise in describing the daylighting conditions. 

The results for the living room indicate that it is possible to avoid simulating a large number of 

fenestration solutions by the use of genetic algorithms. The algorithm has proven to work as an 

evolutionary tool, that converges towards better performing solutions. In this case, a mere 0,04 % of 

all possible window configurations was simulated to reach to the Pareto front for the living room zone. 

The fact that it was possible to specify desired WWR ranges during the optimization process proved 

important, as local optima of high WWRs were avoided, and the exploration of the solution space was 

more diverse.. Although conventional architectural wisdom is hard to be substituted by a genetic 

algorithm, this process can be implemented in order to acquire information about designs that will 

perform better in the future, and about designs that should better be avoided. The necessity here is 

for this approach to be followed in the initial design stage, which can shape the final building 

performance dramatically. More discussion about methodological aspects are presented in Bournas & 

Haav (2016). 

The study of the bedroom showed that the orientation plays a major role in determining which 

fenestration design yields the optimum choice in terms of daylighting and energy use. The 

conventional rule of preferably placing windows on a south façade was validated, as for this 

orientation the increase of the WWR resulted in a reduction of annual heating demand, along with 

higher daylight levels.  Nevertheless, due to the high insulation of the studied room, overheating was 
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shown to be an important issue, which is a strong argument on actually decreasing the WWR on the 

south façade or providing the windows with a very efficient exterior solar shading device. This 

argument is in line with conclusions from previous research on well insulated buildings (Persson, et al., 

2006).  

The Pareto front obtained for the north orientation was the most extended between all orientations, 

indicating that the objectives of heating and daylighting are in conflict with each other for this 

orientation. An extended Pareto front indicates that there is a wide range of optimum solutions, from 

highly daylit (larger window) to low-energy ones (smaller window). A good practice could be to 

consider the actual efficiency of different energy types, and their corresponding market values. If, for 

example, saving 1 kWh of heating energy as opposed to saving electricity is more beneficial in the 

Swedish context, then a fenestration choice should lean towards smaller WWRs for north, provided 

that the minimum daylight requirements are met. The opposite would be true if electricity was more 

expensive than heating energy, which is likely to be the case in the future as electricity use is generally 

on the rise.  

The east and west orientations presented similar performance in terms of the optimization objectives, 

with the west being slightly better for daylighting, due to the occupancy schedule matching 

sunlighting hours. For these orientations, a WWR between 40 % and 50 % was shown to perform best. 

The low deviation between east and west on the daylight levels captured by DA50lx indicates that the 

low illuminance threshold of 50lx makes the choice of orientation less important in terms of DA50lx. 

On the other hand, the overlit area calculation where a threshold of 1500 lx was used showed a high 

deviation between east and west, where the overlit area plateau was 20 % for east, and 80 % for west. 

This indicates that the choice of orientation in terms of daylight levels is more significant when the 

illuminance threshold is high. 

Initially from the literature review, it was observed that the effect of window position has not been 

previously studied to the same extent as the effect of the WWR. The bedroom study showed that the 

WWR does not provide sufficient information on the building performance, in terms of daylighting. It 

was shown that WWRs ranging from 10 % to 20 % could actually admit more daylight than some cases 

with WWR ranging from 30 % to 40 %. Highly placed windows resulted in higher illuminance levels, as 

daylight can penetrate deeper in the space.   

In terms of energy use, the results indicated that the heating demand is increasing for higher WWRs 

on the north side, while it decreases on the south. For east and west, the heating demand was not a 

linear function of the WWR. Very small or very large windows yielded a higher heating demand. This 

indicates that the equilibrium between the building envelope losses and the solar gains is what defines 

the optimum WWR for these orientations. The results therefore depend on the insulation level of the 

windows and their placement, as well as on their g-value and losses through radiation. The 

consistently optimum height-to-width ratio near 1,0 can be attributed to the lower frame area per 

overall window area when a shape is square rather than an elongated rectangle. This derives from the 

fact that the frame U-value was 1,10 W/m²K compared to the glazing U-Value of 0,6 W/m²K.  

In the living room study, the optimum WWR was more dependent on the exact placement of the 

openings, due to the shading by the balcony. Several fenestration solutions of a WWR below 20 % 

resulted in the same specific energy use as solutions with 50 % WWR. Placing windows behind the 

balcony proved to be costly in terms of energy use, due to the loss of passive solar gains. On the other 

hand, not placing any windows facing the balcony resulted in poor daylight uniformity across space.  

The lack of daylight uniformity was captured by the electric lighting results, where it was shown that a 

more even distribution of windows throughout the envelope resulted in less electricity used for 
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lighting. The dilemma is the same here: visual comfort or energy efficiency? Nevertheless, it was 

consistently shown that in order to satisfy the objectives of heating and daylighting, more glazing 

should be placed on the unshaded western fenestration zone, and that placing windows only behind 

the balcony area is not a wise choice, as also demonstrated by the balcony study (section 5.2.1). One 

recommendation to architects is thus that sunspaces and balconies should be adjacent to the opaque 

parts of the building envelope, next to corridors, staircases, toilets, and the like, and not directly next 

to the main living spaces. 

The optimum number of windows for the living room area was minimum two and maximum three. 

Using only one window resulted in insufficient daylight while using four windows resulted in 

overheating. Using four windows did not improve the daylight conditions significantly either compared 

to the three windows solution.  

This part of the research generally indicated that passive solar gains are important even in the cloudy 

climate of Sweden and that they do contribute to reduce the heating energy use significantly on 

south, east and west orientations. It was shown that higher passive solar gains allow for larger glazing 

areas, when the heating demand is a priority. It should be noted here that this is true for highly 

insulated windows only. Increasing the WWR with poorly insulated windows would probably increase 

the heating demand despite the utilization of solar gains since the heat losses would exceed the 

passive solar gains.  

In addition, larger glazing areas yield higher daylight levels. The outcome is that for both objectives, 

solar gains are beneficial. Future implementation of the optimization algorithm should therefore 

include a preliminary solar irradiation study that could define the optimum envelope areas for window 

implementation. On the other hand, for as highly insulated apartments as Greenhouse, the 

overheating time is proportional to the solar gains admitted and an efficient solar shading solution 

must be planned from the early design stages. 

The bedroom energy study showed that an increase of the window size would mostly be beneficial on 

the south orientation. East and west orientations can benefit from passive solar heat gains only within 

specific ranges of WWR, i.e. between 20 % and 40 %. Increasing the WWR beyond these limits yields 

higher heating energy use due to the fact that heat losses exceed the passive solar heat gains. The low 

direct solar irradiation on the north on the other hand is the reason why decreasing the WWR is 

beneficial on this orientation, if the heating demand is to be minimized. 

Overall, it should be noted that the solar gains of exterior surfaces, such as windows, is a combination 

of direct and diffuse solar radiation. The amount radiation that will be beneficial for a thermal zone is 

the part that will be transmitted through the windows and the absorbed part (by glass) that will be 

radiated inside the zone. The solar gains are therefore dependent on the glazing properties, which 

makes the presented results case specific. 

The bedroom study showed that maximum daylight levels can be achieved with an overheating time 

(Top>25 °C) below 10 % only on the north orientation. Although west is the orientation with the 

highest DA50lx for small (no overheating) WWRs, for peak DA50lx levels the required window area 

results in an overheating time of 25 %. This can be attributed to the higher amount of solar gains 

admitted by windows facing west compared to north. In reality, the concept of measuring overheating 

hours is more developed for office spaces, where the occupants do not have the flexibility to use 

openings for natural ventilation. In the case of residential spaces, the fenestration choices have not 

been based on overheating time, although as it was shown that there is a high risk of overheating due 

to the highly insulated envelope of the apartment. The argument here is that the occupant comfort 

should not depend on having windows opened, for various reasons.  
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The overheating time presented for the study of the living room zone was calculated as the number of 

hours during occupancy, for which the operative temperature exceeded a specific benchmark 

temperature. The optimum WWR to avoid overheating varies based on this temperature benchmark. 

For lower benchmarks (25 °C), it was shown that the overheating time increases rapidly as the WWR is 

increased, starting from the least amount of glazing. For higher benchmarks (28 °C), the overheating 

time was not increasing dramatically until a WWR of 50 % was reached. Considering that the 

overheating issue occurs during the summer months, when the ambient air temperature is higher, it is 

reasonable to assume that the occupants will have a higher tolerance for higher operative 

temperatures. Hence, it could be argued that it is more efficient to use a benchmark such as 28 °C, 

and select the glazing size based on this threshold. Overall, it was shown that overheating is in conflict 

with the objectives of heating and daylighting, as the solar gains benefit both daylighting and heating, 

but increase the operative temperature. 

5.3 Subjective evaluations 
One objective of this study was to investigate the question regarding the minimum required DF 
threshold (DFp ≥ 1.2%) in MB by comparing measurements, simulation with the tenants’ subjective 
evaluations. The analysis of the subjective evaluations clearly points at two things that are interesting 
in the discussion of this question:  
 

 The respondents have a clear preference for daylight; the majority (67%) of respondents 
prefer daylight to electric lighting and express a need for plenty of daylight indoors in order to 
feel good.  

 The current daylight level is not perceived as too high as expected at the start of the research; 
the respondents are not disturbed by excessive daylight levels and express no wish for less 
daylight. We should restate here however, that the study was carried out during the winter, 
which is the darkest part of the year in Malmö, Sweden. The results could be different for the 
summer period. 

 
These results do not necessarily imply that a lower threshold would be unsatisfactory. The following 
results do however suggest the following:  
 

 The responses to the question about how the respondent would describe daylight in each 
room show surprisingly high scores for answers ‘dark’ or ‘neither dark nor bright’, with 25-
54% of the responses in Höghuset and 33-66% in Låghuset. This is an unexpected result given 
the fact that the building is certified to the highest level (gold) and it was experienced 
generally as bright by the measuring staff compared to ordinary, non-certified buildings. 

 The respondents’ description of their experience of the main living spaces (kitchen, dining 
room and living room) show high scores for ‘just enough light to perform tasks’, with 46-50% 
of the responses in Höghuset and 50-67% of the responses in Låghuset. The scores for ‘rather 
dull and sad’ were also surprisingly high for some rooms, e.g. the kitchen in Höghuset (25%) 
and living room, dining room and bedroom in Låghuset (33%). 

 As many as 21-33% of the respondents of Höghuset wished ‘more daylight’, with the higher 
scores for the kitchen, living room and workshop. Låghuset obtained high scores (33%) for the 
same question, for the living room and dining room. 

 
Although the general satisfaction with daylight in Greenhouse is high, the more specific questions 
about the daylight level indicate high scores for ‘neutral’ expressions to describe the respondents’ 
perception of daylight. Considering that the respondents express a clear preference for daylighting, 
the use of expressions like ‘neither dark nor bright’ and ‘just enough light to perform tasks’ do not 
indicate a satisfaction level that is high as anticipated at the beginning of the research and certainly 
not matching the expectations connected to the certification level gold. The daylight level was 
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hypothesized to be judged sufficient, which is thus not completely shown in the subjective 
assessment.  
 
As seen in the objective assessment, the main living spaces show daylight levels (DFp) between 0.8-
1.2%. Linking the objective assessment to the subjective one, it is shown that with the current 
threshold (DFp 1.2%) as a target, daylight levels are subjectively not sufficiently high to correspond to a 
bright perception for all respondents. This suggests that the current threshold is at a minimum level 
already, at least in some rooms.  
 
The subjective assessment points at a clear pattern in how daylighting is prioritized between the 
different spaces of the apartment. As hypothesized, daylight in the kitchen is prioritized higher than in 
the bedroom; the need for high light levels in the kitchen is easily explained by the type of activity 
(meal preparation) being performed there, which requires good visual performance with detail and 
color discrimination. In Greenhouse, a significant number of apartments have unfortunately higher 
daylight factors where daylighting is not prioritized (bedroom) and lower daylight factor where 
daylighting is judged important (kitchen). This a result of the architectural design, where the kitchen is 
placed closer to the building core while the dining space is placed along the façade. This result 
replicates results obtained by Dubois et al (2017) and Eriksson & Waldenström (2016). Within the 
main living spaces, there is also a clear interest for daylighting in the kitchen compared to the living 
room, which is found to be sensitive to higher light levels due to the tenants often using this space for 
watching TV. This is an interesting lesson for architects; perhaps they should prioritize placing kitchens 
directly adjacent to facades while living rooms should be placed closer to the building core since 
screen and TV watching takes place in the living room. In the case of Greenhouse, an optimal planning 
of the space would be to have the lowest daylight levels in the bedroom and the highest levels in the 
main living spaces, with more daylight in the kitchen and less in the living room. Since the need for 
daylighting is obviously not as high in every room of the apartment, it seems reasonable that this 
would also be expressed in the daylight requirements instead of requiring the same DFp value in all 
rooms. This would also contribute to provide the architectural space with more variability, which is 
generally desirable in terms of experience, orientation and flexibility. 
 
Another research objective was to analyze whether the subjective perception of daylight can be 
explained by objective findings. Here it is clear that the subjective results can only be explained to 
some extent by the objective results and that other aspects than variation in daylight factors are 
influencing the respondents’ perception of daylight in a room. Results suggest that the key aspects 
affecting perception of daylight level may be uniformity (or distribution) and direct sunlight coinciding 
with occupancy. This is based on the following observations: 
 

 A room with higher daylight factor can be perceived as darker than one with lower daylight 
factor. This is the case in the eastern and western apartments of Höghuset, where the 
bedroom was generally perceived as darker than the main living spaces. Objective findings do 
however show the opposite; the bedroom was objectively brighter than the main living spaces 
as shown by both measurements and simulations, but daylight distribution was more uneven 
in the bedroom compared to the main living spaces. Hence, the perception of the bedroom 
was that it was darker. Another example is the workshop of southern apartments (Höghuset), 
where the daylight factor is objectively significantly higher but the subjective assessment 
indicates high scores for respondents wishing for more daylight. One hypothesis is that the 
workbench of this room is located in such a way that the occupants are self-shading it when 
working with the plants, which may explain their complaints about insufficient daylight. This 
shows the necessity to go beyond the simple horizontal daylight factor analysis when studying 
daylight in a space. The perception, from the point of view of the user, needs to be 
considered. 
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 Rooms with the same daylight factors can be perceived very differently. An example of this is 
the workshop of eastern and western apartments, where a significant part of the eastern 
respondents expressed a wish for more daylight compared to none on the western side 
despite objectively similar daylight factors in both spaces. One explanation may be that the 
(evening) occupancy coincides with the direct sunlight for the west orientation. 

 
The other aspects that are influencing the respondents’ perception of daylight can only be discussed 
speculatively, since objective measurements other than the daylight factor lie outside the scope of this 
research. As hypothesized, some bedrooms were perceived as darker compared to other rooms with 
lower daylight factors. Notable is that the bedrooms show a rather uneven distribution of daylight due 
to the corner window. A low uniformity could be one contributing factor to the darker perception of 
the bedroom, which would be in line with previous research (Galasiu & Reinhart, 2008; Xue, Mak, & 
Huang, 2016; Xue, Mak & Cheung, 2014, etc.), where perception of uniformity was found to be an 
important predictor of daylight quality.  
 
In order to draw any conclusions of what parameters are influencing the respondents’ perception of 
daylight, the objective assessment would need to be expanded but this would require a continuous 
monitoring over a long period of time, entailing more sophisticated equipment. Further analysis of the 
subjective assessment, using statistical analysis methods, could also reveal patterns that were not 
discovered using descriptive statistics.  
 
Finally, it needs to be pointed out that this study is not just any building or any group of people, but a 
modern building designed to have good daylight access and with tenants selected to have a special 
interest in environmental matters and ‘green’ thinking. This might influence the results compared to 
other buildings and other groups of people. The respondents were also asked about daylight during 
the dark winter season, when the external daylight levels were low. This may have affected the results 
in either direction and the answers might have been different if the questionnaires were distributed in 
the middle of the summer, for instance. On the other hand, a building should ensure that inhabitants 
have the best conditions for living, even when the exterior conditions are not optimal and the results 
or this research certainly point towards a conclusion that the current minimum DF level in regulations 
and certification needs to be at least maintained to ensure a very high quality of the Swedish built 
environment.  
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6. Conclusions 
 
This research assessed the subjective and objective daylight conditions in an environmentally certified 
building called MKB Greenhouse, located in Malmö, Sweden. This research involved questionnaires to 
building inhabitants, in situ measurements under overcast sky conditions, and advanced daylight and 
energy simulations. The project also used simulations to study and develop innovative solutions that 
allow to both provide good daylighting and low energy use in future multi-family dwellings. The 
research as a whole yields the conclusions elaborated below. 
 
6.1 Measurements 
The objective evaluation through measurements indicated the following: 

 The objective assessment indicates that the main living spaces of Greenhouse have a DFp in 
the range between 0.8-1.2%. 

 The DFp measured and simulated is lower than the projected value due to a different 
interpretation about the position of the measurement point. One conclusion is thus that this 
aspect needs to be more clearly defined in future formulations of the Swedish building 
regulations and certification system Miljöbyggnad.  

 The measurements and simulations returned reasonably close values, given the large amount 
of possible error sources involved in both measurements and simulations. An important 
conclusion is thus that the simulation program used is reliable. 

 
6.2 Simulations 
 
6.2.1 Sunspace and balcony 

 Adding the actual sunspace (3,4 m deep and 3,8 m long) and balcony (3,4 m deep and 3,8 m 
long) on the apartment building reduced daylight levels in the adjacent living spaces by at 
least 50% under overcast sky conditions.  

 The geometry of the sunspace and balcony was found to be the most important factor 
affecting daylighting in the adjacent spaces. Increasing the depth and length of the sunspace 
reduced the amount of daylight received in the adjacent spaces, which lead to an increase in 
the electrical lighting consumption, where the length was a more critical factor than the depth 
of the balcony and sunspace. 

 Designing sunspace with the least depth and the shortest length is recommended in view of 
the results of this study. One recommendation to architects is therefore to place sunspace 
and balcony adjacent to opaque parts of the building envelope i.e. next to corridors, toilets, 
staircase, etc., which is also beneficial in terms of overall energy use since passive solar heat 
gains can be used in the main living spaces. This recommendation is especially valid for south 
orientations. 

 After geometrical aspects, the next important factors affecting daylighting in the adjacent 
spaces were the glazing area and light reflectance values (LRV). The GWR and LRV in this study 
only yielded a large difference in daylighting when the sunspace and balcony had a large 
depth and length. The higher the GWR and LRV in the sunspace, the better the daylight 
conditions in the adjacent space and this especially for large sunspaces and balconies, but 
overall this effect was found to be secondary. 

 Orientation and floor heights had a larger impact on the results of the daylight autonomy 
study than on the DF, which is explained by the occupancy schedule where west benefits from 
evening sunlighting matching occupancy. Apart from occupancy schedule, surrounding 
buildings and type of ground surfaces also had an effect on the results. 
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6.2.2 Fenestration 
 The objectives of heating and daylighting are in conflict with each other on all orientations 

except for the south orientation with highly insulated windows, where it was found that larger 
windows are beneficial both in terms of daylighting and heating energy use due to the passive 
solar heat gains. The drawback of large windows is overheating, which should be mitigated by 
efficient solar shading devices. 

 The importance of passive solar gains on the south orientation to reduce heating demand and 
contribute to daylighting is clearly outlined in this study. The use of a balcony affects both 
heating and daylighting levels negatively and thus one recommendation to the architects is 
that sunspaces and balconies should be adjacent to the opaque parts of the building envelope 
as far as possible, i.e. adjacent to corridors, toilets, storage, and the like.  

 The window-to-wall ratio is not a sufficient predictor of energy use or daylighting 
performance. An energy and daylighting assessment requires the height-to-width window 
ratio and information about the window position, which significantly affects daylighting in the 
space. 

 Overall, the heating demand was not dramatically affected by the WWR, as the studied 
apartment had a very high insulation level. 

 Overheating due to the effect of solar gains is a serious issue for all orientations except for the 
north orientation. Efficient (exterior) solar shading devices should be planned at the early 
design phase. 

 
More specifically for the bedroom study: 

 On a south orientation, WWR should be maximized, if heating and daylighting are the 
objectives of optimization. The drawback is a high increase in the operative temperature, 
hence, exterior solar shading should be added to control overheating. 

 On east and west orientations, the optimum WWR range, for the optimization of heating and 
daylighting is 40 % to 50 %. 

 North windows should be square-shaped and placed high on the façade to optimize 
daylighting and thermal energy. A WWR of 34 % was optimum for satisfactory daylight levels, 
low heating demand and no overheating. 

 The north orientation is preferable for a bedroom, as the necessary illuminance can be 
achieved by diffuse irradiation only and the overheating time is minimized.  

 
More specifically for the living room study (west orientation only): 

 In order for a two-window solution to be optimal and have a high uniformity ratio 
simultaneously, the WWR must be 30 % - 35 % and the windows must be placed far from each 
other. 

 High average DF values (over 3 %) do not necessarily mean satisfactory daylight conditions for 
a two-window design. The results indicated that in order for the average DF to exceed 3 %, 
the windows have to be placed on the unshaded fenestration zones (not behind the balcony 
and sunspace). In this particular case, this resulted in poor daylight uniformity across the 
space. 

 When windows were not placed on the unshaded (behind sunspace and balcony) western 
fenestration zone, then a two-window solution could not achieve an optimum trade-off 
between heating and daylighting. 

 In this particular case of an elongated living and dining room shape, a three window solution 
was necessary to obtain an optimal solution in terms of low heating demand and daylighting 
with an average DF above 2,1 % and a high uniformity ratio. 

Many more results, discussion and conclusions are presented in Bournas & Haav (2016) and should be 
consulted by the reader interested in this part of the research. 
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6.3 Subjective evaluations 
The questionnaires were only distributed during the winter season, when daylighting is scarce in 
Southern Sweden. The main conclusions from these subjective evaluations are stated below: 
 The respondents have a clear preference for daylighting over electric lighting. 
 The satisfaction with the view was high for this building as a whole. 
 Other aspects of the building were generally assessed as satisfying except perhaps for 

temperature and electric lighting. 
 Although the general satisfaction with daylighting was high, a significant portion of respondents 

did not find daylight levels to be fully satisfying in all rooms. This suggests that lower threshold for 
DFp might not be desirable in future environmental certification systems or in the building code. 
The debated question of the daylight threshold in BBR (1% DFp) being set too high is consequently 
not supported by the subjective assessment in this research. 

 A higher daylight level is prioritized in the kitchen, while a lower level would seem acceptable in 
the bedroom. This supports the suggestion of working towards a more flexible way of expressing 
the daylight requirements in BBR with a possibility of differentiation according to room and usage. 
It also suggests that architectural plans should be reconsidered in Sweden, taking work tasks 
(kitchen meal preparation) and screen use (living room) into account. This would yield different 
solutions, where the kitchen might be placed closer to the building façade and not in the core as is 
usually the case at the moment. Main living rooms might find a preferable location deeper in the 
building core, where nuisance from direct sunlight or high light levels would not be felt as strongly 
when using screen equipment. In this case for instance, a better architectural plan would have 
consisted of inverting living room and kitchen in the actual plan of the Greenhouse. 

 The respondents’ subjective perception of daylight level is affected by other parameters than the 
daylight factor alone. The results strongly suggest that daylight uniformity or distribution and 
direct sunlight may also affect the assessment. In general, more even daylight distribution yields 
higher assessment of daylight levels, which is in line with previous studies. The study thus 
confirms that the daylight factor is not sufficient as indicator of daylight quality and should 
perhaps be supplemented by other simple indicators such as uniformity (min/average) and 
perhaps climate-based values that take into consideration direct sunlight. Note that uniformity 
and climate-based daylight metrics have recently been integrated into the certification systems 
BREEAM and LEED. 

 
This project was limited in time and budget and therefore some major limitations have to be kept in 
mind: 
 The measurements only entailed the DF i.e. under overcast sky conditions. Long term monitoring 

may yield more information and different conclusions. 
 The subjective assessments only cover the winter period. Different conclusions may be obtained if 

the building was surveyed during a whole year. 
 The analysis of the respondents’ answers was based solely on descriptive statistics. A more 

detailed statistical analysis would perhaps yield more solid conclusions, especially in terms of 
relations between the different daylight metrics and aspects of building design. 
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Appendix A: Measured illuminance values in the master bedroom 
 

 
 

 
 

 
 

Apartment 4E

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

1 0,5 1533 16200 9,46 2,50 Average all points

2 1,0 788 15850 4,97 1,70 Average selected points

3 1,5 459 15600 2,94 1,28 Median all points

4 2,0 273 15490 1,76 1,04 Median selected points

5 3,0 136 15330 0,89 1,38 DFp

6 0,5 258 18990 1,36

7 1,0 228 19130 1,19

8 1,5 195 19150 1,02

9 2,0 162 19130 0,85

10 3,0 101 18990 0,53

DFp 149 10780 1,38

Apartment 4W

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

1 0,3 1567 15080 10,39 2,71 Average all points

2 0,8 836 16320 5,12 1,77 Average selected points

3 1,3 539 17630 3,06 1,51 Median all points

4 1,8 294 18900 1,56 1,16 Median selected points

5 2,8 198 23000 0,86 1,09 DFp

6 0,5 241 14780 1,63

7 1,0 234 17080 1,37

8 1,5 278 19070 1,46

9 2,0 195 20600 0,95

10 3,0 162 21400 0,76

DFp 133 12170 1,09

Apartment 11W

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

1 0,5 1510 15540 9,72 2,34 Average all points

2 1,0 1186 19950 5,94 1,70 Average selected points

3 1,5 765 39800 1,92 0,88 Median all points

4 2,0 396 32200 1,23 0,85 Median selected points

5 3,0 245 36700 0,67 1,06 DFp

6 0,5 217 28200 0,77

7 1,0 350 37700 0,93

8 1,5 340 40600 0,84

9 2,0 244 31400 0,78

10 3,0 156 23800 0,66

DFp 87 8230 1,06
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Apartment 12E

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

36 0,3 693 17600 3,94 1,22 Average all points

37 0,8 381 17600 2,16 1,30 Average selected points

38 1,3 236 17500 1,35 0,72 Median all points

39 1,8 147 17400 0,84 0,68 Median selected points

40 2,8 104 16400 0,63 0,81 DFp

41 0,5 92 15400 0,60

42 1,0 108 15300 0,71

43 1,5 105 14300 0,73

44 2,0 92 14100 0,65

45 3,0 70 13100 0,53

DFp 118 14600 0,81

Apartment 11S

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

55 0,3 738 9500 7,77 3,99 Average all points

56 0,8 439 9310 4,72 3,06 Average selected points

57 1,3 285 9190 3,10 2,32 Median all points

58 1,8 210 9050 2,32 2,14 Median selected points

59 2,8 138 8930 1,55 2,39 DFp

60 0,5 174 9010 1,93

61 1,0 192 8970 2,14

62 1,5 191 8930 2,14

63 2,0 178 8890 2,00

64 0,3 1094 8950 12,22

65 0,8 592 9010 6,57

66 1,3 292 9020 3,24

67 1,8 192 9000 2,13

DFp 206 8610 2,39
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Appendix B: Measured illuminance values in the main living space 
 

 
 

Apartment 4E

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

11 0,5 2550 18080 14,10 1,44 Average all points

12 1,0 1441 17250 8,35 0,96 Average selected points

13 1,5 695 17010 4,09 0,68 Median all points

14 2,0 351 16840 2,08 0,51 Median selected points

15 3,0 127 16730 0,76 1,01 DFp

16 0,5 217 17600 1,23

17 1,0 174 17630 0,99

18 1,5 180 17420 1,03

19 2,0 134 17030 0,79

20 3,0 114 16820 0,68

21 0,5 250 19950 1,25

22 1,0 168 19800 0,85

23 1,5 129 19760 0,65

24 2,0 94 19550 0,48

25 3,0 89 19430 0,46

26 0,5 184 12480 1,47

27 1,0 179 12980 1,38

28 1,5 135 13780 0,98

29 2,0 77 15170 0,51

30 3,0 82 16100 0,51

31 4,0 58 17190 0,34

32 5,0 39 18970 0,21

33 6,0 24 23300 0,10

34 0,5 199 51500 0,39

35 1,0 201 49400 0,41

36 1,5 167 52700 0,32

37 2,0 194 51000 0,38

38 3,0 103 34000 0,30

39 4,0 85 42900 0,20

40 0,5 633 33000 1,92

41 1,0 374 33200 1,13

42 1,5 267 32200 0,83

43 2,0 188 30200 0,62

44 3,0 126 31900 0,39

45 4,0 67 32000 0,21

DFp 103 10150 1,01
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Apartment 4W

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

11 0,3 280 19700 1,42 1,03 Average all points

12 0,8 207 19900 1,04 0,75 Average selected points

13 1,3 189 20100 0,94 0,71 Median all points

14 1,8 166 22100 0,75 0,64 Median selected points

15 2,8 114 21400 0,53 0,57 DFp

16 3,8 58 22900 0,25

17 0,5 169 23200 0,73

18 1,0 148 21400 0,69

19 1,5 159 19300 0,82

20 2,0 147 20600 0,71

21 3,0 55 20100 0,27

22 4,0 50 20600 0,24

23 0,3 172 21300 0,81

24 0,8 151 21300 0,71

25 1,3 124 21300 0,58

26 1,8 99 20800 0,48

27 2,8 54 19900 0,27

28 3,8 42 19000 0,22

29 4,8 24 18000 0,13

30 5,8 11 15200 0,07

31 0,3 109 10300 1,06

32 0,8 85 10800 0,79

33 1,3 73 10800 0,68

34 1,8 68 10600 0,64

35 2,8 47 10000 0,47

36 0,5 224 24400 0,92

37 1,0 221 24300 0,91

38 1,5 176 23400 0,75

39 2,0 148 22800 0,65

40 3,0 108 21300 0,51

41 0,3 1382 17520 7,89

42 0,8 872 17830 4,89

43 1,3 407 17720 2,30

44 1,8 214 17090 1,25

45 2,8 111 16300 0,68

DFp 84 14620 0,57
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Apartment 12E

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

1 0,3 2940 24100 12,20 1,53 Average all points

2 0,8 1794 23800 7,54 1,10 Average selected points

3 1,3 994 23500 4,23 0,89 Median all points

4 1,8 446 23300 1,91 0,78 Median selected points

5 2,8 206 23200 0,89 0,84 DFp

6 0,5 307 22100 1,39

7 1,0 311 22000 1,41

8 1,5 274 21900 1,25

9 2,0 224 21600 1,04

10 3,0 154 21400 0,72

11 0,3 219 20200 1,08

12 0,8 158 20000 0,79

13 1,3 150 19800 0,76

14 1,8 144 19600 0,73

15 2,8 150 19300 0,78

16 0,3 222 17000 1,31

17 0,8 189 17000 1,11

18 1,3 166 17000 0,98

19 1,8 148 17000 0,87

20 2,8 103 17000 0,61

21 3,8 92 17000 0,54

22 4,8 49 16900 0,29

23 5,8 22 16900 0,13

24 0,5 208 16500 1,26

25 1,0 167 16700 1,00

26 1,5 138 17000 0,81

27 2,0 127 17300 0,73

28 3,0 91 17000 0,54

29 4,0 89 16200 0,55

30 0,3 330 16100 2,05

31 0,8 214 16300 1,31

32 1,3 172 16500 1,04

33 1,8 144 16700 0,86

34 2,8 88 17300 0,51

35 3,8 60 17700 0,34

DFp_1 353 14300 2,47

DFp_2 119 14200 0,84
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Apartment 11W

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

11 0,5 677 23000 2,94 1,65 Average all points

12 1,0 550 24400 2,25 1,31 Average selected points

13 1,5 472 27200 1,74 1,34 Median all points

14 2,0 321 28400 1,13 1,13 Median selected points

15 3,0 258 29500 0,87 1,16 DFp

16 4,0 358 30200 1,19

17 0,5 525 29500 1,78

18 1,0 539 29000 1,86

19 1,5 322 28200 1,14

20 2,0 374 28000 1,34

21 3,0 199 27300 0,73

22 4,0 189 27100 0,70

23 0,5 366 24700 1,48

24 1,0 369 23700 1,56

25 1,5 357 24000 1,49

26 2,0 314 24300 1,29

27 3,0 212 24300 0,87

28 4,0 124 31200 0,40

29 5,0 93 30900 0,30

30 6,0 57 29800 0,19

31 0,5 574 34900 1,64

32 1,0 461 34500 1,34

33 1,5 390 33600 1,16

34 2,0 346 33200 1,04

35 3,0 303 33200 0,91

36 0,5 493 32200 1,53

37 1,0 510 31700 1,61

38 1,5 453 31200 1,45

39 2,0 332 30000 1,11

40 3,0 296 27900 1,06

41 0,5 2030 24600 8,25

42 1,0 1247 22700 5,49

43 1,5 706 22500 3,14

44 2,0 353 21800 1,62

45 3,0 241 20300 1,19

DFp 84 7230 1,16
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Apartment 11S

Point Dist. (m) Int. ill. (lx) Ext. Ill. (lx) DFgrid (%) DF (%)

1 0,5 65 9600 0,67 1,37 Average all points

2 1,0 80 9720 0,82 1,21 Average selected points

3 1,5 94 9800 0,96 1,25 Median all points

4 2,0 97 9850 0,98 1,24 Median selected points

5 3,0 102 9900 1,03 1,57 DFp

6 0,3 177 9740 1,82

7 0,8 133 9730 1,37

8 1,3 122 9750 1,25

9 1,8 111 9800 1,13

10 2,8 106 9930 1,07

11 0,3 235 10210 2,30

12 0,8 188 10160 1,85

13 1,3 158 10090 1,57

14 1,8 139 10010 1,39

15 2,8 123 9910 1,24

16 0,5 172 9780 1,76

17 1,0 167 9820 1,70

18 1,5 153 9850 1,55

19 2,0 133 9770 1,36

20 3,0 109 9720 1,12

21 4,0 75 9860 0,76

22 5,0 50 9960 0,50

23 0,3 312 9810 3,18

24 0,8 240 9690 2,48

25 1,3 193 9650 2,00

26 1,8 158 9580 1,65

27 2,3 124 9430 1,31

28 2,8 118 9410 1,25

29 0,3 263 9940 2,65

30 0,8 164 9820 1,67

31 1,3 102 9720 1,05

32 1,8 110 9760 1,13

33 2,8 86 9770 0,88

34 0,5 129 10310 1,25

35 1,0 126 10380 1,21

36 1,5 72 9930 0,73

37 2,0 63 9810 0,64

38 3,0 63 9770 0,64

DFp 135 8590 1,57

DFp 70 8840 0,79


