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Abstract

Th is thesis examines the daylight compliance of residential spaces, in par-
ticular apartments in multi-dwelling building blocks, and provides knowl-
edge that may prove useful for the development of future daylight criteria 
for dwellings. Th e implications of design choices on daylight compliance 
of spaces and the eff ect of daylight criteria on the level of compliance are 
at the core of this work. Daylight simulations were performed to evaluate 
a large sample of representative apartment buildings according to past and 
present daylight criteria. Self-administered questionnaires were also used 
to investigate occupant preferences and subjective impressions of daylight 
conditions in the dwellings. Th e simulations and questionnaires divide this 
work into two parts, which are connected on the basis of the same study 
object: multi-dwelling buildings.

Th e fi rst part includes a review of daylight regulations in Sweden from 
the time the term “daylight” fi rst appeared in 1960. It proceeds with 
compliance testing results for a large sample of multi-dwelling blocks, 
evaluated according to the current Swedish daylight compliance criteria. 
Several criteria commonly used internationally are assessed for the same 
spaces, to evaluate compliance diff erences when using diff erent criteria. 
Th e review concludes that there has been no signifi cant progress in Swedish 
daylight regulations since 1975, when the basis for the current daylight 
factor criterion was fi rst formulated. It also argues that the current geo-
metric criterion has limitations due to spatial implications deriving from 
its formulation. Th e compliance testing results indicate that Swedish 
daylight criteria have not been successful in safeguarding daylight access 
for residential spaces historically, especially in denser urban areas, perhaps 
because they were expressed as “general recommendations” instead of 
“mandatory provisions”. To this end, several buildings built prior to the 
introduction of daylight criteria, and built only by architectural intuition, 
perform better than regulated buildings. A more detailed assessment of the 
investigated rooms using additional criteria indicated which building types 
perform better overall, which geometric attributes are more signifi cant for 
compliance, and the eff ect of urban density on compliance.
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Th e second part includes results from a questionnaire survey carried out 
in the city of Malmö, the third largest city in Sweden. Th e questionnaires 
were distributed in buildings of the same block typologies as the buildings 
evaluated via simulations in the fi rst part of this research. Th is second part 
concerns daylight perception, electric lighting use, and occupant prefer-
ences with respect to daylighting among room types. Th e questionnaire 
rating scales were validated for their suitability as a form of measurement 
for daylight surveys. Th e reported electric lighting use was compared be-
tween diff erent room types, geometries, and facade orientations to evaluate 
whether there is less use of lighting in rooms with specifi c characteristics. 
Th e relation between reported daylit area and electric lighting use was 
analysed to assess whether daylight availability can yield reductions in 
electric light use, to what extent, and under which conditions. Th e survey 
also revealed clear occupant preferences, indicating the room types where 
daylight availability is prioritised.
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1 Introduction

Sweden’s population has grown by a million inhabitants in the past decade 
(SCB, 2020e), and is still increasing despite a recent drop in immigration 
and a high number of deaths due to the coronavirus pandemic (SCB, 
2020d). As population continues to grow, the distribution of inhabitants 
is clearly not uniform across the country, with signifi cant regional diff er-
ences indicating an urbanisation trend. According to the offi  cial statistics 
agency SCB (SCB, 2020f ), the urbanised land is unevenly distributed 
across regions, with the three metropolitan counties (Stockholm, Västra 
Götaland and Skåne) having the highest percentage of developed urban 
areas (SCB, 2019d). Th is clear urbanisation trend (SCB, 2019e) resulted 
in 87 % of Sweden’s population living in urban areas at the end of 2018 
(SCB, 2019f ). In 2019, the majority of urban areas noted population 
increases (SCB, 2020c).

Th is steady population growth partly dictated the building develop-
ment process, leading to the expansion or densifi cation of urban areas to 
provide cities with the necessary amount of residential building stock. In 
February 2016, the Swedish National Board of Housing, Building and 
Planning (BOVERKET, 2020e), which issues building regulations and 
supervises municipal and county planning, estimated that roughly 700,000 
new dwellings would need to be built by 2025 (OMNI, 2016) to meet 
the needs of the housing crisis. Th e construction rate required to achieve 
such a number of dwellings compares to the historic rate that occurred 
during the famous Million Homes Programme (Hall and Vidén, 2005), 
when approximately one million dwellings were built between 1965 and 
1974. Although densifying cities off ers advantages (e.g. for the transporta-
tion sector), there are certain environmental considerations, for instance, 
access to daylight and sunlight, noise, access to outdoor green spaces, and 
the need for heavier infrastructures (bridges, subways, etc.), which rely on 
climate-expensive concrete and steel infrastructures. 

To satisfy the housing demand as well as secure their investments, de-
velopers have mainly targeted multi-dwelling buildings, i.e. buildings with 
three or more apartments. Th is type of building is the most common type 
in Sweden (51 % of dwellings (SCB, 2019c)), and the most common for 
new construction since 1985 (SCB, 2019b). It is also the study object of 
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this research. Regarding regulations pertaining to multi-dwelling build-
ings, the government initiated a comprehensive review of the building 
code in 2017 in an eff ort to facilitate the construction process. Th e aim 
was to re-formulate certain sections “to modernize the regulations and 
thereby promote increased competition and increased housing construc-
tion” (Regeringskansliet, 2019). Th is review was assigned to the Building 
Rules Modernisation Committee (KFMB, 2019b), which submitted its 
proposal to the government in December 2019 (KFMB, 2019a). Among 
diff erent amendments to the building code, the committee proposed 
several “simplifi cations” to ease the task for developers. For instance, they 
proposed the exclusion of kitchens from daylight evaluations. 

At the same time, concern was raised regarding the impact of densify-
ing urban areas on daylight availability for residential spaces (Bournas 
and Dubois, 2019; Eriksson et al., 2019; Rogers et al., 2018). Researchers 
expressed the necessity to shift from the old Swedish daylight criterion 
that was eff ectively formulated in 1975 (Bournas, 2021) and is based on a 
daylight factor assessment, to more sophisticated daylight criteria aligned 
with international standards and practices. Building developers voiced 
concerns about the economic feasibility of their projects when daylight 
criteria must be met in new constructions (SBUF, 2017). Policy makers 
are today faced with the need to safeguard daylight access for new residen-
tial developments, and at the same time, facilitate construction work to 
mitigate the pressing housing crisis. To achieve this, they require suitable 
daylight performance criteria.

Daylight provision for buildings has been an integral part of architec-
tural practice since ancient times, yet for the vast majority of countries, 
daylight criteria were not normative until the 20th century. Formulating 
normative criteria has proved to be a diffi  cult task, due to the intrinsic 
variability of daylight, and due to what has been a limited range of simula-
tion models and trained daylight practitioners in the past. Currently there 
is a multitude of sophisticated tools that can be used to assess spaces, and 
architectural and consultancy practices have reached an adequate level of 
competency, at least in terms of daylight evaluations for compliance test-
ing. However, the scientifi c community has been divided regarding the 
appropriate method to assess whether a given space is compliant or not 
(Tregenza and Mardaljevic, 2018). One part of the research community 
supports the use of daylight factors (Jacobs, 2014; Tregenza, 2014) while 
another part supports the use of climate-based criteria (Mardaljevic, 2013; 
Mardaljevic, 2015; Mardaljevic and Christoff ersen, 2017; Reinhart et al., 
2006). Daylight factors are calculated under a standard sky brightness 
pattern, the CIE Standard Overcast Sky model (CIE, 2004), a type of sky 
that rarely occurs in reality, but whose use for compliance testing can be 
justifi ed since it represents worst-case conditions. Climate-based criteria 
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consider whole-year daylight conditions derived from meteorological 
datasets, where the sky brightness pattern changes each hour of the year, 
depending on location and sky conditions (e.g. sun position and irradia-
tion or cloudiness per hour of the year).

Regardless of method or technical requirements, a standard thresh-
old for daylight compliance also depends on economic feasibility. For 
instance, developers in Sweden have expressed the limitations associated 
with daylight regulations, voicing the need to build cost-effi  ciently, (e.g. 
to maximise the amount of apartments in a given plot or to maximise the 
depth of an apartment in a given building plan). As expressed by Tregenza 
and Wilson: “daylighting requirements are eff ectively constraints on the 
form and size of buildings and therefore limits on the profi tability of an 
investment” (Tregenza and Wilson, 2011). Th e fi nancial pressure on policy 
may be the reason why the Building Rules Modernisation Committee 
eventually proposed the exclusion of kitchens from daylight evaluations. 
Th is comes as a surprise to the author, as there is research (including this 
one) that Swedes prefer to have more daylight in the kitchen than in any 
other room (Bournas, 2020b; Eriksson et al., 2019), and other countries 
have previously regulated higher thresholds for kitchens (e.g. United 
Kingdom). Th e fi nancial pressure by developers can be considered produc-
tive, as it aims to satisfy the high demand for housing in Sweden, but it 
is not based on scientifi c evidence pertaining to occupant biological and 
psychological needs and preferences.

A suitable daylight criterion should translate to (at least) a minimum 
illumination level, while not hindering the construction process with un-
reasonable targets. Diff erent criteria may be “easier” or “harder” to comply 
with, depending on illuminance thresholds or analysis areas embedded in 
their formulations (Bournas, 2020a). A criterion that is diffi  cult to meet 
runs the risk of being abandoned by practitioners, especially if it is not a 
mandatory one. On the other hand, a criterion that is easy to comply with 
may not ensure adequate illuminance levels. In reality, diff erent criteria 
may yield diff erent results in terms of compliance, and may take diff er-
ent parameters into consideration, e.g. façade orientation, glazing area, 
building type, and room geometry. Th is thesis was designed to evaluate the 
importance of such parameters, and to investigate the implications of using 
diff erent daylight criteria to assess multi-dwelling buildings. In addition, 
responses obtained from occupants living in such buildings were factored in 
the analysis, in order to associate apartment characteristics with subjective 
evaluations of daylight conditions and reports on electric lighting usage.
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Aim
Th is thesis contributes to knowledge supporting the development of more 
appropriate daylight criteria for residential spaces in the Swedish context. 
It provides basic information to, e.g., the National Board of Housing, 
Building and Planning in the development work concerning daylight 
performance requirements for new constructions.

Th e aim of this thesis is to provide an overview of the current situa-
tion, i.e. the daylight compliance of existing buildings according to cur-
rent regulations, to assess whether new evaluation criteria are necessary 
today, and if so, to identify the most important parameters that should 
be considered in the formulation of new criteria. Diff erent room geom-
etry measures relating to daylight compliance are factored in the analysis. 
Th ese characteristics are meant to be associated with daylight compliance 
according to both current and newer, more sophisticated criteria. Occu-
pant responses are meant to strengthen the claim that daylight provision 
is imperative, to pinpoint the room types that should be prioritised, and 
to highlight the design parameters that are necessary for residential rooms 
to be considered adequately daylit.

Research questions
Based on the aim of this thesis, the main research question can be formu-
lated as follows:

• What are the determinants of a suitable daylight criterion for residential 
 spaces?

Th is leads to the following related questions:

• Are the current evaluation criteria suitable for compliance testing or
  not?
• What is the eff ect of urban density on daylight compliance?
• What is the eff ect of building typology on daylight compliance?
• What is the eff ect of room geometry on daylight compliance?
• Are there room types on which a daylight criterion should focus more?
• Is there a potential to reduce electric lighting usage with daylight
 regulation?
• Which factors aff ect electric lighting usage?
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Hypotheses
Th e main hypotheses are:

• Th e current daylight evaluation criteria require modernisation due to 
 limitations deriving from the way they are formulated.
• Daylight compliance is primarily dependent on the amount of sur-
 rounding obstructions and on the relation between room and aperture 
 size.
• Occupants have clear preferences as to which rooms they prefer to 
 be adequately daylit, and they use less electric lighting when daylight 
 is available. 

Limitations
Th e research scope was limited to multi-dwelling buildings, i.e. buildings 
with three or more apartments.

Th e scope was also limited to building block typologies that have been 
classifi ed as typical in Swedish urban planning practices. However, for the 
buildings of a given typology, apartment layouts, room geometric char-
acteristics or surroundings are not identical, due to intrinsic variations in 
architecture and urban planning practices. Buildings of the same typology 
are similar, but not identical. With the necessary design customisations, 
architectural practice can produce residential blocks that deviate from the 
designs studied here.

Th e apertures identifi ed in the evaluated spaces were limited to verti-
cal windows or glazed doors, i.e. there were no rooms with skylights. Th e 
results are thus relevant only for side-lit spaces.

Most of the work was based only on simulations and surveys.
Simulations were conducted using typical optical properties for surface 

fi nishes, according to standards and good-practice recommendations, not 
according to in-situ measurements. Measuring surface refl ectances in 45 
residential rooms by means of a portable spectrophotometer showed that 
the typical properties used are reasonable assumptions for dwellings, but 
occupant preferences may result in surface fi nishes that are darker than 
the ones assumed for this work. 

Glazing light transmittance was set to 70 % for all simulations, assum-
ing the use of triple-glazed units with clear panes, a low emissivity coating, 
and argon fi lling. Th is can be considered a reasonable glazing setup for 
housing projects in Sweden. However, real light transmittance values could 
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vary from 62 % for windows with additional coatings (e.g. solar control) 
to 75 % for uncoated triple-glazed units or coated double-glazed units.

Th e questionnaires used in this thesis were sent via normal mail, ran-
domly, and in strata of diff erent building typologies. As participation was 
voluntary, the response rate per building typology could not be controlled. 
Using self-administered questionnaires also meant that respondents could 
not ask questions regarding questionnaire items, and that non-response 
could not be controlled.

Th e questionnaires were sent around the time of the Spring Equinox 
in 2018, in order for the survey to occur during “average” conditions with 
respect to daytime duration. However, the exact point in time when each 
occupant gave their responses could not be controlled. Th is eff ectively re-
sulted in the sky conditions diff ering between respondents, which limits the 
analysis of the association between room geometry and occupant responses 
on room brightness due to the confounding role of solar irradiation. 

Th e questionnaire was not designed to include specifi c instructions 
regarding positioning in space or view direction for respondents. Th is 
could aff ect results pertaining to the association of occupant responses with 
geometric attributes. For instance, one occupant standing in the doorway 
to the room staring towards the window and another occupant standing 
with their back against a window of equal size but staring towards the 
room door could report diff erent daylight conditions for the same window.

Thesis structure
Th is is an article-compilation thesis, consisting of six articles (Papers I-VI).

Section 2 provides a review of Swedish daylight regulations, from when 
the term “daylight” fi rst appeared in building regulations, 60 years ago. 
Th is section is also included in Paper I, section 2.

Section 3 includes the general methods used. Section 3.1 provides back-
ground information regarding the selected multi-dwelling buildings. 
Section 3.2 provides information regarding the daylight simulations used. 
Section 3.3 provides information on the structure of the questionnaire used.

Section 4 provides a summary of the appended articles.

Section 5 discusses the implications of the thesis fi ndings on the formula-
tion of daylight evaluation criteria.

Th e fi nal sections include the conclusions drawn (Section 6) and future 
work that could depart from where this research stopped (Section 7).
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2 Review of daylight 
regulation in Sweden

Th e reader may fi nd this section as part of the fi rst appended article (Paper 
I, section 2).

2.1 Overview
Th e daylight regulatory framework for Swedish residential spaces was ini-
tially developed as a counter-policy to the energy regulations following the 
1970 oil crisis. Since windows constitute the weakest thermal barrier of the 
building envelope, energy regulations of that time eff ectively constrained 
fenestration sizes as a means to reduce the heating demand. Th is deemed 
daylight design rules necessary to prevent large reductions of fenestration, 
to safeguard natural illumination. Th e following paragraphs describe the 
evolution of daylight criteria in Swedish building codes over time. Figure 
2.1 illustrates when diff erent criteria came into force.
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Figure 2.1 Evolution of Swedish daylight criteria for residential spaces. DFP: 
Point Daylight Factor as defi ned in Swedish regulations, Aglass: Room 
glazing area, Afl oor: Room fl oor area, °: Glazing obstruction angle, 
as defi ned in Swedish regulations.

2.2 Type of criteria
Daylight admission for room interiors has always been a goal of architec-
tural practice, even though it was not explicitly stipulated by formal policy 
until the 20th century. Relevant literature (Boubekri, 2008; Julian, 1998) 
suggests that daylight legislation has been historically based on either one 
of the following: i) access to sunlight (solar zoning), ii) window size, and 
iii) quantity of illumination. Th e fi rst type of legislation stipulates that 
particular parts of buildings should have access to direct sunlight for an 
adequate length of time. Th e second type, which is most often found in 
building codes (Kunkel et al., 2015), requires that rooms are equipped 
with suffi  ciently large window openings, the window area used as a proxy 
of actual indoor illumination. Th e third type, which is currently mak-
ing its way to international standards, certifi cation systems and national 
building codes, relates to minimum indoor illuminance levels, i.e. it refers 
to measurements (or predictions) of illuminance. During the course of 
the 20th century, Sweden has formally stipulated daylight criteria of the 
second and third type.
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Swedish building codes did not account for daylight provision until 
1975, yet there were eras prior to that when residential rooms were provided 
with large fenestration areas and suffi  cient spacing between buildings. Th is 
indicates that there was an intention to provide natural illumination prior 
to the introduction of explicit daylight criteria. However, despite their 
introduction, quantifi ed daylight criteria in Sweden were always stated as 
“general recommendations”. General recommendations are lower in the 
Swedish regulatory hierarchy, and are not legally binding (BOVERKET, 
2020d). Th ey state what “can be done” to meet “mandatory provisions”, 
which in turn are qualitative. For instance, the current mandatory pro-
vision pertaining to daylight states: “rooms or separable parts of rooms 
where people are present other than occasionally shall be designed and 
oriented to ensure adequate access to direct daylight is possible, if this 
does not compromise the room’s intended use” (BOVERKET, 2020b). 
To achieve this, the general recommendation given is either to ensure a 
minimum glass-to-fl oor ratio of 10 % (GFR-method criterion) or to meet 
a daylight factor threshold of 1 % measured on a specifi c point in the room 
(DFP criterion). Th e GFR-method is only applicable when certain room 
geometric conditions are met. When these conditions cannot be met, the 
DFP assessment method should be used.

2.3 First mention of “daylight”
Th e term “daylight” was fi rst mentioned in building regulations in code 
BABS 1960 (KBS, 1960), which constituted “an attempt to obtain uni-
form regulations across Sweden, as opposed to previous local regulations” 
(BOVERKET, 2020a). Under section 57:2, “General facilities of staff  
rooms” and in subsection 57:26 “Window”, the following is stated: “Dining 
rooms should have windows to the outside, which, unless otherwise used 
by the ventilation system, should be openable. Even in changing rooms 
and laundry rooms, daylight should be sought.” However, this statement 
cannot be regarded as a strong intent to ensure daylight availability. It was 
more an intent to ensure hygiene in utility rooms (laundry rooms, drying 
rooms, toilet rooms, etc.). Reading through the rest of the section reveals 
that hygiene is the dominating factor of design instructions: “Staff  rooms 
should be so arranged and furnished that personal hygiene is promoted”. 
Daylight provision for main rooms, i.e. living rooms, bedrooms, and 
kitchens, was considered self-understood for architects of that era. Th ere 
was therefore no imperative need to defi ne daylight design rules yet, not 
until the next decade.
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Th e subsequent building code SBN-67 (SP, 1967) that came into 
force in 1968 included no mention of the term “daylight”. Th e National 
Board of Housing, Building and Planning (BOVERKET, (BOVERKET, 
2020c)), which issues building regulations today, describes the main aim 
of this code as “to design the regulations as functional requirements and to 
coordinate all regulations relating to house construction” (BOVERKET, 
2020a). Th e absence of reference to daylight can be attributed to the fact 
that this code included more details with respect to ventilation hygienic 
fl ows for utility rooms, which eff ectively meant that windows for air intake 
were not an absolute necessity anymore. Relevant literature suggests that 
this code indeed prioritised building services and technical solutions for 
hygiene (Rogers et al., 2018). Unfortunately, the timespan between 1961 
and 1975, which included either a qualitative mention for utility rooms 
(1961-1968) or no mention (1968-1975), was a period of urbanisation 
and rapidly growing demand for housing. It was characterised by histori-
cally high rates of new residential constructions (“Record Years”), and the 
famous Million Homes Programme (Hall and Vidén, 2005). 

2.4 Energy crisis and the formulation of 
quantifi ed daylight criteria

Th e fi rst formulation of a numerical (i.e. quantifi ed) daylight criterion 
appeared in 1975, with code SBN-75 (SP, 1975). In Chapter 38, section 
38:1, it was stated that daylight was considered acceptable “if a daylight 
factor of 1 % is achieved for a point located halfway through the room 
depth, one meter from the darkest lateral wall, 0.8 m above fl oor level” 
(DFP ≥ 1 %). Figure 2.2a shows the location of the DFP point in a room. 
Th e criterion was set for “residential rooms, such as living rooms, bedrooms, 
and kitchens, as well as children’s playrooms.” Another section referring to 
thermal insulation (section 33:2) stated: “the window area is determined 
with regard to the requirement for good energy use, however taking into 
account the requirements for daylight in Chapter 38.” Th e latter confi rms 
that daylight was initially regulated to avoid dramatic reductions of fenes-
tration to meet energy requirements. Th ese regulations notwithstanding, 
Marsh (2017) refers to the decade following the oil crisis (1975-1985) as 
the “fabric heat-loss paradigm” in Scandinavian regulations, and argues that 
this paradigm resulted in low indoor daylight levels. Sweden in particular 
subsidised energy saving measures in the residential sector on a large scale 
between 1974 and 1983 (Legnér et al., 2020). Considering the focus on 
reducing space heating, it can be inferred that inserting a quantifi ed day-
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light criterion at that time was a wise choice, but it would have been wiser 
if it were a “mandatory provision” instead of a “general recommendation”. 

According to SBN-75, practitioners were instructed to calculate DFP as 
per the method provided by Fritzell and Löfberg (1970), which involved 
the use of a daylight protractor (Dufton, 1946). Due to the complexity 
associated with this type of calculation, the subsequent code SBN 1980 (SP, 
1980b) introduced an alternative method to predict daylight availability 
based on the room glass-to-fl oor ratio (GFR-method). Th is method was 
described in Chapter 38:1K of a complementary report “Kommentarer till 
Svensk Byggnorm” (English: Comments on Swedish Building Code (SP, 
1980a)), which included clarifi cations to SBN-80. It assumed that this 
minimum window glazing area has a commensurate eff ect on illumination 
as a DFP ≥ 1 %. Th e method stipulated that the minimum glazing area 
should be equal to the product of the room fl oor area and a factor f rang-
ing between 0.07 and 0.13 (Aglass ≥ f · Aroom) depending on the window 
obstruction angle ° (see Figure 2.2c for the defi nition of obstruction 
angle). Th is assessment method eff ectively stipulated minimum glazing 
areas between 7 % and 13 % of the room fl oor area, depending on sur-
roundings. If a balcony obstructed the façade, the considered room fl oor 
area would have to include the balcony area adjacent to the façade. Th e 
method was applicable only under specifi c conditions pertaining to room 
depth, width and height, and glazing width and height (Figure 2.2 b, c ,d). 
In addition, it was not valid for obstruction angles higher than 30°. For 
rooms violating these conditions, the DFP method was to be used instead, 
aiming for a DFP ≥ 1 %, calculated using a daylight protractor according 
to the method described by Fritzell and Löfberg (1970). 
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Figure 2.2 a) Location of the calculation point (red point) for the DFP
assessment, b) room and glazing measures relevant to the GFR-
method assessment, c) the obstruction angle measure and d) the 
geometry conditions for the applicability of the GFR-method.

2.5 Simplifi cation of criteria and 
deregulation

In the years following 1982, energy regulations progressed, demanding 
ever-lower heating requirements for residences, while daylight criteria 
lagged behind. In 1989, code BFS 1988:18 (BOVERKET, 1988) simpli-
fi ed the GFR-method calculation by replacing factor f with a constant, 
i.e. it removed the sensitivity to surrounding obstructions. Th e new code 
simply stipulated that the glazing area would have to be no less than 10 % 
of the room fl oor area (Aglass ≥ 10 % · Aroom), a glass-to-fl oor ratio com-
monly used in national codes (Kunkel et al., 2015). Th e code included a 
note that “in cases of obstruction angles higher than 20°, the glazing area 
should be increased”, but it did not specify the magnitude of this increase. 

Th is simplifi ed GFR-method was regulated at a time when Stockholm 
made a crucial transition in urban planning: the shift from expansion to 
densifi cation (Hall and Rörby, 2009). In essence, planning tendencies 
focused more on central areas, using high building volumes to satisfy 
housing demands. Urban density and self-shading of buildings resulted in 
a higher amount of dim rooms, as is shown in this research. As before, if a 
room violated any geometry condition (Figure 2.2 d), practitioners would 
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have to calculate DFP according to standard SS914201 (SIS, 1988). Th e 
DFP calculation method was the one introduced in 1975 (using daylight 
protractors), and it seemingly found little acceptance among practition-
ers. From 1995 (BOVERKET, 1993) until 2014 (BOVERKET, 2014), 
the quantifi ed DFP ≥ 1 % criterion was completely removed from build-
ing codes, which only included the simple GFR-method (Aglass ≥ 10 % 
· Aroom). A reasonable explanation is that the DFP calculation was too 
complicated to be adopted on a large scale, compared to a simple geometry 
calculation. Eff ectively, the Aglass ≥ 10 % · Aroom was the only devised 
daylight criterion until 2014, not applicable unless geometric conditions 
were met, and legally set as a general recommendation.  

2.6 Revival of DFP criterion and current 
state

When code BFS 2014:3 (BOVERKET, 2014) came into force, the DFP 
≥ 1 % criterion was reinstated, as advances in computation made it easier 
for practitioners to calculate accurate DFP values by means of simulation 
software instead of daylight protractors. Simulation tools validated for 
agreement with full-scale spaces were now readily available and compatible 
with CAD software already adopted by the industry. Soon after its revival, 
an increased interest was expressed towards modernising the DFP criterion 
(Rogers et al., 2018). On the other hand, building developers voiced their 
concerns regarding potential design constraints stemming from daylight 
requirements, threatening the profi tability of their investments. To this 
end, researchers suggest that a suitable criterion for large-scale applica-
tion needs to satisfy both technical and economic aspects (Tregenza and 
Mardaljevic, 2018; Tregenza and Wilson, 2011). Th e current situation in 
Sweden points towards some degree of compromise between the two. It 
seems that the technical aspects will be satisfi ed by adopting a method closer 
to European Standard EN-17037 (CEN, 2018b), which is considered by 
BOVERKET as being superior to the DFP calculation method. As for the 
fi nancial aspect, it seems it will be satisfi ed by excluding some spaces from 
evaluations, in particular the kitchen space, as recently proposed by the 
Building Rules Modernization Committee (KFMB, 2019b). Th e latter 
was appointed in 2017 to conduct a systematic review on the application 
of the European construction standards and the standards they refer to 
in order to “modernize the regulations and thereby promote increased 
competition and increased housing construction without compromising 
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health, safety, quality of design, a good living environment and long-term 
sustainable construction” (Regeringskansliet, 2019).
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3 General methods

Th e aim of this thesis is to contribute with knowledge supporting the 
development of daylight criteria that are suitable for residential spaces. 
Figure 3.1 illustrates the overall methodological scheme followed. Focus-
ing on the built environment, two factors aff ecting daylight availability in 
urban areas were considered: geometry (of buildings and rooms) and urban 
density (of the built environment surrounding the analysed buildings). 
In order to derive information that can be useful for devising daylight 
regulations (basis for daylight evaluation criteria), two research methods 
were combined: simulation and survey. Th e two methods were applied 
in two building samples of diff erent locations (simulation: Stockholm, 
survey: Malmö) and diff erent sizes, i.e. a diff erent amount of rooms was 
evaluated per method. Th e survey involved signifi cantly fewer rooms (n 
= 225) due to practical issues associated with surveying occupants living 
in real apartments compared to simulating daylight levels in computer-
generated geometric models (n = 10888). 
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Figure 3.1 Schematic representation of the thesis workfl ow.

Th e simulation part assessed the relation between variables of geometry 
and urban density on one hand, and compliance with daylight criteria on 
the other. Th e analysis of the simulation results focused on identifying 
the variables that are more strongly associated with compliance, i.e. the 
determinants of daylight compliance. Th e survey part assessed the rela-
tion between variables of geometry and urban density on one hand, and 
occupant responses regarding daylight conditions and electric lighting use 
on the other. Th e analysis of the data focused on identifying the variables 
that aff ect occupant perception of daylight conditions and electric light-
ing use. Finally, the fi ndings of the two research methods were collated 
to derive information regarding which variables and consequently which 
daylight criteria could be used in daylight regulations pertaining to multi-
dwelling buildings.
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Th e following sections provide background information regarding the 
methods used. Section 3.1 provides general descriptions of multi-dwelling 
building types relevant to this thesis and geometry data regarding the spe-
cifi c developments that were analysed. Section 3.2 provides information 
regarding the daylight simulations used. Section 3.3 provides information 
regarding the survey and the questionnaire used.

3.1 Multi-dwelling buildings
Th e study object of this thesis is the multi-dwelling building, which is de-
fi ned as a building comprising at least three apartments. In Sweden, these 
buildings currently represent 51 % of the residential building stock (SCB, 
2019a), and for the past decade, they have dominated the market for new 
constructions (Figure 3.2). Th is thesis evaluated existing residential devel-
opments located in urban areas, i.e. areas that have contiguous buildings 
with no more than 200 m between houses (SCB, 2020a). An important 
selection criterion was the type of building form and its repetition across 
the plot, which forms a residential urban block. Depending on the type 
of building form, a residential block may consist of one or more build-
ings. Typically, the area covered by a block is in the order of 1-3 hectares.

Figure 3.2 Completed dwellings in newly constructed buildings by type of build-
ing and year. Data retrieved from Statistics Sweden (SCB, 2019b).
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3.1.1  Selection criteria
Swedish literature has documented typical multi-dwelling buildings (Swed-
ish: fl erbostadshus) that can be identifi ed in the current building stock. Th e 
typical building classifi cation is based on the combination of architectural 
design and construction characteristics. Elements such as building length, 
width, or number of storeys, together with construction systems or facade 
materials, defi ne examples of typical residential buildings of diff erent eras. 
A categorisation of building types based on prevailing architectural styles 
and construction systems by decade can be found in Björk et al. (Björk 
et al., 2013). However, for the purpose of this research, a typology that 
incorporates an urban planning perspective was judged as more appropri-
ate, in order to assess daylight performance at the neighbourhood scale, 
and to account for built space density around the evaluated developments. 
In this sense, a classifi cation of “urban types” seemed more useful than a 
classifi cation of “building types”.

A systematic categorisation of residential developments in “urban types” 
(in Swedish: stadstyper) was made by Rådberg and Friberg (1996). Th is 
categorisation follows an urban typo-morphological approach, where the 
overall neighbourhood is taken into account. According to Rådberg and 
Friberg (1996), the main elements of urban typo-morphological studies 
are: 1) the street network, 2) the property subdivision, and 3) the buildings 
and courtyards (i.e. the buildings related to the open space). Th e spatial 
description of an urban type therefore focuses on the neighbourhood, 
and can consider both the individual building type and the urban pat-
tern created by repeating buildings across the neighbourhood area. Th is is 
particularly relevant to this thesis, as the study object is residential spaces, 
which are normally developed using recurring elements with a set of design 
rules (e.g. building heights, distances between buildings, building blocks 
orientation, and courtyard formations). 

Rådberg and Friberg (1996) identifi ed 26 Swedish urban types of dwell-
ings during the period between the pre-industrial era and the turn of the 
21st century. Th ey also argued that there is consistency between type and 
corresponding built density, the density quantifi ed with the plot ratio (the 
ratio of total fl oor area to site area). For this thesis, eight of these urban 
types were selected. Th e selection criteria were the following:

• A diverse set of urban types, i.e. include buildings with diff erent forms 
and heights

• Urban types that yield a higher buildable area for a given plot, i.e. a 
higher plot ratio
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• Urban types that include buildings with diff erent plan organisations 
(apartment units per stairwell)

• Urban types constructed in diff erent decades between 1920 and 2000, 
with a sampling according to the actual construction rate during each 
decade.

For the remainder of this thesis, the eight selected “urban types” are called 
“typologies”. Th e general characteristics of each typology are provided in 
section 3.1.2. Detailed characteristics of the developments selected specifi -
cally for this thesis are provided in section 3.1.3.

3.1.2 General characteristics of typologies

Low-rise towers (Swedish: låga punkthus)
Groups of low-rise towers are also known as groups of low-rise “point 
houses”, a term deriving from the building’s concentrated plan. According 
to Rådberg and Friberg (1996), low-rise towers were traditionally built 
along the street axis during the 1930s and 1940s (similarly to Figure 3.3c), 
and were used in hilly terrain during the post-war period, since elongated 
building shapes are more diffi  cult to place in steep slopes. During the 1960s 
and 1970s, closely spaced low-rise towers could occupy extensive areas 
in the suburbs. When repeated to form a larger-scale development, such 
building volumes do not provide a clear demarcation between the public 
and private space. Th e buildings are usually three to four storeys high and 
elevator-free. Th eir plan comprises three or four apartment units around a 
central stairwell, and the apartments usually have double-aspect rooms in 
the corners (as in Figure 3.3b), most often living rooms. A disadvantage 
of low-rise towers compared to other typologies is the low plot ratio, i.e. 
they can only provide a low number of apartments for a given plot area.
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Figure 3.3  a) South façade, b) typical fl oor plan, and c) aerial view of a “low-rise 
towers” development. Th is development was selected to represent this 
typology in the survey study. Figures 3.3a & 3.3b were retrieved from 
the municipal drawing archive of Malmö (Malmö-Stad, 2020b). 
Figure 3.3c was retrieved from the municipal web application Malmö 
Stadsatlas (in English: Malmö City Map) (Malmö-Stad, 2020a). 

High-rise towers (Swedish: höga punkthusgrupper)
High-rise towers have a plan similar to that of low-rise towers, except 
they always have one or two elevators due to their height, up to 16 storeys 
(Rådberg and Friberg, 1996). Th eir use in construction started around 
1940. Th ey were built mainly in suburbs to increase density while provid-
ing adequate daylight and ventilation for dwellings. Some areas were built 
using high-rise towers exclusively, such as the dominant Danviken cliff s in 
Stockholm, designed by Sven Backström and Leif Reinius, included in this 
thesis. Th e plan of high-rise towers consisted of three or more apartment 
units, depending on apartment size. In cases of towers with squared plans, 
one fl oor could accommodate four double-aspect apartment units (one 
in each corner), with circulation areas placed in the core of the building. 
In cases of slightly elongated towers, the plan could accommodate four 
double-aspect apartment units in the corners and one or more single-aspect 
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units (usually smaller ones) across the longer facades (as in the plan shown 
in Figure 3.4b). When prefabricated elements became more common, 
high-rise towers were replaced by elongated building blocks, a typology 
described further down.

Figure 3.4 a) South façade, b) typical fl oor plan, and c) aerial view of a “high-rise 
towers” development. Th is development was selected to represent this 
typology in the survey study. Figures 3.4a & 3.4b were retrieved from 
the municipal drawing archives of Malmö (Malmö-Stad, 2020b). 
Figure 3.4c was retrieved from the municipal web application Malmö 
Stadsatlas (in English: Malmö City Map) (Malmö-Stad, 2020a). 

High + Low combination (Swedish: kombinationer av höghus 
och låghus)
Th is typology combines high-rise and low-rise buildings. It was used 
during the 1950s and after the introduction of prefabricated elements in 
the 1960s (Rådberg and Friberg, 1996). Th e intention was to utilise the 
advantages of both types in a single development. Th e low part, usually an 
elongated building, provided suffi  cient ventilation and daylight for most 
rooms due to its limited width, but was costly in terms of apartment units 
per stairwell (normally two units per stairwell). Th e high part provided a 
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high number of units and a dramatic elevation profi le that was distinguish-
able from a distance. In some cases, the elongated lower part was rotated 
to form semi-open courtyards as shown in Figure 3.5c.

Figure 3.5 a) Typical fl oor plan of the high-rise part, b) typical fl oor plan of 
the low-rise part, and c) aerial view of a “high + low combination” 
development. A high and a low building of the depicted develop-
ment were included in the simulation study. Figures 3.5a & 3.5b 
were retrieved from the municipal drawing archives of Stockholm 
(“Stockholm stad, Bygg och plantjänsten (In English: Stockholm city, 
Construction and planning service),” 2018). Figure 3.5c © Google, 
Landsat/Copernicus and Data S O, NOAA, U.S. Navy, NGA, 
GEBCO.

High-rise elongated (Swedish: skivhusgrupper)
Th is typology is characterised by freestanding buildings that are at least 
50 m long and usually six to ten storeys high, but can reach up to 15 sto-
reys (Rådberg and Friberg, 1996). Th is type of buildings were used more 
extensively after 1960, when prefabrication became common, to satisfy 
the high housing demand of the time. To this end, “high-rise elongated” 
buildings can be considered successors of “high-rise towers”. In many 
cases, the buildings were oriented in the same direction, surrounded by 
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both parks and parking areas with feeder streets (Björk et al., 2013), simi-
lar to Figure 3.6c. Buildings of this typology had typically three to four 
stairwells. Fire regulations in the 1960s did not require double elevators 
or specially insulated stairwells for buildings with less than nine storeys, 
which led to the construction of many such buildings with a height of 
eight or nine storeys to reduce costs (Länsstyrelsen i Stockholms, 2004). 
Narrower plans (approximately 10 -12 m wide) could provide two or 
three apartment units per stairwell, most of them being double-aspect 
apartments. Wider plans could utilise an internal corridor (as in Figure 
3.6b) to provide access to both single and double-aspect units, increasing 
the number of apartments per stairwell.

Figure 3.6 a) West facade, b) typical fl oor plan per stairwell, and c) aerial view 
of a “high-rise elongated” development, with a wider plan. One of 
the depicted buildings was included in the simulation study. Figures 
3.6a & 3.6b were retrieved from the municipal drawing archives 
of Stockholm (“Stockholm stad, Bygg och plantjänsten (In English: 
Stockholm city, Construction and planning service),” 2018). Figure 
3.6c © Google, Landsat/Copernicus.
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Exterior circulation (Swedish: loftgånghus)
Th e “exterior circulation” typology was mainly used under the Million 
Homes Programme (Hall and Vidén, 2005) between 1965 and 1974, and 
is a variation of the “high-rise elongated” typology. Th e name loftgånghus 
is derived from the long balcony corridor that runs along one façade of 
the building to provide access to the apartments, similar to the building 
in Figure 3.7. Th is design eff ectively distributes elevator costs to a higher 
number of apartment units. Th e long common corridor also satisfi ed 
demands for more social interaction between residents, increasing the 
sense of neighbourhood. Th ese buildings were normally four to six storeys 
high (Rådberg and Friberg, 1996), with a plan that provided four to eight 
apartment units per stairwell. Disadvantages of this typology include less 
privacy and self-shading due to the balcony. A survey of the National 
Swedish Building Research Institute on attitudes towards “exterior cir-
culation” buildings when they were still new (1971) found that multiple 
residents perceived their kitchen as being dark due to the balcony corridor 
(Andersson et al., 1971).
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Figure 3.7 a) Photograph of the long balcony façade and b) typical fl oor plan 
of an “exterior circulation” development, with one stairwell provid-
ing access to six apartment units. One of the depicted buildings was 
included in the simulation study. Th e photograph in Figure 3.7a was 
taken by architect and photographer Holger Ellgard and is licensed 
under CC BY-SA 4.0. It was cropped for Figure 3.7a. Figure 3.7b 
was retrieved from the municipal drawing archives of Stockholm 
(“Stockholm stad, Bygg och plantjänsten (In English: Stockholm city, 
Construction and planning service),” 2018).

Semi-open courtyard (Swedish: halvslutna gårdar)
Th is typology combines narrow building blocks in larger complexes. Th e 
repeated and rotated module is the linear narrow building of the 1930s, 
arranged in formations that create semi-open, private courtyards. Semi-
open courtyards were built primarily in the suburbs, between 1940 and 
1960, following functionalistic architecture. Th e modules were typically 
low-rise, two to three storeys high (Björk et al., 2013) and their width could 
be as narrow as 8 m, and not signifi cantly wider than 10 m. According 
to Rådberg and Friberg (1996), this typology was used more extensively 
during the 1950s, combining buildings of linear, L-shape or U-shape 
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forms. Hall and Rörby (2009) note that the narrow module provided an 
advantage with respect to daylight availability and ventilation. On the 
other hand, the disadvantage of “semi-open courtyard” developments was 
that the stairwell occupied a high proportion of the building fl oor area, 
increasing the building cost. On the plan layout, this meant less apart-
ment units per stairwell, usually two or three double-aspect apartments, 
as shown in Figure 3.8b.

Figure 3.8 a) Aerial view and b) typical fl oor plan for a part of a “semi-open 
courtyard” development. Multiple parts of this development were 
included in the simulation study. Notice the narrow building vol-
ume (8.9 m wide), with two apartment units per stairwell across 
the linear part and three units in the part that forms the courtyard 
corner. Figure 3.8a © Google. Figure 3.8b was retrieved from the 
municipal drawing archives of Stockholm (“Stockholm stad, Bygg och 
plantjänsten (In English: Stockholm city, Construction and planning 
service),” 2018).

Large courtyard blocks (Swedish: storgårdskvarter)
Th is way of defi ning a city block emerged after the 1907 Town Planning Act 
(SFS, 1931), which eff ectively banned the previous practice of constructing 
building rows inside courtyards. Hall and Rörby (2009) suggest that this 
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large, park-like inner courtyard was characteristic of 1920s developments. 
Th ey also point that “an orthodox large courtyard block should be built 
by a single contractor and a single architect, to ensure that each block has 
a cohesive design” (Hall and Rörby, 2009). According to Rådberg and 
Friberg (1996), large courtyard blocks constituted a reform, as the 1907 
Town Planning Act made it possible to prescribe lower building heights 
and lower plot ratios compared to the general rules of the Building and Fire 
Charter (BS, 1874), which was the regulatory framework up to that time 
(eff ective since 1875). Large courtyard blocks appeared in new cities and 
inner parts of larger cities. Th ey had a relatively uniform height across the 
block, usually four or fi ve storeys (Rådberg and Friberg, 1996) similar to 
the building block in Figure 3.9a. An important factor relating to daylight 
performance is that these buildings are commonly found in central, densely 
built areas, which means that the sky is signifi cantly obstructed for room 
apertures, especially for rooms located in the lower fl oors.

Figure 3.9 a) Aerial view and b) typical fl oor plan for a part of a “large courtyard 
blocks” development. Th is development was included in the simula-
tion study. Figure 3.9a © Google, Landsat / Copernicus. Figure 3.9b 
was retrieved from the municipal drawing archives of Stockholm 
(“Stockholm stad, Bygg och plantjänsten (In English: Stockholm city, 
Construction and planning service),” 2018).
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Post-modern reforms
According to Hall and Rörby (2009), the transition period between the 
1920s and functionalistic architecture (which featured “large courtyard 
blocks”) was a source of inspiration for architects in the 1980s and 1990s. 
Another infl uence was post-modernism. After 1975, there was an intent 
to paraphrase traditional blocks into post-modern blocks, using diff erent 
arrangements of building volumes and design axes.  Although the similari-
ties with the older blocks are striking, Rådberg and Friberg (1996) point 
that there are principal diff erences.  Th e “post-modern reforms” develop-
ments do not have a uniform height across diff erent parts, and they reach 
up to eight storeys (the older “large courtyard blocks” reached up to fi ve). 
Th e new blocks also have a more blurred limit between the street and the 
private courtyard, which is manifested by breaching the courtyard volume 
in specifi c locations (as in Figure 3.10a). 

Figure 3.10 a) Aerial view, and b) typical fl oor plan for a part of a “post-modern 
reforms” development. Th is development was included in the simula-
tion study. Figure 3.10a © Google, Landsat / Copernicus. Figure 
3.10b was retrieved from the municipal drawing archives of Stock-
holm (“Stockholm stad, Bygg och plantjänsten (In English: Stockholm 
city, Construction and planning service),” 2018).
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3.1.3 Specifi c characteristics of the selected 
developments

One part of this thesis performed daylight simulations for multi-dwelling 
buildings, and the other used self-administered questionnaires to assess re-
sponses from occupants of multi-dwelling buildings. Th e simulation study 
was performed for 25 developments located in urban areas of the central 
and metropolitan regions of Stockholm (latitude: 59.93°). Stockholm is 
the largest city in Sweden and the city with the highest annual addition 
of dwellings (in multi-dwelling buildings) for at least the past decade 
(Figure 3.11). To acquire a representative sample, at least three develop-
ments were selected per typology. Th e survey study was performed in six 
developments, located in urban areas of the central and suburban region 
of Malmö (latitude: 55.61°). Malmö is the third largest city in Sweden, 
and a city with a fast-growing dwelling stock housed in multi-dwelling 
buildings (Figure 3.11).

Figure 3.11 Completed dwellings in newly constructed multi-dwelling buildings 
by year, for the ten largest municipalities in Sweden. Data retrieved 
from Statistics Sweden (SCB, 2020b). Th e municipalities in the 
legend are sorted from top to bottom according to their population 
on 31 December 2019.
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Figure 3.12 & 3.13 include summary data of the analysed developments. 
Developments “A-Y” were evaluated via simulations, and developments 
“i-vi” were surveyed. Th e indicator “portion of area that is lettable [%]” 
is calculated for the typical fl oor. It is the ratio of area requiring daylight 
provision (i.e. kitchens, living rooms, bedrooms, and dining rooms) to 
the total fl oor area. Th e indicator “urban density [m³/m²]” refers to sur-
rounding obstructions. It expresses the magnitude of the total built volume 
[m³] per site area [m²], covering an area within a 250-m radius from each 
development. Th e indicator “mean building height [m]” also refers to 
surrounding obstructions, within the same range. It is the mean height 
of surrounding buildings, weighted by their footprint area. More details 
on geometric characteristics, e.g. room glass-to-fl oor ratio, depth, width 
etc. can be found for the samples of Stockholm and Malmö in Papers I 
& V respectively.
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Figure 3.12 Summary data for the Stockholm study developments (codes in Latin 
characters) and the Malmö study developments (codes in Latin nu-
merals) classifi ed into typologies: “low-rise towers”, “high-rise towers”, 
“high+low combination” and “high-rise elongated”.
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Figure 3.13 Summary data for the Stockholm study developments (codes in Latin 
characters) and the Malmö study developments (codes in Latin nu-
merals) classifi ed into typologies: “exterior circulation”, “semi-open 
courtyard”, “large courtyard blocks” and “post-modern reforms”.
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As can be seen on Figure 3.12, there are indications as to how diff erent 
typologies may perform in terms of indoor daylight availability. “Low-rise 
towers” buildings are located in areas of relatively low urban density, and 
the mean building height of the surroundings is only one fl oor higher (e.g. 
for development “U”) or less. “High-rise towers” buildings are also located 
in areas of relatively low urban density, and are higher than their surround-
ings (building height > mean building height). “High + Low combination” 
buildings have a high part that is higher than the surroundings, and a low 
part that is narrow, except for development “T”, which is 12.2 m wide. 
“High-rise elongated” buildings have diff erent widths, (as wide as 15 m), 
which implies that they have one- or two-aspect apartments, depending 
on width. One-aspect apartments in wide buildings may have the kitchen 
placed in the building core to provide fenestration for the rest of the rooms 
if the apartments include many rooms; this was actually the case with the 
selected “high-rise elongated” buildings, as they were constructed during 
an era of a high housing demand (section 3.1.2).

Hypotheses pertaining to indoor daylight availability can also be made 
by observing the data in Figure 3.13. “Exterior circulation” buildings 
provide a relatively large number of apartment units per staircase (4-6 
units) as a result of the exterior balcony corridor, which may shade at 
least one lettable room as it extends along one of the two facades of the 
apartments. “Semi-open courtyards” are located in low-density building 
areas, with low surroundings. Th e buildings are very narrow, and have 
only a few apartment units per stairwell (2-3 units), which implies that 
most rooms have unobstructed windows. “Large courtyard blocks” and 
“Post-modern reforms” buildings are located in more densely built areas 
compared to the rest of the typologies (urban density indicator). In addi-
tion, we can assume that self-shading will occur for a number of rooms 
facing the courtyard side or facing surroundings at a close distance, due 
to the strict city planning grid in these areas.

3.2 Daylight simulations
Daylight simulations were performed to assess the selected developments 
“A-Y” in terms of daylight compliance. Th is chapter includes an overview 
of the main components of daylight simulations, brief descriptions of 
the daylight metrics and evaluation criteria considered, and notes on the 
simulation tools used to calculate indoor illuminance levels.
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3.2.1 Fundamental elements of daylight simulation
While diff erent software tools might ask the user for diff erent input 
through their respective interfaces, there is always a fundamental set of 
underlying elements to be specifi ed in order to conduct a daylight simula-
tion. Reinhart (2011) has made a clear categorisation of these elements 
and a schematic map of a daylight simulation program, similar to Figure 
3.14. Th e following are brief descriptions of the underlying elements of a 
daylight simulation program:

• Th e scene. Th e geometrical model of the three-dimensional space 
under investigation, where object surfaces have been assigned 
with materials of specifi c optical properties. For this thesis, this 
corresponds to the evaluated multi-dwelling developments, the 
surrounding buildings and trees, and the ground surface.

• Th e sky model. A quantifi cation of the amount of both direct 
and diff use light, originating from diff erent areas (patches) of the 
hemispherical sky dome. For this thesis, two sky models were used, 
depending on the type of simulation, i.e. on whether it was a point-
in-time or an annual simulation. Point-in-time simulations were 
performed using a CIE Standard Overcast sky model (CIE, 2004), 
and annual simulations were performed using the Perez All-Weather 
sky luminance model (Perez et al., 1993) discretised by approximat-
ing the celestial hemisphere to a series of luminous patches per hour 
of the year according to Subramaniam and Mistrick (2017).

• Th e analysis area. Th e part of the scene where daylight analysis will 
take place. Th ere are two main types of analysis: 1) an image-based 
evaluation where surface luminance is assessed for an observer, i.e. 
the analysis area is surfaces in the fi eld of view, and 2) a grid-based 
evaluation where illuminance is calculated on a surface or plane, 
i.e. the analysis area is a user-specifi ed grid of points. Th e latter type 
was deployed for this thesis.

• Space usage. Information on space function (offi  ce, school, residen-
tial, etc.). Depending on space usage, diff erent occupancy schedules 
apply, and diff erent lighting levels are required. Since multi-dwelling 
buildings may not exhibit strict occupancy patterns similar to offi  ce 
buildings (e.g. from 9:00-17:00), annual simulations for this thesis 
were performed accounting for portions of daylight hours of the 
year, which is similar to the convention of the European standard 
EN-17037 (CEN, 2018b).
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• Simulation engine. Th e daylight calculation algorithm that merges 
the scene with the sky model to calculate daylight (illuminance or 
luminance) for the specifi ed analysis area. Th is part of the simulation 
process executes a “global illumination algorithm”, which mimics 
light propagation in space via refl ection, transmittance, and refrac-
tion. Th is thesis used software tools that deploy raytracing, which is 
a widely used global illumination algorithm in the fi eld of daylight 
simulations. Th e tools used are described in section 3.2.4.

• Results processor. A post-simulation process where raw illuminance 
or luminance results are translated into the format of daylight 
metrics that can easily inform the user on whether the desired 
daylight conditions are met. For example, calculated illuminance 
can be transformed into a Daylight Factor percentage. Th e proces-
sor retrieves raw results from the simulation engine and outputs 
daylight metric values, for evaluation according to standards and 
recommendations.

Figure 3.14 Schematic map illustrating the fundamental elements of daylight 
simulations. Image inspired by C. F. Reinhart (2011).

Th e scene, the sky model and the simulation engine are elements that 
the user must set carefully, to ensure an accurate reproduction of real-



Daylight compliance of multi-dwelling apartment blocks

48

ity, in other words, to produce results that are predictive of the way the 
real space would appear. Th ese elements are crucial only in synthesising 
a simulation model. On the other hand, the decision-making element 
that will streamline the design process is the results processor. Th e post-
processing of results at this stage is particularly important as it defi nes the 
performance indicator, i.e. the metric with which daylight availability is 
measured. Consequently, compliance criteria can be formulated by setting 
thresholds for metrics, to determine whether a space is performing well or 
not. Care should be taken in the selection of the metrics and compliance 
criteria, as they can dictate which design solutions are discarded in favour 
of “compliant” solutions, thereby aff ecting the work of practitioners and 
the fi nal product of architectural design.

For the purpose of this thesis, several daylight criteria were considered 
in order to assess the compliance of multi-dwelling buildings. Diff erent 
criteria utilise diff erent daylight metrics. Criteria and metrics should not 
be confused. According to Mardaljevic et al. (2009), “a metric is some 
mathematical combination of (potentially disparate) measurements and/
or dimensions and/or conditions represented on a continuous scale (…). A 
criterion is a demarcation on that metric scale that determines if something 
passes or qualifi es, e.g. three-quarters of the workspace area achieves a 2 % 
daylight factor”. Th e following sections include brief descriptions of the 
metrics and criteria that were considered in this thesis.

3.2.2 Daylight metrics considered in this thesis
Th e defi nitions of all daylight metrics considered in this thesis are de-
scribed below:

Illuminance (E) at a point of a surface: Quotient of the luminous flux d v 
incident on an element of the surface 
containing the point, by the area d  of 
that element (CEN, 2018a). Unit: lx = 
lumen per m²

Uniformity ratio (U): Th e ratio of minimum to average il-
luminance on a surface (CEN, 2018a). 
Unit: dimensionless

Daylight Factor (DF):  Th e ratio of internal to unobstructed 
horizontal illuminance under a CIE 
Standard Overcast sky model (Hop-
kinson, 1963), usually expressed as a 
percentage. Th e luminance of the CIE 
Standard Overcast sky model is rota-
tionally symmetrical about the vertical 
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axis, and is three times higher at the 
zenith compared to the horizon. Th e 
model does not include the sun, which 
means that the DF is not sensitive to 
façade orientation. When calculated on 
a single point, the DF can be referred 
to as a Point Daylight Factor, similar 
to the DFP metric of the current Swed-
ish daylight regulation (SIS, 1988). If 
measured across a grid of points on a 
plane, the average DF and the median 
DF values can be calculated. Unit: %

Useful Daylight Illuminance (UDI): Th e annual occurrence of illuminances 
across a plane that fall within a “useful” 
range for occupants (Nabil and Mard-
aljevic, 2005). Th e rationale is that low 
illuminance levels will trigger electric 
lighting use, while extremely high il-
luminances may hinder particular tasks 
and trigger the use of shading, thereby 
deeming illuminance “useful” only 
within a certain range. Th e range has 
so far been defi ned for offi  ce spaces, 
and lies between 100 lx and 3000 lx 
(Mardaljevic et al., 2012). Th is range 
corresponds to the scheme referred to as 
UDI combined. It accounts for the com-
bined illuminance ranges of 100-300 lx, 
i.e. UDI supplementary (or UDI-s), and 
300-3000 lx, i.e. UDI autonomous (or 
UDI-a). Unit: % of occupancy time

3.2.3 Daylight criteria considered in this thesis
Th e daylight compliance of the investigated multi-dwelling buildings was 
assessed according to diff erent criteria.  Overall, the criteria diff er in the 
metrics used, the analysis areas, the assumptions for occupancy time (time 
basis), and the target illuminance levels (Table 3.1). Explicit descriptions 
of the criteria can be found under section 2.3 of Paper III. Th e criteria 
considered included:

• Th e glass-to-fl oor ratio compliance criterion (GFR ≥ 10 %).
• Th e Point Daylight Factor compliance criterion (SS914201).
• Th e Useful Daylight Illuminance compliance criterion (UDI).
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• The BREEAM-SE good practice daylight factor criterion 
(BREEAM).

• Th e European standard compliance criterion that is based on the 
daylight factor method (EN17037-DF).

• Th e European standard compliance criterion that is based on the 
illuminance method (EN17037-IL).

Table 3.1 Summary of criteria that consider illumination, including thresh-
old values, time bases, areas to comply, and other considerations 
(orientation, sunlight). Th e column “Area to comply [%]” indi-
cates the analysis area considered, and specifi es whether a 0.5-m 
band off  walls is excluded (excl.) from the evaluation or not.

3.2.4 Daylight simulation tools used in this thesis
Th e engine that performs daylight simulations deploys a specifi c global 
illumination algorithm to calculate light contributions from light sources 
to evaluation points (analysis areas). Although there are a number of 
existing algorithms that deploy diff erent approaches to calculate light 
transport, in essence all algorithms are approximations to the “rendering 
equation” presented by Kajiya (1986), which is a unifying equation to 
calculate the total luminous fl ux outgoing from a surface point, account-
ing for the surface optical properties and the incoming fl ux onto the point 
from diff erent directions. Existing algorithms include radiosity (Goral et 
al., 1984), raytracing (Whitted and Foley, 1980) and photon mapping 
(Jensen, 1996), each with diff erent capabilities and limitations. A raytrac-
ing algorithm was used for this thesis, namely the Radiance backward 
raytracer (Ward and Shakespeare, 1998), originally written by Greg Ward 
at Lawrence Berkley National Laboratory. Th e reasons for using Radiance 
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in this thesis were: 1) it has been extensively and independently validated 
(Aizlewood et al., 1998; Jarvis and Donn, 1997; Mardaljevic, 1995; Ub-
belohde and Humann, 1998), 2) it is free to use and open source, 3) it 
is under constant development and refi nement by international research, 
4) it is the underlying algorithm of a multitude of simulation tools used 
by practitioners of daylight simulations, and 5) it can be used in tandem 
with thermal comfort and energy simulations if the need arises.

Radiance was used through the interfaces provided by Grasshopper 
plugins Honeybee (legacy) (Sadeghipour Roudsari and Pak, 2013) and 
Honeybee (plus) (Sadeghipour Roudsari and Subramaniam, 2016). Hon-
eybee (legacy) was used to calculate point-in-time metrics, in this case 
daylight factors, while Honeybee (plus) was used to derive climate-based 
metrics, i.e. metrics derived from calculated illuminance time-series. Th e 
reason for this diff erentiation is that Honeybee (plus) off ers a more accurate 
calculation model for annual simulations, as it utilises diff erent Radiance 
executables that treat direct solar contributions with a higher spatial accu-
racy compared to Honeybee (legacy) (Subramaniam and Mistrick, 2017), 
which uses the Daysim sky division scheme for direct solar position resolu-
tion (Reinhart, 2001). Th e surface optical properties used in simulations 
included standard values (CEN, 2018b; IES, 2012). Th e corresponding 
Radiance rendering settings per simulation type (point-in-time or annual) 
and the surface properties assumed for all simulations can be found in 
Paper III, section 2.2, Table 1. Geometry modelling assumptions can be 
found in Paper II, section 2.3.1.

3.3 Daylight survey
Th e daylight survey was distributed to collect subjective responses on 
daylight conditions inside the selected multi-dwelling buildings, with 
the aim to complement the simulation study with subjective evaluations 
from occupants. Th e survey was based on self-administered questionnaires, 
which were sent by normal mail to the civic addresses of the occupants. 
Th e overall design of the survey is illustrated in Figure 3.15. Th e data ac-
quisition steps included: i) selecting housing developments, ii) distributing 
questionnaires to occupants living in these developments, and iii) collecting 
responses from occupants that chose to participate in the survey. Th e post-
processing steps included: iv) locating the apartment of each participant, 
v) characterising each apartment geometrically, and vi) analysing responses 
with respect to apartment geometry and occupant characteristics.
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Figure 3.15 Schematic representation of the survey design, illustrating the six 
procedural steps followed.

3.3.1 Survey period and subjects
Th e survey was carried out during spring 2018, in six multi-dwelling 
developments in Malmö (latitude: 55.6 °N). Th e majority of participants 
(90 %) gave their responses between March 14 and March 28 (Figure 
3.16). Th e response rate was calculated to 13 % (n = 108), but it was 
confi rmed that there was satisfactory variation in age and gender among 
participants (Figure 3.17). Details on the response rate calculation and 
justifi cation on the selection of this time period can be found in Paper 
IV, sections 2.4 & 2.5.

Figure 3.16 Date and time of participation, and number of apartments per day 
and hour.
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Figure 3.17 Percentage of participants per age group and gender.

3.3.2 Questionnaire structure
Th e questionnaire structure is shown in Figures 3.18 & 3.19 (question-
naire pages 1 & 2 respectively), which present the English translation of 
the questionnaire. Th ere were two additional translations (Swedish and 
Arabic) with the aim to increase the response rate, but all participants (n 
= 108) used the Swedish translation. Th e reader may fi nd the Swedish 
translation of the questionnaire online, in the supplemental material of 
Paper VI (published under an open access licence); this was the translation 
used by all participants. Th e questionnaire entailed diff erent sections, as 
marked in Figures 3.18 & 3.19. Th e fi rst half-page contained operational 
instructions and fi elds for apartment data that were necessary to locate the 
apartments (Figure 3.15, step iv). Th e rest of the questionnaire included 
questions pertaining to daylight conditions, electric lighting use, and oc-
cupant preferences. Th e questions were focused on kitchens (K), living 
rooms (L) and bedrooms (B). Th e main part of the questionnaire required 
occupants to make two types of evaluations: 1) evaluation of daylight 
conditions during the survey (TYPE 1), and 2) evaluations of daylight 
conditions and electric lighting use during the whole year (TYPE 2).  Ad-
ditionally, at the end of the questionnaire (page 2, Part 4), a third type of 
evaluation was included, which concerned occupant preferences (TYPE 3).
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Figure 3.18 First page of the questionnaire, translated into English.
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Figure 3.19 Second page of the questionnaire, translated into English.

Th e procedure used to collect TYPE 1 and 2 evaluations was category 
rating, by means of semantic diff erential (SD) scales. TYPE 1 scales were 
developed by previous research (Küller and Wetterberg, 1993; Küller and 
Wetterberg, 1996), and were used here to measure perceived brightness 
and distribution of light. Methodological details regarding these scales are 
given in Paper IV, section 2.6. TYPE 2 scales were developed specifi cally for 
this thesis, with the intent to derive a measure of daytime electric lighting 
use and a measure of perceived spatial brightness during the year. Meth-
odological details regarding TYPE 2 scales are given in Paper VI, section 
2.3. For TYPE 3, a multiple-choice question with a single-answer option 
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was provided, with the intent to assess which room is not prioritised in 
terms of indoor daylight levels. Th e design of this question is elaborated 
in Paper VI, section 2.3.7.
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4 Summary of the 
appended papers

Th is section provides a brief summary of the appended papers, including 
research questions and fi ndings per paper. Th e fi rst three papers (Papers 
I-III) investigate daylight compliance of multi-dwelling buildings via 
simulations. Th e last three papers (Papers IV-VI) analyse survey responses 
regarding daylight conditions and daytime lighting use. Th e research work 
considered multiple variables associated with urban density, geometry, and 
occupant response (Table 4.1). Urban density and geometry are determi-
nants of daylight availability, while occupant responses are assessors of 
its adequacy. Table 4.1 shows which variables are analysed per article. In 
essence, if one article includes variables of two categories (e.g. Paper VI: 
geometry and occupant responses), this indicates that the relation between 
the two categories is examined in the article.
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 Table 4.1 Variables included in the scope of each appended paper. Th e pa-
rameters are grouped in three main factors pertaining to indoor 
daylight availability: urban density, geometry, and occupant 
responses.
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Paper I includes a historic review of Swedish daylight regulations, and a 
comparison between the two assessment methods currently used in Swe-
den to test compliance. Papers II & III investigate daylight compliance 
and the eff ect of building typology, room geometry, urban density, and 
evaluation criterion. Paper IV assesses the suitability of TYPE 1 questions 
(Figures 3.18 & 3.19) for measuring perceived brightness, and whether 
the measurement is associated with geometric characteristics of rooms. 
Paper V assesses whether room geometry, function, and orientation are 
determinants of frequent daytime lighting use in dwellings or not. Paper 
VI assesses the degree of association between daytime lighting use and 
perceived daylight levels, and evaluates which rooms are prioritised by 
occupants in terms of indoor daylight availability. Th e following sections 
provide the main research questions, methods, and fi ndings per article.

4.1 Paper I – Swedish daylight regulation 
throughout the 20th century and 
considerations regarding current 
assessment methods for residential 
spaces

Paper I reviews the evolution of daylight evaluation criteria in Sweden from 
1960 until the present day, fi nding the country with two criteria in force, 
the DFP method and the GFR-method. Th e study proceeds by analysing 
diff erent aspects relating to these criteria: it assesses whether the introduc-
tion of quantifi ed criteria improved the daylight performance of buildings 
or not, it compares the two criteria with respect to the compliance they 
yield for diff erent rooms, and it highlights assessment limitations for each 
criterion. Th e study informs on whether the current criteria are applicable 
for residential spaces or not and whether they are limited in assessing spe-
cifi c designs, two aspects that may reveal the need for new criteria today.
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Research questions:

1. What is the evolution of daylight evaluation criteria stipulated by 
the Swedish building code in the 20th century?

2. Did the introduction of quantifi ed daylight evaluation criteria 
improve the performance of multi-dwelling buildings historically?

3. Is the current glazing-area assessment method (GFR-method) ap-
plicable in residential buildings?

4. Do the two criteria agree in terms of the compliance they yield for 
residential rooms?

Methods:
Th e study consisted of four methodological steps: 1) a literature review 
including building regulations from 1960 onwards, 2) a systematic record 
of room characteristics derived from building documentation drawings, 
3) computer simulations of individual room scenes (n = 10888), and 
4) statistical analysis. For the literature review, the study focused on the 
timespan after the introduction of evaluation criteria that were numerical, 
i.e. quantifi ed. Th e surveyed characteristics of rooms included geometry 
measures referenced in regulations, namely room depth, width and height, 
and glass width, height, and obstruction angle. Simulations were performed 
using the Radiance backward raytracer, assuming a standard set of opti-
cal properties for room surfaces and surrounding obstructions. Th e data 
analysis included descriptive statistics to evaluate the applicability of the 
GFR-method, and inferential statistics with hypothesis testing to compare 
the compliance of rooms from diff erent eras and to assess the degree of 
agreement between the current two criteria.

Answers to the research questions:

1. Daylighting criteria eff ectively came into force in 1975. Since 
then, their formulation has iterated between a daylight factor and 
a glazing-area criterion. In essence, the current daylight factor cri-
terion is not diff erent to the one formulated in 1975.

2. Buildings erected following the introduction of quantifi ed daylight 
performance criteria do not necessarily outperform their predeces-
sors.

3. Th e current glazing-area criterion is not applicable in most rooms 
considered in this thesis. It was inapplicable in 3 out of 4 rooms in 
the selected residential building sample.

4. Th e current criteria yielded the same compliance (pass or fail) for 
87 % of the evaluated rooms. For the rest of the rooms, the glazing-
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area criterion was easier to comply with, compared to the daylight 
factor-based criterion. 

4.2 Paper II – Daylight regulation 
compliance of existing multi-family 
apartment blocks in Sweden

Paper II elaborates on the eff ect of building form on room compliance 
with the current DFP ≥ 1 % criterion. Th e study aims to give a general 
picture of the compliance of the current building stock, and to identify 
typologies that perform well or poorly. In addition, the paper shows 
which daylight factor-based metrics yield values similar to DFP, and what 
geometric measures are associated with them. A note is also added with 
respect to the association between daylight compliance and urban density.

Research questions:

1. What is the compliance level of the current building stock?
2. What typologies have a higher potential for compliance?
3. What other daylight factor metric yields similar compliance with 

DFP?
4. Does urban density aff ect daylight compliance?

Methods
Th e study consisted of three methodological steps: 1) selection and geo-
metric modelling of spaces representative of residential architecture, 2) 
computer simulations of individual room scenes (n = 10888) to derive 
daylight performance, and 3) data analysis. Th e selection of buildings was 
based on 1) typology and 2) construction year. Th e geometric modelling 
followed documentation drawings retrieved from the municipal draw-
ings archive of Stockholm. Similar to Paper I, daylight simulations were 
performed using the Radiance backward raytracer, assuming a standard 
set of optical properties for room surfaces and surrounding obstructions. 
Only “static” daylight performance metrics were calculated. Data analysis 
included descriptive statistics. More specifi cally, the percentage of DFP-
compliant rooms in each typology and building were calculated and 
compared to examine the performance of the overall building sample, and 
to compare diff erent typologies. In addition, DFP was compared to aver-
age and median daylight factors calculated for the same spaces to identify 
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similarities between “static” daylight metrics and possible alternatives to 
DFP. Daylight compliance according to DFP was also associated (Spear-
man) with urban density to identify any overarching association between 
daylight compliance and surrounding obstructions.

Answers to the research questions:

1. Only 13 out of 54 buildings complied with the current criterion 
of DFP ≥ 1 %.

2. “Semi-open courtyards”, “high-rise towers”, “low-rise towers” and 
“high + low combinations” were found to be more compliant overall.

3. Th e median daylight factor of a grid of points across the fl oor area 
(excluding a 0.5 m band off  walls) correlated very strongly with 
DFP.

4. Density was found to associate strongly with DFP compliance.

4.3 Paper III – Daylight compliance of 
residential spaces: Comparison of 
different performance criteria and 
association with room geometry and 
urban density

Paper III expands the scope of Paper II, as it investigates multiple daylight 
evaluation criteria.  Diff erent typologies and room functions are compared 
with respect to their compliance with each criterion, and geometric meas-
ures and urban density are associated with the degree of compliance per 
criterion. Th e criteria are also compared with respect to the compliance they 
yield, to identify diff erences and similarities stemming from their formula-
tions. Th e study provides information that can be useful for policymakers 
in their selection of appropriate compliance criteria for residential spaces.

Research questions:

1. Does the choice of compliance criterion aff ect which typology ranks 
higher in terms of compliance?

2. Is there a criterion that yields similar compliance compared to the 
current Swedish criterion?

3. Do the two assessment methods found in European standard EN-
17037 yield similar compliance?
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4. Which geometric measures aff ect compliance more substantially?
5. Which criterion best refl ects the degree of surrounding obstructions?

Methods
Th e method followed for this article builds on methods used in Papers 
I and II, as it investigates the same building sample and processes data 
from the same room geometry database. Additional methods included 1) 
computer simulations to derive climate-based daylight metrics, and 2) 
data analysis according to the new research questions. Th e study presents 
fi ve daylight compliance criteria stipulated by either building standards or 
certifi cation schemes and proceeds with compliance-testing on the build-
ing sample according to each criterion. Th e criteria included the current 
Swedish DFP criterion, the two performance criteria set by European 
standard EN-17037, the daylight factor-based criterion of BREEAM, and a 
climate-based criterion founded on the UDI metric. Daylight performance 
is evaluated using each criterion at three levels, namely typology, building, 
and room level, to identify whether performance is independent of the 
criterion used or not. Diff erent criteria are compared for the compliance 
they yield for the same rooms, to identify which criteria agree or disagree 
substantially. All criteria are associated with room geometry to identify 
the most infl uential geometric factors of compliance, and are compared 
based on the degree they relate to urban density. Data analysis included 
hypothesis testing to make inferences to the general building stock, and 
focused on eff ect size calculations and probability testing.

Answers to the research questions:
1. Typologies rank diff erently when tested against diff erent criteria. 

However typologies with heavily shaded apertures (“large courtyard 
blocks”, “post-modern reforms” and “exterior circulation”) rank 
consistently low.

2. Th e UDI criterion was shown to have the highest agreement with the 
current Swedish criterion. Th is is interesting, as the UDI criterion 
can upgrade the current assessment to ‘climate-aware’ level.

3. Th e two assessment methods of standard EN-17037 yield signifi -
cantly diff erent compliance, with the daylight factor-based criterion 
being much harder to comply with.

4. Of the evaluated geometric measures, Glass-to-Floor Ratio and 
Vertical Sky Component were signifi cantly higher in compliant 
than in incompliant rooms.

5. Urban density was shown to correlate stronger with compliance 
according to UDI compared to other criteria.
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4.4 Paper IV – Perceived daylight 
conditions in multi-family apartment 
blocks – Instrument validation and 
correlation with room geometry

Paper IV processes survey responses on brightness and daylight distribution 
in 225 rooms of 6 multi-dwelling buildings in the city of Malmö (latitude: 
55.6 °N). Th e buildings were selected to be representative of residential 
spaces, and were chosen to belong to the same typological categories as the 
ones selected for the simulation studies in Papers I, II and III. Responses 
were measured using an observer-based environmental assessment instru-
ment (OBEA) consisting of semantic diff erential scales. Th e scales were 
post-processed to derive any reliable measurement of subjective percep-
tion of brightness and daylight distribution. Overall, the study validated 
whether these scales are reliable for use in questionnaires pertaining to 
daylight evaluations, and whether occupant responses regarding room 
brightness relate to room geometry.

Research questions:

1. Is the OBEA instrument reliable and valid for measuring perceived 
brightness and daylight distribution in residential spaces?

2. Is the measurement of the instrument associated with room geom-
etry?

Methods
Th e study used self-administered questionnaires that were sent by post in 
mid-March 2018, and 75 questionnaires were returned without missing 
values. Each questionnaire included separate responses for the kitchen, 
living room, and largest bedroom of the apartment. Th e responses were 
given on semantic scales that consist of bipolar adjectives such as Bright 
– Dark, Strong – Weak etc. Occupants used four scales to report room 
brightness, and three to report daylight distribution. During the survey, 
the global horizontal irradiance was monitored using a Kipp&Zonen 
CM-11 pyranometer. Using exploratory factor analysis on the four scales 
pertaining to Brightness, the study derived one component (“Brightness”, 
Cronbach’s alpha = 0.89) and validated it by associating it with global 
horizontal irradiance (Spearman’s rS = 0.566, p = 0.006). Subsequently, 
the component was correlated with attributes such as the glazing area, 
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glass-to-fl oor ratio, Vertical Sky Component, etc., to examine whether 
room geometry relates to occupant responses or not.

Answers to the research questions:

1. Th e OBEA used was shown to be a reliable and valid instrument for 
measuring brightness perception. Th e scales pertaining to daylight 
distribution did not present adequate internal reliability.

2 Th e Brightness measurement was found to associate with room 
glass-to-fl oor ratio (GFR), in particular, rooms with GFR ≥ 10 % 
were perceived as being brighter than rooms with GFR < 10 %. 
An association with other geometric measurements could not be 
established as the eff ect of solar irradiation could not be isolated due 
to study design limitations. Th erefore, it is not possible to ascertain 
whether the questionnaire measurement relates to specifi c geometry 
measurements or not.

4.5 Paper V – Residential electric lighting 
use during daytime: A fi eld study in 
Swedish multi-dwelling buildings

Th e main aim of Paper V is to evaluate whether room function and room 
orientation have an impact on daytime electric lighting use in residential 
spaces. Th e study processes the same questionnaires that were used in Paper 
V, but focused on a single response scale. Th e scale ranged from 1 to 7, 
and was used by occupants to respond to the question: “How often do 
you turn on electric lighting in the kitchen/living room/bedroom when 
the sun is above the horizon?”. Statistical analysis was used to correlate 
the measurement with 1) measures of room geometry, 2) categories of 
room function, and 3) façade orientation. Th e results can be useful for the 
inception of future design guidelines for dwellings, for instance guidelines 
that diff erentiate between room functions.

Research questions:

1. Does room geometry impact daytime lighting use?
2. Does room function impact daytime lighting use?
3. Does room orientation impact daytime lighting use?
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Methods
Th e study processed 108 responses regarding frequency of electric lighting 
use during the day (daytime lighting use), to evaluate whether it is aff ected 
by room function and orientation, and whether geometry plays a con-
founding role. In a preliminary step, the behaviour of occupants regarding 
electric lighting use was evaluated, to test whether design and orientation 
can aff ect switch-on behaviour or whether it is random and unpredict-
able. In the main part of the study, statistical analysis was performed to 
verify whether there is a relation between daytime electric lighting and 
room function, room orientation, or both. Th e data were analysed using 
1) descriptive statistics to observe frequencies of responses for diff erent 
categories of room type and orientation, and 2) hypothesis-testing to 
examine signifi cant diff erences between categories.

Answers to the research questions:

1. Room geometry impacts daytime lighting use to a certain extent. 
Th e study showed that diff erent occupants living in similarly de-
signed rooms reported similar daytime lighting use.

2. During daytime, it is generally common for electric lighting to be 
used in kitchens more frequently compared to the rest of the rooms. 
However, it was shown that room function per se is not the cause of 
this. When comparing rooms of diff erent functions but of similar 
geometry and surroundings, the reported lighting use did not diff er 
between functions.

3. Room orientation was found to impact daytime lighting use. West-
oriented rooms reported signifi cantly less frequent daytime lighting 
use, especially compared to east-oriented rooms.

4.6 Paper VI – Association between 
perceived daylit area and self-reported 
frequency of electric lighting use in 
multi-dwelling buildings.

Paper VI cross-references occupant responses on 1) daytime lighting 
use and 2) perceived extent of daylit area, with the aim to investigate an 
association between the two. In addition, the paper processes responses 
pertaining to occupant preferences, in particular which room they would 
not prioritise in terms of daylight availability if they had to choose one 
such room. Th e outcome of this study can serve as evidence that electric 
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lighting use is not random in dwellings, but that it can be dictated by 
design, and therefore by design guidelines. 

Research questions:

1. Do occupants use lighting less frequently if their dwellings are 
perceived as adequately daylit?

2. In which room would occupants tolerate inadequate daylight levels?

Methods
Th e study focuses on the association between two responses given by oc-
cupants: 1) how often they use electric lighting during daylight hours (EL), 
and 2) how much of the fl oor area they perceive as adequately daylit (DA) 
throughout the year.  Responses EL and DA were measured on seven-point 
semantic diff erential scales, and were correlated (Spearman) to evaluate 
their association for diff erent room groups. Groups were based on age, 
room function, façade orientation, balcony obstruction, and fenestration 
geometry. A third response (PR), pertaining to occupant preferences, was 
also analysed. Th is response was given on a multiple-choice question with 
a single-answer option. Occupants were asked which room they would 
choose if there had to be one underlit room, and they could respond with 
either one of the following: “kitchen”, living room”, “bedroom”, or “I 
don’t know which one”. Overall, the study used descriptive statistics and 
hypothesis-testing wherever applicable in order to verify the signifi cance 
of the fi ndings.

Answers to the research questions:

1. Daytime lighting use was shown to correlate strongly with the extent 
of the room area perceived as adequately daylit. Th e correlation 
was independent of occupant age, room function or orientation, 
balcony obstruction, or window size.

2. It was clear that most occupants would tolerate inadequate daylight 
levels in their bedroom, if they had to pick a room. Th e opposite is 
true for kitchens, as only 5 out of 108 occupants chose this room 
to be the underlit room of the apartment.
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5 Discussion 

Th e aim of this thesis was to provide knowledge that can be considered 
by policy-making agencies in their endeavours to formulate daylight 
performance criteria for residential spaces. Code compliance was assessed 
considering diff erent urban density levels, building designs, room geom-
etries, and evaluation criteria. In addition, the perspective of occupants was 
considered: the thesis analysed subjective evaluations of daylight condi-
tions, responses regarding electric lighting use during the day, and responses 
regarding which rooms are prioritised in terms of daylight availability.

Th e results presented in the appended papers can be used to raise 
important points with respect to design requirements for daylight perfor-
mance. While each paper discusses fi ndings within a narrower scope, this 
section takes a step back to critically discuss aspects of daylight regulation 
based on the combined fi ndings of all appended papers. Th e following 
sections elaborate on the following aspects: urban density and early-
design considerations, daylighting multi-dwelling buildings, daylighting 
individual rooms, daylight performance assessments, compliance testing 
using European standard EN-17037, and implications of using static vs 
climate-based criteria.

5.1 Urban density and early-design 
considerations

Th e degree of surrounding obstructions can be intuitively understood as 
a negative factor when the aim is to illuminate building interiors using 
daylight. In this thesis, indoor daylight levels were found to be highly de-
pendent on the degree of surrounding obstructions. Daylight levels were 
assessed using both “static” (Papers I & II) and “climate-based” (Paper III) 
daylight metrics, and in both cases, a signifi cant correlation was found 
between compliance and urban density. For instance, it was shown that 
urban density explains approximately 64 % of the variance in development 
compliance rates according to the current Swedish criterion (Paper II). For 
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a criterion using the UDI (Useful Daylight Illuminance) metric, urban 
density explained 68 % of the variance (Paper III). Th ese relatively high 
percentages indicate that, regardless of building or apartment geometry, 
daylight provision for a given room is primarily dependent on the exterior 
environment, i.e. on how much of the celestial hemisphere is visible from 
the room’s aperture. Th is key fi nding warrants the application of urban 
planning rules that can safeguard daylight levels already from the initial 
design stage. For instance, securing distances between buildings relative to 
building heights or adequate window views to the sky could function as 
an early design strategy. Related to this, the results of this thesis indicate 
that buildings erected between 1930 and 1961, which are buildings with 
considerable distances between them, have clearly the best performance 
compared to other eras of the 20th century (Paper I).

Early design massing studies could also benefi t from daylight perfor-
mance indicators that are calculated on the building envelope, i.e. before 
the interior layout of the building has been determined. Previous work 
has shown that daylight indicators such as the Vertical Sky Component 
(VSC) can be powerful predictors of building daylight performance at the 
urban scale (Chatzipoulka et al., 2018). A more recent and perhaps more 
promising predictor that accounts for both location characteristics and 
window size is the Sunlight Beam Index (Mardaljevic and Roy, 2017), a 
measure of how a window “connects” with all possible occurring sun posi-
tions, taking into consideration surrounding obstructions. In this thesis, 
VSC was shown to correlate strongly with compliance rates (Paper III). 

Securing compliance already from an early-design stage would be cru-
cial in the Swedish planning and building process, since many developers 
currently see daylight regulations as a bottleneck that arises at an advanced 
stage, only after they have acquired various permits and have invested 
signifi cant funds in the design process. Th e Swedish planning and build-
ing process includes, fi rst, the comprehensive planning, the urban and 
design stages, and later on during the detailed plan, the building permit, 
the starting permit, and the fi nishing permit. Daylight performance is 
only verifi ed towards the building permit, and comes late in the process.

5.2 Daylighting multi-dwelling building 
blocks

In this thesis, the urban forms comprising multi-dwelling buildings were 
selected based on literature that has examined and categorised examples 
of Swedish architecture of the 20th century (Rådberg and Friberg, 1996). 
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Although construction systems and window properties have evolved since 
then, the archetypes of linear blocks, semi-open or closed courtyards, tow-
ers, and combinations of high-rise blocks and lower rows are still applied 
in today’s practice. Th e fi ndings of this thesis aim to provide information 
to the design professions regarding the benefi ts and caveats of diff erent 
typologies in terms of daylight provision. Th e thesis is not focused on 
identifying one typology as a better choice over another one. For instance, 
an architectural team should not necessarily discard a closed courtyard 
typology, but could be aware that using high-rise courtyards (as in “post-
modern reforms” typology) may necessitate larger fenestration areas, or 
less depth for rooms with apertures that have a limited view of the sky.

As the repetition of a specifi c building form creates an urban landscape, 
shading and self-shading for parts of a development is almost inevitable. 
Th is is particularly true when buildings are characterised by excessive height 
and are not spaced far enough from each other. In this thesis, semi-open 
courtyards were shown to perform well (Papers II, III), as they comprise 
lower building volumes with adequate distances between courtyard rows. 
However, such a typology does not serve density, i.e. it does not provide a 
signifi cant number of apartments (Figure 3.13), making it less attractive 
for developers. In contrast, high-rise towers can provide more apartment 
units per stairwell and well-daylit rooms (Papers II, III), but they do not 
necessarily provide socially active exterior spaces, which may be an ob-
jective of the design. A combination of high-rise and low-rise buildings 
could be a solution to satisfy both objectives, fi nancial and technical. 
Combining typologies could even be a solution on the same block, for 
instance on a close-courtyard block, if certain parts of the building were 
extruded higher and other parts were retained at a height of three storeys. 
Th is would eff ectively create a low-rise courtyard with point extrusions at 
specifi c locations. Th e low parts could allow daylight into the courtyard 
from the most benefi cial orientation, and the high parts could provide 
the required density. Th e results presented in papers II & III along with 
the capacity of diff erent typologies to house apartment units per stairwell 
indicate that there is room for satisfying both fi nancial and technical ob-
jectives, provided that the right combination of typologies is chosen for 
a given development.

5.3 Daylighting individual rooms
Architects are faced with a plethora of requirements in order to comply 
with diff erent types of regulations regarding apartment design. For instance, 
accessibility requirements require adequate circulation areas and specifi c 
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ways of placing equipment, energy-use targets may constrain the extent of 
glazing areas, noise requirements may defi ne which rooms face the street or 
whether an apartment will be one- or two-aspect, view considerations may 
drive an architect to discard an otherwise benefi cial orientation in favour 
of a specifi c view, etc. Daylight requirements are only one additional set 
of requirements that the architect team needs to consider. Moreover, the 
aforementioned requirements are only a few of the requirements that can 
determine the apartment layout i.e. that can aff ect room size and posi-
tion, as well as façade design. Given that additional requirements must 
be met, care should be taken so that any daylight-related design variable 
is exploited only to the extent that compliance with other requirements is 
not compromised. Th is thesis evaluated only the variables that are directly 
related to daylighting (Table 4.1), and pointed out which ones should be 
considered as primarily important during the design process. For objec-
tives other than daylighting, other parameters may be more important.

Among the diff erent room design variables investigated in this thesis, 
GFR (geometry) and VSC (urban density) were shown to aff ect compli-
ance most signifi cantly (Paper III). GFR was consistently found to relate 
to occupant responses regarding daylight conditions and electric lighting 
use (Papers IV & V). GFR was also shown to relate strongly with compli-
ance according to diff erent daylight metrics, both static and climate-based 
ones (Paper III). Th erefore, it could be argued that GFR could serve as a 
robust proxy for daylight availability, provided that an initial assessment 
of surrounding obstructions has been established fi rst, which would al-
low a defi nition of the necessary GFR minimum threshold. Deciding 
to grant compliance to a room that has a seemingly high GFR with no 
regard for surrounding obstructions is by no means wise, since VSC was 
shown to aff ect compliance substantially (Paper III). On the other hand, 
requesting a GFR of 10 % from every room, as is the case with the current 
Swedish regulations, means that rooms that have unobstructed views to 
the sky-dome may in fact end up with oversized windows, which in turn 
may lead to higher heating loads during winter and overheating during 
summer. Such rooms could very well achieve a DFP ≥ 1 % with a GFR 
as low as 6 %, as was revealed by simulations during this thesis; however 
providing adequate views out should be considered before reducing GFR 
for such rooms. VSC could serve as an indicator during the initial design 
stages, since it correlates with compliance and does not have the inherent 
limitations of the obstruction angle measurement of the current Swedish 
regulations (Paper I). Th e minimum required GFR ratio could be dif-
ferent per room in a building, based on the VSC or other façade metric 
obtained for each room.

In this thesis, apartments were considered as consisting of individual 
rooms, with easily identifi able functions per space, namely the kitchen, 
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living room, bedroom, and dining room. Th e amount of daylight available 
for each room type was assessed using both simulations and subjective 
evaluations by occupants, and both methods converged to the same fi nd-
ing: kitchens are the darkest rooms of multi-dwelling buildings (among 
all rooms “occupied more than occasionally”). Bedrooms and living rooms 
are the next darkest rooms. Dining rooms are clearly the brightest rooms 
according to this research. A main reason for this is that kitchens are the 
preferred room to be placed deeper into the building core when there is 
no available façade for all rooms, whereas dining rooms are the opposite, 
always placed in close proximity to the façade to ensure views out. Th is 
is also related to the cost-effi  ciency of minimising plumbing installations 
when wet rooms are closer together. Placing kitchens deeper eff ectively 
makes them indirectly lit rooms, in many cases located 6 m or even further 
away from the window. Th is is unfortunate, as many people today may 
spend their time in the kitchen to prepare meals after returning from work, 
so are aff ected by the conditions in this room when it is still daytime. 

As elaborated in Paper VI, kitchens are actually the spaces where most 
occupants would not tolerate poor daylight conditions, and where they use 
electric lighting most often during daylight hours. In addition, kitchens 
were reported as being underlit more often than living rooms or bedrooms. 
Another study investigating multi-dwelling buildings in Sweden also in-
dicated that occupants prioritize kitchens in terms of daylight availability 
(Eriksson et al., 2019). Th e fi ndings of this thesis and the aforementioned 
study are in confl ict with the proposal made by the Rules Modernization 
Committee in December 2019 (KFMB, 2019a), which suggested that 
kitchens should be excluded from daylight evaluations. Th is decision 
reminds the author of a Greek proverb that is used to criticize ineffi  cient 
medical practice, with a tone of irony: “If the hand hurts, cut the hand”. In 
this author’s opinion, this proposal refl ects the pressure from developers to 
build more cost-eff ectively, as it would allow them to build more compact 
buildings, with less façade area per built volume, fewer windows, and more 
apartments per stairwell. Moreover, the argument that the current Swedish 
criteria are diffi  cult to comply with is not supported by the fi ndings of this 
thesis. When a large sample of individual rooms (n = 10888) was tested 
against fi ve diff erent daylight criteria (used in other countries or stipulated 
by international certifi cation systems) the current Swedish criterion was 
found to be the “easiest” to comply with (Paper III).
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5.4 Daylight performance assessments
When considering daylight performance of residential spaces, the primary 
aim is to ensure that all occupants in a building have suffi  cient access 
to daylight, which can prevent health problems arising from living in 
dim spaces. To defi ne a daylight criterion for compliance testing is not a 
straightforward task; it requires satisfying a range of parameters. 

Firstly, there is a necessity for a daylight metric that accounts for param-
eters aff ecting our appreciation of daylight in the built environment. For 
instance, daylight factors do not consider the diurnal sun path that varies 
with season, nor the amount of sunshine or cloudiness in a particular loca-
tion. If these parameters are important, i.e. if they aff ect our appreciation 
of indoor daylight conditions and our behaviour in our dwellings, then 
daylight factors must be ruled out in favour of more complex daylight 
metrics. 

Secondly, there is a necessity to create a pass-or-fail condition, i.e. a 
demarcation on the metric scale that determines whether a room (or other 
space) passes or qualifi es. Demarking the scale on a specifi c threshold value 
should be based on scientifi c research showing what light conditions are 
proven to provide a healthy environment and to satisfy occupants. 

Th irdly, there is a necessity for simplicity, i.e. a necessity for a criterion 
to be clear, testable in a reasonable time, and not diffi  cult to use by all 
relevant parties in the design process. Practitioners of architecture and 
consultants need to be trained and familiar with the respective software 
tools and methods prescribed by a standard, but the standard itself and its 
criteria need to be suffi  ciently simple and straightforward to ensure that 
they do not complicate and delay the design process. 

Fourthly, there is a necessity to satisfy state and private stakeholders 
that depend on the fi nancial feasibility of residential projects. A govern-
ment or municipality may be faced with having to satisfy a large housing 
demand (as is the case today), while developers may fi nd it hard to build 
cost-eff ectively if they cannot accommodate suffi  cient apartments within 
a given plot. Th erefore, adopting an unreasonably high value on a metric 
scale may result in unrealistic and unfeasible targets and thereby distort 
the building process.

According to Paper I, the current Swedish regulation includes criteria 
with inherent limitations. Th e fi ndings of this thesis suggest that two 
compliance testing methods could be considered as possible alternatives: 
1) a combination of VSC and GFR assessments, and 2) a UDI assessment. 
Both alternatives account for surrounding obstructions, which were found 
to aff ect compliance substantially. Th e fi rst alternative has the benefi t of 
being simpler, and could supersede the current GFR-method. Th e VSC 
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calculation could come at an early design stage, when the interior layout 
of an apartment has not yet been decided. Th e second alternative can take 
climate and orientation into account, as well as overheating issues, and 
could supersede the current point daylight factor criterion (DFP). Since it 
incorporates a climate-based metric, it can take orientation into account, 
which was shown to aff ect occupant behaviour in terms of electric lighting 
use (Paper V). On the negative side, it is more complicated in terms of the 
simulation method required, but it can be argued that practitioners in the 
future will be able to adopt to more complex methods if given appropriate 
training on the matter.

Target values for each criterion alternative is a subject for future research, 
where occupant evaluations would need to be compared to photometric 
measurements; this was not possible in this research. Th e extent of such tar-
get values would also need to factor fi nancial aspects and more components 
of building regulations. Th e author thinks that the current situation in the 
building industry is characterised by pressure to deregulate the construc-
tion process. In this thesis, the current Swedish criterion was shown to be 
the easiest to comply with among all other criteria tested (Paper III), but 
still, developers have expressed their concerns and have found it to be a 
bottleneck in their projects. A minimum window size or illuminance that 
seems low for academics could in fact seem high for other stakeholders.

5.5 Using EN-17037 for compliance 
testing

If there were a shortlist of international researchers who have dedicated 
a considerable proportion of their work to fi nding meaningful daylight 
performance and compliance criteria, then the list would include J. Mard-
aljevic, who provided the rationale for the current European standard EN-
17037 along with J. Christoff ersen (Mardaljevic and Christoff ersen, 2017). 
Despite that, J. Mardaljevic has reiterated what is clearly stated in standard 
EN-17037, which is that the daylight factor and illuminance thresholds in 
it were not meant to be compliance targets, but rather recommendations 
for good daylight design practice (Mardaljevic, 2020). 

Th ere is no doubt that standard EN-17037 is methodologically more 
advanced compared to the current Swedish regulation. However, it should 
be noted that compliance verifi cation is about testing whether a design 
exceeds a minimum level of illumination, not an ideal level of illumina-
tion. Th e author has received feedback on this research by architects who 
claimed that it is better to exclude kitchens from evaluations and follow 
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EN-17037 for all other rooms. Compared to the current Swedish crite-
rion, complying with the daylight factor criterion of EN-17037 requires 
nearly 2.5 times higher illuminance levels, which has severe consequences 
on room daylight compliance as presented in Paper III of this thesis. Th e 
diffi  culty in complying with EN-17037 speaks volumes about the bot-
tleneck it would create in the construction process if it were to become 
a mandatory requirement. In addition, the results presented in Paper III 
indicate that a room must be shallow and have a large glazing area in order 
to comply with the daylight factor criterion of EN-17037. Previous work 
has also pointed out that complying with EN-17037 leads to oversized 
glazing areas, and an overall increase of the building energy use (Bernard 
and Flourentzos, 2019). 

5.6 Static vs climate-based criteria
Th e disagreement between the two EN-17037 calculation methods pre-
sented in Paper III is a good example of the diff erence between static and 
climate-based metrics. Th e two methods use the same set of assumptions, 
except for sky conditions. Th e “illuminance levels” method (EN17037-IL) 
was clearly shown to yield higher compliance rates compared to the “day-
light factor” method (EN7037-DF). Th is indicates that a climate-based 
assessment can reveal the potential of a dwelling to be daylit more precisely 
than a daylight factor approach can predict. Th e signifi cant disagreement 
between the two methods also indicates that the daylight factor method 
of EN-17037 was perhaps a halfway measure intended to be superseded 
by the climate-based method. A climate-based daylight metric can predict 
whether a room is suffi  ciently daylit due to its orientation. Orientation 
was shown to dictate daytime electric lighting use in dwellings (Paper V), 
which in turn was shown to be strongly associated with daylight avail-
ability (Paper VI). Climate-based metrics also account for the varying 
luminance of diff erent sky parts throughout the day and seasons. In this 
thesis, the exterior circulation typologies ranked higher among typologies 
when tested with climate-based criteria instead of daylight factor-based 
criteria. Th e latter shows that climate-based criteria can capture the ability 
of these buildings to exploit light entering from below the exterior circula-
tion corridors, at times when the sun is low enough or the sky is bright 
enough close to the horizon.
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6 Conclusions

Th is research focused on the state of compliance of multi-dwelling build-
ings, the factors aff ecting compliance, and how diff erent criteria aff ect the 
degree of compliance. Occupant responses were also investigated, to assess 
the importance of daylighting dwellings, and to highlight key aspects that 
should be considered when devising daylight evaluation criteria.

One important conclusion is that urban densifi cation signifi cantly 
aff ects daylight availability in multi-dwelling buildings, which highlights 
the importance of applying early design evaluation criteria, perhaps at the 
urban scale, i.e. before a building design is completely determined. Since 
urban densifi cation is ongoing in Sweden and elsewhere, formulating such 
criteria is imperative. Th ese criteria also need to be expressed as “manda-
tory provisions” instead of “general recommendations”, which was the case 
in the last quarter of the 20th century. Th e results show that buildings 
constructed during this period signifi cantly underperformed in terms of 
daylight availability compared to their predecessors.

Th is thesis also emphasises the need to modernise current regulations. 
Th e problem connected to the alternative pathways for compliance (area- 
or daylight factor-based) and the fact that it is easier to comply with one 
compared to the other implies that practitioners may engage in deliberate 
game-playing to select how to assess a space to give the most optimistic 
result.

Constraints on the form and size of residential developments are neces-
sary if all rooms are to be provided with adequate natural light. Typologies 
with heavily shaded apertures were shown to admit consistently less day-
light, regardless of the criterion used in the assessment. In contrast, rooms 
with a larger sky exposure angle and a higher glass-to-fl oor ratio were found 
to be more often compliant. Guidelines could vary between room types, 
as there seems to be a high level of agreement among occupants regarding 
which rooms are prioritised over others in terms of daylight availability.

Apart from previously published health benefi ts of daylight, motivation 
to strengthen daylight regulations could also rely on the potential to reduce 
unnecessary electricity use for lighting. Although lighting is not the main 
cause of electricity use in dwellings, it can be expected to increase in the 
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future if we consider the anticipated trends in remote working, which are 
facilitated by today’s IT technology, as shown during the Covid-19 pan-
demic. If the risk of increased electricity for lighting is to be minimised, 
daylight design measures and criteria for residential spaces are needed.

Climate-based criteria, i.e. criteria that consider the hourly daylight 
availability from the sun and sky could be considered in future regulations. 
Orientation was shown to signifi cantly aff ect electric lighting use according 
to occupant responses, which indicates that future daylight assessments 
should account for all diff erent hours of the day, i.e. for the eff ect of the 
sun path relative to the building facade. A pronounced diff erence between 
climate-based and daylight factor-based assessments was revealed when the 
two daylight criteria of standard EN-17037 were compared, the climate-
based and the daylight factor-based criterion. Th e fact that the climate-
based criterion yielded higher compliance indicates that a more accurate 
representation of sky conditions, on an hourly basis, can reveal a diff erent 
potential of a design to admit daylight, in particular a higher potential.

Regardless of the technical aspects considered in order to formulate a 
given daylight evaluation criterion, its acceptance by the building industry 
will still depend on its fl exibility and its potential to allow for economic 
profi tability of future real estate investments. Although it is easier to 
comply with the current Swedish criteria compared to other criteria 
examined in this thesis, the diffi  culty in meeting daylight requirements 
in new constructions has already been voiced, and a proposal to exclude 
kitchens from evaluations has been fi led; the latter contradicts the fi ndings 
of this research as, according to the presented survey results, a dark kitchen 
would be tolerated by very few occupants. In devising daylight criteria, 
the technical choices may be suggested following scientifi c research, but 
the fi nal (and ethical) choice regarding which spaces must be illuminated 
and to what degree lies with the policymaking institutions.
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7 Future work

Th e suitability of the presented UDI criterion for compliance assessments 
could be further researched/investigated. Th e survey results indicate that 
the semantic diff erential scales used to collect responses on space brightness 
are reliable. Comparing occupant responses with UDI levels derived from 
in-situ illuminance measurements could be considered for future research, 
to verify that the criterion outcome is in agreement with occupant judge-
ments of daylight conditions.

New rules-of-thumb could be developed to derive compliance pre-
dictions using only façade measurements. Th e two variables that most 
substantially aff ect compliance, namely Glass-to-Floor Ratio and Vertical 
Sky Component, could be embedded in a simplifi ed formula to predict 
compliance requirements, e.g. a maximum allowed room depth, to guide 
early-design decision making. Such an approach could also consider 
metrics similar to the Sunlight Beam Index, which accounts for building 
orientation and window size, two variables that are not considered by the 
Vertical Sky Component.

Spatial characteristics of residential architecture could be considered in 
early-design compliance predictions. As was identifi ed across the buildings 
investigated in this thesis, approximately 60-65 % of the building plan 
layout consists of functions requiring daylight in most building typolo-
gies. Overall building dimensions (depth and width) could be associated 
with the apartment plan layouts produced, e.g. probable room depths and 
positioning, to derive the location of the daylight-requiring areas across 
the building plan. Subsequently, the required façade openings needed to 
adequately illuminate these areas could be calculated based on rules-of-
thumb or simplifi ed equations.

Future research could benefi t from the data collected during this re-
search. An extensive amount of room geometry and surface refl ectance 
values were collected as part of the methodological requirements of this 
thesis. In Paper I, the reader can fi nd typical dimensions of residential 
spaces, which can be used as reasonable assumptions for early-design and 
simulation input data. Paper IV presents measured light refl ectance values 
for walls, fl oors and ceilings that are relative to apartment spaces.
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It is the author’s humble hope that the knowledge provided by this 
doctoral thesis will contribute to policymaking and design guidelines 
relating to daylight performance criteria for residential spaces. Overall, 
this thesis emphasises the importance of daylighting for dwellings and 
the need for clear and reliable early design assessment criteria, as well as 
simplifi ed equations at the urban scale to ensure that urban densifi cation 
does not result in diminished environmental quality for urban dwellers.
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Summary

Th is thesis focuses on the daylight performance of Swedish apartment 
blocks. It presents the parameters aff ecting indoor daylight levels, it as-
sesses whether daylight provision is adequately regulated, and it examines 
occupants’ responses regarding daylight conditions in their dwellings. As a 
result, the work presented in this thesis contributes to knowledge support-
ing the development of more appropriate daylight criteria for residential 
spaces, that could be considered by policy makers in their endeavours to 
upgrade building regulations.

Th e main outcomes of this thesis can be summarised under three main 
themes: 1) limitations of current daylight criteria in Swedish building 
regulations, 2) determinants of daylight compliance and considerations 
for future regulations, and 3) inhabitants’ response regarding daylighting 
and electric lighting use in apartments.

Limitations of current daylight criteria in 
Swedish building regulations
Th e formulation of the current two daylight criteria in the building code 
is not optimal because of three limitations: 1) the way to assess daylight 
is not clearly defi ned for all types of spaces, 2) surrounding buildings that 
may shade are not always considered, and 3) sun position is not considered. 

Another consideration relates to the regulatory hierarchy character-
izing the building code. In Sweden, some parts of the building code are 
mandatory requirements, while other parts, including quantifi ed daylight 
criteria, are only stated as general recommendations, which are not legally 
binding per se. Ironically, of the buildings evaluated in this thesis, the ones 
erected following the introduction of quantifi ed daylight criteria in 1975 
were shown to perform worse than the ones erected prior to that year. 
Th is is an indication that quantifi ed daylight criteria need to be stated as 
mandatory requirements if they are to be followed, similarly to how cur-
rent energy compliance criteria are stated today.
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Determinants of daylight compliance and 
considerations for future regulations
Densifying the built environment was shown to block daylight regardless 
of apartment design, which indicates that daylight provision is primarily 
dependent on the exterior environment. Th is observation leads to the 
proposal of instigating early-design compliance testing criteria at the urban 
scale. Among diff erent characteristics of residential rooms, the amount of 
façade glazing relative to fl oor area, and the amount of sky visible from 
windows were shown to be the most infl uential parameters of indoor 
daylight levels.

Th e importance of criterion choice in order to judge whether spaces are 
adequately daylit or not was also assessed. Th e current Swedish criterion 
was found to be the easiest to comply with compared to other criteria. A 
shift to a more advanced daylight criterion could consider using the Use-
ful Daylight Illuminance (UDI) metric, which is superior to the current 
regulation as it accounts for orientation and sunlight, and can be used in 
tandem with thermal comfort evaluations. Signifi cant compliance similari-
ties were found between the current criterion and a UDI-based criterion.

Inhabitants’ response regarding daylighting 
and electric lighting use
Th ree important considerations can be summarized following a survey 
on daylight conditions of apartments. Firstly, higher levels of daylight are 
associated with less frequent electric lighting use. Secondly, room orienta-
tion is a key factor in reducing electric lighting use. Occupants reported 
less daytime lighting use in west-facing rooms, which can be attributed 
to residential occupancy patterns, i.e., people returning home when the 
sun is due west. Th is fi nding illustrates the need for daylight criteria that 
account for sun position. Th irdly, it seems that there is an agreement 
among occupants on which rooms are prioritized in terms of daylight. 
Th e majority of respondents selected the bedroom as the room they would 
tolerate underlit if they had to pick a room. On the other hand, very few 
occupants would choose to have their kitchen or living room as the darkest 
room of their apartment. Th is information could be considered in future 
regulations that wish to diff erentiate between room types.

Overall, this thesis demonstrates the importance of urban planning 
for daylighting, the implications of using diff erent designs on daylight 
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availability, the need for proper well-formulated regulations and a rigor-
ous compliance path, the connection between daylight availability and 
electric lighting use, and the fact that occupants have specifi c preferences 
regarding the illumination of their apartments.
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Sammanfattning

Denna avhandling fokuserar på dagsljusprestanda för svenska fl erbostad-
shus. Den presenterar parametrarna som påverkar dagsljusnivåerna inom-
hus, den utvärderar om dagsljusförsörjning är tillräckligt reglerad och den 
undersöker boendes svar avseende dagsljusförhållanden i deras bostäder. 
Arbetet som presenteras i avhandlingen bidrar med kunskap och stöd för 
utveckling av mer lämpliga dagsljuskriterier för bostadsutrymmen, som 
politiker och andra beslutsfattare kan överväga i deras strävan att förbät-
tra byggregler.

Avhandlingens huvudsakliga resultat kan sammanfattas i tre huvudte-
man; 1) begränsningar i gällande  svenska byggreglers kriterier för dagsljus, 
2) bestämmande faktorer för att uppfylla byggregler för dagsljus och 
överväganden för framtida förordningar och 3) boendes svar avseende 
dagsljus och användning av elektrisk belysning.

Begränsningar i gällande svenska 
byggreglers kriterier för dagsljus 
Formuleringen av de gällande två dagsljuskriterierna i byggregler är inte 
optimal på grund av tre begränsningar: 1) sättet att utvärdera dagsljus är 
inte klart defi nierat för alla typer av utrymmen, 2) omgivande byggnaders 
skugga beaktas inte alltid, och 3) solens position beaktas inte.

En annat övervägande är kopplat till den regulatoriska hierarkin som 
kännetecknar bygglagen. I Sverige är vissa delar av bygglagen obligator-
iska, medan andra delar, inklusive kvantifi erade dagsljuskriterier, endast 
anges som allmänna rekommendationer som inte är juridiskt bindande. 
Vid utvärderingen av byggnaderna i denna avhandling framkom ironiskt 
nog att byggnaderna som uppförts efter införandet av kvantifi erade dag-
sljuskriterier 1975 hade sämre resultat än de som byggts dessförinnan. 
Detta är en indikation på att kriterierna för kvantifi erat dagsljus måste vara 
obligatoriska krav om de ska följas, på samma sätt som kraven avseende 
energi är utformade i nuläget. 
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Bestämmande faktorer för att uppfylla 
byggregler för dagsljus och överväganden 
för framtida förordningar
Förtätning i den byggda miljön visade sig blockera dagsljus oberoende av 
lägenhetens design, vilket indikerar att dagsljusförsörjningen i första hand 
är beroende av den yttre miljön. Denna iakttagelse föranleder förslaget att 
ha testningskriterier i ett tidigt designskede på stadsnivå. Bland de olika 
egenskaperna hos bostadsrum visade sig mängden fönsteryta i fasaden i 
förhållande till golvyta och mängden himmel som är synlig från fönster 
vara de mest infl ytelserika parametrarna för dagsljusnivåer inomhus.

Betydelsen av utvalda kriterier för att utvärdera om utrymmen har till-
räckligt dagsljus eller inte bedömdes också. Det nuvarande svenska kriteriet 
visade sig vara det enklaste att uppfylla jämfört med andra kriterier. Vid en 
övergång till ett mer avancerat dagljuskriterium kan metoden UDI (Use-
ful Daylight Illuminance) övervägas. Metoden är överlägsen nuvarande 
reglering eftersom den även tar hänsyn till byggnadens riktning och sol-
ljus samt kan användas tillsammans med utvärderingar av värmekomfort. 
Betydelsefulla likheter återfanns mellan det nuvarande kriteriet och ett 
UDI-baserat kriterium. 

Boendes svar avseende dagsljus och 
användning av elektrisk belysning
Tre viktiga överväganden framkom och kan sammanfattas efter en under-
sökning om lägenheters dagsljus. För det första är högre nivåer av dagsljus 
förknippade med mindre frekvent användning av elektrisk belysning. För 
det andra är rummens riktning en nyckelfaktor för att minska använd-
ningen av elektrisk belysning. Boende rapporterade mindre användning 
dagtid av belysning i rum som vetter mot väster, vilket kan förklaras av 
boendes användningsmönster dvs. 

människor återvänder hem när solen står i väster. Detta resultat illus-
trerar behovet av dagsljuskriterier som tar hänsyn till solens läge. För det 
tredje verkar det som om boende är överens om vilka rum som prioriteras 
när det gäller dagsljus. Majoriteten av de tillfrågade valde sovrummet som 
det rum de främst skulle tolerera som underbelyst. Däremot skulle mycket 
få boende välja att ha kök eller vardagsrum som det mörkaste rummet i 
lägenheten. Denna information kan beaktas vid framtida reglering som 
önskar skilja mellan rumstyper.
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Sammantaget demonstrerar denna avhandling vikten av stadsplanering 
för dagsljus, konsekvenserna av att använda olika design för tillgängligheten 
av dagsljus, behovet av korrekt och välformulerad reglering samt noggrann 
plan kring efterlevnads granskning, sambandet mellan tillgängligt dagsljus 
och användning av elektrisk belysning, samt att boende har specifi ka 
preferenser när det gäller upplysning av deras lägenheter. 
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Errata

Th is errata sheet lists errors and their corrections for the six appended 
articles (Papers I – VI) of this thesis.

Location Error Correction 
Paper II, page 259, section 
3.1, second paragraph 

The corresponding 
building code is shown 
in red to highlight the 
darkest cases. Out of the 
54 buildings, 14 were 
found compliant (26 
%). 

The corresponding 
building code is shown in 
red to highlight the 
darkest cases. Out of the 
54 buildings, 13 were 
found compliant (24 %). 

Paper II, page 261, Figure 
4 

The data bar for 
development "B" is 
shown in green 

The data bar for 
development "B" should 
be shown in white 

Paper II, page 264, section 
5.1 

Out of 54 evaluated 
buildings, only 14 were 
found compliant with 
the current 
recommendation (26 
%), which is a low 
compliance rate.  

Out of 54 evaluated 
buildings, only 13 were 
found compliant with 
the current 
recommendation (24 
%), which is a low 
compliance rate.  

Paper IV, page 6, Table 3 The rotated factor 
loading (varimax) on 
Brightness for the scale 
"Drab - Clear" is equal 
to 00822. 

The rotated factor loading 
(varimax) on Brightness 
for the scale "Drab - 
Clear" should be equal to 
0.822. 

Paper V, page 10, Figure 
10 caption 

Figure 10: Comparison 
of responses for B vs L, 
N = 17 (left) and B vs L, 
N = 6 (right). 

Figure 10: Comparison of 
responses for B vs K, N = 
17 (left) and B vs L, N = 6 
(right). 
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A B S T R A C T

This research investigates the daylight regulation compliance of existing multi-family housing developments
located primarily in Stockholm (Lat.: 59,33 °N), Sweden. A representative sample of 54 buildings consisting of
10.888 individual rooms was modelled according to archived documentation drawings and evaluated by use of
Radiance simulations, to test their compliance with the current Swedish daylight regulation. The studied
buildings were selected according to their relevance to major architectural typologies of Swedish urban planning
history (1926–1991). The assessment was based on a point Daylight Factor scheme (DFP), which stipulates that a
specific point in a room should achieve a Daylight Factor DFP≥ 1%, for the room to be sufficiently daylit.
Results indicate that specific architectural typologies consistently yield poor DFP levels compared to other ones.
A moderate correlation was found between the density of surroundings and the percentage of compliant rooms
per housing development. Finally, the results indicate the existence of distinct periods during Swedish urban
planning history, when daylight performance of multi-family houses was affected by different planning prac-
tices. Future investigations are under development to evaluate the occupants’ perception of daylight in their
apartments, to help define new daylight performance indicators and benchmarks for Swedish households, taking
into consideration the limitations of the daylight indicator embedded in the current regulation.

1. Introduction

In the last decade, a plethora of research results has emphasized the
positive effects of daylighting on occupant health and well-being, in-
cluding stress levels, mood, and photobiological effects [1–4]. The use
of daylight has also been promoted by the International Energy Agency
as a means of reducing electricity use for lighting [5]. A recent Swedish
study in office buildings indicated that daylight responsive systems
combined with absence detectors can yield electricity savings of ap-
proximately 50%, compared to conventional practice [6]. Other orga-
nizations promote daylighting as a strategy for resilient and biophilic
building design [7]. As a result, several building codes and environ-
mental certification systems today have some form of minimum re-
quirements for daylighting, often expressed as a minimum window area
or a minimum Daylight Factor.

More recently, Swedish urban areas have experienced drastic den-
sification due to a steady rise in population. Boverket [8], the National
Board of Housing, Building and Planning, which supervises housing
from a legislative perspective, estimated in February 2016 that roughly
700.000 new households need to be built by 2025 [9]. Given this
context, a research project gathering academics and experts from the

industry was recently initiated with the aim to provide scientific in-
formation that will allow a reformulation of the daylight requirement in
the building code, considering the necessity for sustainable urban de-
velopment. The project includes four phases: a) assessment of the ex-
isting building stock by use of simulations, b) evaluation of daylight
sufficiency by questionnaires to occupants, c) comparison of different
performance indicators (metrics) for use in residential spaces and d)
formulation of simplified guidelines for design practitioners. The ob-
jective of this paper is to present results of the first phase. These include
the daylight regulation compliance of Swedish multi-family building
blocks of different typologies and eras, and the impact of urban density
on indoor illumination. The compliance criterion used in the analysis
was the current quantified general recommendation for residential
spaces, i.e. a minimum Point Daylight Factor (DFP≥ 1%) for rooms
occupied more than occasionally [10].

Internationally, building standards and regulations pertaining to
indoor daylight admission define minimum acceptable conditions [11],
and have been shown to form mainly in three types [12,13]. The first
type ensures access to sunlight, expressed as a minimum daily duration
of interior insolation, e.g. at least 2 h of sunlight per day between
February and October. A list of sunlight durations recommended in
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different countries can be found in Ref. [14]. The second type stipulates
a minimum window or glazing size, most often as a function of room
area, e.g. the Greek building code [15] dictates that the window glazing
area shall not be smaller than 10% of the room floor area. More such
window area requirements for different EU member states can be found
in Ref. [16]. The third type is formed using a minimum indoor illu-
mination level, expressed either as a relative index, predominantly the
average Daylight Factor or an absolute illuminance threshold, e.g. 300
lux, achieved for a determined room area and a particular time period
throughout the year. An example of the latter is the formulation of the
IES Approved Method LM-83-12 [17] or the recent European Daylight
Standard EN-17037 [18]. The Swedish building code refers to a Day-
light Factor approach, but unlike average Daylight Factor metrics found
in other building codes or certification systems, the Swedish DFP should
be measured on a specified location within the evaluated room [19].
Eventually, all rooms within a building should have a DFP≥ 1%, for the
building to be compliant.

2. Methodology

The majority of dwellings in Sweden (51%) are multi-family
buildings [20], which comprise three or more apartments in the same
building. They are the dominant type of housing in the largest Swedish
municipalities (> 50.000 households) [21]. In Stockholm, they re-
present 81,1% of the total residential building stock. For the purpose of
this study, a representative sample of 10.888 rooms belonging to 3.151
apartments in 54 existing buildings was selected for evaluation. Effec-
tively, these buildings belong to 25 different housing developments
located primarily in Stockholm (23 developments), and in the nearby
town of Örebro (2 developments). The selection of the evaluated
buildings was based on two criteria: a) the year of construction and b)
the building typology.

2.1. Selection based on construction year

Following the first criterion, the selection was made according to
the frequency of constructed apartments per decade, focusing on the
20th century. A total of 2.192.385 apartments were registered in
Sweden until 2000, according to the national statistics agency [22]. Out
of this stock, 3.151 apartments were selected for evaluation. The
amount of selected apartments per decade was determined by the ac-
tual building rate that occurred during each decade. In other words, the
ratio of evaluated apartments belonging to one decade (percentage of
3.151) corresponded to the ratio of apartments built during that decade
(percentage of 2.192.385). The reason for this analogy was the intent to
draw conclusions for the overall building stock.

2.2. Selection based on building typology

Following the second criterion, the buildings were selected ac-
cording to their relevance to major architectural typologies adopted in
Swedish urban planning history. Practicing urban planners and archi-
tects specialized on residential spaces were consulted in a reference
group to determine this aspect. The eventual selection was made in
accordance with the categorization of Swedish urban typologies as
described in Rådberg and Friberg [23], which are in line with the
typologies described earlier by Hall [24]. Fig. 1 shows the eight main
typologies that were studied (one typology per row). Following is a
short description of each type:

- Low-rise towers (“låga punkthusgrupper”) have a concentrated plan
and a central stairwell, with typically four apartment units built
around it. They are three to four stories high, and may have rooms
with windows on two directions.

- High-rise towers (“höga punkthusgrupper”) have a plan layout si-
milar to their lower counterparts, but can reach as high as 16 stories.

They were developed mainly in peripheral zones of the city, to ac-
commodate a significant amount of apartments and still provide
ventilation and daylight for most rooms. They represented the
modernist ideal image of the “house in the park” [23].

- High + Low combination of tower and narrow building types were
adopted with the intent to extract the advantages of both types. The
low part could provide sufficient ventilation and daylight for most
rooms, but with less apartments per stairwell. The high part would
contribute with its housing capacity, and provide a dramatic ele-
vation profile.

- High-rise enlongated (“skivhusgrupper”) buildings have at least 50m
length, and usually three to four stairwells. They succeeded the
high-rise towers as the main high-rise building type, when pre-
fabrication became common (after 1960), and were used to ac-
commodate high numbers of apartments in the same building.

- Exterior circulation (”loftgånghus”) were typically used between
1965 and 1974 under the Million Homes Programme [25], to allo-
cate elevator costs to a larger number of apartments, by providing
apartment entrances through shared external corridors.

- Semi-open courtyard blocks were built primarily in the 1940s and
1950s, in suburban areas, and were typically three stories high.
They are the result of the transition from the 1930s linear narrow
buildings to formations of narrow buildings that would create semi-
open, private courtyards. The building volumes were as narrow as
8m.

- Large courtyard blocks emerged from the 1907 Town Planning Act
[26] that granted Stockholm's municipality the power to ban
building volumes within courtyards, which was the usual practice
earlier. They became common in metropolitan inner parts as a
“reform”, which comprised a uniformly designed block of buildings
that surrounded a large, park-like, inner courtyard [24].

- Post-modern reforms are the result of the intent after 1975 to adopt
older block types (prior to 1930), but with a more blurred limit
between the street and the private courtyard, along with higher
building masses.

In Fig. 1, codes A to Y correspond to the 25 individual develop-
ments, some of which consist of more than one building. At least three
developments per typology were included in the sample. The left-hand
side of the figure (grey background) shows the surrounding zone for
each development, in a range of 250m. The simulated buildings are
shown in red footprints. The surrounding zone was defined as a func-
tion of the area occupied by the evaluated buildings. The algorithm for
this is described further down. On the right-hand side, the development
footprints are shown on a larger scale, along with data regarding their
surrounding zones. Different zones are characterized by different urban
densities and building heights. Below each footprint, three indicators
are presented:

- Density [m³/m2]. Urban density expresses the magnitude of the total
built volume [m³] per site area [m2]. It has been proven to correlate
strongly with the available irradiance on building facades of real
urban developments [27].

- Building height [m]. For this study, building height (H) refers to the
evaluated development and is measured from the lowest point of the
adjacent street to the upper-most point of the exterior wall (i.e. in-
clined roofs are not considered). In cases where the development
comprises buildings of different heights, the average height is
shown, denoted by “*“. This height is weighted by footprint area of
the differing buildings.

- Mean Building Height [m].Mean Building Height (MeH) is calculated
as the mean height of all buildings in the zone, weighted by their
footprint area. It expresses the verticality of a given site area, the
extent to which building masses elevate from the ground.

Table 1 shows aggregated data of the selected building sample,
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sorted by construction year from top to bottom row. Codes A – Y cor-
respond to individual developments, and numbers 1 to 54 to individual
buildings. A development may comprise more than one buildings (e.g.
M consists of buildings 29, 30, 31 and 32). The number of rooms per
building is shown in grey fill, and it indicates the architectural typology

of a development. As explained previously in sections 2.1 and 2.2, the
aim was for the sample to include buildings of different construction
eras (criterion 1), and different typologies (criterion 2). The amount of
apartments per decade (compared to 3.151) corresponds to the real
construction rate that occurred historically.

Fig. 1. Categorization of the 25 evaluated developments in eight main typologies according to Ref. [23], their urban zones, footprints and urban indicators of
Density, Building height (H) and Mean Building Height (MeH).
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2.3. Modelling and simulation settings

For each development, the simulation model included a) the sur-
rounding buildings, b) the evaluated buildings and c) the terrain geo-
metry. Tree geometries were not modelled, and the terrain was assumed

uniform (no distinction between different materials/vegetation).
Surrounding buildings for each development were retrieved from

three-dimensional vector data of Stockholm city [28], which were im-
ported from ArcGIS ArcMap [29] to Rhinoceros 3D [30]. The imported
data were further processed using the visual programming editor of

Table 1
Aggregated data of building sample, including decade of construction, nr of apartments and rooms per building, development and typology.

Decade Development
Code

BuildingCode Nr of
apartments

Nr of
apartments
per decade

Nr of rooms per building and typology

Low-
rise
towers

High-
rise
towers

High + Low
combination

High-rise
enlongated

Exterior
circulation

Semi-open
courtyard

Large
courtyard
blocks

Post-
modern
reforms

1921–1930 Q 38 167 650 381
L 28 232 541
P 37 251 613

1931–1940 M 29 64 256 224
30 64 224
31 64 224
32 64 224

1941–1950 H 23 38 292 136
24 38 136

A 1 9 33
2 9 33
3 9 33
4 9 33
5 9 33
6 9 33

B 7 162 486

1951–1960 X 51 33 623 105
52 18 72
53 57 162

E 11 21 75
12 8 29

F 14 40 112
E 15 8 29

16 18 64
13 12 54
17 61 228

V 47 50 180
48 18 78

G 18 39 148
19 39 148
20 39 148
21 39 148
22 39 148

C 8 48 240
9 36 168

1961–1970 S 40 309 675 1408
O 34 9 32

35 9 32
36 9 32

T 41 36 174
42 4 24

U 43 12 59
44 12 59
45 12 59
46 12 59

D 10 30 125
N 33 221 878

1971–1980 J 26 43 187 273
K 27 88 277
R 39 56 216

1981–1990 I 25 230 230 801

1991–2000 W 49 91 238 124
50 17 63

Y 54 130 470

TOTAL: 3151 530 1908 864 2671 618 1304 1535 1458
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Grasshopper [31] to cull the desired surroundings according to Fig. 2a.
For a given development, the footprint perimeter vertices (black dots in
Fig. 2a) were used to compute a planar convex hull (blue line in
Fig. 2a). A convex hull for a point set S in the Euclidean space is the
smallest convex set containing S [32]. The points on the convex hull are
circled in Fig. 2a. The hull was offset by 250m to construct a boundary
polyline. All buildings (or subparts of buildings) within this boundary
polyline were included in the simulations (dark grey footprints), and in
the calculations of the urban indicators described previously in section
2.2. This approach ensures a minimum extent (250m) of surroundings
from all outward facing façades of a development. The particular
method was conceived for the current study, as there is no normative
method to define surroundings for daylight simulations. The extent of
250m was selected to achieve a spatial scale of roughly 500×500
urban cells, which is similar to spatial scales used in studies dealing
with urban forms and solar availability [27,33]. It also ensures that
most visible surroundings are accounted for, as many developments of
this study are located in zones of low urban density (e.g. development X
in Fig. 2a).

The evaluated building facades and interior plans were retrieved
from available documentation drawings, in raster or pdf format, from
Stockholm City Planning Office [34]. Following the current Swedish
building recommendation [10], the room types designed and evaluated
were the ones occupied more than occasionally: kitchens, living rooms,
bedrooms and dining rooms. Fig. 2b shows the distribution of these
rooms across part of the third floor of development X. For each room,
the a) point Daylight Factor (DFP) and b) the average and median
Daylight Factors (DFA and DFM) were calculated for different sensor
points, evaluated during the same simulation run. DFP was calculated
on specific points (red spheres in Fig. 2c), while DFA and DFM were
deducted from calculations on a point grid of 0,03m spacing (white
spheres in Fig. 2c). The DFP was calculated according to definition, on a
point located halfway through the room depth, one meter from the darkest
lateral wall, 0,80 m above floor level. Locating that DFP point is not
straightforward, as the definition of the darkest lateral wall is only based
on intuition, in the absence of simulation results. Moreover, the room
depth is an ambiguous measure in cases of non-rectangular room layouts
or in cases where it can be confused with room width (e.g. differently
oriented facades, as in the corner room of Fig. 2c). For these reasons, all
possible DFP sensor points (depending on room geometry) were eval-
uated, and the value of the least illuminated point was reported as the
DFP. The DFA and DFM were calculated for the overall room area (00
Grid in Fig. 2c) and for the area offset 0,50m from walls (05 Grid in

Fig. 2c). The corresponding metrics are denoted as DFA00, DFM00 and
DFA05, DFM05 in the results section. Sensor points were set 0,80m
above floor level.

The terrain geometry was modelled using the digital elevation
model (2 m resolution DEM) available from the Swedish Surveying and
Cadastral Agency [35]. The raster image was exported from ArcGIS
ArcMap to Grasshopper to construct a Delaunay mesh from xyz co-
ordinate points, for use in the Radiance simulation model, to the same
spatial extent as the surroundings.

Radiance [36] was the daylight simulation engine used, via the
Honeybee plugin [37] that is deployable within the visual programming
environment of Grasshopper [31]. Radiance is a backward ray-tracer
that uses a hybrid Monte Carlo (stochastic) and deterministic raytracing
approach to model both direct and indirect light contributions accu-
rately. It has been rigorously validated in the past [38–42] and has
shown good agreement with illuminance measurements in full-scale
spaces, with inaccuracies ranging between± 10% [43]. The Radiance
rendering settings used are shown in Table 2. The only parameter
varying per development was the ambient resolution (ar), which was
set equal to (DMAX · 0,1)/0,03, where DMAX is the maximum scene size
of the development zone in m. The minimum separation for cached
irradiances was therefore always set to 0,03m, which was the minimum
dimension used in the geometrical models (i.e. the window frame size).

2.3.1. Geometry details and optical properties
Geometry was modelled with a 0,05m tolerance for all surfaces

except window frames. The frames were designed with a 0,03m tol-
erance, positioned on the wall as stated in the documentation drawings.
Balcony railings were modelled as transparent surfaces, with a visual

Fig. 2. a) Considered surroundings (dark grey footprints) within the 250m offset of the convex hull (blue polyline), b) perspective view of part of development X and
c) The DFP points (red spheres), the 0,3× 0,3 grid points (white spheres) and the distinction between the 00 Grid and the 05 Grid. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Radiance simulation parameters.

ambient bounces ab 7

ambient divisions ad 2048
ambient supersamples as 512
ambient accuracy aa 0,1
ambient resolution ar variable
ambient value av 0
limit weight lw 0,0001
limit reflection lr 7
direct threshold dt 0,03
direct certainty dc 1
direct subsampling ds 0,05
direct jittering dj 0,7

I. Bournas, M.-C. Dubois



Daylight compliance of multi-dwelling apartment blocks

124

transmittance (TVIS) computed according to the amount of railing pil-
lars; a 50% pillar coverage ratio on the railing façade was translated to
a 50% visual transmittance for the Radiance “glass” primitive used. No
furniture was modelled, apart from closets embedded in walls, most
often found in bedrooms.

For all 10.888 evaluated rooms of this study, a standard set of op-
tical properties was assumed, according to recommended reflectance
values [17,44,45], shown in (Table 3). All opaque surfaces were mod-
elled as Lambertian diffusers by use of the Radiance “plastic” primitive,
with roughness and specularity set to zero. No colour was assumed for
the surfaces; RGB coordinates were equal. Glazing TVIS was assumed
70% for all models, which represents fairly a double-pane window.
Balconies floors and ceilings were designed as having different finishes,
the latter being brighter. Some developments were located in areas
adjacent to the canals of Stockholm city. For these cases, the water
surface was modelled as a planar surface with 50% visual reflectance.

It should be noted here that buildings of certain eras have under-
gone renovations during their lifetime, to improve their energy per-
formance and thermal comfort, e.g. development V is undergoing en-
ergy renovations under a Horizon2020 funded European project [46].
Changes due to such renovations are not accounted for in this study, as
the buildings were modelled according to their original plans. Measures
such as the replacement of older windows with highly insulated units or
the addition of glazing to balconies can reduce indoor illuminance even
further. The same is true for furniture, which was not modelled for this
study. Furniture has been shown to decrease daylight illuminance sig-
nificantly, particularly for points located deeper in a room [47]. To a
certain extent, the results presented here are on the optimistic side of
the actual daylight performance of the evaluated developments.

2.3.2. Amendments to the current calculation method
Due to the previously stated ambiguity (section 2.3) introduced by

the definition of the point location of the DFP measurement, we eval-
uated the correlation of the point measurement with the different
daylight metrics described under section 2.3 (DFA00, DFA05, DFM00
and DFM05). The DFP was also correlated to the percentage of room
area for which the Daylight Factor was higher than 2% (%Area2). Same
as the DFP, these metrics are also based on the Daylight Factor scheme.
They can be calculated for a grid of points on the horizontal plane and
require no different simulation technique than the DFP requires. The
correlation of the metrics with typical room measurements was also
tested, in particular with the room depth (Depth), width (Width), floor
area (FloorA), window-to-floor ratio including frames (WFR) and the
area of the external wall of the room (EWA), measured from outdoors.
The significance of the correlation between all variables was high, due
to the large sample of evaluated rooms (n= 10.888).

3. Results

3.1. Compliance of evaluated building stock

This section presents the degree of compliance of the evaluated
building sample, according to the current DFP≥ 1% general re-
commendation. According to the latter, all rooms occupied more than
occasionally within a building need to comply, for the building to be
considered compliant. Effectively, even if only one room is not com-
pliant, the building cannot comply. In this study, the percentage of
compliant rooms within different levels (building, development and
typology) are presented separately, to indicate performance per level.

Fig. 3 shows the DFP obtained for each room in each of the 54
studied buildings. The buildings are grouped in developments (codes A
– Y) and sorted per typology. The DFP threshold of 1% is denoted by the
vertical grey line. When all rooms in a building comply with the current
recommendation, the building code is shown in bold characters on the
y-axis, for clarity. If we rank the DFP of all rooms within a building
(circular markers), we can derive the median score, which is shown in a
linear marker. Consequently, when the linear marker lies below the
DFP=1% threshold, it indicates that the majority of rooms in that
building fail to comply with the requirement (red linear marker). The
corresponding building code is shown in red to highlight the darkest
cases. Out of the 54 buildings, 14 were found compliant (26%). These
buildings belong mainly to the “Semi-open courtyard” typology and the
typologies using concentrated plans, the “High-rise towers” and “Low-
rise towers”. Two additional buildings were found compliant (building
8 of development C, and building 14, which is development F); these
two belong to other typologies, and were found compliant for reasons
pertaining to their surroundings. Both of them are built in low density
zones (0,88 and 0,83m³/m2 respectively), and their height has the
highest deviation from the average building height of their zones
(Fig. 1). In other words, these buildings are considerably higher than
their surroundings, which are characterized by both low density and
low heights. Developments that consist of high-rise buildings (e.g. M, T,
J, S) exhibit a broader room DFP range, indicating a gradual increase of
illumination from lower to higher floor levels. A high range is also an
indicator of large deviations in design between room types of the same
building. For instance, development U comprises of low towers (three
stories) compared to development G (ten-stories), but has a higher DFP
range due to the uneven distribution of daylight within its apartments
(windowless kitchens, brighter living rooms).

For most buildings (47 out of 54 buildings), the majority of rooms
achieve a DFP≥ 1% (median marker≥ 1%), but a significant amount
of rooms per building fall below what is considered adequate. Of all the
10.888 evaluated rooms, 3.428 did not pass the DFP≥ 1% benchmark
(32% of the rooms). For some buildings (e.g. 23–24), the non-compliant
rooms were simply windowless rooms, mainly kitchen rooms, located in
the core of the building; the vast majority of windowless rooms (96%)
did not fulfill the requirement.

Examining the performance in the development level (codes A – Y),
it is evident that buildings of the same development (and thus the same
urban zone) have similar compliance rates (e.g. buildings 18–22,
29–32, 34–36). The standard deviation of the compliance rate of
buildings in the same development ranged between 0 and 5,5%. Due to
this similarity, the following results are presented per development
category. There are only two exceptions: The compliance rates of
buildings in developments C and W differ by 18% and 30% respectively.
These deviations are attributed to significant differences in building
height, room depth, width and window-to-floor ratio (WFR) that will
not be analyzed in this paper.

The percentage of complying rooms (DFP≥ 1%) per development
(codes A – Y) is shown in Fig. 4. The developments are grouped in their
respective typologies, which are sorted from best to worst performing
ones (from left to right). The compliance rate per typology is indicated
at the bottom of the figure, in bold characters, next to each typology

Table 3
Surface optical properties.

Surface type Reflectance* TVIS

Walls (interior), closets 70% –
Ceiling 80% –
Floor 30% –
Window glass – 70%
Window frame 80% –
Window head, jamb & sill 50% –
Balcony ceiling 70% –
Balcony floor 30% –
Ground 20% –
Surrounding buildings trees 30% –
Roofs 30% –
Water 50% –
Railing (as planar glass surface) – variable

*Overall reflectance (red, green, blue).
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thumbnail. The numbers in circles correspond to the urban density (m³/
m2) for each development zone. Developments with more than 95%
compliant rooms are shown in green bars. Observing the performance
of different typologies, it is evident that “Exterior circulation” exhibits
the poorest performance (only 40% of rooms comply for this typology).
Buildings of this type have the highest amount of rooms with access to a

balcony or an external corridor (55%–68% of rooms, depending on
building). For these rooms, the sky exposure is reduced significantly,
and illumination is only available from reflected light (from sur-
roundings) or from the lower parts of the sky. The latter provides lower
luminance compared to the higher parts of the sky, due to the CIE
Overcast Sky luminance distribution. The “Large courtyard blocks” and

Fig. 3. DFP obtained for all 10.888 simulated rooms. The results are categorized in eight (8) typologies, 25 developments and 54 buildings. The median DFP of all
rooms per building is denoted with a linear marker.
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“Post-modern reforms” also exhibited low amounts of compliant rooms
(52% and 47% respectively). Buildings of these typologies are built in
the densest urban zones considered in this study, with urban densities
reaching up to 6,40m³/m2.

Among the better performing typologies, the “Semi-open courtyard”
(B, E, X) clearly stand out (95% of rooms have DFP ≥ 1%). The “High-
rise towers” (G, H, M), “Low-rise towers” (A, O, U) and “High + Low
combination” (C, T, V) are ensuring similar amounts of complying
rooms (between 82% and 86%). Observing the urban density indicator,
it is evident that the best performing developments (green bars: B, E, X,
G, A, F) are built in zones of low urban density (ranging from 0,7 to
1,9 m³/m2).

To facilitate reading the results outside the Swedish national reg-
ulation perspective, Fig. 5 shows the compliance per development
(codes A – Y) using the commonly used DFA05≥ 2% criterion, which is
also founded on the daylight factor basis. A room is considered

compliant when the average Daylight Factor is at least 2% for the room
area excluding a 0.5m perimeter gap. The particular criterion is used
here due to its common use among practitioners internationally rather
than its reliability as a performance indicator. The compliance rates
shown in Fig. 5 are lower for all developments and the typologies rank
differently compared to Fig. 4. The reduction in compliance for each
typology in shown at the bottom of Fig. 5, in grey font. The general
reduction among all typologies can be attributed to the different
benchmark values between the two criteria (DFP≥ 1%, DFA05≥ 2%).
For developments that achieved very high daylight factors (A, F, G in
Fig. 3), the switch from DFP to DFA05 does not affect compliance. The
“Large courtyard blocks”, “Post-modern reforms” and “Exterior circu-
lation” show a distinctly lower performance compared to the rest of the
typology types, just as with the DFP criterion. According to DFA05, the
best performing typology is the “High-rise towers” type. The highest
reduction of compliance when switching from the DFP≥ 1% criterion

Fig. 4. Percentage of compliant rooms (DFP≥ 1%) per development (A–Y) and urban density (m³/m2) in 250m.

Fig. 5. Percentage of compliant rooms (DFavg05≥ 2%) per development (A–Y).
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to the DFA05≥ 2% criterion is found for the “Semi-open courtyard”
and the “Large courtyard blocks” typologies (−21% and −22% less
compliant rooms).

The authors are aware of the fact that the urban density indicator
cannot be the sole determinant of daylight performance of indoor
spaces. The linear regression model of urban density and percentage of
compliant rooms (according to DFp) is shown in Fig. 6. The “Exterior
circulation” developments (cross markers) are not included in the
model, as balconies deem the impact of surroundings less important,
due to self-shading. Approximately 64% of the variance in the com-
pliance rate can be explained by the density indicator. This leaves 36%
of the compliance variability still to be accounted for by other para-
meters, which pertain to interior room geometry (e.g. room depth,
width, window size). An analysis of these parameters will be presented
in a separate article. In this study, there were four poorly illuminated
developments built in urban zones of relatively low densities
(< 3,0m³/m2). These were developments N, O, T, Y. Developments N
and O (densities= 2,84 and 1,87m³/m2 respectively) have deep rooms
with low window-to-floor ratios (WFR), compared to other develop-
ments. Development T (density= 2,44m³/m2) has the second highest
rate of windowless rooms (20% of rooms) and the second lowest WFR.
Development Y (density= 2,73%) is the highest of all closed courtyard-
type developments, at 22,0 m height (Fig. 1), causing considerable self-
shading for the rooms facing its courtyard, particularly the ones located
in lower floors.

3.2. Policy implications

Fig. 7 illustrates all developments and their corresponding building
footprints, sorted according to their construction year. Each of the 54
buildings is coloured according to its compliance rate (percentage of
rooms where DFP≥ 1%). The number of buildings per year is shown on
the timeline. The range of urban density for different decades [m³/m2]
is shown below the timeline. The figure indicates that the best per-
forming buildings of this sample were constructed between 1940 and
1960, creating urban zones with an urban density ranging from 0,74 to
1,62m³/m2, which is the lowest range among all decades. Buildings
before 1930 and after 1980 exhibited the poorest performance, and the
highest urban densities.

The results presented in Fig. 7 become more meaningful when
considered in conjunction with prevailing planning practices during
four distinct periods of Swedish urban planning history. Prior to 1930,
the urban practice of using enclosed courtyards to define strict urban
grids led to opposite facades in close proximity with each other (Fig. 1,
developments L, P, Q). This resulted in higher densities and consequent
low daylight levels (Fig. 7). The Swedish functionalism that prevailed
after 1930 prioritized healthy living, natural ventilation and daylight
for houses [48], primarily with the use of narrow building volumes.
Thicker buildings were banned in the suburbs of Stockholm, with few
exceptions [24]. Expansion of the city was manifested through multi-
family buildings with less apartments per stairwell (developments E, X)
or, to build more apartments, more tower typologies (developments G,
H) and combinations of tower and narrow typologies (developments V,
C) [24]. All such choices provided windows for most rooms, providing
adequate daylight. The year 1961 was a turning point. During the
“record years” [25] between 1961 and 1974, the housing crisis led to an
unprecedented rate of new constructions, and government policies such
as the Million Homes Programme [25] came to force. Encouragement
for more apartments per building led to higher buildings with deeper
plans and larger apartments to accommodate larger families. Those
apartments comprised more rooms placed closer to the building core
(developments S, J, T, U). Moreover, solutions to reduce construction
costs included “Exterior circulation” types (developments D, K, R), that
were used to reduce circulation costs (including heating), all while
causing self-shading. Overall, the norms followed between 1961 and
1974 led to lower daylight utilization, compared to the preceding era,
as indicated by Fig. 7. The last quarter-century period also exhibits poor
performance. Stockholm did not experience suburbanization in the
scale of the 1960s, but made a crucial transition in its urban planning
history: the shift from expansion to densification. Planning tendencies
focused on more central areas and created blocks similar to the 1930s
courtyard blocks (developments I, Y) but this time using higher
building volumes. Urban density and self-shading resulted in a higher
amount of non-compliant rooms, just as in the pre-1930s era.

3.3. Amendments to the current calculation method

An amendment to the current calculation method is necessary to
remove the ambiguity of the DFP point location, as explained in section
2.3. A grid-based approach could eliminate the issue of having to locate
the correct position for the calculation point. Pearson correlation ana-
lysis (two-tailed) was performed to test the relationship between the
DFP metric and grid-based metrics of the daylight factor base. Table 4
shows the bivariate coefficients for the evaluated variables, which also
included typical room dimensions. The Median Daylight Factor of the
area excluding 0,50m from the room perimeter (DFM05) exhibits the
highest correlation with the DFP (r= 0,979; n=10.888). This was
expected, as the median measurement should approximately coincide
with the illumination in the central part of a room, where the DFP point
is located. In correlating with DFP (bold characters in Table 4), the
superiority of the median to the average measurement is indicated by
the higher Pearson coefficients, and can be attributed to the fact that
the median is not affected by extreme values (high or low extremes).
Extreme values are also discarded when the 0,50m perimeter area is
excluded (direct skylight from window, dark corners at the back of the
rooms). This is evident if one compares the coefficients (in bold) be-
tween DFA00 and DFA05, and between DFM00 and DFM05. The per-
centage of area where the Daylight Factor is higher than 2% (%Area2)
correlates strongly with the average metrics (DFA00, DFA05), as shown
in previous research [49]. However, the strongest correlation is ob-
served between DFP and DFM00 (r= 0,963).

Regarding the typical room dimensions, the correlation between
WFR and each daylight metric is moderately strong (r > 0.6). The
room Depth is negatively correlated with the metrics as expected; its
highest correlation is with DFP and DFM05. However, causation needs

Fig. 6. Linear regression model for percentage of compliant rooms (per devel-
opment) and urban density.
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to be investigated further, factoring the impact of surroundings and
more room geometrical characteristics.

4. Discussion

Most investigations on daylight performance have previously fo-
cused on non-residential premises, especially offices. For residential
spaces, daylight studies usually evaluate specific rooms, apartments or
buildings [50]. Overall evaluations on the urban block level are scarce
[51,52], and typically deploy a methodological approach that defines
generic building forms [53], most often with fixed geometric para-
meters (e.g. fixed window-to-wall ratios). The present study evaluates
existing apartment blocks and argues that the distinction from generic
forms is important for the assessment of daylight potential. In most
European cities with a history of urban developments, it is rare that
entire urban zones are developed by repeating the same building type.
The inhomogeneity of surrounding volumes in most real-case scenarios
is high, and arrays of new buildings are not always symmetrical to a
single axis.

The relationship of building form with indoor illumination is not as
straightforward as it is with irradiation on external facades [27],
deeming urban indicators inadequate for a complete daylight predic-
tion. Individual characteristics that pertain to interior layout (e.g. room
distribution, room depths) are most often dependent on specific design
choices, relevant to policies and architectural trends. For instance, the
importance of urban density in the present study was offset for build-
ings with higher usage of balconies (“Exterior circulation” typology).
The urban density was also no clear indicator of daylighting for cases

such as development T, where the apartment room distribution was
found to dictate the compliance rate, instead of the low urban density
(2,44 m³/m2). In fact, the architectural plan of development T resulted
in one out of five rooms being windowless (one room per apartment).
Other parameters pertaining to room geometry, such as window size
and position, room depth and plan shape can also affect daylight illu-
mination. Such variables were not analyzed in this study, and should be
of main interest in future investigations. Nevertheless, as demonstrated
by the findings, specific building types perform consistently better than
others do (e.g. “Semi-open Courtyards”).

Reflecting on the research, there are aspects of policy-making that
we can highlight. Testing compliance with the current DFP re-
commendation of the Swedish building code [10] showed that 40 out of
the 54 evaluated buildings (74%) failed to comply. Given the densifi-
cation process currently under way, it is reasonable to assume that the
building industry will not follow the recommendation as it is currently
formulated, unless it becomes a binding requirement. In case of a
binding requirement, the authors believe it will need to be re-
formulated, accounting for the occupants’ perception of daylight in
their apartments. Moreover, the current DFP metric carries with it all
the limitations of a Daylight Factor based metric. It does not consider
daylight design parameters such as latitude, orientation, time and cli-
matic conditions. Compliance methods have been reviewed in the past
[54] and there is research evidence to support the transition to climate-
based performance indicators. In the meantime, the high correlation
found between DFP and DFM05 implies that altering the current reg-
ulation for a grid-based metric could be a temporary solution. This
change can remove the current ambiguity in determining the

Fig. 7. Building footprints coloured according to percentage of compliant rooms (DFP≥ 1%) and sorted according to construction year.

Table 4
Pearson Correlation (2-tail) for different daylight metrics and room characteristics, n= 10.888.

DFP DFM00 DFM05 DFA00 DFA05 %Area2 FloorA EWA WFR Depth Width

DFP 0,959 0979 0,888 0939 0,904 −0,288 0092 0,633 −0,386 −0,131
DFM00 0,976 0946 0,964 0963 −0,173 0203 0,679 −0,291 −0,041
DFM05 0,912 0963 0,933 −0,242 0182 0,661 −0,376 −0,064
DFA00 0,971 0960 −0,033 0293 0,658 −0,114 0037
DFA05 0,953 −0,107 0265 0,656 −0,214 0013
%Area2 −0,180 0193 0,666 −0,293 −0,081
FloorA 0,567 −0,068 0832 0,745
EWA 0,236 0331 0,610
WFR −0,155 0063
Depth 0,398
Width
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measurement point, and introduces a grid-based approach that can be
developed further, according to climate-based indicators defined by
future research.

5. Conclusions

We have investigated the compliance of Swedish multi-family
housing developments with the DFP≥ 1% recommendation of the
current building code. The results were informative of the impact of
urban density and choice of architectural typology. In addition, we
have demonstrated that distinct periods can be defined during Swedish
urban planning history, when different planning practices of the 20th
century affected daylight admittance for multi-family blocks.
Eventually, we proposed a temporary reformulation of the current
building code that removes ambiguity in the evaluation method, and
that could start a dialog in Sweden about a reformulation towards cli-
mate-based indicators in the years to come.

5.1. Compliance rate and typologies

Out of 54 evaluated buildings, only 14 were found compliant with
the current recommendation (26%), which is a low compliance rate.
The building typologies that exhibited the highest rates were the “Semi-
open courtyard”, followed by “High-rise towers”, “Low-rise towers” and
the “High + Low combination” (95%, 86%, 83% and 82% of rooms,
respectively). The least illuminated developments belonged to typolo-
gies of “Exterior circulation” (40%), followed by “Post-modern reforms”
(47%) and “Large courtyard blocks” (52%). The performance for each
typology was shown to depend significantly on surrounding obstruc-
tions.

5.2. Compliance rate and density

The urban density [m³/m2] indicator was found to correlate mod-
erately (R2= 0,635) with the room compliance rate for all develop-
ments but the “Exterior circulation” ones. In the latter case, the im-
portance of urban density was offset due to higher usage of balconies,
causing self-shading of the buildings, and deeming urban density less
significant. Overall, full compliance with the current recommendation
was only found for developments built in zones of no more than 1,9 m³/
m2 urban density.

5.3. Policy implications

Urban densities higher than 2m³/m2 were shown to negatively af-
fect compliance of the evaluated developments. The need to satisfy the
current housing demand and the non-binding formulation of the current
DFP requirement imply that there is a risk developers will not consider
it, in order to provide the necessary number of apartments. The present
research indicates that in a similar housing crisis, during the “record
years” (1961–1974), the higher urban density and the need for larger
apartments led to developments of lower daylight levels, compared to
preceding developments (1940–1960).

5.4. Further research

There are several aspects of this research that were not presented in
this paper, but which pertain to future investigations. The study gen-
erated an enormous amount of data regarding real apartment layouts,
dimensions and geometrical characteristics, as well as detailed in-
formation on actual surroundings per development. Factoring this in-
formation with results using different daylight metrics can highlight the
suitability or limitations of each metric. The difference in compliance
when using different criteria (Figs. 4 and 5) indicates that the decision
on the evaluation criteria deems different building types better or worse
performing compared to other types. Consequently, more metrics need

to be evaluated to ensure the right indicator for assessing daylight
performance, if the intention is to reformulate the current requirement.
Such a reformulation implies that research is conducted in terms of the
occupants’ perception of daylight conditions within their premises.
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Association between Perceived Daylit Area and Self-reported Frequency of 
Electric Lighting Use in Multi-dwelling Buildings
Iason Bournas

Division of Energy and Building Design, Department of Architecture and Built Environment, Lund University, Lund, Sweden

ABSTRACT
This paper examines the association between daytime electric lighting use and perceived indoor 
daylight availability in residential spaces. In addition, occupant preferences were evaluated, in 
particular which rooms are prioritized in terms of daylight availability. The study deployed 
a questionnaire survey that was carried out in typical multi-dwelling apartment blocks in Malmö, 
Sweden (Latitude: 55.6 °N). Occupants were asked to report how often they use electric lighting 
during daylight hours (EL) in their kitchen, living room and main bedroom, and how much of the 
floor area they perceive as adequately daylit (DA) throughout the year. Responses EL and DA were 
measured in seven-point semantic differential scales, and were correlated (Spearman) to evaluate 
their association for different room groups. Groups were based on age, room function, façade 
orientation, balcony obstruction and fenestration geometry. In addition, occupants were asked 
which room they would choose if there had to be one underlit room. Results indicate that EL is 
strongly associated with DA in the overall room sample (rS = −0.588, p < .01, n = 225). The 
association is persistent across room groups of different characteristics, with the Spearman rank 
correlation coefficient ranging between −0.4 and −0.8, and not differing significantly between 
groups. In terms of preferences, a significantly high proportion of participants would choose the 
bedroom if there had to be one underlit room (62%, p < .05), while the kitchen was selected by only 
5 out of 108 respondents.
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1. Introduction

There are several good reasons to minimize the use of 
electric lighting in residential spaces by utilizing more 
daylight to illuminate room interiors (Knoop et al. 
2019). Firstly, it has long been shown that daylight 
has substantial healthcare effects (Beauchemin and 
Hays 1998; Ulrich 1991; Walch et al. 2005; Weiss 
et al. 2016). It is the most important among “zeitge-
bers” (“time givers”, in German) that help brain neu-
rons synchronize with the environment in a 24-hour 
rhythm that affects human physiology and behavior, 
ensuring health and well-being (Arendt and 
Middleton 2018; Kyriacou and Hastings 2010). For 
instance, sleep-wake cycles, alertness, cognitive per-
formance, core body temperature and hormone pro-
duction are all dictated by an internal time-keeping 
system in the suprachiasmatic nucleus of the hypotha-
lamus (Czeisler and Gooley 2007). On the other hand, 
the absence of daylight is associated with seasonal 
affective disorder (Menculini et al. 2018), increased 

stress levels (Stevens and Rea 2001) and inability to 
generate vitamin D (Mead 2008). Secondly, electricity 
used for lighting adds up to the overall energy use of 
a residence, resulting in increased greenhouse gas 
production. Exacerbating the situation for Swedish 
dwellings is the fact that they are equipped (on aver-
age) with 35 lamps per dwelling, the highest among 12 
EU countries according to a previous market study 
(PremiumLight Project Consortium 2014). Thirdly, 
occupants tend to prefer daylight to electric lighting 
(Veitch et al. 1993). Its spectral composition along 
with its variation during the day and season allow 
people to detect all subtle color shifts, to estimate the 
time of the day, to be aware of the weather conditions, 
in essence, to connect to their surrounding environ-
ment. It is also the predominant factor of how space is 
revealed and perceived by its users (Lam 1986). The 
preference to daylight is partly attributed to the fact 
that it necessitates the existence of fenestration. In 
Denmark, in a study including 1823 office workers, 
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participants reported that the most positive aspects of 
windows were to be able to see out, to see the weather 
outside, and to be able to open the window 
(Christoffersen and Johnsen 1999, 41). Of these and 
other benefits of daylight (Boyce 2017), the present 
work focuses on the potential of daylight to reduce 
unnecessary electricity for lighting.

The hypothesis that electric lighting use can be 
affected by indoor daylight availability in dwellings 
can be logically deducted from the fact that 
dwellings i) are occupied during part of the daylight 
hours of the year and ii) are using electric lighting 
during that period. The fact that domestic occupancy 
in Sweden takes place during daylight hours has been 
shown previously by measurements of airflow rates 
in ventilation systems and carbon dioxide concen-
trations in 342 apartments (Johansson et al. 2011). In 
addition, the latest Swedish Time Use Survey derived 
hourly occupancy and activity profiles showing that 
people in Sweden are very likely to be inside their 
dwellings during afternoon hours (SCB 2012), when 
daylight is still available from the sun and sky. 
Similar to occupancy, the fact that people do use 
electric lighting during daylight hours can be traced 
to previous research. A metering campaign in 400 
Swedish dwellings showed that the hourly lighting 
load (both weekdays and weekends) increases 
dramatically starting from approximately 15:00 for 
all types of occupants (single, couple without chil-
dren, family) and for a high range of ages (28– 64 
and 64+) (Zimmermann 2009). A multitude of 
further Swedish and international studies are in 
agreement that lighting use increases noticeably 
after 15:00 hours (Barthelmes et al. 2018; El Kontar 
and Rakha 2018; Hu et al. 2019; Johansson et al. 
2011; Mitra et al. 2020; Stokes et al. 2006; Widén 
et al. 2009a, 2009b; Wolf et al. 2019).

From the aforementioned information, we can 
infer that for a significant part of the year, electric 
lighting in the residential sector is used before sunset, 
when daylight is still available. This lighting use can 
be expected to increase, if we consider developing 
trends of remote work (work-from-home), owing to 
advances in telecommunications (GWA 2020; Hardill 
and Green 2003). The same is true for situations 
similar to the ongoing coronavirus (COVID-19) pan-
demic, which caused massive relocations of people to 
their homes in order to work safely and limit the 
spread of the virus (Hickman and Saad 2020).

1.1. Objective

Due to the benefits of daylight, a considerable amount 
of standards, regulations and certification schemes 
include provisions for indoor daylight availability, 
e.g. EN17037 (CEN 2018). However, the potential to 
reduce residential electricity for lighting by means of 
daylight utilization has been challenged by previous 
work, stating that the use of artificial lighting seems to 
be largely independent from the availability of natural 
light, owing to individual occupant habits and prefer-
ences regarding electric lighting (Lobaccaro et al. 
2019, 1). On the contrary, another study proposing 
daylight performance indicators for residential spaces 
assumed that good levels of daylight illuminances are 
likely to be associated with lower levels of electric light-
ing usage (Mardaljevic et al. 2011, 6). In the present 
study, it was hypothesized that daytime is a period 
when the sun and sky may provide adequate illumi-
nation for some domestic activities (e.g. cooking or 
cleaning), resulting in occupants switching on lights 
less frequently if their dwellings are adequately daylit. 
Behavioral aspects notwithstanding, the present paper 
aims to demonstrate that daytime electric lighting use 
in residential spaces is indeed associated with indoor 
daylight availability. In addition, the study aims to 
identify (if any) preference among occupants, with 
respect to which room function is (or is not) prior-
itized in terms of daylight availability.

2. Material and methods

The study design involved six procedural steps that 
are schematically illustrated in Fig. 1, namely: i) 
selecting representative buildings, ii) distributing 
questionnaires, iii) collecting responses, iv) locating 
apartments of participants, v) characterizing apart-
ments geometrically and vi) analyzing statistically 
the gathered data.

2.1. Selecting buildings and characterizing 

apartments

The survey was carried out in the city of Malmö 
(Latitude: 55.6 °N), and included six residential 
multi-dwelling developments (Fig. 2) located in the 
central and suburban area of the city. Apartments in 
multi-dwelling buildings are the most common type 
of dwellings in Sweden (51%) (SCB 2018), and the 
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prevalent type among new constructions annually 
since 1985 (SCB 2019). The developments were cho-
sen based on i) their block typology and ii) their 
construction year, to represent typical residential 
blocks as documented in Swedish urban planning 
history (Hall and Rörby 2009; Rådberg and Friberg 
1996). The evaluated rooms included the kitchen 
(K), living room (L) and bedroom (B) as per the 
national building regulation, which stipulates that 
daylight should be provided where people are present 
other than occasionally (BOVERKET 2020a, 98).

Building drawings were retrieved from the muni-
cipal archive of Malmö (Malmö-Stad 2020), were 
re-drawn in CAD format and analyzed using 
Grasshopper (Grasshopper 2020) to deduct geometric 
attributes per room. Attributes included the glass-to- 
floor ratio (GFR), the glass-to-wall ratio (GWR) and 
the glass-to-internal wall ratio (GWINTR), which is the 
ratio of the glazing area divided by the total interior 
walls area. The drawings were validated via on-site 
measurements taken in a sample of apartments (20% 
of apartments). It was found that the municipal 

archive drawings were up-to-date, except for a few 
cases with removed interior wall partitions. Figure 2 
shows the six surveyed developments, along with 
means (x) and standard deviations (s) of the three 
geometric attributes per room function.

2.2. Survey period and subjects

The questionnaire was distributed on March 13, 2018, 
aiming for occupants to respond during a period close 
to the spring equinox. Indeed the vast majority of 
participants (90%) gave their responses between 
March 14 and March 28. Overall, 108 questionnaires 
were mailed back. Post-processing revealed that 28 
were missing values while five questionnaires did not 
include all three room functions K, L, B (small apart-
ments). The response rate was calculated to 13%, but 
it was confirmed that there was satisfactory variation 
in age and gender among participants (Fig. 3). 
Sufficient variation in age is important, as it is by far 
the most common cause of limited visual capacity 
(Boyce 2017), as well as an influencing factor of 

Fig. 1. Schematic workflow of the study design including six procedural steps.

Fig. 2. Means (x) and standard deviations (s) for GFR, GWR and GWINTR per development and room function. Abbreviations K, L, 
B stand for Kitchen, Living room and Bedroom respectively. Map data: Google.
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electric lighting use in Swedish residential spaces dur-
ing the day (Zimmermann 2009).

The main procedure used to provide a quantita-
tive subjective evaluation of the rooms was semantic 
differential (SD) scales. Two SD scales were used for 
each room function as shown in Fig. 4 (EL & DA). 
A third item was included at the end of the ques-
tionnaire as a multiple-choice question with a single- 
answer option (PR). The reader may refer to the 
Supplemental Material for the complete question-
naire; this includes additional items that were used 
in a previous publication and are irrelevant to the 
present study. The EL item aimed to measure the 
frequency of electric lighting use during the daylight 
hours of the year (EL). The DA item aimed to mea-
sure the portion of the room area that is sufficiently 
daylit throughout the year. The PR item aimed to 
assess occupant preferences, in particular, which 
room would be tolerated without daylight if there 
had to be one such room. Due to missing EL and DA 
data in some questionnaires, the processed responses 
for EL and DA were 75 per room function (75 
apartments, 225 rooms), and PR responses were 
108 (108 apartments). During processing, the EL 
response was quantified with an index ranging 
from 1 = “never” to 7 = “always”, and similarly, the 
DA response from 1 = “none” to 7 = “all the area”, as 
shown indicatively below the scales in Fig. 4.

2.3. Questionnaire design

Previous work on semantic differential scales indi-
cates that different participants may use the same 
scale to assess different aspects of the physical envir-
onment (Houser and Tiller, 2003). The design and 
formulation of items can influence responses (Lietz 

2010). Tiller and Rea (1992) have previously advo-
cated that ambiguous use of semantic differential 
scales can be prevented by adequately defining i) the 
response measure, and ii) the dimensions of the 
response. The items in Fig. 4 were formulated accord-
ingly, in order for every participant to assess the same 
aspect of the environment, with the same measure-
ment scale.

2.3.1. Definition of response measure
On a basic level, the participant is required to know 
the semantic meaning of the words used in the items. 
On a higher level, the aspect to be assessed should be 
comprehended. In the case of the EL item, the clause 
“you turn on electric lighting” is a clear concept. The 
term “how often” can be intuitively understood as 
a measure of frequency. Observing the extreme 
adverbs of frequency at the ends of the response 
scale (never, always) facilitates understanding. The 
reference period was the daylight hours of the year. 
To avoid confusion of the term “daytime” with 
a potential working schedule (e.g. 8:00– 17:00), the 
underlined clause “when the sun is above the horizon” 
was used instead (Fig. 4). In the case of the DA item, 
two segments of the question needed to be salient: the 
part “how much of the . . . area” that refers to an area 

Fig. 3. Percentage of participants per age group and gender.

Fig. 4. Questionnaire items: i) EL, the self-reported frequency of 
daytime electric lighting use throughout the year, ii) DA, the 
perceived area portion that is adequately daylit over the year 
and iii) PR, the preferred room function to be underlit, if there 
had to be one.
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measure and the part “enough daylight” that refers to 
preferred daylight levels. When in the context of 
rooms, the Swedish word used for the term “area” 
(yta) is semantically connected to the “floor area”, i.e. 
refers to a region on the horizontal plane whose 
boundaries are defined by the room walls. The 
Swedish words used for “how much of” (the area) 
were “hur stor del av” (yta), the literal translation 
being “how big part of” (the area), which inherently 
refers to a portion of area, a fraction of the total space. 
The term “all the area” at the right end of the scale 
further clarifies this. The Swedish term used for 
“enough”, “tillräckligt med”, is the generic term 
for “sufficient amount of” or “adequate amount of”. 
In conjunction with “daylight”, it connotes daylight 
sufficiency in order to conduct a task (e.g. reading, 
cooking, etc.). “Tillräckligt med dagsljus” (enough 
daylight) is the official terminology used by 
Boverket, the state authority that issues Swedish build-
ing regulations, to refer to adequate amounts of day-
light (BOVERKET 2020b).

2.3.2. Definition of response dimensions
To ensure that the response magnitude was mea-
sured consistently by participants, it was important 
that the terms at the ends of the scales were bipolar 
opposites that could define the entire range of pos-
sible measures. The two terms at the sides of each 
scale were also equidistant from the neutral central 
point (rating 4). The EL response was bounded by 
the terms “never” and “always”, as frequency is nor-
mally considered to vary along these two terms. For 
DA, the terms “none” and “all the area” were used, 
as they define all possible dimensions, ranging from 
the smallest possible to largest possible amount of 
room area.

2.3.3. Additional instructions for participants
A pilot study was conducted prior to collecting data, 
with nine subjects from the author’s work environ-
ment, to ensure that individual items operate well, 
but also to verify that the questionnaire as a whole 
was appropriately structured. Informal interviews 
with the nine participants indicated that the DA 
area was consistently understood as the area “satis-
factorily lit” or “bright enough”. However, the extent 
of area under evaluation was unclear in cases where 
the kitchen was not separated from the dining room 
or the living room by a wall partition. Therefore, 

additional instructions were included per room 
function, as shown in the questionnaire found in 
the Supplemental Material. For instance, the kitchen 
items were preceded by the clarification: “The 
‘kitchen’ is considered the area around the kitchen 
cabinets. A dining area away from the kitchen cabi-
nets should not be considered for the following ques-
tions”. For the living room, it was clarified that “If the 
apartment has one kitchen and only one other room, 
then that room should be considered the ‘living room’ 
”. This instruction was included to guide participants 
living in apartments that did not have a separate 
bedroom, i.e. sleeping occurs in the same space as 
the living room activities (small apartments). 
However, the present study did not assess any such 
apartment. Finally, for the bedroom, it was clarified 
that “If the apartment has more than one bedrooms, 
then answer the following questions ONLY for the 
largest bedroom”. There were two reasons for this 
decision. The first reason was that in case of multiple 
bedrooms, the largest bedroom (main bedroom) was 
expected to correspond to the main tenant of the 
apartment, for instance to the parent instead of the 
child, who was also expected to be the responder. 
The second reason was that the room would need to 
be identified (among other bedrooms) on the plan of 
the apartment during post processing (Fig. 1-iv, 
Locating participants). In the following sections of 
this paper, the term “bedroom” stands for “the main 
bedroom”, i.e. the largest bedroom in the apartment.

2.3.4. Retrieval from memory
Both EL and DA items ask retrospective questions, i.e. 
they refer to a period preceding the survey. The EL 
item asks participants to construct an estimate of 
absolute frequency, which is meant to characterize 
lighting use throughout the year. In other words, 
participants have to reflect on past behavior within 
a long period to provide a response. The response 
accuracy is thus dependent on the ability to retrieve 
memories, which means that noise can be expected. 
However, three factors in this study design may 
improve the accuracy in this estimate. Firstly, electric 
lighting use is repeated on a daily basis, as a habitual 
task, which facilitates memorization. Secondly, there 
are cues connected to this habit such as domestic tasks 
(e.g. cooking at specific times) or room occupancy 
patterns (e.g. being in specific rooms at specific times). 
The association with such cues in the environment 
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facilitates the retrieval of long-term memories 
through so-called retrieval cues (Goldstein 2014). 
Retrieval is further facilitated by the fact that respond-
ing takes place in the same room as the room where 
the habit takes place, which can yield context- 
dependent retrieval (Godden and Baddeley 1975). 
Thirdly, the survey was conducted during a period 
that represents “average” daylight conditions (spring 
equinox). This effectively means that even if 
a participant were to base his or her answer on recent 
behavior to provide a response (e.g. within two weeks 
prior to the survey), this behavior would be during 
a period of typical daylight availability and average 
daytime duration with respect to the entire year. The 
same factors (i.e. cues, context, and time of survey) 
facilitate responding to the DA item, with the differ-
ence that the response relies on retrieving memories 
of the space, instead of memories of behavior in it.

2.3.5. Inattentive responding
Inattentive responding, also known as careless 
responding, refers to participants responding to 
items without regard to what is actually being 
asked. Meade and Craig (2012) have identified 
four factors affecting careless responding: respon-
dent interest, survey length, social contact and 
environmental distraction. Inattentive responses 
can also be expected from occupants who have no 
prior experience upon which to base their response 
(Fotios 2019), for instance tenants that moved 
recently into the apartment and have not lived 
there long enough to make an informed estimate. 
Several strategies were used to alleviate inattentive 
responding. There was an introductory page 
explaining the importance of daylight and the sig-
nificance of the collected data, i.e. potential influ-
ence on policy making. The latter was also meant 
to instill a sense of responsibility for the answers 
provided. The overall questionnaire length was kept 
to a minimum (two pages) to avoid attention wan-
ing over the course of a lengthy process. The fact 
that participation was voluntary was stated twice, in 
order to avoid a sense of obligation to participate. 
There was also no monetary incentive (or other 
form of retribution), which could potentially moti-
vate a person to participate regardless of lacking 
knowledge or experience upon which to base his or 
her response.

2.3.6. Context effects
Literature on survey context effects has previously 
shown that preceding items can affect responses to 
subsequent items (Strack and Martin 1987). This 
could happen in two cases in this study: i) a response 
for the first room appearing in the questionnaire could 
affect a response for the following room and ii) the EL 
response could affect the DA response for a given 
room. To avoid the first case, the EL and DA items 
for each room function (kitchen, living room and 
bedroom) were placed in separate sections of the 
questionnaire. These sections were separated from 
each other by distinct headings, instructions and visual 
markers. They were also separated by seven additional 
items and fill-in instructions per room, and the occu-
pant was asked to enter each room prior to responding 
to items for it (see Supplemental Material for complete 
questionnaire). Effects between the EL and DA items 
were alleviated by formulating questions to refer to 
different contexts. The EL item asks for a response on 
previous behavior (activity of turning lights on, “how 
often”), while the DA item refers to previous visual 
perception (experience of space, “how big an area”). In 
addition, different formulations were used for the 
reference period (EL: “when the sun is above the 
horizon”, DA: “during the year”). These differences 
along with a salient definition of each item ensure 
understanding of each response measure and prevent 
the two items from being perceived as parts of the 
same context or sequence (whole – part), alleviating 
assimilation and contrast effects (Schwarz et al. 1991; 
Tourangeau and Rasinski 1988).

2.3.7. The preference item PR
The third item in Fig. 4 regarded occupant preferences 
(PR), in particular, which room would be tolerated 
without daylight, if there had to be one such room. 
This item aimed at revealing (if any) popular prioriti-
zation with respect to daylight availability. This prior-
itization may be useful in devising design guidelines, 
considering constraints pertaining to multi-dwelling 
buildings as opposed to single-family (detached) 
houses. For instance, there is a high probability that 
a room is placed deeper into the building core and 
away from the exterior wall if facades are not extensive 
enough to arrange all rooms along the perimeter of the 
building (deep plan buildings). There is also no possi-
bility to utilize skylights for rooms far from the façade, 
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except in apartments on the top floor. The first three 
choices for the PR response corresponded to the three 
room functions. A fourth choice was given as an 
option, (response: “I don’t know which one”). This 
response includes all those occupants that cannot 
make a clear distinction, due to any of the following 
three reasons: i) because they value daylight equally for 
all functions, ii) because they would not accept any 
room being underlit, iii) because the room they would 
choose was not included in the questionnaire (e.g. 
bathroom).

2.4. Types of electric lighting use

Electric lighting use in each room was assigned 
a specific “type”, based on the relation between the 
EL and DA responses. In essence, the concept of 
categorizing electric lighting use into different 
“types” was based on whether or not the user responds 
to available daylight levels by using electric lighting 
accordingly. The Euclidean distances between 
responses EL, DA and the scale midpoint (rating = 4) 
were calculated to define five types of use (Table 1). 
The use was assumed responsive when the EL response 
was the reverse of the DA response with respect to the 
scale midpoint (EL = 8 – DA), namely: 1v7, 2v6, 3v5, 
4v4, 5v3, 6v2, 7v1. This type characterizes electric 
lighting use that is responsive to daylight availability, 
i.e. the lighting switch-on behavior corresponds to 
daylight levels. If electric lighting is normally off in 
a very bright space, this is considered responsive by the 
study. The latter implies that responsive use is not 
determined by the degree of electric lighting use, but 

by its association with perceived daylit area (DA). 
The second type of use, termed responsive ±1, was 
assigned when responses deviated from responsive by 
a distance of ± 1 on the rating scale (EL = (8 – DA) ±1), 
for instance 1v6 instead of 1v7, 2v7 instead of 2v6 etc. 
Similarly, the responsive ±2 use was assigned when 
responses deviated from responsive by a distance of ± 
2 on the rating scale (EL = (8 – DA) ±2). The three 
aforementioned types of use (responsive types) did not 
include rooms with both responses greater than 4 or 
both lower than 4. In other words, responsive types of 
use are characterized by a negative correlation 
between EL and DA. On the contrary, the fourth and 
fifth types included combinations where EL and DA 
were positively correlated. More specifically, the 
fourth group included rooms where occupants 
reported higher frequencies of electric lighting use 
and larger extents of daylit area. The use in these 
rooms was considered irresponsive, since electric 
lighting is used despite the large extent of the daylit 
area (EL ≥ 4 and DA ≥ 4, excluding the pair with EL = 
DA = 4). This type was termed irresponsive EL -DA . 
On the other hand, in some cases electric lighting use 
was reported as infrequent although only a small daylit 
area was reported. The electric lighting use in these 
rooms was termed irresponsive EL -DA (EL ≤ 4 and 
DA ≤ 4, excluding the pair with EL = DA = 4), i.e. EL is 
low despite DA being low.

2.5. Evaluated room groups

The EL and DA responses were analyzed considering 
the overall room sample (SALL, N = 225), and groups 

Table 1. Combinations of EL and DA responses for each type of use (49 in total).

Type of use responsive responsive ±1 responsive ±2
irresponsive 

EL -DA
irresponsive 

EL -DA

(EL, DA) (1,7) (1,6) (1,5) (4,7) (1,4)
(2,6) (2,7) (3,7) (4,6) (1,3)
(3,5) (2,5) (5,1) (4,5) (1,2)
(4,4) (3,6) (7,3) (5,7) (1,1)
(5,3) (5,2) (5,6) (2,4)
(6,2) (6,3) (5,5) (2,3)
(7,1) (6,1) (5,4) (2,2)

(7,2) (6,7) (2,1)
(6,6) (3,4)
(6,5) (3,3)
(6,4) (3,2)
(7,7) (3,1)
(7,6) (4,3)
(7,5) (4,2)
(7,4) (4,1)

Combinations 7 8 4 15 15
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extracted from it according to room function, occu-
pant age, balcony obstruction, orientation, geometry 
and type of electric lighting use. The sizes of different 
groups are shown further down in the Results section 
to avoid repetition here. With respect to room func-
tion, there were three groups K, L, B, one per func-
tion (K: kitchen, L: living room and B: bedroom). 
With respect to age, rooms were divided into six 
groups according to ranges “< 30”, “(30– 39)”, 
“(40– 49)”, “(50– 59)”, “(60– 69)” and “≥ 70”. With 
respect to balcony, rooms were divided into two 
groups, one group including rooms with a balcony 
obstruction above their fenestration, and one without 
(YES, NO, respectively). These groups only included 
rooms where the balcony obstructed all available 
fenestration area in order to assess the balcony 
impact, thus 196 out of 225 rooms were included. 
In terms of orientation, rooms were divided into 
groups N, W, S, E corresponding to North-facing, 
West-facing, South-facing and East-facing rooms 
respectively. The rationale for grouping rooms 
according to orientation was the azimuth angle of 
the room’s fenestration normal, measured clockwise 
starting from North. Four distinct angular ranges 
were defined based on the mid-cardinal compass 
points, e.g. a room was considered East-facing for 
a façade normal direction between angles 45° and 
135°, South-facing for a façade normal direction 
between angles 135° and 225° etc. In terms of geo-
metry, rooms were dichotomized into two groups for 
each of the geometric attributes GFR, GWR, GWINT 
R, one group including rooms with the lowest half of 
the attribute values and one group including rooms 
with the highest half. The comparison between low 
and high attribute groups were performed separately 
for each room function, as paired samples t-tests 
comparing GFR, GWR and GWINTR between the 
K, L, B groups revealed significant differences 
between function groups for all geometric attributes. 
Finally, seven groups of rooms were defined accord-
ing to type of electric lighting use: i. responsive (only 
rooms with responsive use), ii. responsive ±1 (only 
rooms with responsive ±1 use), iii. responsive ±2 (only 
rooms with responsive ±2 use), iv. irresponsive EL - 
DA (only rooms with irresponsive EL -DA use), 
v. irresponsive EL -DA (only rooms with irrespon-
sive EL -DA use), vi. responsive OR responsive ±1 
(rooms with either responsive or responsive ±1 use) 

and vii. irresponsive EL -DA OR irresponsive EL - 
DA (rooms with either irresponsive EL -DA or 
irresponsive EL -DA use). It should be noted here 
that the combined group responsive OR responsive ±1 
was used in specific statistical tests with the aim to 
evaluate whether it is usual for EL and DA to be 
strongly associated across rooms of specific groups 
(e.g. kitchens, North-facing rooms, ages (30– 39) 
etc.), in particular negatively associated. Type respon-
sive ±2 was not included in this combined group, 
even though it too refers to a negative association 
between EL and DA. The reason is that it refers to 
a weaker association (Table 1). In essence, testing for 
a significant frequency of responsive OR responsive 
±1 rooms in a group yields more statistical power for 
the analysis with respect to the EL and DA associa-
tion effect, in comparison with testing for the fre-
quency of responsive OR responsive ±1 OR responsive 
±2 rooms.

2.6. Data analysis

2.6.1. Association between EL and DA
The Spearman rank correlation coefficient rS was used 
to measure the strength of association between EL and 
DA. The choice over Pearson’s correlation was made 
since rS is preferable in heavy-tailed distributions or 
when outliers are present (de Winter et al. 2016), 
which was the case with multiple room groups in 
this study. The association strength was interpreted 
according to the three-tier effect size categorization 
suggested by Cohen (Cohen 1988), where the effect 
size is considered small for an absolute value of rS 
lower than 0.3, medium for an absolute value of rS 
between 0.3 and 0.5, and large for an absolute value of 
rS greater than 0.5. Post-hoc analysis using G*Power 
(Faul et al. 2007) revealed that the sizes of all groups 
and corresponding effect sizes rS ensured the conven-
tional statistical power threshold of 0.8 for a signifi-
cance level p < .05.

2.6.2. Difference between associations
Pairwise comparisons between group correlation coef-
ficients (rS1 vs rS2) were performed, to evaluate 
whether the EL and DA association is stronger in 
certain room groups. The procedure involved con-
structing the 95% confidence interval for the rS differ-
ence between a given pair of groups. The confidence 
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interval construction approach can reveal both the 
precision and magnitude of an effect, as opposed to 
significance testing using a-priori hypotheses, which is 
why it is preferred over typical significance tests in the 
context of correlations (Olkin and Finn 1995). For 
a given pair of groups 1 and 2 with correlation coeffi-
cients rS1 and rS2, the procedure included constructing 
the confidence interval for the rS1 – rS2 difference 
(CI1_2: [L, U]) according to Zou (2007). The difference 
between rS1 and rS2 was not considered statistically 
significant if CI1_2 contained zero. Zou (2007) pro-
vides different formulae to calculate CI1_2 for inde-
pendent and dependent (paired) groups; the suitable 
calculation was used depending on the groups com-
pared. In the case of orientation groups N, W, S, E, and 
balcony groups YES, NO, the pairs of groups (e.g. S vs 
E, or YES vs NO) were only partially paired, i.e. one 
portion of participants was included in both groups, 
and one portion of participants was included in only 
one of the two groups (either one). In these cases, 
responses were removed from the largest group ran-
domly (with equal probability of removal), with the 
intent to acquire two independent groups with the 
highest possible size for the smaller group. 
Subsequently, the confidence interval for the rS1 – rS2 
difference was constructed according to the formulae 
suitable for independent groups.

2.6.3. Analysis of electric lighting use types
The percentage of rooms with a specific type of 
electric lighting use was calculated in each group. 
To compare percentages, one variable with two cate-
gories (1, 0) was created per type of use, where 1 
indicates that the room is characterized by the type 
and 0 that it is characterized by any other type. 
Binomial tests (Glass and Hopkins 1995) were per-
formed to assess if the percentage was significantly 
higher or lower than the percentage expected from 
random responses. If the EL and DA responses were 
randomly selected by each participant, the probabil-
ity of occurrence for a given type would depend on 
the number of combinations shown in Table 1 
(responsive: 7/49 = 0.14, responsive ±1: 8/49 = 0.16, 
responsive ±2: 4/49 = 0.08, irresponsive EL -DA : 
15/49 = 0.31 and irresponsive EL -DA : 15/49 = 
0.31). Similarly, for responsive OR responsive ±1 the 
expected probability would be equal to (7 + 8)/49 = 
0.31. Binomial tests where used to assess the statis-
tical significance of deviations from these expected 

distributions (e.g. expected distribution for respon-
sive use is 14% for 1, and 86% for 0). A significant test 
result indicated that the percentage of rooms with 
a given type of use was significantly high or low. The 
alpha level considered was α = 0.05 (2-tailed).

Two different tests were used to compare groups, 
depending on group relation. McNemar tests were 
used for paired groups, namely the function groups 
(K, L, B), and Chi-square tests were used to compare 
independent groups, which included all other groups. 
The McNemar test can be used to compare percen-
tages (e.g. percentages of responsive rooms) for two 
paired groups (e.g. KvL), and is suitable for non- 
parametric binary data (McNemar 1947). The test is 
applied to a 2 × 2 contingency table and is calculated 
based only on the number of subjects who gave dif-
ferent responses per group (discordant pairs of 
responses), for instance, a discordant pair of responses 
from the same subject could be: ‘K: responsive = 0, L: 
responsive = 1 . Subjects that gave the same response 
for both groups (concordant pairs) are not accounted 
for by the test. The probability (p-value) of the test is 
based on discordant pairs, and the way it is calculated 
depends on their number. The test statistic has a chi- 
square distribution, but if the number of discordant 
pairs is less than 25, the statistic is better approxi-
mated by the binomial distribution. Previous research 
supports that this renders the test more conservative, 
and that a mid-p value (calculated p-value divided 
by 2) should be used in such cases (Fagerland et al. 
2013); the mid-p value was used in this study wher-
ever applicable as per the aforementioned suggestion. 
Finally, the Odds ratio (OR) was calculated to assess 
the effect size of the test (Cleophas and Zwinderman 
2016), since the McNemar test only assesses 
significance.

The Chi-square test of independence was used to 
compare age, orientation and balcony groups. 
Specifically for this test, the six age groups were 
merged into two groups, one for all participants 
aged below 50 (< 50) and one for those aged 50 or 
higher (≥ 50). The Chi-square test of independence 
is designed to analyze group differences (e.g. South- 
facing vs North-facing rooms) when the dependent 
variable is measured at the nominal level (e.g. respon-
sive = 1 or 0). It is robust with respect to the dis-
tribution of the data, i.e. it does not require equal 
variances among groups or homoscedasticity. As 
with McNemar’s test, it is also applied on 
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a contingency table, in this study a 2 × 2 table. In 
cases where at least one table cell has an expected 
count less than 5, Fischer’s exact test can be used to 
compute the Chi-square test’s probability (Fisher 
1922). The test only assesses the significance of the 
group difference, thus it should be followed by 
a strength statistic (McHugh 2013). The strength 
statistic used was Cramer’s V (Elliot et al. 2016), 
which ranges from 0, if the groups are independent 
of the variable, to 1, if the groups are perfectly pre-
dictive of the variable value, e.g. if room function is 
predictive of percentage of responsive rooms. 
According to Cohen (1988), Cramer’s V for a 2 × 2 
contingency table corresponds to a weak, medium or 
large effect when equal to 0.1, 0.3 or 0.5 respectively.

2.6.4. Analysis of PR responses
The proportion of PR responses (responses for 
a preferred underlit room, if there had to be one) 
was calculated per category, namely for categories 
“kitchen”, “living room”, “bedroom” and “I don’t 
know which one” (Fig. 4). A Chi-square goodness- 
of-fit test was performed to evaluate if the categories 
were equally distributed (25% of responses per cate-
gory), followed by Binomial tests per category to 
evaluate which one had a proportion significantly 
higher or lower than 25%. In addition, for those 
participants that age data were available (n = 76), 
binomial tests were performed to test the same 
assumption in each age group, i.e. which category 
of the PR response had a significantly different pro-
portion than 25%, within different age groups.

3. Results

3.1. Association between EL and DA responses

The Spearman rank correlation between EL and DA 
responses for different groups is shown in Table 2. 
There is a significant negative association (p < .05) for 
all groups. Overall, the size of the association is large 
(All rooms: rS = −0.588, p < .01), and ranges from 
medium-to-large to large across different groups 
(−0.4 ≤ rS ≤ −0.8). The association was not signifi-
cantly different between room functions as per the 
confidence interval of the rS difference (CIK_L: [−0.14, 
0.24], CIK_B: [−0.24, 0.16], CIL_B: [−0.27, 0.09], p < 
.01). With respect to age groups, the strongest associa-
tions were found for groups “< 30”, “(40– 49)” and “≥ 

70” (rS = 0.-0.772, −0.767 and −0.746 respectively). All 
three were significantly higher than the association in 
the (50– 59) age group, but the confidence intervals of 
rS differences were wide (CI<30_50-60: [−0.66, −0.03], 
CI40-50_50-60: [−0.65, −0.06], CI≥70_50-60: [−0.63, 
−0.06]). When comparing between younger (age < 
50) and older (age ≥ 50) participants, no significant 
difference was found. With respect to orientation, the 
North and South-facing rooms exhibit a medium-to- 
large effect (N: rS = −0.405, S: rS = −0.395, p < .05), 
while West and East-facing rooms exhibit a large and 
more significant effect (W: rS = −0.582, E: rS = −0.726, 
p < .01). Significant differences between associations 
were identified between East and North (CIE_N: 
[−0.66, −0.04]) and between East and South (CIE_S: 
[−0.65, −0.05]). In other words, the association 
between EL and DA was significantly higher in East- 
facing rooms compared to North and South-facing 
rooms (p < .05). Finally, the association is strong both 
for rooms with and without a balcony obstruction 
(YES: rS = −0.576, NO: rS = −0.550, p < .01), without 
a significant difference between the two groups 
(CIYES_NO [−0.33, 0.20]).

The effect of geometric attributes on rS was eval-
uated separately in each function group K, L, B, since 
paired samples t-tests indicated that these attributes 
differ significantly between groups (p < .05). Table 3 
shows the association for different ranges of attri-
butes and different orientations. Cases where rS was 
significantly different between two groups are 
marked with “*”. It is shown that there is a negative 

Table 2. Spearman rank correlation coefficient rS for overall 
sample SALL (n = 225), and for groups according to function, 
age, orientation and balcony obstruction.

Variable Group n rS

All rooms SALL 225 −0.588**
Function K 75 −0.570**

L 75 −0.617**
B 75 −0.531**

Age < 30 21 −0.772**
(30– 39) 45 −0.478**
(40– 49) 30 −0.767**
(50– 59) 48 −0.408**
(60– 69) 33 −0.633**

≥ 70 42 −0.746**
Orientation N 35 −0.405*

W 85 −0.582**
S 38 −0.395*
E 67 −0.726**

Balconya NO 155 −0.550**
YES 41 −0.576**

*, ** significance p < .05, p < .01 respectively 
aonly includes single-aspect rooms 
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association (p < .05) for the majority of groups. 
Wherever significant, the association effect ranges 
between −0.429 and −0.804. This indicates that the 
stratification of rooms based on function and geo-
metry did not yield different results compared to 
Table 2. In the case of living rooms, two geometric 
attributes yield a markedly different association 
depending on their range. The association is signifi-
cantly stronger for living rooms with higher GFR 
(rS_13.8–25.3 = −0.754) compared to lower GFR 
(rS_0-13.8 = −0.443), CI0-13.8_13.8–25.3: [0.02, 0.65], 
and for living rooms with higher GWINT 
R (rS_6.7–13.2 = −0.773) compared to lower GWINT 
R (rS_0-6.7 = −0.436), CI0-6.7_6.7–13.2: [0.05, 0.67]. In 
essence, the lower range geometry values correspond 
to single-aspect living rooms, while the higher range 
values correspond to multi-aspect living rooms. It 
should be noted that age, orientation and balcony 
categories were equally represented among these 
pairs of groups. Finally, with respect to orientation, 
the association is strong in kitchens and living rooms 
oriented toward East or West (0.623 ≤ |rS| ≤ 0.714, 
p < .01), and in bedrooms oriented toward East or 
South (East: rS = −0.804, p < .01, South: rS = −0.625, 
p < .05). However, post-hoc analysis indicated that 
there is no statistical power for rS in the rest of the 
groups, i.e. the possibility that there is an association 
between EL and DA cannot be ruled out for them.

3.2. Type of electric lighting use

Table 4 shows the percentage of rooms in each group 
that have responsive, responsive ± 1, responsive ± 2, 
responsive OR responsive ± 1, irresponsive EL -DA

or irresponsive EL -DA lighting use. Markers (+) 
and (-) indicate that a percentage is significantly 
higher or lower than what would be expected from 
random responses (Binomial test). The first row of the 
table confirms that there is an association between EL 
and DA. For the overall sample (All rooms), the 
percentage of rooms with either a perfect or a nearly 
perfect negative association between EL and DA (col-
umn responsive OR responsive ±1) is 73%. The per-
centage was found significantly higher (+) than what 
would be expected from random responses (15%). 
Rooms characterized by responsive, responsive ± 1 
and responsive ± 2 correspond to 38%, 36% and 6% 
of the overall sample (respectively). The percentages 
of rooms with irresponsive EL -DA and irresponsive 
EL -DA electric lighting use were found signifi-
cantly low (All rooms, irresponsive EL -DA : 10%, 
irresponsive EL -DA : 10%, (-)).

Observing Table 4, it is shown that the percentage 
of responsive OR responsive ± 1 is significantly high 
across all groups (all percentages (+)). In addition, for 
the majority of groups, there were significantly few 
rooms with irresponsive EL -DA or irresponsive 
EL -DA use (most percentages (-)). Exceptions for 
irresponsive EL -DA use include the two lower age 
groups (<30: 24%, (30– 39): 20%), and South-facing 
rooms (S: 18%). Exceptions for irresponsive EL -DA
use include age groups (50– 59) and ≥70 (irresponsive 
EL -DA : 17% and 14% respectively), as well as 
North-facing and South-facing rooms (irresponsive 
EL -DA : 17% and 13% respectively). Overall, fre-
quent responsive OR responsive±1 use persists across 
groups of different characteristics. The percentage of 
irresponsive EL -DA rooms are significantly low for 

Table 3. Spearman rank correlation coefficient rS per room function, within different ranges of GFR, GWR, GWINTR, and different 
orientations.

Kitchen Living room Bedroom

Variable Group n rS Group n rS Group n rS

GFR (0– 9.81) 37 −0.513** (0– 13.79) 34 −0.443** (0– 10.9) 39 −0.540**
(9.82– 15.4) 38 −0.623** (13.8– 25.3) 41 −0.754** (11.0– 24.6) 36 −0.528**

GWR (0– 14.69) 36 −0.547** (0– 16.99) 36 −0.564** (0– 13.99) 36 −0.633**
(14.7– 27.7) 39 −0.618** (17– 32) 39 −0.613** (14– 33.9) 39 −0.429**

GWINTR (0– 3.4) 34 −0.618** (0– 6.69) 35 −0.436** (0– 3.79) 37 −0.542**
(3.5– 4.3) 41 −0.529** (6.7– 13.2) 40 −0.773** (3.8– 10.1) 38 −0.529**

Orientation N 5 −0.649 N 13 −0.318 N 18 −0.402
W 29 −0.623** W 32 −0.714** W 23 −0.166
S 13 −0.088 S 12 −0.405 S 13 −0.625*
E 28 −0.675** E 18 −0.644** E 21 −0.804**

*, ** significance p < .05, p < .01 respectively 
significant difference between two correlations 
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all groups, while the percentage of irresponsive EL - 
DA rooms are significantly low for most groups (in 
11 out of 15 groups).

With respect to differences between groups K, L, B, 
the McNemar test result was statistically significant in 
three cases, all of which correspond to the comparison 
between K and L. The percentages of responsive and 
responsive OR responsive ±1 were significantly higher 
in living rooms compared to kitchens (responsive: p = 
.003, OR = 3.8, responsive OR responsive ±1: p = .017, 
OR = 2.83), and the percentage of irresponsive EL - 
DA rooms was significantly higher in kitchens com-
pared to living rooms (irresponsive EL -DA : p = 
.019, OR = 5.0). There were no other significant 
differences between function groups. With respect to 
age group comparisons, the Chi-square tests revealed 
one significant difference. Participants aged 50 or 
higher reported irresponsive EL -DA use signifi-
cantly less frequently than participants aged below 
50 (χ2(1) = 9.443, p = .002), but the magnitude of 
the difference was weak-to-medium (Cramer’s V = 
0.21, p < .01). With respect to orientation group 
comparisons, the Chi-square tests revealed two sig-
nificant differences, both regarding responsive OR 
responsive ±1 use. This type of use was reported 
more frequently in West-facing rooms compared to 
North-facing rooms (x2(1) = 5.896, p =.015), with 
a weak-to-medium effect size (Cramer’s V = 0.227, 
p = .015), and more frequently in West-facing rooms 
compared to South-facing rooms (x2(1) = 4.055, 

p =.044), with a weak-to-medium effect size 
(Cramer’s V = 0.391, p = .026). Finally, no significant 
differences were identified between balcony groups 
NO, YES for any type of use.

Each pie chart in Fig. 5 corresponds to a subgroup 
including rooms of a specific function (kitchen, living 
room or bedroom) oriented toward a particular orien-
tation (N, W, S, E). Each slice corresponds to the 
percentage of rooms in the subgroup that are charac-
terized by a given type of electric lighting use (respon-
sive, responsive ±1, etc.). Cumulative percentages are 
shown below each pie chart for responsive OR respon-
sive ± 1 rooms (green hues) and irresponsive EL - 
DA OR irresponsive EL -DA rooms (red hues), 
which correspond to proportions of rooms with 
a negative and positive association between EL and 
DA respectively (green hues: negative, red hues: posi-
tive). It is shown that the green hue prevails, i.e. light-
ing use is responsive OR responsive ± 1 for the majority 
of rooms in each subgroup (> 50% of rooms). 
Binomial tests indicated that the proportion of respon-
sive OR responsive ± 1 rooms is significantly higher 
than 50% in i) West-facing kitchens (90%, p < .01), ii) 
West and East-facing living rooms (91%, p < .01 and 
72%, p < .05 respectively) and in iii) West and East- 
facing bedrooms (74%, p < .05 and 95%, p < .01 
respectively). Comparing orientations for each room 
function, one significant difference was revealed. 
West-facing kitchens reported responsive OR respon-
sive ± 1 use more frequently compared to East-facing 

Table 4. Percentage of rooms per group with a given electric lighting use type. Markers (+) and (-) indicate that a percentage is 
significantly higher or lower (respectively) than what was expected (Binomial test).

Variable Group n responsive (%) responsive ±1 (%) responsive ±2 (%)
responsive OR  

responsive ±1 (%)
irresponsive  

EL -DA (%)
irresponsive  

EL -DA (%)

All rooms SALL 225 38 (+) 36 (+) 6 73 (+) 10 (-) 10 (-)
Function K 75 29 (+) 36 (+) 8 65 (+) 16 (-) 11 (-)

L 75 48 (+) 32 (+) 5 80 (+) 5 (-) 8 (-)
B 75 36 (+) 39 (+) 5 75 (+) 9 (-) 9 (-)

Age < 30 21 48 (+) 24 5 71 (+) 24 0 (-)
(30– 39) 45 20 47 (+) 2 67 (+) 20 11 (-)
(40– 49) 30 40 (+) 47 (+) 0 87 (+) 10 (-) 3 (-)
(50– 59) 48 35 (+) 27 8 62 (+) 13 (-) 17
(60– 69) 33 42 (+) 36 (+) 18 79 (+) 0 (-) 3 (-)

≥ 70 42 48 (+) 33 (+) 5 81 (+) 0 (-) 14
Orientation N 35 36 (+) 28 (+) 8 64 (+) 11 (-) 17

W 85 43 (+) 39 (+) 4 82 (+) 7 (-) 7 (-)
S 38 32 (+) 34 (+) 3 66 (+) 18 13
E 67 36 (+) 36 (+) 10 72 (+) 9 (-) 9 (-)

Balconya NO 155 38 (+) 35 (+) 5 73 (+) 11 (-) 12 (-)
YES 41 29 41 (+) 12 71 (+) 10 (-) 7 (-)

(+), (-) significantly higher or lower than expected (Binomial test). 
aonly includes singe-aspect rooms 
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kitchens (χ2(1) = 4.247, p = .039), with a medium effect 
size (Cramer’s V = 0.273, p < .05). Two 
more comparisons had marginally significant results 
(p < .1). Living rooms oriented toward West reported 
responsive OR responsive ± 1 use more frequently than 
living rooms oriented toward East (χ2(1) = 3.075, p = 
.091, Cramer’s V = 0.273, p = .079), and bedrooms 
oriented toward East reported responsive OR respon-
sive ± 1 use more frequently than bedrooms oriented 
toward West (χ2(1) = 3.731, p = .062, Cramer’s V = 
0.291, p = .053). This information indicates that West 
orientation is favorable for kitchens and living rooms, 
while East is favorable for bedrooms, which is in line 
with the rS magnitude shown in Table 3 for the orien-
tation groups; however, larger room samples are 
required to corroborate this finding.

3.3. Daylight prioritization per room function

Figure 6 shows the percentage of responses in each PR 
category for a sample of 108 participants. These are 
responses to the question “If any of the rooms would be 
without daylight, which one would you choose?”. 
Percentages that correspond to significant Binomial 
test results are marked with “*”. It is shown that the 
bedroom is the space where most occupants would 
tolerate low daylight levels, if they had to choose one 
such room (62.0% of the occupants). The second most 
chosen category, and more frequent than the remain-
ing two choices, is the “I don’t know which one” 
category (25.0%). The “Living room” responses were 
few (8.3%), and “Kitchen” responses were extremely 
few (4.6%). This indicates that the kitchen is the space 
within the apartment where the vast majority of parti-
cipants would not tolerate the lack of daylight (only 5 
out of 108 chose “Kitchen”). The Chi-square goodness 
of fit test for an expected percentage of 25% per 
category was significant, χ2(3) = 89.19, p < .01. The 
result was followed by individual Binomial tests per 
category. It appeared that the percentages of “Kitchen” 
and “Living room” responses were significantly lower 
than 25% (Kitchen: 4.6%, Living room: 8.3%, p < .01 
for both), and the percentage of “Bedroom” responses 
was significantly higher (62.0%, p < .01). The percen-
tage of participants who chose category “I don’t know 
which one” was exactly 25% (27 out of 108 responses).

Figure 7 shows the percentage of PR responses 
that correspond to each room function, per age 
group. Percentages that are significantly higher or 

Fig. 5. Proportion of each type of electric lighting use per 
orientation and room function. Cumulative percentages are 
shown for responsive OR responsive ± 1 rooms (green hues), 
and for irresponsive EL -DA OR irresponsive EL -DA rooms 
(red hues). The number of rooms per function and orientation is 
indicated by “n”. Markers “*” and “**” indicate significance at 
0.05 and 0.01 respectively, for Binomial tests with an expected 
proportion of 50%.

Fig. 6. Percentage of PR responses per category. The PR responses 
were given for the question: “If any of the rooms would be without 
daylight, which one would you choose” (Fig. 4). Indicated with “**” 
are percentages significantly higher or lower than 25%, as per the 
Binomial test results.
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lower than 25% (as per the Binomial tests (p < .05)), 
are marked with “(+)” and “(-)”. The numerals below 
the age ranges at the x-axis show the percentage of 
responses that were either “Bedroom” or “I don’t 
know which one”, i.e. the percentage of participants 
that did not choose neither the “Kitchen” nor the 
“Living room” category. These percentages are 
marked with “*” and “**” when significantly higher 
than 50%, as per the Chi-square goodness-of-fit test 
(p < .05, p < .01 respectively). It is shown that the 
“Bedroom” category was chosen most frequently and 
the “I don’t know which one” was the second most 
chosen category, in all groups except for the “≥ 70” 
group where the two categories have the same pro-
portion (43% each). This is the only group where the 
majority of participants did not choose “Bedroom”. 
For this group, the “Bedroom” percentage (43%) is 
not significantly higher than 25%, which is the 
expected percentage if all categories where consid-
ered equally probable. For the rest of the groups, the 
“Bedroom” response is significantly more frequent 
than 25%. Overall, the percentage of participants 
who did not choose neither “Kitchen” nor “Living 
room” deviated significantly from 50%, as indicated 
consistently by the percentages shown below the 
x-axis (“Bedroom” OR “I don’t know which one” 
percentages between 86% and 100%). A significant 
result was not obtained for the “< 30” group due to 
low group size (n = 7).

Figures 8 and 9 juxtaposed with Fig. 6 can help 
illustrate a contradiction between reported electric 
lighting use and perceived daylit area on one hand 

(EL & DA), and preferences with respect to day-
light availability on the other hand (PR). Figure 8 
suggests that daytime electric lighting use is more 
frequent in kitchens, as nearly one out of three 
kitchens uses electric lighting more often than half 
the daylight hours in a year (EL ≥ 5 in 32% of the 
rooms). McNemar tests indicated that the percen-
tage of kitchens was significantly higher than that 
of living rooms (p = .004, OR = 5) and signifi-
cantly higher than that of bedrooms (p = .021, 
OR = 3). In addition, Fig. 9 shows that kitchens 
were reported underlit (DA ≤ 3) more often than 
the other two room functions. In particular, nearly 
one out of four occupants reported a low daylit 
area in their kitchen (DA ≤ 3, K: 24%), while the 
corresponding percentages for living rooms and 
bedrooms were 14.7% and 16.0% respectively. 
The McNemar test result was marginally 

Fig. 7. Percentage of PR responses per room function and age group. Significantly high or low percentages are marked with (+) or (-) 
respectively. The x-axis also shows the cumulative percentage of responses “Bedroom” or “I don’t know which one”.  The percentages 
are marked with “*” and “**” when significantly higher than 50%, as per the Chi-square goodness-of-fit test (p < .05, p < .01 
respectively).

Fig. 8. Percentage of high-frequency electric lighting use (EL ≥ 5) 
responses, per room function.
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significant when comparing kitchens with living 
rooms (p = .059) and kitchens with bedrooms 
(p = .09). Interpreting the information provided 
by Figs. 6, 8 and 9 combined, we can infer that 
there is a need to ensure/improve daylight provi-
sion for kitchens. The latter is true since: i) very 
few occupants would tolerate an underlit kitchen 
(Fig. 6), the most frequent electric lighting use 
during daytime occurs in kitchens (Fig. 8) and 
iii) kitchens were most frequently reported as 
underlit (Fig. 9).

4. Discussion

Reducing unnecessary electricity for lighting in the 
residential sector by means of daylight utilization is 
a laudable goal. As stated in the Introduction section, 
an increase of remote work (work-from-home) could 
induce an increase in residential electricity used for 
lighting; however, the net difference in electricity use 
would depend on the lighting power density [W/m2] 
of offices (where people left from) compared to resi-
dences (where people went to). The case might be that 
residences use less artificial lighting per unit area 
compared to offices, which would then result in less 
electricity use overall if people work from home. On 
the other hand, the lighting load per person should be 
factored in this comparison, as employees may share 
ambient lighting in e.g. open offices, while each 
employee would use a different luminaire if they 
worked from their individual home environment. 
Whatever the case, improving daylight performance 
to reduce electricity use for lighting in residences is 
a laudable goal, as it increases the resilience of these 

spaces and renders them more efficient as potential 
working spaces, if the need arises.

Daylight utilization in residences is also in phase 
with the need for integrative lighting (CIE 2016), 
which may produce both physiological and psycho-
logical benefits for humans. Although there are still 
gaps of knowledge regarding these benefits (Münch 
et al. 2020), there is evidence that timing the expo-
sure to daylight radiation and increasing its quantity 
are very important (Figueiro 2017), and this is rele-
vant specifically for residences. The reason is that 
residences are where people sleep, which makes their 
need for daylight in these spaces to vary with time: 
they require light with high melanopic content upon 
waking up and during the day, light with lower 
melanopic content before going to bed, and darkness 
when they sleep. This warrants the importance of 
daylight design for residences with respect to timing 
illumination for different rooms.

With respect to lighting use types, there are two 
considerations pertaining to their definition. Type 
irresponsive EL -DA was assumed for rooms with 
frequent electric lighting use despite a large daylit area 
(EL, DA responses ≥ 4, excluding the 4v4 pair). The 
case could be that this type does not necessarily char-
acterize an occupant who uses electric lighting regard-
less of daylight conditions. In cases of deep rooms, an 
occupant may use electric lighting at the back end of 
the room if the task is located there, although most of 
the room area may be adequately daylit. It appeared 
that there was only one living room with irresponsive 
EL -DA use and designed with extensive depth 
(7.5 m), where a task could potentially be conducted 
in a dark location while most of the room area 
remains daylit. The most irresponsive EL -DA
rooms were kitchens (Table 4). Kitchens with irre-
sponsive EL -DA use had their counter on the side 
wall, the counter stretching throughout the room 
depth (4.5– 4.8 m). This depth was within the recom-
mended range for daylit spaces (Reinhart 2005), and 
indeed these rooms were reported as having an 
extended daylit area (DA ≥ 5). In kitchens though, 
tasks of high contrast and small size such as cooking 
require higher levels of illuminance (DiLaura et al. 
2011), probably higher than what would be perceived 
as adequate for the overall room area, which explains 
the higher percentage of irresponsive EL -DA use in 
kitchens. The same spatial consideration applies for 
irresponsive EL -DA electric lighting use. A person 

Fig. 9. Percentage of low daylit area responses (DA ≤ 3) per room 
function.
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could potentially live in a room considered dark (DA 
≤ 3), but still use electric lighting only on rare occa-
sions (EL ≤ 3), e.g. if the task is located next to the 
window. Checking the apartment plans and survey 
photographs verified that this was not possible in 
kitchens or bedrooms. However, it could be possible 
in living rooms with a sitting area next to the window 
and the rest of the area stretching deep into the 
building core. This was possible in five out of six 
irresponsive EL -DA living rooms, which indicates 
that the term irresponsive EL -DA did not necessa-
rily pertain to behavior characterized by indifference 
toward daylight conditions. If the latter is true, then 
these rooms could be considered similar to the rooms 
were EL and DA were negatively associated, further 
verifying the hypothesis of this study.

With respect to occupant preferences, it was 
shown that the majority of respondents (62%) 
would choose the bedroom as the underlit room of 
their apartment, if they had to choose one such 
room. This finding provides knowledge suitable for 
design guidelines. For instance, if one room or 
a percentage of the apartment area is predestined 
to be darker due to uncontrolled factors (e.g. high 
preexisting surrounding obstructions), it is prefer-
able to accommodate a bedroom function in that 
space instead of a kitchen function. However, this 
prioritization should not affect children, which may 
be present in their bedroom earlier in the afternoon 
compared to their parents (Wolf 2020; Wolf et al. 
2019). Daylight provision should also be considered 
in bedrooms for elderly people, as the “Bedroom” 
response did not stand out significantly in the “≥ 70” 
age group (Fig. 7). On the other hand, the kitchen 
was selected by a remarkably low amount of respon-
dents (5 out of 108 respondents). Results indicated 
that this room function: i) would not be tolerated 
underlit, ii) was reported most often as using electric 
lighting frequently (EL ≥ 5) and iii) was reported 
most often as having a small daylit area (DA ≤ 3). It 
can therefore be inferred that daylight provision is 
needed for kitchens. The author has previously 
received skepticism for this conclusion, when pre-
senting preliminary results in previous symposia or 
workshops, including comments from practitioners 
of architecture and policy makers in Sweden. The 
main point raised was that there is more necessity 
for daylight where one dines, compared to where 

one cooks, concluding that no daylight provision is 
necessary for the kitchen. Although this sounds like 
a reasonable argument, it is not supported by scien-
tific evidence. The participants of this study were 
asked to exclude the dining area when responding 
for the kitchen, and still reported that they would not 
tolerate low daylight levels. This finding is in agree-
ment with recently published work conducted in 45 
Swedish apartments, where the kitchen was chosen 
as the most important room to have access to a lot of 
daylight, even though a choice was given to select the 
dining room instead (Eriksson et al. 2019, 21). In 
particular, the dining room only ranked third out of 
four room functions in terms of daylight prioritiza-
tion, the kitchen being the most important, followed 
closely only by the living room, similarly what was 
found here (Fig. 6). The bedroom was voted as the 
least important room by a high margin, also simi-
larly to the results presented here.

5. Conclusions

This paper presented results of a questionnaire survey 
in 75 apartments located in typical residential build-
ings in Malmö, Sweden, comprising 225 rooms that 
included kitchens, living rooms and bedrooms. The 
aim of the study was to assess if there is a potential to 
reduce residential electric lighting use by exploiting 
daylight, and to assess which rooms are prioritized 
with respect to daylight admission. The following may 
be concluded:

5.1. Associations between electric lighting use 

and daylit area

Overall, the size of the association between self- 
reported frequency of electric lighting use (EL) and 
perceived daylit area (DA) was found strong (rS = 
−0.588, p < .01). The association was persistent 
through groups defined according to function, occu-
pant age, orientation, balcony obstruction and fenes-
tration size, and ranged between −0.4 and −0.8. There 
were no significant differences between different age 
groups. Neither between room functions, with the 
sole exception of living rooms: higher fenestration 
with respect to floor area (GFR) or internal wall area 
(GWINTR) resulted in a higher association between 
EL and DA in living rooms (p < .05). With respect 
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to orientation, East and West exhibited a large asso-
ciation effect (p < .01), with East inducing 
a significantly higher association compared to 
North and South. Finally, there was no significant 
difference between rooms with and without a balcony 
obstruction.

5.2. Type of electric lighting use

The majority of rooms was characterized by either 
responsive or responsive ±1 electric lighting use (73% 
of rooms). The corresponding percentage for indi-
vidual groups based on function, age, orientation or 
balcony obstruction ranged from 62% to 87%. The 
percentage of rooms with irresponsive EL -DA or 
irresponsive EL -DA use was significantly low 
(irresponsive EL -DA : 10%, irresponsive EL - 
DA : 10%, p < .05). Kitchens were characterized 
less often by responsive OR responsive ±1 use and 
more often by irresponsive EL -DA use, compared 
to living rooms (p < .05). With respect to occupant 
age, it was shown that younger people (age < 50) 
reported significantly higher irresponsive EL -DA
use compared to older people (age ≥ 50), but the 
magnitude of the difference was relatively weak 
(Cramer’s V = 0.21, p < .01). Regarding orientation, 
the optimum choice with respect to responsive OR 
responsive ±1 use was associated with room func-
tion. West induced a higher amount of responsive 
OR responsive ±1 rooms for kitchens and living 
rooms (p = .039, p = .091 respectively), while East 
induced a higher amount for bedrooms (p = .062).

5.3. Occupant preferences

With respect to occupant preferences, a significantly 
high amount of respondents would choose the bed-
room as the underlit room of their apartment, if they 
had to choose one such room (62%, p < .05). The 
occupants who chose the kitchen or the living room 
were significantly fewer than what would be 
expected from random responses (kitchen: 4.6%, 
living room: 8.3%, p < .05). The same pattern was 
observed within each age group, except for the group 
with the oldest participants (age ≥ 70); responses 
“Bedroom” and “I don’t know which one” were 
equally represented in this group (25% each), imply-
ing that perhaps older people spend more time in 
their bedroom, compared to other ages. This 

differentiation notwithstanding, all age groups gave 
very few “Kitchen” or “Living room” responses, indi-
cating that these two room functions are the most 
prioritized in terms of daylight availability regardless 
of age, which is in agreement with previous work 
(Eriksson et al. 2019). In particular, the percentage of 
occupants that selected the kitchen was extremely 
low (4.6%), corresponding to 5 out of 108 partici-
pants. The latter contradicts the occupants’ experi-
ence, since kitchens were reported most often as 
having i) more frequent electric lighting use com-
pared to other rooms (EL ≥ 5, K: 32.0%, L: 16.0%, B: 
18.7%) and ii) a smaller daylit area (DA ≤ 3, K: 24%, 
L: 14.7%, B: 16.0%). The study indicates that daylight 
provision is necessary for this room function, if 
electric lighting use is to be reduced and occupant 
preferences to be accounted for.

5.4. Applications

The knowledge provided could contribute to policy-
making or design guidelines, if considered when for-
mulating daylight performance criteria for residential 
spaces. Although there were no photometric measure-
ments carried out, with which to correlate subjective 
responses, the results may be used to define a suitable 
timeframe for evaluations, or to make distinctions 
between room types. For instance, the stronger asso-
ciations for East and West-facing rooms warrant that 
morning and afternoon hours constitute the most 
important time-period for residences. This is in agree-
ment with residential occupancy profiles (Barthelmes 
et al. 2018; Mitra et al. 2020; Wolf et al. 2019). 
Differences between room functions may also be con-
sidered. The fact that the optimum orientation varies 
according to function (Kitchen, Living room: West, 
Bedroom: East) implies that different hours of the day 
could be considered for the evaluation of different 
rooms. Finally, the results indicate that different cri-
teria thresholds may be stipulated per room function, 
as occupants were shown to prioritize kitchens and 
living rooms over bedrooms.
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