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Abstract

Abstract

This 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. The implications of design choices on daylight compliance
of spaces and the effect of daylight criteria on the level of compliance are
at the core of this work. Daylight simulations were performed to evaluate
alarge 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. The simulations and questionnaires divide this
work into two parts, which are connected on the basis of the same study
object: multi-dwelling buildings.

The first part includes a review of daylight regulations in Sweden from
the time the term “daylight” first 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 differences when using different criteria.
The review concludes that there has been no significant progress in Swedish
daylight regulations since 1975, when the basis for the current daylight
factor criterion was first formulated. It also argues that the current geo-
metric criterion has limitations due to spatial implications deriving from
its formulation. The 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 significant for
compliance, and the effect of urban density on compliance.
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The second part includes results from a questionnaire survey carried out
in the city of Malmg, the third largest city in Sweden. The questionnaires
were distributed in buildings of the same block typologies as the buildings
evaluated via simulations in the first part of this research. This second part
concerns daylight perception, electric lighting use, and occupant prefer-
ences with respect to daylighting among room types. The questionnaire
rating scales were validated for their suitability as a form of measurement
for daylight surveys. The reported electric lighting use was compared be-
tween different room types, geometries, and facade orientations to evaluate
whether there is less use of lighting in rooms with specific characteristics.
The 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. The survey
also revealed clear occupant preferences, indicating the room types where

daylight availability is prioritised.
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Introduction

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 significant regional differ-
ences indicating an urbanisation trend. According to the official statistics
agency SCB (SCB, 2020f), the urbanised land is unevenly distributed
across regions, with the three metropolitan counties (Stockholm, Vistra
Gotaland and Skine) having the highest percentage of developed urban
areas (SCB, 2019d). This clear urbanisation trend (SCB, 2019¢) 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).

This steady population growth partly dictated the building develop-
ment process, leading to the expansion or densification 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, 2020¢), 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. The 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 offers 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. This type of building is the most common type
in Sweden (51 % of dwellings (SCB, 2019¢)), and the most common for
new construction since 1985 (SCB, 2019b). It is also the study object of

13
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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 effort to facilitate the construction process. The aim
was to re-formulate certain sections “to modernize the regulations and
thereby promote increased competition and increased housing construc-
tion” (Regeringskansliet, 2019). This review was assigned to the Building
Rules Modernisation Committee (KFMB, 2019b), which submitted its
proposal to the government in December 2019 (KFMB, 2019a). Among
different amendments to the building code, the committee proposed
several “simplifications” 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 effectively 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 (SBUE 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 difficult 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 scientific 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 Christoffersen, 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
justified since it represents worst-case conditions. Climate-based criteria

14
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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-efliciently, (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 effectively constraints on the
form and size of buildings and therefore limits on the profitability of an
investment” (Tregenza and Wilson, 2011). The financial pressure on policy
may be the reason why the Building Rules Modernisation Committee
eventually proposed the exclusion of kitchens from daylight evaluations.
This 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). The financial 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 scientific 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. Different 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 difficult 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, different criteria
may yield different results in terms of compliance, and may take differ-
ent parameters into consideration, e.g. facade orientation, glazing area,
building type, and room geometry. This thesis was designed to evaluate the
importance of such parameters, and to investigate the implications of using
different 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.

15
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Alm

This 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.

The 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. Different room geom-
etry measures relating to daylight compliance are factored in the analysis.
These 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:

e Whatare the determinants of a suitable daylight criterion for residential
spaces?

This leads to the following related questions:

* Are the current evaluation criteria suitable for compliance testing or
not?

e What is the effect of urban density on daylight compliance?

*  What is the effect of building typology on daylight compliance?

*  What is the effect 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 affect electric lighting usage?

16
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Hypotheses

The main hypotheses are:

* The 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

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

The scope was also limited to building block typologies that have been
classified 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.

The apertures identified in the evaluated spaces were limited to verti-
cal windows or glazed doors, i.e. there were no rooms with skylights. The
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
finishes, according to standards and good-practice recommendations, not
according to in-situ measurements. Measuring surface reflectances 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 finishes 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 filling. This can be considered a reasonable glazing setup for
housing projects in Sweden. However, real light transmittance values could

17
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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.

The questionnaires used in this thesis were sent via normal mail, ran-
domly, and in strata of different 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.

The 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. This effectively re-
sulted in the sky conditions differing 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.

The questionnaire was not designed to include specific instructions
regarding positioning in space or view direction for respondents. This
could affect 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 different daylight conditions for the same window.

Thesis structure

This 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” first appeared in building regulations, 60 years ago.
This 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 findings on the formula-
tion of daylight evaluation criteria.

The final sections include the conclusions drawn (Section 6) and future
work that could depart from where this research stopped (Section 7).

18



Review of daylight requlation in Sweden

2 Review of daylight
requlation in Sweden

The reader may find this section as part of the first appended article (Paper
I, section 2).

2.1 Overview

The 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 effectively constrained
fenestration sizes as a means to reduce the heating demand. This deemed
daylight design rules necessary to prevent large reductions of fenestration,
to safeguard natural illumination. The following paragraphs describe the
evolution of daylight criteria in Swedish building codes over time. Figure
2.1 illustrates when different criteria came into force.
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Figure 2.1 Evolution of Swedish daylight criteria for residential spaces. DFp:
Point Daylight Factor as defined in Swedish regulations, Agjye: Room
glazing area, Ag,,y: Room floor area, o.°: Glazing obstruction angle,
as defined 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 20t 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. The first type of legislation stipulates that
particular parts of buildings should have access to direct sunlight for an
adequate length of time. The second type, which is most often found in
building codes (Kunkel et al., 2015), requires that rooms are equipped
with sufficiently large window openings, the window area used as a proxy
of actual indoor illumination. The third type, which is currently mak-
ing its way to international standards, certification 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 20 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 sufficient spacing between buildings. This
indicates that there was an intention to provide natural illumination prior
to the introduction of explicit daylight criteria. However, despite their
introduction, quantified 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). They 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-floor ratio of 10 % (GFR-method criterion) or to meet
adaylight factor threshold of 1 % measured on a specific point in the room
(DFp criterion). The 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”

The term “daylight” was first 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. There
was therefore no imperative need to define daylight design rules yet, not
until the next decade.
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The subsequent building code SBN-67 (SP, 1967) that came into
force in 1968 included no mention of the term “daylight”. The 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). The absence of reference to daylight can be attributed to the fact
that this code included more details with respect to ventilation hygienic
flows for utility rooms, which effectively 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
quantified daylight criteria

The first formulation of a numerical (i.e. quantified) daylight criterion
appeared in 1975, with code SBN-75 (SB, 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 floor level”
(DFp = 1 %). Figure 2.2a shows the location of the DFp point in a room.
The 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.” The latter confirms
that daylight was initially regulated to avoid dramatic reductions of fenes-
tration to meet energy requirements. These 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 quantified day-

22



Review of daylight requlation in Sweden

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 Lofberg (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 (S,
1980b) introduced an alternative method to predict daylight availability
based on the room glass-to-floor ratio (GFR-method). This method was
described in Chapter 38:1K of a complementary report “Kommentarer till
Svensk Byggnorm” (English: Comments on Swedish Building Code (S,
1980a)), which included clarifications to SBN-80. It assumed that this
minimum window glazing area has a commensurate effect on illumination
as a DFp > 1 %. The method stipulated that the minimum glazing area
should be equal to the product of the room floor area and a factor f rang-
ing between 0.07 and 0.13 (Aglaes 2 £+ Argom) depending on the window
obstruction angle a° (see Figure 2.2¢ for the definition of obstruction
angle). This assessment method effectively stipulated minimum glazing
areas between 7 % and 13 % of the room floor area, depending on sur-
roundings. If a balcony obstructed the fagade, the considered room floor
area would have to include the balcony area adjacent to the facade. The
method was applicable only under specific conditions pertaining to room
depth, width and height, and glazing width and height (Figure 2.2 b, ¢ ,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 Lofberg (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, ¢) the obstruction angle measure and d) the
geometry conditions for the applicability of the GFR-method.

2.5 Simplification 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 BES 1988:18 (BOVERKET, 1988) simpli-
fied the GFR-method calculation by replacing factor f with a constant,
i.e. it removed the sensitivity to surrounding obstructions. The new code
simply stipulated that the glazing area would have to be no less than 10 %
of the room floor area (Aglass = 10 % - Aroom), a glass-to-floor ratio com-
monly used in national codes (Kunkel et al., 2015). The 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.

This simplified GFR-method was regulated at a time when Stockholm
made a crucial transition in urban planning: the shift from expansion to
densification (Hall and Rérby, 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 $§914201 (SIS, 1988). The
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 quantified DFp > 1 % criterion was completely removed from build-
ing codes, which only included the simple GFR-method (Agjss 2 10 %
- Ajoom)- A reasonable explanation is that the DFp calculation was too
complicated to be adopted on a large scale, compared to a simple geometry
calculation. Effectively, the Aglose 2 10 % - Argom 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 etal., 2018). On the other hand, building developers voiced their
concerns regarding potential design constraints stemming from daylight
requirements, threatening the profitability 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). The current situation in
Sweden points towards some degree of compromise between the two. It
seems that the technical aspects will be satisfied 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
financial aspect, it seems it will be satisfied by excluding some spaces from
evaluations, in particular the kitchen space, as recently proposed by the
Building Rules Modernization Committee (KFMB, 2019b). The 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

The 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 affecting 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. The two methods were applied
in two building samples of different locations (simulation: Stockholm,
survey: Malmo) and different sizes, i.e. a different amount of rooms was
evaluated per method. The survey involved significantly 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 workflow.

The simulation part assessed the relation between variables of geometry
and urban density on one hand, and compliance with daylight criteria on
the other. The analysis of the simulation results focused on identifying
the variables that are more strongly associated with compliance, i.e. the
determinants of daylight compliance. The 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. The analysis of the data focused on identifying the variables
that affect occupant perception of daylight conditions and electric light-
ing use. Finally, the findings 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.

28



General methods

The 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-
cific 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

The study object of this thesis is the multi-dwelling building, which is de-
fined 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). This 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.

Completed dwellings
in newly constructed buildings
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45000 e 0 ti-dwelling buildings

one- or two-dwelling buildings

40000
35000
30000
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20000
15000
10000

5000

0
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Time (year)

Figure 3.2 Completed dwellings in newly constructed buildings by type of build-
ing and year. Data retrieved from Statistics Sweden (SCB, 20195).
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3.1.1 Selection criteria

Swedish literature has documented typical multi-dwelling buildings (Swed-
ish: flerbostadshus) that can be identified in the current building stock. The
typical building classification 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, define examples of typical residential buildings of different eras.
A categorisation of building types based on prevailing architectural styles
and construction systems by decade can be found in Bjork et al. (Bjork
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 classification of “urban types” seemed more useful than a
classification of “building types”.

A systematic categorisation of residential developments in “urban types”
(in Swedish: stadstyper) was made by Ridberg and Friberg (1996). This
categorisation follows an urban typo-morphological approach, where the
overall neighbourhood is taken into account. According to Ridberg 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). The 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. This 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).

Radberg and Friberg (1996) identified 26 Swedish urban types of dwell-
ings during the period between the pre-industrial era and the turn of the
21% century. They also argued that there is consistency between type and
corresponding built density, the density quantified with the plot ratio (the
ratio of total floor area to site area). For this thesis, eight of these urban
types were selected. The selection criteria were the following:

* Adiverse set of urban types, i.e. include buildings with different forms

and heights

e 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 different plan organisations
(apartment units per stairwell)

 Urban types constructed in different 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”. The 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: ldga 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 Radberg and Friberg (1996), low-rise towers were traditionally built
along the street axis during the 1930s and 1940s (similarly to Figure 3.3¢),
and were used in hilly terrain during the post-war period, since elongated
building shapes are more difficult 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. The buildings are usually three to four storeys high and
elevator-free. Their 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 fagade, b) typical floor plan, and c) aerial view of a “low-rise
towers” development. This development was selected to represent this
typology in the survey study. Figures 3.3a & 3.3b were retrieved from
the municipal drawing archive of Malmé (Malmo-Stad, 20200).
Figure 3.3c was retrieved from the municipal web application Malmi
Stadsatlas (in English: Malmé City Map) (Malmi-Stad, 2020a).

High-rise towers (Swedish: héga 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
(Radberg and Friberg, 1996). Their use in construction started around
1940. They 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 cliffs in
Stockholm, designed by Sven Backstrom and Leif Reinius, included in this
thesis. The plan of high-rise towers consisted of three or more apartment
units, depending on apartment size. In cases of towers with squared plans,
one floor 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.
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Figure 3.4 a) South fagade, b) typical floor plan, and c) aerial view of a “high-rise
towers” development. This development was selected ro represent this
typology in the survey study. Figures 3.4a & 3.4b were retrieved from
the municipal drawing archives of Malmé (Malmi-Stad, 20200).
Figure 3.4c was retrieved from the municipal web application Malmi
Stadsatlas (in English: Malmé City Map) (Malmo-Stad, 2020a).

High + Low combination (Swedish: kombinationer av héghus
och laghus)

This typology combines high-rise and low-rise buildings. It was used
during the 1950s and after the introduction of prefabricated elements in
the 1960s (Radberg and Friberg, 1996). The intention was to utilise the
advantages of both types in a single development. The low part, usually an
elongated building, provided sufficient 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). The high part provided a
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high number of units and a dramatic elevation profile 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 floor plan of the high-rise part, b) typical floor 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 plantjinsten (In English: Stockholm city,
Construction and planning service),” 2018). Figure 3.5¢ © Google,
Landsat/Copernicus and Data S O, NOAA, U.S. Navy, NGA,
GEBCO.

High-rise elongated (Swedish: skivhusgrupper)

This 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 (Radberg and Friberg, 1996). This 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 (Bjork et al., 2013), simi-
lar to Figure 3.6¢c. 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 (Linsstyrelsen 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.
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Figure 3.6 a) West facade, b) typical floor 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 plantjinsten (In English:
Stockholm city, Construction and planning service),” 2018). Figure
3.6c © Google, Landsat/Copernicus.
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Exterior circulation (Swedish: loftganghus)

The “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. The name lofiginghus
is derived from the long balcony corridor that runs along one facade of
the building to provide access to the apartments, similar to the building
in Figure 3.7. This design effectively distributes elevator costs to a higher
number of apartment units. The long common corridor also satisfied
demands for more social interaction between residents, increasing the
sense of neighbourhood. These buildings were normally four to six storeys
high (Rédberg 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) Phorograph of the long balcony facade and b) typical floor 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. The 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 plantjinsten (In English: Stockholm cizy,
Construction and planning service),” 2018).

Semi-open courtyard (Swedish: halvslutna gardar)

This typology combines narrow building blocks in larger complexes. The
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. The modules were typically
low-rise, two to three storeys high (Bjork et al., 2013) and their width could
be as narrow as 8 m, and not significantly wider than 10 m. According
to Radberg 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 Rérby (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 floor 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 floor 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
plantjinsten (In English: Stockholm city, Construction and planning
service),” 2018).

Large courtyard blocks (Swedish: storgardskvarter)

This way of defining a city block emerged after the 1907 Town Planning Act
(SES, 1931), which effectively banned the previous practice of constructing
building rows inside courtyards. Hall and Rérby (2009) suggest that this
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large, park-like inner courtyard was characteristic of 1920s developments.
They 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 Rérby, 2009). According to Ridberg 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
(effective since 1875). Large courtyard blocks appeared in new cities and
inner parts of larger cities. They had a relatively uniform height across the
block, usually four or five storeys (Rddberg 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 significantly obstructed for room
apertures, especially for rooms located in the lower floors.

Figure 3.9 a) Aerial view and b) typical floor plan for a part of a “large courtyard
blocks” development. This development was included in the simula-
tion study. Figure 3.9a © Google, Landsar / Copernicus. Figure 3.9b
was retrieved from the municipal drawing archives of Stockholm
(“Stockholm stad, Bygg och plantjinsten (In English: Stockholm cizy,
Construction and planning service),” 2018).
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Post-modern reforms

According to Hall and Rérby (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 influence was post-modernism. After 1975, there was an intent
to paraphrase traditional blocks into post-modern blocks, using different
arrangements of building volumes and design axes. Although the similari-
ties with the older blocks are striking, Ridberg and Friberg (1996) point
that there are principal differences. The “post-modern reforms” develop-
ments do not have a uniform height across different parts, and they reach
up to eight storeys (the older “large courtyard blocks” reached up to five).
The new blocks also have a more blurred limit between the street and the
private courtyard, which is manifested by breaching the courtyard volume
in specific locations (as in Figure 3.10a).

Figure 3.10 a) Aerial view, and b) typical floor plan for a part of a “post-modern
reforms” development. This 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 plantjinsten (In English: Stockholm
city, Construction and planning service),” 2018).
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3.1.3 Specific 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. The 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. The survey study was performed in six
developments, located in urban areas of the central and suburban region
of Malmé (latitude: 55.61°). Malmé is the third largest city in Sweden,
and a city with a fast-growing dwelling stock housed in multi-dwelling

buildings (Figure 3.11).

Completed dwellings
in newly constructed multi-dwelling buildings
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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). The 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. The indicator “portion of area that is lettable [%]”
is calculated for the typical floor. It is the ratio of area requiring daylight
provision (i.e. kitchens, living rooms, bedrooms, and dining rooms) to
the total floor area. The indicator “urban density [m3/m?]” refers to sur-
rounding obstructions. It expresses the magnitude of the total built volume
[m?3] per site area [m?], covering an area within a 250-m radius from each
development. The 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-floor ratio, depth, width
etc. can be found for the samples of Stockholm and Malmé in Papers I
& V respectively.
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Stockholm study (simulations) : Malmd study (survey)
|
A v o .U |
v *e ] | =
Low-rise towers OC)§ o » .l’ | my .' =
- | n
Building width [m] 14.6 16.7 177 : 17.0
Building height [m] * 10.7 0.3 10,1 | 10.5
Mumber of floors with dwellings 4 3 3 : 4
Number of dwellings per stairwell* 3 3 4 | 4
Portion of area that is lettabla [%] 62 63 61 : 60
Urban Density [m®m?] 4 1.80 1.87 197 | 2.80
Mean Building Height [m] * 13.7 9.2 14.2 | 116
- |
G H M Cily
] s
High-rise towers - ,' r | L]
v | n
Building width [m] * 18.4 17.8 17.8 : 18.6
Building height [m] ? 28.0 23.7 26.9 | 495
Number of floors with dwellings 10 8 8 I 18
Number of dwellings per stairwell ¥ 4 5 8 : 5
Portion of area that is lettable [%6] 60 65 65 | b8
Urban Density [m*m?*] * 1.62 1.28 3.68 : 2.07
Mean Building Height [m] * 12.4 19.3 20.3 | 11.0
|
¢\ T v |
High + low — |
combination . o ] J .. '
high | low  high | low high | low |
Building width [m] 17.0 [ 113 122 122 178 | 105 I
Building height [m] 2 392|108 208 7.0 3T 1A
Number of floors with dwellings 13 3 7 2 10 a |
Number of dwellings per stairwell® 4 2 2 2 ] 2 :
Fortion of area that is lettable [%] 64 62 &0 63 59 64 |
Urban Density [m®/m?] 4 0.88 2.44 114 |
Mean Building Heaight [m] * 16.2 15.0 a7 |
|
F J N ] [ ]
" . |
High-rise [] ,
elongated \ :
|
Building width [m] 113 120 150 16 | 142
Building height [m] ? 208 255 0398 23.6 | 253
Number of floors with dwellings 8 8 14 6 : a
Mumber of dwellings per stairwell* 5 2 4 2.7 | 4
Portion of area that is lettable [%] 58 &1 63 60 : 68
Urban Density [m*m?®] 4 D83 298 2.84 4,09 | 2.58
Mean Building Height [m] * 7.0 200 183 18.7 | 154
|
" The shortest length, ? Measured frem stret level until top of facade wall (nchined roafs 20 100 300
are axcluded), ® For the typical floor, 4 Caleulated including all surroundings in a 250 m
radius. 0 50 200
Figure 3.12  Summary data for the Stockholm study developments (codes in Latin

characters) and the Malmé study developments (codes in Latin nu-
merals) classified into typologies: “low-rise towers”, “high-rise towers”,
“high+low combination” and “high-rise elongated”.
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Stockholm study (simulations) Malma study (survey)

|
|
|
D K R | v
Exterior circulation I i - > | \
1 j i |
Building width [m] * 0.7 10.8 99,123% : 12.3
Building height [m] # 17.8 26.5 14.2 | 14.3
Number of floors with dwellings 5 8 5 : 5
Number of dwellings per stairwell * 6 6 4 | 8
Portion of area that is lettablz [%]) 65 61 62 : 60
Urban Density [m%m®] 4 1.55 3.50 1.68 | 5.38
Mean Building Height [m] 10.5 19.4 1.2 | 14.0
|
B E X | v
Semi-open courtyard .g' B-L \( N | ?
|
Building width [m] * 8.5 8.9 10.0 : 12.0
Building height [m] 9.3 9.5 10.4 | 104
Number of fleors with dwellings 3 3.5 3 I 4
Mumber of dwellings per stairwell ¥ 3 25 2 : 25
Portion of area that is lettable [%] 63 60 59 | &1
Urban Density [m%m®] ¢ 1.83 0.74 1.27 : 1.70
Mean Building Height [m] * 13.3 7.6 10.2 N
|
L P Q : vi
Large courtyard Q u Q | 9
blocks |
Building width [m] * 14.1 14.0 13.0 : 11.2
Building height [m] 2 16.3 7.2 15.8 | 13.2
Number of floors with dwellings 5 5 4 : 4
MNumber of dwellings per stairwell * 4 5 4.5 | 2
Partion of area that is lsttable [%] 56 54 55 | 60
Urban Density [m¥m?] ¢ 4.98 5.46 379 | 450
Mean Building Height [m] * 19.7 176 7.2 | 136
|
I w Y |
\ |
Post-modern reforms m L. Y‘\ :
|
Building width [m] * 13.0 1.5 11.4 |
Building height [m] 2 18.6 16.5 22,0 |
Number of floors with dwellngs 6 55 7 |
Number of dwellings per stairwell * 575 25 3 |
Portion of area that is lettable [%) 57 57 55 :
Urban Density [m®m? ¢ 6.40 5,30 2.73 |
Mean Building Height [m] * 203 18.1 171 |
|
" The shortest length, 2 Measured from street level until top of facade wall finclined roofs 20 100 300
are excluded), ® For the typical floor, ® Galculated including all surroundings in a 250 m
radius, ¥ The building has two wings with significantly different width. 0 50 200

Figure 3.13 Summary data for the Stockholm study developments (codes in Latin
characters) and the Malmé study developments (codes in Latin nu-
merals) classified 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 different
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 floor 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 different 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. The 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. This 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 different software tools might ask the user for different input
through their respective interfaces, there is always a fundamental set of
underlying elements to be specified 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. The following are brief descriptions of the underlying elements of a
daylight simulation program:
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The scene. The geometrical model of the three-dimensional space
under investigation, where object surfaces have been assigned
with materials of specific optical properties. For this thesis, this
corresponds to the evaluated multi-dwelling developments, the
surrounding buildings and trees, and the ground surface.

The sky model. A quantification of the amount of both direct
and diffuse light, originating from different 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 Subramanijam and Mistrick (2017).

The analysis area. The part of the scene where daylight analysis will
take place. There 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 field 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-specified grid of points. The latter type
was deployed for this thesis.

Space usage. Information on space function (office, school, residen-
tial, etc.). Depending on space usage, different occupancy schedules
apply, and different lighting levels are required. Since multi-dwelling
buildings may not exhibit strict occupancy patterns similar to office
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, 2018Db).
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* Simulation engine. The daylight calculation algorithm that merges
the scene with the sky model to calculate daylight (illuminance or
luminance) for the specified analysis area. This part of the simulation
process executes a “global illumination algorithm”, which mimics
light propagation in space via reflection, transmittance, and refrac-
tion. This thesis used software tools that deploy raytracing, which is
a widely used global illumination algorithm in the field of daylight

simulations. The 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. The proces-
sor retrieves raw results from the simulation engine and outputs
daylight metric values, for evaluation according to standards and

recommendations.
SCENE ANALYSIS AREA SPACE USAGE SKY MODEL
» Surface geometry « View perspective » Type (office, ...) » Date, time
» Surroundings « Girid points + Electric lighting « Latitude, longitude
« Ground density « Sky condition
« Optical properties l « Occupancy « Weather file

.li' ‘,-
7 | 9

SIMULATION ENGINE
(e.g. raytracing)

N

INTERMEDIATE RESULTS
e llluminance (lux)

. Luminancgvcdfm"’]

RESULTS PROCESSOR |
. 4
SIMULATION OUTCOME
+ Performance metrics

» \isualizations

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

The scene, the sky model and the simulation engine are elements that
the user must set carefully, to ensure an accurate reproduction of real-
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ity, in other words, to produce results that are predictive of the way the
real space would appear. These 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. The post-
processing of results at this stage is particularly important as it defines 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 affecting the work of practitioners and
the final 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. Different
criteria utilise different 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 qualifies, e.g. three-quarters of the workspace area achieves a 2 %
daylight factor”. The 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

The definitions of all daylight metrics considered in this thesis are de-
scribed below:

[lluminance (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 dA of
that element (CEN, 2018a). Unit: Ix =

lumen per m?

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

Daylight Factor (DF): The ratio of internal to unobstructed
horizontal illuminance under a CIE
Standard Overcast sky model (Hop-
kinson, 1963), usually expressed as a
percentage. The luminance of the CIE
Standard Overcast sky model is rota-
tionally symmetrical about the vertical
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Useful Daylight Illuminance (UDI):

axis, and is three times higher at the
zenith compared to the horizon. The
model does not include the sun, which
means that the DF is not sensitive to
fagade 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: %

The annual occurrence of illuminances
across a plane that fall within a “useful”
range for occupants (Nabil and Mard-
aljevic, 2005). The 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. The range has
so far been defined for office spaces,
and lies between 100 Ix and 3000 Ix
(Mardaljevic et al., 2012). This range
corresponds to the scheme referred to as
UDI combined. It accounts for the com-
bined illuminance ranges of 100-300 Ix,
i.e. UDI supplementary (or UDI-s), and
300-3000 Ix, i.e. UDI autonomous (or
UDI-a). Unit: % of occupancy time

3.2.3 Daylight criteria considered in this thesis

The daylight compliance of the investigated multi-dwelling buildings was
assessed according to different criteria. Overall, the criteria differ 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. The criteria

considered included:

* The glass-to-floor ratio compliance criterion (GFR = 10 %).

* The Point Daylight Factor compliance criterion (§5914201).

* The Useful Daylight Illuminance compliance criterion (UDI).
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e The BREEAM-SE good practice daylight factor criterion
(BREEAM).

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

* The 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). The column “Area to comply [%]” indi-
cates the analysis area considered, and specifies whether a 0.5-m
band off walls is excluded (excl.) from the evaluation or not.

Threshold value: Accounted for:
DF [%] llluminance [Ix] Time basis Area to comply [%] Orientation Sunlight
i.55914201 =1 point-in-time: single point No MNe
i.uDI 100 - 3000 70 % of daylight hours 50 (excl. 0.5m band} Yes Yes
221% 216
ii. BREEAM point-in-time 80 (of total room area) No No
&Uz03 100 (excl. 0.5m band}
iv.EN17037-DF 225 point-in-time 50 (excl. 0.5m band) No No
z08 95 (excl. 0.5m band)
LEN17037-IL 2300 50 (excl. 0.5m band)
v 50 % of daylight hours Yes Yes
=100 95 (excl. 0.5m band)

* Applicable for kitchens. Threshold value for average daylight factor.
® applicable for the rest of the rooms. Threshold value for average daylight factor.

3.2.4 Daylight simulation tools used in this thesis

The engine that performs daylight simulations deploys a specific 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 different 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 flux outgoing from a surface point, account-
ing for the surface optical properties and the incoming flux onto the point
from different directions. Existing algorithms include radiosity (Goral et
al., 1984), raytracing (Whitted and Foley, 1980) and photon mapping
(Jensen, 1996), each with different 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. The 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 refinement 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. The
reason for this differentiation is that Honeybee (plus) offers a more accurate
calculation model for annual simulations, as it utilises different 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). The surface optical properties used in simulations
included standard values (CEN, 2018b; IES, 2012). The 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 I1I, section 2.2, Table 1. Geometry modelling assumptions can be
found in Paper II, section 2.3.1.

3.3 Daylight survey

The 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. The survey was based on self-administered questionnaires,
which were sent by normal mail to the civic addresses of the occupants.
The overall design of the survey is illustrated in Figure 3.15. The 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. The 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

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

Time of the day 1234
(hour:minute) 90 % nr of apartments: © O Q)
18:00r o I
000 0 |
O |
15:00F O ¢
@( o o o) o T
< o) ol
12:00F  C )Oe i 73 %
%Jjooo 4 o | o o l
0:00+ o0 o) o
o
(o]
6:00 : : : :
14/3 21/3 28/3 4/4 11/4 18/4
Date (day/month)

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

The questionnaire structure is shown in Figures 3.18 & 3.19 (question-
naire pages 1 & 2 respectively), which present the English translation of
the questionnaire. There were two additional translations (Swedish and
Arabic) with the aim to increase the response rate, but all participants (n
= 108) used the Swedish translation. The reader may find 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. The questionnaire entailed different sections, as
marked in Figures 3.18 & 3.19. The first half-page contained operational
instructions and fields for apartment data that were necessary to locate the
apartments (Figure 3.15, step iv). The rest of the questionnaire included
questions pertaining to daylight conditions, electric lighting use, and oc-
cupant preferences. The questions were focused on kitchens (K), living
rooms (L) and bedrooms (B). The 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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This guestionnaire is estimated to last § minutes

IMPORTANT BEFORE YOU START:

1. Be inside the specific room when you answer questions about that room. If you
cannok fill in the answers while being inside the room it is ok, you can vigt the room and
come back to Bnswer.

2. Anawer the questions during daytime (sun above horizon).
3. Switch off electric lighting {if possible) before you answer.
4. Pull the curtaing or blinds Tully apen before you answer.

Your participation is voluntary. All answers of this questionnaire are kept confidential,
You can send us back the answers without any cost for you, using the attached prepald

envelope.
PLEASE START HERE

Fease fill in the following information:

operational instructions

1. Address:

2. Flpor nurmbar {Floar 1 = Ground foor:. - N

3. Apmtment b o information to

4. Date: locate apartments

5. Tame pght now:

&, Would yow allow cur researchers (2 people] to wisit your apertment far 30 minutes in order to toke

? it ds mot your obiigotion to allow us, pou con choose freely:
TES D) NO
Part 1: KITCHEN —
The “kitchan"” is considered the area arownd the kitchen cabinats, A dining area away from the kitchen cabinets
shoukd not be considered for the following questions:
1a. How would you describe the daylight in the kitchen right now?
datk O C - - C - O light
scanelred ) ; ;, ’i 'r,‘ ; = :an:envated TYPE 1
e SES = 2 Evaluation of daylight
unevenly distributed - i @] ] [w] evenly distributed conditions at the time of
strong 0 ' o weak re'ap-onding
unfocused Q fe] e’ facused
subdued i - » brilliant
1k, How often do you tum onra‘lacrrlc.lljptlnsi_n thi k.?:)d‘\an Wm?gﬂm? TYPE 2
never ] L) ) ) &) L always Evalula_tion aof dayiightl
de. How masch of the kitchen area has encugh daylght during the year? conQItlons and _electnc
none OO O £y O o althearea lighting use during the year
Figure 3.18  First page of the questionnaire, translated into English.
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Part 2: LIVING ROOM |II|T

|f the apartment has one kitchen and only one other room, then that room should be considered the “living
room”.

2a. How would you describe the daylight in the living room right now?

dark { (2 & &, @ £r light
scattered O ( 2 €] > { concentrated
clears O 2 8] @ 9 » C} drab
unevenly distributed o [a] [ " ewenly distributed
streng [ ¢ @ N o weak
wnfocused & o] o e : focused
subdued » & 3 . ] 3 ¢ brilliant

2b. How often do you turn on electric lighting in the living room when the sun is above the borizon?

never L, 4 @ L) it 4 always
2c. How much of the living room area has encugh daylight during the year?
none L O L) L) L & L all the area

B 7
|f the apartmant has more than one bedrooms, than answer tha following questions ONLY for tha largest
bedraam:

3a. How would you describe the daylight in the bedroom right now?

dark L ] -1 ] 1 light
scattered 0 F: o t ) concentrated
cear O O C B @ »: L1 drab
unevenly distributed 7] %) & B 0 i 7 evenly distributed
sone O O O D0 G0 O O wek
unfocused ; Sl ¢ focused
subtued ) i %) o brilliant
3b. How often do you turn on ekectric lighting in the bedroom when the sun Is above the harizan?
never B B & o @ i3 O always
3. How much of the bedroom area has enough daylight during the year?
none & o i i & all the area
Part 4: GENERAL
For this guestion, pleass select only oneg answer,
4a. If amy of the rooms would be without daylght, which one would you choose?
Living room () Bedroom (1 Kitchen ) I do not know (2

Pleass send your answers using the attached prepald envelope.

Figure 3.19

L N S R e e

TYPE 1
Evaluation of daylight
conditions at the time of

responding

TYPE 2

Evaluation of daylight
conditions and electric
lighting use during the year

TYPE 1
Evaluation of daylight
conditions at the time of

responding

TYPE 2

Evaluation of daylight
conditions and electric
lighting use during the year

TYPE3
Evaluation of oocupant
preferences

Second page of the questionnaire, translated into English.

The procedure used to collect TYPE 1 and 2 evaluations was category
rating, by means of semantic differential (SD) scales. TYPE 1 scales were
developed by previous research (Kiiller and Wetterberg, 1993; Kiiller 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 specifically 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. The design of this question is elaborated
in Paper VI, section 2.3.7.
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4 Summary of the
appended papers

This section provides a brief summary of the appended papers, including
research questions and findings per paper. The first three papers (Papers
I-III) investigate daylight compliance of multi-dwelling buildings via
simulations. The last three papers (Papers IV-VI) analyse survey responses
regarding daylight conditions and daytime lighting use. The 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. The pa-
rameters are grouped in three main factors pertaining to indoor
daylight availability: urban density, geometry, and occupant
responses.

Paper

Variable: I I 11 v v Vvl
Mean building height X X

Urban Urban density X X X

density ~ Obstruction angle X
Vertical Sky Component

>
>

Construction year X X
Block typology X
Room function X
Room area
Room depth
Room width
Room height
Room orientation X X
Room external wall area X

Geometry Balcony shading X X X
Number of fenestrated walls X
Windowless room
Glazing area X X
Glazing width
Glazing height

il
Mo
Eo I i

~

>

Window-to-wall ratio
Glass-to floor ratio
Glass-to-wall ratio
Glass-to-internal-wall ratio

pd pd pd A

Sl
S
P

Age X

Brightness response X
Occupant Distribution response X
response  Daytime lighting use response X

Daylit area response

Room prioritisation response X

Sl
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Paper [ 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 effect 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. The following sections
provide the main research questions, methods, and findings per article.

4.1 Paper | — 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, finding the country with two criteria in force,
the DFp method and the GFR-method. The study proceeds by analysing
different aspects relating to these criteria: it assesses whether the introduc-
tion of quantified criteria improved the daylight performance of buildings
or not, it compares the two criteria with respect to the compliance they
yield for different rooms, and it highlights assessment limitations for each
criterion. The study informs on whether the current criteria are applicable
for residential spaces or not and whether they are limited in assessing spe-
cific 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 20 century?

2. Did the introduction of quantified 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:

The 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. quantified. The 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. The 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 different eras and to assess the degree of
agreement between the current two criteria.

Answers to the research questions:

1. Daylighting criteria effectively 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 different to the one formulated in 1975.

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

3. The 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. 'The 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 Il — Daylight regulation
compliance of existing multi-family
apartment blocks in Sweden

Paper II elaborates on the effect of building form on room compliance
with the current DFp > 1 % criterion. The 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
DFyp?
4. Does urban density affect daylight compliance?

Methods

The 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. The selection of buildings was
based on 1) typology and 2) construction year. The 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 specifically, 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 different 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.
g

3. The median daylight factor of a grid of points across the floor 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 lll — 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 11, as it investigates multiple daylight
evaluation criteria. Different 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. The criteria are also compared with respect to the compliance they
yield, to identify differences and similarities stemming from their formula-
tions. The 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 affect 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 affect compliance more substantially?

5. Which criterion best reflects the degree of surrounding obstructions?

Methods

The 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. The study presents
five daylight compliance criteria stipulated by either building standards or
certification schemes and proceeds with compliance-testing on the build-
ing sample according to each criterion. The 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. Different 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 influential 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 effect size calculations and probability testing.

Answers to the research questions:

1. Typologies rank differently when tested against different criteria.
However typologies with heavily shaded apertures (“large courtyard
blocks”, “post-modern reforms” and “exterior circulation”) rank
consistently low.

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

3. The two assessment methods of standard EN-17037 yield signifi-
cantly different 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 significantly 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 Malmé (latitude:
55.6 °N). The 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, IT and III. Responses
were measured using an observer-based environmental assessment instru-
ment (OBEA) consisting of semantic differential scales. The 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

The 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. The 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 rg = 0.566, p = 0.006). Subsequently,
the component was correlated with attributes such as the glazing area,
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glass-to-floor ratio, Vertical Sky Component, etc., to examine whether
room geometry relates to occupant responses or not.

Answers to the research questions:

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

2 'The Brightness measurement was found to associate with room
glass-to-floor 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 effect of solar irradiation could not be isolated due
to study design limitations. Therefore, it is not possible to ascertain
whether the questionnaire measurement relates to specific geometry
measurements or not.

4.5 Paper V — Residential electric lighting
use during daytime: A field study in
Swedish multi-dwelling buildings

The 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. The study processes the same questionnaires that were used in Paper
V, but focused on a single response scale. The 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) facade orientation. The results can be useful for the
inception of future design guidelines for dwellings, for instance guidelines
that differentiate 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

The study processed 108 responses regarding frequency of electric lighting
use during the day (daytime lighting use), to evaluate whether it is affected
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 affect 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. The data were analysed using
1) descriptive statistics to observe frequencies of responses for different
categories of room type and orientation, and 2) hypothesis-testing to
examine significant differences between categories.

Answers to the research questions:

1. Room geometry impacts daytime lighting use to a certain extent.
The study showed that different 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 different functions but of similar
geometry and surroundings, the reported lighting use did not differ
between functions.

3. Room orientation was found to impact daytime lighting use. West-
oriented rooms reported significantly 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. The 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

The 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 floor area they perceive as adequately daylit (DA)
throughout the year. Responses EL and DA were measured on seven-point
semantic differential scales, and were correlated (Spearman) to evaluate
their association for different room groups. Groups were based on age,
room function, facade orientation, balcony obstruction, and fenestration
geometry. A third response (PR), pertaining to occupant preferences, was
also analysed. This 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 significance

of the findings.

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. The correlation
was independent of occupant age, room function or orientation,
balcony obstruction, or window size.

2. Tt was clear that most occupants would tolerate inadequate daylight
levels in their bedroom, if they had to pick a room. The 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

The 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 different 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.

The 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 findings within a narrower scope, this
section takes a step back to critically discuss aspects of daylight regulation
based on the combined findings of all appended papers. The 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

The 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 I1I)
daylight metrics, and in both cases, a significant 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). These 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. This key finding 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 20™ century (Paper I).

Early design massing studies could also benefit 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
significant funds in the design process. The Swedish planning and build-
ing process includes, first, the comprehensive planning, the urban and
design stages, and later on during the detailed plan, the building permit,
the starting permit, and the finishing permit. Daylight performance is
only verified 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 20 century (Radberg 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. The findings of this thesis aim to provide information
to the design professions regarding the benefits and caveats of different
typologies in terms of daylight provision. The 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 specific building form creates an urban landscape,
shading and self-shading for parts of a development is almost inevitable.
This 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
significant 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, I1I), 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, financial 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.
This would effectively create a low-rise courtyard with point extrusions at
specific locations. The low parts could allow daylight into the courtyard
from the most beneficial orientation, and the high parts could provide
the required density. The results presented in papers II & III along with
the capacity of different typologies to house apartment units per stairwell
indicate that there is room for satisfying both financial 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 different types of regulations regarding apartment design. For instance,
accessibility requirements require adequate circulation areas and specific
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ways of placing equipment, energy-use targets may constrain the extent of
glazing areas, noise requirements may define 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 beneficial orientation in favour
of a specific 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 affect room size and posi-
tion, as well as fagade 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. This 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 different room design variables investigated in this thesis,
GEFR (geometry) and VSC (urban density) were shown to affect compli-
ance most significantly (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 different daylight metrics, both static and climate-based
ones (Paper III). Therefore, 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 first, which would al-
low a definition 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 affect 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). The minimum required GFR ratio could be dif-
ferent per room in a building, based on the VSC or other fagade metric
obtained for each room.

In this thesis, apartments were considered as consisting of individual
rooms, with easily identifiable functions per space, namely the kitchen,
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living room, bedroom, and dining room. The 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 find-
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 facade for all rooms, whereas dining rooms are the opposite,
always placed in close proximity to the fagade to ensure views out. This
is also related to the cost-efficiency of minimising plumbing installations
when wet rooms are closer together. Placing kitchens deeper effectively
makes them indirectly lit rooms, in many cases located 6 m or even further
away from the window. This is unfortunate, as many people today may
spend their time in the kitchen to prepare meals after returning from work,
so are affected by the conditions in this room when it is still daytime.

As elaborated in Paper V1, 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). The findings of this thesis and the aforementioned
study are in conflict with the proposal made by the Rules Modernization
Committee in December 2019 (KFMB, 2019a), which suggested that
kitchens should be excluded from daylight evaluations. This decision
reminds the author of a Greek proverb that is used to criticize inefficient
medical practice, with a tone of irony: “If the hand hurts, cut the hand”. In
this author’s opinion, this proposal reflects the pressure from developers to
build more cost-effectively, as it would allow them to build more compact
buildings, with less fagade area per built volume, fewer windows, and more
apartments per stairwell. Moreover, the argument that the current Swedish
criteria are difficult to comply with is not supported by the findings of this
thesis. When a large sample of individual rooms (n = 10888) was tested
against five different daylight criteria (used in other countries or stipulated
by international certification 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 sufficient access
to daylight, which can prevent health problems arising from living in
dim spaces. To define 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 affecting 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 affect 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.c. a
demarcation on the metric scale that determines whether a room (or other
space) passes or qualifies. Demarking the scale on a specific threshold value
should be based on scientific research showing what light conditions are
proven to provide a healthy environment and to satisfy occupants.

Thirdly, there is a necessity for simplicity, i.e. a necessity for a criterion
to be clear, testable in a reasonable time, and not difficult 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 sufficiently 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 financial 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 find it hard to build
cost-effectively if they cannot accommodate sufficient apartments within
a given plot. Therefore, 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. The findings 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 affect compliance substantially. The first alternative has the benefit of
being simpler, and could supersede the current GFR-method. The 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. The 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 affect 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. The extent of such tar-
get values would also need to factor financial aspects and more components
of building regulations. The 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 finding 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. Christoffersen (Mardaljevic and Christoffersen, 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).

There is no doubt that standard EN-17037 is methodologically more
advanced compared to the current Swedish regulation. However, it should
be noted that compliance verification is about testing whether a design
exceeds a minimum level of illumination, not an ideal level of illumina-
tion. The 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. The
difficulty 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 I1I
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

The disagreement between the two EN-17037 calculation methods pre-
sented in Paper I1I is a good example of the difference between static and
climate-based metrics. The two methods use the same set of assumptions,
except for sky conditions. The “illuminance levels” method (EN17037-IL)
was clearly shown to yield higher compliance rates compared to the “day-
light factor” method (EN7037-DF). This 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. The significant 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 sufficiently 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 different 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. The 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

This research focused on the state of compliance of multi-dwelling build-
ings, the factors affecting compliance, and how different criteria affect 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 densification significantly
affects 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 densification is ongoing in Sweden and elsewhere, formulating such
criteria is imperative. These 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. The results show that buildings
constructed during this period significantly underperformed in terms of
daylight availability compared to their predecessors.

This thesis also emphasises the need to modernise current regulations.
The 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-floor 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 benefits 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 I'T 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 significantly affect electric lighting use according
to occupant responses, which indicates that future daylight assessments
should account for all different hours of the day, i.e. for the effect of the
sun path relative to the building facade. A pronounced difference 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. The 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 different
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 flexibility and its potential to allow for economic
profitability 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 difficulty in meeting daylight requirements
in new constructions has already been voiced, and a proposal to exclude
kitchens from evaluations has been filed; the latter contradicts the findings
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 scientific research, but
the final (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

The suitability of the presented UDI criterion for compliance assessments
could be further researched/investigated. The survey results indicate that
the semantic differential 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 fagade measurements. The two variables that most
substantially affect compliance, namely Glass-to-Floor Ratio and Vertical
Sky Component, could be embedded in a simplified 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 identified 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 fagade openings needed to
adequately illuminate these areas could be calculated based on rules-of-
thumb or simplified equations.

Future research could benefit from the data collected during this re-
search. An extensive amount of room geometry and surface reflectance
values were collected as part of the methodological requirements of this
thesis. In Paper I, the reader can find typical dimensions of residential
spaces, which can be used as reasonable assumptions for early-design and
simulation input data. Paper IV presents measured light reflectance values
for walls, floors 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
simplified equations at the urban scale to ensure that urban densification
does not result in diminished environmental quality for urban dwellers.
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Summary

This thesis focuses on the daylight performance of Swedish apartment
blocks. It presents the parameters affecting indoor daylight levels, it as-
sesses whether daylight provision is adequately regulated, and it examines
occupants’ responses regarding daylight conditions in their dwellings. Asa
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.

The 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

The 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 defined 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 quantified 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 quantified daylight criteria in 1975
were shown to perform worse than the ones erected prior to that year.
This is an indication that quantified 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. This observation leads to the
proposal of instigating early-design compliance testing criteria at the urban
scale. Among different characteristics of residential rooms, the amount of
facade glazing relative to floor area, and the amount of sky visible from
windows were shown to be the most influential parameters of indoor
daylight levels.

The importance of criterion choice in order to judge whether spaces are
adequately daylit or not was also assessed. The 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. Significant compliance similari-
ties were found between the current criterion and a UDI-based criterion.

Inhabitants’ response regarding daylighting
and electric lighting use

Three 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. This finding illustrates the need for daylight criteria that
account for sun position. Thirdly, it seems that there is an agreement
among occupants on which rooms are prioritized in terms of daylight.
The 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. This information could be considered in future
regulations that wish to differentiate between room types.

Opverall, this thesis demonstrates the importance of urban planning
for daylighting, the implications of using different 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 specific preferences
regarding the illumination of their apartments.
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Sammanfattning

Denna avhandling fokuserar pa dagsljusprestanda for svenska flerbostad-
shus. Den presenterar parametrarna som paverkar dagsljusnivaerna inom-
hus, den utvirderar om dagsljusférsérjning ir tillrickligt reglerad och den
undersoker boendes svar avseende dagsljusforhallanden i deras bostider.
Arbetet som presenteras i avhandlingen bidrar med kunskap och stdd for
utveckling av mer limpliga dagsljuskriterier for bostadsutrymmen, som
politiker och andra beslutsfattare kan 6verviga i deras strivan att forbit-
tra byggregler.

Avhandlingens huvudsakliga resultat kan sammanfattas i tre huvudte-
man; 1) begrinsningar i gillande svenska byggreglers kriterier for dagsljus,
2) bestimmande faktorer for att uppfylla byggregler f6r dagsljus och
overviganden for framtida forordningar och 3) boendes svar avseende
dagsljus och anvindning av elektrisk belysning.

Begransningar i gallande svenska
byggreglers kriterier fér dagsljus

Formuleringen av de gillande tva dagsljuskriterierna i byggregler ir inte
optimal pd grund av tre begrinsningar: 1) sittet att utvirdera dagsljus ir
inte klart definierat for alla typer av utrymmen, 2) omgivande byggnaders
skugga beaktas inte alltid, och 3) solens position beaktas inte.

En annat 6vervigande 4r kopplat till den regulatoriska hierarkin som
kinnetecknar bygglagen. I Sverige 4r vissa delar av bygglagen obligator-
iska, medan andra delar, inklusive kvantifierade dagsljuskriterier, endast
anges som allminna rekommendationer som inte ir juridiskt bindande.
Vid utvirderingen av byggnaderna i denna avhandling framkom ironiskt
nog att byggnaderna som uppforts efter inférandet av kvantifierade dag-
sljuskriterier 1975 hade simre resultat in de som byggts dessférinnan.
Detta dr en indikation pa att kriterierna for kvantifierat dagsljus méste vara
obligatoriska krav om de ska foljas, pd samma sitt som kraven avseende
energi ar utformade i nuldget.
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Bestammande faktorer for att uppfylla
byggregler f6r dagsljus och dévervaganden
for framtida férordningar

Fortitning i den byggda miljon visade sig blockera dagsljus oberoende av
lagenhetens design, vilket indikerar att dagsljusforsorjningen i férsta hand
ir beroende av den yttre miljon. Denna iakttagelse foranleder forslaget att
ha testningskriterier i ett tidigt designskede pa stadsniva. Bland de olika
egenskaperna hos bostadsrum visade sig mingden fénsteryta i fasaden i
forhallande till golvyta och mangden himmel som &r synlig fran fonster
vara de mest inflytelserika parametrarna fér dagsljusnivaer inomhus.

Betydelsen av utvalda kriterier for att utvirdera om utrymmen har till-
rickligt dagsljus eller inte bedomdes ocksi. Det nuvarande svenska kriteriet
visade sig vara det enklaste att uppfylla jimfort med andra kriterier. Vid en
overging till ett mer avancerat dagljuskriterium kan metoden UDI (Use-
ful Daylight Illuminance) 6vervigas. Metoden ir Gverligsen nuvarande
reglering eftersom den 4ven tar hinsyn till byggnadens riktning och sol-
ljus samt kan anvindas tillsammans med utvirderingar av virmekomfort.
Betydelsefulla likheter aterfanns mellan det nuvarande kriteriet och ett
UDI-baserat kriterium.

Boendes svar avseende dagsljus och
anvandning av elektrisk belysning

Tre viktiga 6verviganden framkom och kan sammanfattas efter en under-
sokning om ligenheters dagsljus. For det férsta dr hogre nivaer av dagsljus
forknippade med mindre frekvent anvindning av elekerisk belysning. For
det andra 4r rummens riktning en nyckelfaktor for att minska anvind-
ningen av elektrisk belysning. Boende rapporterade mindre anvindning
dagtid av belysning i rum som vetter mot vister, vilket kan forklaras av
boendes anvindningsménster dvs.

minniskor atervinder hem nir solen star i vister. Detta resultat illus-
trerar behovet av dagsljuskriterier som tar hinsyn till solens lige. For det
tredje verkar det som om boende 4r 6verens om vilka rum som prioriteras
ndr det giller dagsljus. Majoriteten av de tillfrigade valde sovrummet som
det rum de frimst skulle tolerera som underbelyst. Diremot skulle mycket
fd boende vilja att ha kok eller vardagsrum som det mérkaste rummet i
lagenheten. Denna information kan beaktas vid framtida reglering som
onskar skilja mellan rumstyper.
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Sammantaget demonstrerar denna avhandling vikten av stadsplanering
for dagsljus, konsekvenserna av att anvinda olika design for tillgingligheten
av dagsljus, behovet av korrekt och vilformulerad reglering samt noggrann
plan kring efterlevnads granskning, sambandet mellan tillgingligt dagsljus
och anvindning av elektrisk belysning, samt att boende har specifika
preferenser nir det giller upplysning av deras ligenheter.
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Errata

Errata

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

Location

Error

Correction

Paper 11, page 259, section
3.1, second paragraph

The cortesponding
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 11, 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 11, 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 1V, 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 (lefty and Bvs L, N =6

(right).
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ARTICLE INFO ABSTRACT

Keywords: Daylight availability for buildings has been an integral part of architecture since ancient times, yet for the vast

Dﬂ)fllghl majority of countries, criteria for daylight provision were not normative until the 20th century. This article

§°I‘FY examines the case of Sweden, where the term “daylight™ first appeared in regulations in 1960, and assesses the
eview

daylight compliance of multi-dwelling buildings before and after that, in the timespan between 1920 and 2000.
Firstly, the study evaluates whether the introduction of daylight criteria improved building performance. Sec-
ondly, the two current assessment methods are compared, as a disagreement was expected given that one method
is formulated based on the glass-to-floor ratio scheme (GFR-method) while the other on a daylight factor scheme
(DFp). Thirdly, the applicability and limitations of each method are evaluated. Results indicate that dwellings
built following the introduction of daylight criteria do not necessarily outperform their predecessors. With
respect to assessment methods, it was shown that the GFR-method is of limited applicability due to geometric
constraints stipulated in its formulation, primarily due to the violation of the fenestration width condition. When
comparing methods, the GFR-method yielded higher compliance compared to DFp, but only marginally. Even-
tually, the study highlights methodological flaws in the formulation of each criterion. Overall, the work con-
tributes to knowledge supporting the development of daylight requirements for residential spaces. It provides
background information suitable for planners and policy makers in their endeavors to define daylight perfor-

Residential
Building regulations

mance criteria.

1. Introduction

Daylight admission for room interiors has always been a goal of
architectural practice despite not being stipulated by formal policy
explicitly until the 20th century. Formulating universal design criteria
for use by practitioners of architecture has proven to be a difficult task,
due to the intrinsic nature of daylight, and due to what has previously
been a limited capacity to predict illumination accurately via simulation
tools. In addition, there has been no consensus as to the way that a
daylighting standard should be formulated [1-5]. Relevant literature [6,
71 suggests that daylight legislation has been based historically on either
one of the following: i) based on access to sunlight (solar zoning), ii)
based on window size and iii) based on quantity of illumination. The
first type of legislation stipulates that particular parts of buildings
should have access to direct sunlight for an adequate length of time. The
second type, which is found in building codes most often [8], requires
that rooms are equipped with large enough window openings, the
window area used as a proxy of actual indoor illumination. The third
type, which is currently making its way to international standards,

E-mail address: iason.bournas@ebd.Ith.se.

https://doi.org/10.1016/j.buildenv.2021.107594

certification systems and national building codes, relates to minimum
indoor illuminance levels, i.e. it refers to measurements (or predictions)
of luminous flux. During the course of the 20th century, Sweden has
formally stipulated daylight criteria of the second and third type.
Swedish building codes did not account for provision of daylight
illumination per se until 1975, yet there were eras in the 20th century
when residential rooms were provided with large fenestration areas, and
spacing between buildings was considered [9,10]. This indicates an
intention to provide natural illumination prior to the introduction of
explicit daylight criteria. Formal criteria were initially developed as a
counter-policy to the energy regulations following the 1973 oil crisis.
Since windows constitute the weakest thermal barrier of the building
envelope, these energy regulations effectively constrained fenestration
sizes as a means to reduce the heating demand. This deemed daylight
design rules necessary to prevent large reductions of fenestration, to
ensure that natural illumination is preserved. However, despite their
introduction, quantified daylight criteria in Sweden were always stated
as “general recommendations”. General recommendations are lower in
the Swedish regulatory hierarchy, and they are not legally binding [11].
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They state what can be done to meet “mandatory provisions”, which in
turn are qualitative. For instance, the current mandatory provision
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 [12]. To achieve this, the general
recommendation given is either to ensure a minimum room
glass-to-floor ratio of 10% (GFR-method criterion) or to meet a daylight
factor threshold of 1% on a specific point in the room (DFp criterion).
The GFR-method in particular is only applicable if certain room geom-
etry conditions are met; if not, the DFp assessment should be used. There
are three reasonable assumptions that can be deducted from the afore-
mentioned. Firstly, it is not necessary that all rooms built after 1975
were designed as per the quantified criteria, since the latter were rec-
ommendations, not normative. Secondly, the glass-to-floor ratio crite-
rion may not always be applicable, since certain rooms may not meet the
geometry conditions it stipulates. Thirdly, the two criteria may not agree
for all room cases, since they are formulated differently. This paper aims
to evaluate the validity of these three assumptions. In addition, it aims to
highlight inherent limitations of each criterion.

1.1. Objective

The paper begins with a review of Swedish building regulations,
focusing on daylight criteria. To this end, all norms issued since the term
“daylight” was first mentioned in 1960 were examined. Relevant sec-
tions and formulations were extracted from each norm to synthesize a
timeline of daylight regulation. Subsequently, the daylight compliance
of a representative sample of multi-dwelling rooms (n = 10888) was
assessed according to the DFp and GFR-method criteria. Linked to the
daylight compliance of these rooms, three hypotheses were examined.
Firstly, it was hypothesized that the introduction of daylight criteria
improved the daylight performance of buildings historically. To this
end, the era of regulation (post 1975) was compared to three previous
eras of the 20th century in terms of compliance. Secondly, it was hy-
pothesized that the GFR-method is not applicable as an assessment
method for all analyzed rooms. To evaluate this, all rooms were char-
acterized geometrically to test whether they violate the geometry con-
ditions stipulated by the GFR-method. Thirdly, for those rooms that the
GFR-method was applicable, it was hypothesized that the two criteria
would not always yield the same compliance [pass or fail]. This stems
from the fact that the GFR-method is based on geometry measures, while
DFp is based on a daylight factor measure. As a final part, the study aims
to highlight methodological flaws in the formulation of each criterion,
which may reveal the need for new criteria today.

2. Review of Swedish daylight regulation

The daylight regulatory framework for Swedish residential spaces
started to develop in 1960s, but became more specific in 1975 as a
counter-policy to the energy regulations following the 1973 oil crisis.
The following paragraphs describe the evolution of daylight criteria in
Swedish building codes over time. Fig. 1 illustrates when different
criteria came into force.

2.1. First mention of “daylight”, hygiene prioritized

The term “daylight” was first mentioned in regulations in building
code BABS 1960 [13], which constituted an attempt to obtain uniform
regulations across Sweden, as opposed to previous local regulations [14].
Under section 57:2 “General facilities of staff rooms™ and in subsection
57:26 “Window”, it is mentioned: 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. This mention however cannot be regarded as a strong intent to
ensure daylight availability. It was more an intent to ensure hygiene in
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Fig. 1. Evolution of Swedish daylight criteria for residential spaces. DFp: Point
Daylight Factor, Agjasst Glazing area, Agoo: Room floor area, o°: Glazing
obstruction angle.

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 fur-
nished 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. There was therefore no
imperative need to define daylight design rules yet, not until the next
decade.

The following building code SBN-67 [15] that came into force in
1968 included no mention of the term “daylight”. The Swedish National
Board of Housing, Building and Planning (BOVERKET [16]), which is-
sues building regulations today, describes the main aim of this code as to
design the regulations as functional requirements and to coordinate all reg-
ulations relating to house construction [14]. The absence of a daylight
mention can be attributed to the fact that this code included more details
with respect to ventilation hygienic flows for utility rooms, which
effectively meant that windows for air intake were not an absolute ne-
cessity anymore. Relevant literature suggests that indeed this code
prioritized building services and technical solutions for hygiene [17].
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 urbanization and rapidly growing
demand for housing. It was characterized by historically high rates of
new residential constructions (“Record Years”), and the famous Million
Homes Programme [18].

2.2. Energy crisis and the formulation of quantified daylight criteria

The first formulation of a quantified daylight criterion was made in
1976, with code SBN-75 [19]. 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, 1 m from the
darkest lateral wall, 0.8 m above floor level (DFp > 1%). Fig. 2a shows the
location of the DFp point in a room. The criterion was set for residential
rooms, such as living rooms, bedrooms and kitchens, as well as children’s
playrooms. Interestingly, another section referring to thermal insulation
(section 33:2) stated that the window area is determined with regard to the
requirement for good energy use, however taking into account the re-
quirements for daylight in Chapter 38. The latter confirms that daylight
was initially regulated to avoid dramatic reductions of fenestration to
meet energy requirements. These regulations notwithstanding, Marsh
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 [20]. Sweden in
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obstruction angle measure and d) geometry conditions for the GFR-method applicability. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

particular subsidized energy saving measures in the residential sector in
a large scale between 1974 and 1983 [21]. Considering the focus on
reducing space heating, it can be inferred that inserting a quantified
daylight 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 code SBN-75, practitioners were instructed to calculate
DFp as per the Daylight Factor calculation method provided by Fritzell
and Lofberg [22], which involved the use of a daylight protractor [23].
The Daylight Factor metric used by the authors was earlier defined and
documented in the United Kingdom in 1963 by Hopkinson [24]. In fact,
Fritzell and Lofberg stated that their work was a translation and adap-
tation of the book “Daylighting” by Hopkinson et al. [25], published in
1966. Due to the complexity associated with using a protractor for cal-
culations, the following code SBN 1980 [26] introduced an alternative
method to predict daylight availability, which was based on the room
glass-to-floor ratio (GFR-method). This method was described in Chap-
ter 38:1 K of a complementary report “Kommentarer till Svensk
Byggnorm” (English: Comments on Swedish Building Code [27]), which
included clarifications to SBN-80. It assumed that this minimum window
glazing area has a commensurate effect on illumination as a DFp > 1%.
The method stipulated that the minimum glazing area should be equal to
the product of the room floor area and a factor f ranging between 0.07
and 0.13 (Aglass > f - Aroom) depending on the glazing obstruction angle
o’ (see Fig. 2c for the definition of obstruction angle). This assessment
method effectively stipulated minimum glazing areas between 7% and
13% of the room floor area, depending on surroundings. If a balcony
obstructed the facade, the considered room floor area would have to
include the balcony area adjacent to the fagade. The method was
applicable only under specific conditions pertaining to room depth,
width and height, and glazing width and height (Fig. 2b, ¢ & 2d). It was
also not valid for obstruction angles higher than 30°. For rooms violating
these conditions, the DFp method were to be used instead, aiming for a
DFp > 1%, calculated using a daylight protractor as per Fritzell and
Lofberg [22].

2.3. Simplification of criteria and deregulation

In the years following 1982, energy regulations progressed,
demanding ever-lower heating demands for residences, while daylight
criteria lagged behind. In 1989, code BFS 1988:18 [28] simplified the
GFR-method calculation by replacing factor f with a constant, i.e. it
removed the sensitivity to surrounding obstructions. The new code

simply stipulated that the glazing area would have to be no less than
10% of the room floor area (Aglass > 10% - Aroom), a glass-to-floor ratio
that is commonly used in national codes [8]. The 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. This
simplified GFR-method was regulated at a time when Stockholm made a
crucial transition in urban planning: the shift from expansion to densi-
fication [29]. 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 it is shown in section 4.2.1. As before, if a room violated any
geometry condition (Fig. 2d), practitioners would have to calculate DFp
according to standard $5914201 [30]. The DFp calculation method was
the one introduced in 1975 (using daylight protractors), and it seems it
did not find acceptance among practitioners. From 1995 [31] until 2014
[32], the quantified DFp > 1% criterion was completely removed from
building 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. Effectively, the Aglass > 10% - Argom Was the only
devised daylight criterion until 2014, not applicable unless geometric
conditions were met, and not legally binding.

2.4. Revival of DFp criterion and current state

When code BFS 2014:3 [32] came into force, the DFp > 1% criterion
was re-instated, as advances in computation made it easier for practi-
tioners 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 modernizing the DFp criterion
[17]. On the other hand, building developers voiced their concerns
regarding potential design constraints stemming from daylight re-
quirements, threatening the profitability of their investments. Re-
searchers suggest that a suitable criterion for large-scale application
needs to satisfy both technical and economic aspects [4,33]. The current
state in Sweden points towards some degree of compromise between the
two. It seems that the technical aspects will be satisfied by adopting a
method closer to European Standard EN17037 [34], which is considered
by the Swedish National Board of Housing, Building and Planning as
being superior to the DFp calculation method. As for the financial aspect,
it seems it will be satisfied by excluding spaces from evaluations, for
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instance the kitchen space, as recently proposed by the Building Rules
Modernization Committee [35]. The motivation for this exemption was
that in many apartments it is not possible to have a window for all
rooms, and that social spaces (e.g. living room, dining room) and bed-
rooms should be prioritized in terms of fenestration and views-out, and
consequently in terms of daylight [36]. The proposal report of the
Building Rules Modernization Committee also referred to a study of the
construction industry’s research and development organization SBUF
[37], which stated that deviations from current criteria, including
daylight criteria, could lead to accommodating 40% more apartments in
a residential area [38]. According to the government, this committee
was appointed in 2017 to modernize the regulations and thereby promote
increased competition and increased housing construction without compro-
mising health, safety, quality of design, a good living environment and
long-term sustainable construction [39].

3. Methodology

This section describes the methods used to evaluate the effect of
regulation on building daylight performance historically, and to assess
the usability and reliability of the criteria currently in force. The
following subsections provide details on i) the type of multi-dwelling
buildings assessed for daylight compliance, ii) the distinct eras of the
20th century that were compared, and iii) the methods used to analyse
data.

3.1. Selected developments

3.1.1. Location and urban density

The study included a sample of diverse multi-dwelling building
blocks, located in urban areas of the central and metropolitan region of
Stockholm. According to definition, multi-dwelling buildings comprise
at least three apartments. In Sweden, they are the most common type of
residence [40], and the most common building type used in new con-
struction annually since 1985 [41]. The developments were selected
according to construction year and building typology in order to acquire
a representative sample, as described in the following section. Overall,
25 residential developments were included, comprising 54 buildings
with 3151 apartments, making for 10888 individual rooms. Fig. 3a
shows the locations of developments (n = 25, codes A - Y). Following the
current building code, only rooms “where people are present other than
occasionally” were considered. The rooms included: i) kitchens (K: n =
3025), ii) living rooms (L: n = 2879), iii) bedrooms (B: n = 3792) and iv)
dining rooms (D: n = 1192).

To evaluate the effect of surrounding obstructions on daylight
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|
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performance, the urban density [m3/m?] indicator was calculated per
development. For a given building, urban density is calculated as the
volume of surrounding buildings divided by the land area they occupy,
in a specific radius from the evaluated building. This indicator is used to
quantify urban density and has been shown to associate strongly with
irradiation on building facades [42]. The considered area is shown in
Fig. 3b for development X, where the blue polyline is the planar convex
hull of the endpoints of the footprint outline (black points), shown
indicatively on the top left of figure. A convex hull for a set of points S in
the Euclidean space is the smallest convex set containing S [43], i.e. the
smallest-area polyline that is convex and contains the development.
Surroundings were considered within a 250 m offset of the convex hull
(dark grey footprints in Fig. 3b).

3.1.2. Typology of selected building blocks

The evaluated developments were selected to represent eight block
typologies commonly adopted in Swedish urban planning history, as
categorized by Hall and Rorby [29], and by Radberg and Friberg [44].
Fig. 4 illustrates all included developments (A - Y), with information on
typology (1-8), number of rooms and construction year. The construc-
tion year was also considered in the sample selection process. In
particular, the number of selected apartments per decade was propor-
tional to the number of apartments constructed during each decade.
Characteristics of typologies are described briefly below. Numbering
(1-8) corresponds to the numbering in Fig. 4, and development codes
are given for each typology:

-

. Low-rise towers (“ldga punkthusgrupper”) — A, O, U: These buildings
have a concentrated plan, typically comprising four apartment units
around a central stairwell. They usually reach up to four stories in
height, with corner rooms usually being double-aspect.

High-rise towers (“hoga punkthusgrupper”) — G, H, M: Their plan is
similar to that of Low-rise towers, and the height can reach up to 16
stories. They were developed mainly in suburbs, as a means to house
multiple tenants all while retaining adequate daylight and ventila-
tion. They represented the modernist ideal image of the “house in the
park” [44].

High + Low combination - C, T, V: Paired buildings, used to extract the
advantages of both a tower and a narrow type. The low part could
provide sufficient ventilation and daylight for most rooms due to its
limited width, which was costly in terms of apartments per stairwell.
The high part contributed most apartments, and provided a dramatic
elevation profile.

High-rise elongated (Swedish: skivhusgrupper) — F, J, N, S: Buildings
that are at least 50 m long, typically comprising three to four

I
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Fig. 3. a) Location of developments on the map and b) extent of accounted surroundings shown for development X (Map data: Google, with additional information).
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Mumber of rooms
Typaiogy

Fig. 4. Timeline including aerial views of selected developments (A-Y), with corresponding construction years, numbers of rooms and typology categories. The
dashed lines intersecting the timeline divide it into four eras that are compared in terms of daylight performance and are described in detail in section 3.2. (Images:

Google, with additional information).

stairwells. They were adopted mainly after 1960, when prefabrica-
tion became common, to accommodate a high number of apart-
ments. To this end, they can be considered successors of the High-rise
towers.
. Exterior circulation (Swedish: loftgdnghus) — D, K, R: They were
typically used under the Million Homes Programme [18] between
1965 and 1974. They are equipped with a long shared external
corridor that provides entrance to individual apartments, thus
reducing the number of elevator costs per apartment.
Semi-open courtyard — B, E, X: They were built primarily in the sub-
urbs, between 1940 and 1960, were typically no higher than three
stories, and could be as narrow as 8 m. Their module is the linear
narrow building of the 1930s, but now arrayed in formations that
create semi-open, private courtyards.
Large courtyard — L, P, Q: They emerged after the 1907 Town Plan-
ning Act [45], which effectively banned the previous practice of
constructing building rows within courtyards, thus made way for
large empty courtyards. They were commonly adopted in metro-
politan inner parts as a “reform”, manifested with a visually uniform
building, which surrounded a large, park-like, inner courtyard [29].
Post-modern reforms — I, W, Y: They are the result of the intent after
1975 to adopt older block types (prior to 1930, Large courtyard
blocks), but with a more blurred limit between the street and the
private courtyard, and with increased building height.

o

o

N

®

3.2. Distinct periods (eras) of the 20th century

The evaluated buildings were grouped intuitively into four periods

(eras) according to urban planning history and daylight regulation
during the 20th century. Fig. 5 shows a timeline including these eras,
and the daylight regulation in effect during each one. These eras were
compared to evaluate whether the introduction of daylight regulations
affected the performance of buildings historically:

=

The first era (until 1930) was characterized by inner city building
blocks following the 1907 Town Planning Act; it is represented by
Large courtyard buildings in this study.

The second era (1930-1961) was characterized by functionalist ar-
chitecture, urban 1 and the devel of suburbs. It is
represented by typologies Low-rise towers, High-rise towers, Semi-open
courtyards and High + Low combinations.

The third era (1961-1975) is known as the “Record Years”. It is
characterized by a historically high rate of new building construc-
tions, which included the large-scale developments of the Million
Homes Program. Typologies during this era included Low-rise Towers,
High + Low combinations, High-rise Elongated and Exterior circulation.

N

w

No daylight evaluation criteria were effective during the three
aforementioned eras.

4. The fourth era (1975-2000) corresponds to the final quarter of the
century, which followed the 1973 oil crisis and saw a high degree of
energy policy for buildings, as well as a shift towards urban densifica-
tion. It is represented in this study primarily by Post-modern reforms, and
by one Exterior circulation typology. This is the only period during which
daylight criteria were present in the building code.

Era undil 1930 1920 - 1961 1951 - 1975 1975 - 2000
N § FUNCTIONALISM = RECOAD YEARS t4 DENSIFICATION
PLANNING ACT 2 &
est. 1907 b L [¥e:
| J | ' | ' | ' | ' 1 ! | T | ¥
Tima ynars) 1930 1640 1950 1960 1970 1860 1980
! mociron” | DOF, a1 % e DF1 % b
Dright regulasian e cirion I | e At Az0TA
- . ! ! -
st menton 1573 o crisis

daragulstion
A DA

Fig. 5. The four distinct eras and daylight regulation timeline. *There was actually no quantified criterion in force during era “1961-1975", only a general mention

on daylight provision in staff rooms.
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3.3. Applicability of the GFR-method

As stated previously, practitioners are given two alternatives for
assessing daylight compliance (DFp and GFR-method). However, if the
GFR-method is not applicable due to violations of the conditions in
Fig. 2d, the DFp assessment should be used. The study assessed the
probability that the GFR-method is applicable (applicability) in different
groups of rooms. The applicability was calculated as the percentage of
GFR-method compatible rooms in a given group (e.g. percentage of
compatible kitchens). To evaluate which geometry condition is violated
more often, the geometric measures stated in Fig. 2d were considered
separately, counting the compatible rooms per condition.

3.4. Compliance rates

Each room was tested for compliance with both criteria, namely: i)
DFp > 1% and ii) GFR >10%. Data were further processed to acquire
compliance rates of specific groups, i.e. percentage of compliant rooms
within these groups. These groups included i) function groups (K, L, B,
D), ii) era groups (“until 1930”7, “1930-19617, “1961-1975",
“1975-2000") and iii) regulation groups (unregulated rooms (pre 1975),
regulated rooms (post 1975)).

3.5. Data analysis

Table 1 includes a summary of the statistical tests used, the corre-
sponding groups and calculated statistics per test. The following sub-
sections describe the assumptions for each test.

3.5.1. Chi-square test of independence

To test whether room DFp compliance [0 = fail, 1 = pass] is asso-
ciated with room function or era, Chi-square tests of independence were
used. The Chi-square test of independence analyzes group differences (e.
g. kitchens vs living rooms) when the dependent variable is measured at
the nominal level (e.g. compliance = 0 or 1), and the groups are inde-
pendent. It is robust with respect to data distribution, and does not
require equal variances or homoscedasticity. It is applied on a contin-
gency table, in this study a 2 x 2 table. The test only assesses the sig-
nificance of the difference between the groups, i.e. assesses whether a
difference exists, not how large it is. The magnitude of the difference
must be assessed by a strength statistic [46]. The appropriate strength
statistic is Cramer’s V [47], which ranges from 0 if the groups are in-
dependent of the variable (e.g. if room function is not predictive of
compliance), to 1, if the groups are perfectly predictive of the variable
(e.g. if room function is predictive of compliance). According to Cohen
[48], a Cramer’s V that is equal to 0.1, 0.3 or 0.5 corresponds to a weak,
medium or large effect respectively (for a 2 x 2 contingency table). In
this study, differences with Cramer’s V values higher than 0.3 were
considered of meaningful magnitude.
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3.5.2. McNemar'’s test

To test whether the choice of assessment method (DFp or GFR-
method) affects compliance [0 or 1] of rooms, the McNemar’s test was
deployed. The McNemar test can be used to compare binary nominal
variables (e.g. compliance = 0 or 1) between paired groups (e.g. DFp
compliance vs GFR-method compliance), and is suitable for non-
parametric data [49]. The test statistic is calculated based only on the
number of pairs with different compliance (discordant pairs), for
instance, a discordant pair of compliances for a room could be “DFp
compliance = 0, GFR-method compliance = 1”. Rooms with the same
compliance (1 = 1 or 0 = 0, concordant pairs) are not considered for the
calculation of the test significance (p-value). Since McNemar’s test only
assesses significance, the Odds Ratio (OR) must be calculated to assess
effect size [50], in this case, how large is the effect of method choice on
compliance. An OR that is significantly higher than 1 provides evidence
that there is a substantial effect, measured by the size of the OR. To
assess that OR is significantly higher than 1, the 95% Confidence In-
terval (CI) of the OR value must be constructed [50], and it should not
include 1. Therefore, an effect was considered meaningful for an Odds
Ratio greater than 1 and a 95% CI that did not include 1.

3.5.3. Mann-Whitney U test

The distribution of DFp [%] was compared between regulated rooms
(post 1975) and unregulated rooms (pre 1975) using a Mann-Whitney U
test, to evaluate whether the introduction of daylight criteria improved
daylight performance historically. By definition, the Mann-Whitney U
statistic estimates the probability that a random score from one sample
(e.g. a random DFp value among regulated rooms) exceeds a random
score in a second sample (e.g. exceeds a random DFp value among un-
regulated rooms) [51]. The test was appropriate here as i) DFp was not
normally distributed across rooms of each group, ii) the compared
groups were independent (i.e. no room was included in both groups),
and iii) there were DFp outliers in the distributions of both groups. Re-
sults were considered significant when p < 0.05. The test assesses sig-
nificance, and has to be complemented by an effect size calculation to
assess the magnitude of the effect (e.g. the effect of regulation on DFp
distribution). For the Mann-Whitney U test, the appropriate effect size is
Cohen’s r [52]. Cohen suggests that an effect size r equal to 0.1, 0.3 or
0.5 indicates a small, medium or large effect respectively [48]. One
group was considered to have substantially higher DFp values compared
to the other when r was higher than 0.3.

3.5.4. Spearman Rank correlation

The Spearman Rank correlation coefficient rs was used to measure
the strength of association between DFp and GFR across a sample of
rooms where the GFR-method was applicable, to evaluate the agreement
between the two assessment methods. The variables where not normally
distributed, which is why rg was preferred, as it is more robust in cases of
heavy-tailed distributions or when outliers are present [53]. The statistic
can be interpreted according to the three-tier categorization suggested
by Cohen [48], where the effect is considered small, medium or large for

Summary of statistical tests used to compare daylight compliance between different groups of rooms, including the effect size per test, the size (n) of each group and the

variable evaluated.

Test Effect size Groups n Variable
Chi-Square test of independence Cramer’s V until 1930 3025 DFp compliance [0 or 1]
1930-1961 2879
1961-1975 3792
1975-2000 1192
K, L, B, D per era see Table 2 DF; compliance [0 or 1]
McNemar's test 0dds Ratio rooms where GFR-method is applicable 2675 DFp and GFR compliance [0 or 1]
Mann-Whitney U test Cohen’s r regulated rooms 1674 DFp [%]
unregulated rooms 9214
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an absolute value of rs lower than 0.3, between 0.3 and 0.5, and greater
than 0.5 respectively. Associations with r > 0.3 were considered as
meaningful in this study.

4. Results and discussion

This part includes two distinct sections, i) initial findings pertaining
to geometry (section 4.1) and ii) main results (section 4.2). Section 4.1
pertains to derived geometry measures and characteristics per room
function and era. It also includes the evaluation of the GFR-method
applicability. The generation of these data preceded simulations, and
the data serve as complementary information supporting the main
findings presented later on, in section 4.2.

4.1. Initial findings pertaining to geometry

4.1.1. Room measures

Fig. 6 shows the distribution of each geometry measure pertaining to
the GFR-method, per room function K, L, B, D. It is shown that room
height (c), glazing obstruction angle OA (d) and glazing height (f) do not
vary significantly between functions. Living rooms (L) are substantially
deeper (a), wider (c), and equipped with wider fenestration (e),
compared to the rest of the rooms, while kitchens (K) are relatively
narrower (b) and with less wide glazing (e). Dining rooms seem to be
favored for daylight admission more often, as they are the least deep
rooms (a), with less surrounding obstructions (d) compared to the rest of
the functions. Considering that the GFR-method is only applicable under
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certain geometry conditions, it is evident that not all rooms may be
assessed using it, for instance there are cases with obstruction angles
greater than 30°. The applicability of the GFR-method is assessed in the
following section 4.1.2.

Table 2 shows characteristics of rooms per era and function,
including quartiles Q1, Q2 and Q3 for GFR and OA. In cases of multiple
windows, GFR and OA are calculated as weighted averages based on
glazing area. Additionally, Table 2 includes percentages of rooms that
are windowless or have a balcony obstruction, and the urban density
range per era (right-most column). With respect to eras, it is shown that
rooms with larger GFR and fewer obstructions (OA) were primarily
designed in era “1930-1961". For this era, GFR is shown to be greater
than 12% for at least 75% of each room function (Q1), while at least 50%
of rooms (Q2) have OA lower than 5%. Another characteristic of this era
is that its dwellings were built in the least dense zones (0.74-3.68 m®/
m?). Rooms of the following era ("1961-1975”) have relatively low
obstructions (OA lower than “until 1930 or “1975-2000" eras) and
high GFR, but have two characteristics that can deprive them of daylight
admission. Firstly, they include a high amount of windowless rooms
(9.1% of rooms in this era). Secondly, 32% of the rooms in this era are
obstructed by a balcony, which includes all room functions, mainly due
to the adoption of Exterior circulation typologies (section 3.1.2). Eras
“until 1930” and “1975-2000" include buildings in the most densified
urban zones, and have consequently rooms that are obstructed to a
higher degree (Q2 for OA in these two eras is substantially higher). Also
contributing to obstructed windows for the rooms of these eras is the
courtyard block type (Fig. 4, typology 7), which results in self-shading.
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Fig. 6. Distribution of geometric measures per room function: Room a) depth, b) width, c) height, glazing d) obstruction angle, e) width and f) height. Figures (a), (b)
and (c) include all evaluated rooms (n = 10888). Figures (d), (e) and (f) include only fenestrated rooms (n = 10212). *In cases of rooms with multiple windows, the
largest obstruction angle and width are reported here. **Any glazing area below 0.8 m above floor level is not considered for the calculation of glazing

height (Fig. 2b).
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Room data per function (K, L, B, D) and period (era), including number of rooms, quartiles Q1, Q2 and Q3 for glass-to-floor ratio (GFR) and obstruction angle (OA),
percentage of rooms without fenestration (Windowless), with a balcony obstruction (Balcony), and range of urban density. Quartiles Q1, Q2 and Q3 for GFR and OA are

calculated including only fenestrated rooms.

Era (time period) Room GFR (%)° OA (°) Windowless Balcony Urban density (range, m*/m?)

Function Number Q1 Q2 Q3 Q1 Q2 Q3 0 0
until 1930 K 647 10.6 13.8 15.8 8.9 14.7 24.7 24 1 3.79-5.46

L 492 9.3 13.6 15.2 8.8 14.0 24.1 0 7
B 245 12.2 13.5 15.6 10.3 16.1 26.1 0 0
D 151 17.3 17.9 18.9 10.4 15.5 232 0 0

1930-1961 K 1138 15.1 155 17.0 0.0 45 11.4 16 1 0.74-3.68
L 1159 13.2 17.2 23.4 0.0 4.6 10.8 0 82
B 1329 121 14.2 15.3 0.0 3.9 116 0 20
D 562 23.6 23.9 26.8 0.0 2.9 10.8 0 17

1961-1975 K 806 10.7 135 18.5 4.0 8.7 17.3 38 29 1.55-4.09
L 794 12.7 15.3 18.8 2.1 9.7 18.2 0 20
B 1429 10.9 16.9 22.2 3.3 9.1 18.3 0 44
D 462 135 21.9 33.4 4.3 8.3 14.3 3 22

1975-2000 K 434 12.0 13.3 13.9 6.8 15.4 25.9 1 65 1.68-5.30
L 434 9.1 10.5 13.3 5.6 13.4 225 0 72
B 789 10.6 11.9 14.2 4.9 9.9 17.6 0 12
D 17 11.4 36.5 53.5 0.1 16.7 26.3 71 0

? Glazing area-weighted average GFR or OA in cases of rooms with multiple windows.

With respect to room functions, it is evident that kitchens (K) are more
often placed deeper in the building core as windowless rooms that are
illuminated indirectly by another room (normally by a dining room).
This is true for all eras. Dining rooms have by far the highest GFR (Q2 for
GFR, all eras), which was already implied by the data in Fig. 6. It should
be noted here that in buildings of the latter era (1975 — 2000), dining
was taking place in an area integrated within kitchen rooms, instead of
occupying a distinct room or area away from the kitchen cabinets. The
room function in these case was considered as “kitchen”, which explains
the low number of D (n = 17).

4.1.2. Applicability of GFR-method

Fig. 7 shows the applicability (white) and inapplicability (grey) of
the GFR-method according to each geometry condition, for instance, the
GFR-method is not applicable in 5% of the rooms due to their depth. All
rooms (n = 10888) were included for the room conditions (bars on the
left), while only fenestrated rooms (n = 10212) were considered for the
glazing conditions (bars on the right). It is more common for the GFR-
method to be inapplicable due to violations pertaining to glazing
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Fig. 7. GFR-method applicability according to room geometry conditions (n =
10888, bars on the left) and glazing geometry conditions (n = 10212, bars on
the right).
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geometry. The most commonly violated condition is glazing width (51%
of rooms violate this condition), which should lie between 0.9 and 1.5
m. The second most common cause is room width, which should lie
between 2.5 and 6.0 m. The rest of the conditions are met by the vast
majority of rooms.

Fig. 8 shows the GFR-method applicability per condition, for each
era and function. The values are shaded according to the degree of
applicability, from white (100% applicability) to dark grey (zero
applicability). With respect to eras, it is shown that the conditions for
room and glazing width are normally violated by at least one function.
Overall, the applicability for eras “until 1930”7, “1930-1961" etc. is
27.8%, 25%, 19% and 32.3% respectively, which is very low. Notable
differentiations of eras include the violation of the glazing height con-
dition in era “1930-1961”, and the violation of the obstruction angle
condition in era “1975-2000”, which is in line with the densification
trend during that era. With respect to room functions, it is shown that
kitchens violate the room width condition more often compared to other
functions. These kitchens include narrow elongated rooms (as narrow as
1.1 m corridor kitchenettes). Dining rooms were also narrower than the
minimum allowed 2.5 m width (see Fig. 6b), often positioned in the
same plan grid as the kitchen, hence the relation between kitchen and
dining room applicability in Fig. 8. Another notable finding relates to
living rooms of the latter two eras, which violate the glazing width
condition at a high rate even though they comply with the room width
condition. There were two different causes for this: there were a few
living rooms (8%, considering both eras) with narrow glazed doors
(width < 0.9 m) for accessing balconies, and many living rooms (75%)
with extensive glazing, as previously indicated by Fig. 6.

4.2. Main results

4

. Compliance per era

Fig. 9 illustrates the DFp compliance rate per building, with building
footprints sorted according to construction year. Footprints with darker
tones correspond to buildings with lower compliance rates. The color-
ation indicates that era “1930-1961" outperforms all other eras. This is
in agreement with the preliminary findings, where era “1930-1961" was
shown to include rooms with markedly low obstruction angles and high
GFR (Table 2). What is interesting is that this era precedes the intro-
duction of normative daylight criteria, which first came into force in
1975. The pairwise Chi-square (Table 3) revealed that DFp compliance
during “1930-1961" was significantly higher compared to other eras (p
< 0.001), with the effect size ranging from medium when compared
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Fig. 8. GFR-method applicability according to each geometry condition, per room function per era. Room geometry conditions are tested in all rooms (n = 10888),

while glazing geometry conditions are tested in fenestrated rooms (n = 10212).
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Fig. 9. Building footprints sorted according to construction year and shaded according to DFp compliance rate. Daylight criteria during each period are shown below
the timeline. *During era “1961-1975", there was only a mention on daylight for utility rooms, but no quantified criterion.

Table 3
Cramer’s V for pairwise comparison of DFp compliance [0-1] between eras.
Effect sizes that are medium or higher are shown in bold.

era until 1930 1930-1961 1961-1975 1975-2000
until 1930 - 0.421 0.079 0.068
1930-1961 - 0.349 0.485
1961-1975 - 0.144
1975-2000 -

with era “1961-1975” (Cramer’s V = 0.349), to large when compared
with era “1975-2000" (Cramer’s V = 0.485 =~ 0.5). The overall DFp
compliance rate per era starting from era “until 1930 was 52.2%,
90.3%, 60.7% and 45.4%. This implies that rooms of the latter era,
which is the only one with set criteria, underperform considerably.
Reflecting on the exemplary performance of developments of the
“1930-1961" era, one may consider the cost to pay when building
lower-density developments. Previous research has shown that low-
density housing increases infrastructure costs and cannot respond to
the needs for rapid urban development [54], which is what main
Swedish cities are currently experiencing [55]. Land property consti-
tutes a small proportion of the costs of housing construction in Sweden
[56], but the profitability of an investment relies on the amount of
apartments per development. Therefore, a financial compensation when
spacing buildings could be to densify using high-rise buildings, just as
the “High-rise towers”, either exclusively or combined with lower
buildings (“High + Low combinations™).

regulated
(post 1975)

not regulated
(pre 1975)

n=29214 n=1874
median = 1.50 % median = 0.94 %
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Fig. 10. DFp percentage histograms for unregulated (n = 9214) and regulated
(n = 1674) rooms. The cumulative percentage of incompliant rooms is shown
per group. Also shown are the Mann-Whitney U test results and Cohen’s r.
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Fig. 11. Room compliance rate according to the DFp criterion, per function (K,
L, B, D) and era. The linear markers connecting functions within eras corre-
spond to large compliance differences as per Cramer’s V (>0.3), i.e. two room
functions are connected with a linear marker when the DFp compliance rate of
one room function is significantly higher than that of the other room function.

4.2.2. Compliance of regulated vs unr d rooms

The DFp difference between regulated (post 1975) and unregulated
(pre 1975) rooms is shown in Fig. 10. According to the Mann-Whitney U
test results, the distribution of DFp lies significantly higher for buildings
built prior to the introduction of daylight criteria compared to buildings
of the regulated era (median: 1.50 > 0.94), with a small-to-medium
effect size (U = 4687273, Cohen’s r = 0.245, p < 0.001). This is
counter-intuitive as there were different criteria in force during era
“1975-2000" (see Fig. 5). The majority of regulated rooms fail the meet
the DFp requirement (54.6% fail), and the DFp distribution does not
extend significantly further from DFp = 2.8%. The corresponding rate
for regulated rooms is 27% and the DFp distribution is skewed, reaching
DFp values greater than 5%. Contributing significantly to the 27% fail-
ure rate is era “until 1930, which is represented here by Large courtyard
blocks. Overall, the results imply that general recommendations are not
sufficient for daylight provision, and that the roles of urban planning
trends (e.g. densification) and architecture (e.g. building block design)
are equally important.

4.2.3. Compliance per room function

Fig. 11 shows DFp compliance rates per room function and era. The
linear markers with circular endpoints indicate which pairs of functions
have substantially different compliance rates as per the Chi-square tests.
With respect to eras, “1930-1961" outperforms all other eras for all
room functions. With respect to functions, it is shown that the majority
of kitchens are incompliant for all eras except “1930-1961". The
opposite is true for dining rooms, which have the highest compliance
rates in all eras except “1975-2000". The peculiarity of this era relates to
the dining area being integrated to the kitchen room as explained pre-
viously under section 4.1.1. Overall, kitchens are the least compliant
rooms and dining rooms the most compliant ones. Notable differences
within eras (linear markers) include K vs D in era “until 1930” (Cramer’s
V =0.315, p < 0.001), K vs L and K vs D in era “1961-1975” (Cramer’s
V = 0.421 and 0.465 respectively, p < 0.001), and L vs B in era

Table 4
Number of rooms that fail both criteria (a), pass both criteria (d), pass only DFp
(), pass only GFR (b), and totals.

GFR-method fail GFR-method pass total

DFp fail a 451 b 261 712
DFp pass c94 d 1869 1963
total 545 2130 2675
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“1975-2000" (Cramer’s V = 0.416, p < 0.001). Room functions were
also compared considering the overall sample (rooms included in all
eras). The most substantial difference was found between dining rooms
and kitchens (Cramer’s V = 0.321, p < 0.001), dining rooms and living
rooms (Cramer’s V = 0.231, p < 0.001) and between dining rooms and
bedrooms (Cramer’s V = 0.202, p < 0.001). This implies the prioriti-
zation of dining rooms in terms of daylighting, which were previously
shown to outmatch the rest of the functions in terms of GFR (Table 2).

4.2.4. Criteria agreement

This section compares the two compliance criteria (DFp > 1%) and
GFR > 10%) including only rooms where the GFR-method is applicable
(n = 2675). The McNemar’s test was applied in the 2 x 2 contingency
table shown in Table 4. The table shows the amount of rooms that fail
both criteria (a), pass both criteria (d), pass only DFp (c), pass only GFR
(b), and totals. The agreement between the two criteria is 87% (451 +
1869), which can be considered high, and the disagreement is 13% (94
-+ 261). In cases of disagreement, it is significantly more common for the
GFR-method to yield compliance compared to DFp (OR = b/c = 2.78, p
< 0.001, CI: [2.185-3.553]). This indicates that the probability of a
room complying with GFR >10% while not complying with DFp > 1% is
nearly three times higher than the probability of the opposite occurring.
Overall 80% (n = 2130) of the rooms comply with GFR > 10%, while
73% (n = 1963) comply with DFp > 1%.

The DFp and GFR values were plotted to evaluate whether d pairs
(rooms that comply with both criteria, n = 1868) are distributed across
extremely high values, i.e. whether the agreement between the criteria
is due to saturation of either one of the two criteria. Fig. 12a and b shows
scatterplots of the concordant (a, d) and discordant (b, c) pairs respec-
tively, along with the number of pairs in each group. It is shown that the
d pairs cluster close to the criteria threshold values, which indicates that
the agreement between criteria is not due to saturation. The association
between the two criteria is also indicated by the strong Spearman Rank
correlation coefficient for the d pairs (rs = 0.655, p < 0.001).

4.2.5. Criteria limitations

Following are limitations of each criterion, due to their formulation.
Fig. 13 shows how the obstruction angle measure can under or over-
estimate the degree of surrounding obstructions, effectively deeming the
GFR-method applicable or inapplicable respectively. The reader is
referred to Fig. 2 for the definition of the obstruction angle. Fig. 13a
shows a building of the Post-modern reforms typology (development Y),
which has some visual connection between the street and the public
courtyard. The obstruction angle for a room located low in the courtyard
is equal to 3.3°, as there is no building volume directly in front of this
room. This allows the room to be assessed based on its GFR, which is
15.4% (>10%), thus the room is compliant. However, the same room is
not compliant according to DFp by a high margin (DFp = 0.65% < 1%).
This room corresponds to one of the 261 b pairs in Fig. 12b. On the other
hand, Fig. 13b shows a case where a sole tower building in the field of
view of a room results in an obstruction angle of 37.8°, although the
room has actually a significantly high view of the sky dome. This deems
the GFR method inapplicable due to high obstructions, but the DFp
criterion is met (DFp = 1.72%). It can therefore be concluded that the
obstruction angle is not a reliable indicator of obstructions, particularly
when the field of view does not include uniform obstructions.

Fig. 14 shows an example where the DFp value changes critically,
from exceeding the compliance threshold (Fig. 14a, DFp = 1.08%) to
failing the criterion (Fig. 14b, DFp = 0.84%), all while the GFR remains
constant above its compliance threshold (GFR = 10.05%). The ratio
between room depth and width is shown to affect DFp compliance,
leading to criteria disagreement. This is true particularly for elongated
rooms where the DFp point is located significantly deeper (e.g. 1.20 m
difference between the two rooms in Fig. 14). Finally, Fig. 15 illustrates
an issue related to the ambiguous definition of the DFp point location.
The room in Fig. 15a has one window and is compliant according to both
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Fig. 12. Scatterplot of a) concordant pairs of GFR and DFp compliance (a: fail both criteria, d: pass both criteria) and b) discordant pairs (b: only pass GFR, c: only
pass DFp). The numbers of pairs in each group are shown in parentheses, and the Spearman Rank coefficient rg corresponds to the d pairs.
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Fig. 13. a) Underestimated obstructions by the Obstruction Angle measure and b) overestimated obstructions.
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Fig. 14. A room that a) meets both criteria and b) meets only the GFR criterion.
Both rooms have the same GFR (= 10.1%).

{a)

GFR =103 % v
point A: DF, = 1.19 % v

Fig. 15. a) DFp on point A for a room with one window and b) DFp on two
possible locations for the same room as in (a) but with an extra opening. The
room in Fig. 15b has more fenestration (GFR = 15.5%), but is judged as
incompliant by the DF; criterion considering point B, while the room in Fig. 15a
(that has less fenestration) is judged as compliant.
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criteria (GFR = 10.3%, DFp = 1.19%). Placing a second opening on a
different wall (Fig. 15b) results in two possible locations for the DFp
point, which should be placed I m from the darkest lateral wall, since
there are two lateral walls to be considered. Selecting the darkest of
these walls would require DFp to be calculated on point B, which results
in the room not complying (DFp = 0.91%), despite the larger fenestra-
tion (GFR = 15.5%). Effectively, a compliant room may be deemed
incompliant if an extra window is added, which is counter-intuitive.

Effectively, using the GFR criterion instead of the DFp criterion
translates to using a purely geometric instead of an illuminance-based
assessment, which is related to an important question: How is the
assessment useful for building design? While a purely geometric
assessment is useful as an early-design rule-of-thumb, it cannot be used
in tandem with energy or thermal comfort assessments. Daylight simu-
lation models may well be combined with thermal analyses in multi-
objective performance studies, for early [57,58] or later [59,60]
design stages, especially if they deploy climate-based daylight metrics
[5,61]. This type of workflow is more in line with thinking of daylighting
as suggested by Reinhart and Wienold [62], i.e. in terms of both visual
and thermal objectives, with the aim to produce spaces with low overall
energy use for heating, cooling and lighting. Seeing the advances of tools
that are capable of performing both daylight and thermal simulations,
and that practitioners in Sweden are indeed leaning towards using
digital tools for daylight analyses [63], it could be argued that devel-
oping illuminance-based criteria is the way forward.

5. Conclusions

The present paper investigated building daylight regulations in
Sweden to shed more light on three main questions pertaining to policy-
making. Did the introduction of daylight criteria lead to an improvement
of building performance historically? Is the current glazing-area
assessment method applicable in residential spaces? Is there an agree-
ment between the two assessment methods currently in force? The
following may be concluded from this study:

5.1. Daylight criteria and performance of residential spaces historically

The answer to the first question is no; the developments built after
the introduction of daylight compliance criteria are not necessarily well-
performing spaces. The criteria ineffectiveness in ensuring adequate
daylight levels for houses can be attributed to the fact that they have
always been set as “general recommendations”, not as “mandatory
provisions”, which means that they are not legally binding per se.
Considering the financial pressure by developers who aim to increase
the profitability of their investments, and the necessity to satisfy the
housing demand, it would be wise to deem daylight criteria as manda-
tory requirements, if they are to be complied with by practitioners. After
all, this is currently the way energy use criteria are safeguarded, unlike
daylight criteria.

5.2. Applicability of the GFR-method

The answer on whether the geometry-based criterion is applicable in
assessments of residential spaces is no. Three out of four rooms violated
at least one geometry condition set by the GFR-method. Glazing width
was the condition most commonly violated. Seeing as how newer
insulated glazed units can offer less heat losses from fenestration, facade
designs are expected to include wider glazing areas, which warrants a
reformulation of the glazing width condition if this method is to be
applicable in the future.

5.3. Criteria agreement

The answer on whether the two assessment methods agree is yes and
no. Although the two criteria are formulated based on fundamentally
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different approaches, they yielded the same compliance for 87% of
rooms where the GFR-method was applicable. However, in rooms where
the two criteria disagreed, it was significantly more common for a room
to meet the GFR-method criterion while failing the DFp criterion. The
limitations highlighted can potentially render daylight assessments
prone to deliberate ‘game-playing’ by practitioners, who may choose
one criterion over the other to achieve compliance easier, depending on
the case. Furthermore, the GFR-method criterion could perhaps take
into account the lower light transmittance of newer glazing types or the
existence of higher obstructions, by e.g. having a higher threshold value.
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Keywords: This research investigates the daylight regulation compliance of existing multi-family housing developments
Daylighting located primarily in Stockholm (Lat.: 59,33 °N), Sweden. A representative sample of 54 buildings consisting of
Compliance 10.888 individual rooms was modelled according to archived documentation drawings and evaluated by use of
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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 of 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, ¢) 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 2h 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 Orebro (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 Rddberg 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 (“laga 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 (“hoga punkthusgrupper”) have a plan layout si-
milar to their lower counterparts, but can reach as high as 16 stories.
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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 50 m
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 ("loftgdnghus”) 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 250 m. 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 [m*/m?]. Urban density expresses the magnitude of the total
built volume [m®] per site area [m?]. 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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Fig. 1. Categorization of the 25 in eight main typol
Density, Building height (H) and Mean Building Height (MeH).

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

according to Ref. [23], their urban zones, footprints and urban indicators of

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.
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Table 1
Aggregated data of building sample, including decade of construction, nr of apartments and rooms per building, development and typology.
Decade Development ~ BuildingCode Nr of Nr of Nr of rooms per building and typology
Code apartments
per decade  Low-  High-  High + Low  High-rise  Exterior Semi-open Large Post-
rise  rise inati 1 d circulation courtyard courtyard  modern
towers  towers blocks 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 1 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
2.3. Modelling and simulation settings uniform (no distinction between different materials/vegetation).
Surrounding buildings for each development were retrieved from
For each development, the simulation model included a) the sur- three-dimensional vector data of Stockholm city [28], which were im-

rounding buildings, b) the evaluated buildings and c) the terrain geo- ported from ArcGIS ArcMap [29] to Rhinoceros 3D [30]. The imported
metry. Tree geometries were not modelled, and the terrain was assumed data were further processed using the visual programming editor of
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Fig. 2. a) Considered surroundings (dark grey footprints) within the 250 m 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 x 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.)

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 250 m 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 (250 m) of surroundings
from all outward facing fagades 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
250 m was selected to achieve a spatial scale of roughly 500 x 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 (DF, and DFyy) were calculated for different sensor
points, evaluated during the same simulation run. DFp was calculated
on specific points (red spheres in Fig. 2¢), while DF, and DFy were
deducted from calculations on a point grid of 0,03 m spacing (white
spheres in Fig. 2¢). The DFp was calculated according to definition, on a
point located halfway through the room depth, one meter from the darkest
lateral wall, 0,80m 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. 2¢). 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 DF, and DFy; were calculated for the overall room area (00
Grid in Fig. 2¢) and for the area offset 0,50 m from walls (05 Grid in
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Fig. 2¢). The corresponding metrics are denoted as DF,00, DFy,00 and
DFA05, DFy05 in the results section. Sensor points were set 0,80 m
above floor level.

The terrain geometry was modelled using the digital elevation
model (2m 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 (Dyax * 0,1)/0,03, where Dyax is the maximum scene size
of the development zone in m. The minimum separation for cached
irradiances was therefore always set to 0,03 m, 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 0,03 m tol-
erance, positioned on the wall as stated in the documentation drawings.
Balcony railings were modelled as transparent surfaces, with a visual

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 Iw 0,0001
limit reflection Ir 7
direct threshold dt 0,03
direct certainty de 1
direct subsampling ds 0,05
direct jittering dj 0,7
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Table 3
Surface optical properties.

Surface type Reflectance*

Walls (interior), closets 70% -
Ceiling 80% -
Floor 30% -
Window glass -
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).

transmittance (Ty;s) computed according to the amount of railing pil-
lars; a 50% pillar coverage ratio on the railing facade 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 Ty;s 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, DF,00
and DFy05). 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).
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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 DF; 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 0,83 m?/m? 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
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thumbnail. The numbers in circles correspond to the urban density (m*/
m?) 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
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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
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Fig. 4. Percentage of compliant rooms (DFp = 1%) per development (A-Y) and urban density (m®/m?) in 250 m.

“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 6,40 m*/m?.

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 m*/m?).

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

Percentage of
compliant rooms
100
%0
&0
70

10

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 DF505 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

M < 50 % of rooms comply
O = 95 % of rooms comply

DEVELOPMENT: B E X A 0 u

TYPOLOGY :
Room I rate (%)
Difference from DFg criterion:

~, ¥, 5% &

CTW

Fig. 5. Percentage of compliant rooms (DFavg05 = 2%) per development (A-Y).
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Fig. 6. Linear regression model for percentage of compliant rooms (per devel-
opment) and urban density.

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
(< 3,0m?/m?). These were developments N, O, T, Y. Developments N
and O (densities = 2,84 and 1,87 m?/m? respectively) have deep rooms
with low window-to-floor ratios (WFR), compared to other develop-
ments. Development T (density = 2,44 m*/m?) 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 [m?/; 'm?]
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
1,62 m®/m?, which is the lowest range among all decades. Buildings
before 1930 and after 1980 exhibited the poorest performance, and the
highest urban densities.
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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.

7

33 A di to the current method

An amendment to the current calculation method is necessary to
remove the ambiguity of the DF; 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 0,50 m from the room perimeter (DFy05) 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 0,50 m 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 DF,05, and between DFy00 and DFy05. 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 DFy00 (r = 0,963).

Regarding the typical room dimensions, the correlation between
WEFR 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 DFy05. However, causation needs
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Fig. 7. Building footprints coloured according to percentage of compliant rooms (DFp = 1%) and sorted according to construction year.

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 m*/m?). 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 DFy05 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

Table 4
Pearson Correlation (2-tail) for different daylight metrics and room characteristics, n = 10.888.
DFp DFy00 DFy05 DFA00 DFA05 %Area2 FloorA EWA WEFR Depth Width
DFp 0,959 0979 0,888 0939 0,904 —0,288 0092 0,633 —0,386 —0,131
DFn00 0,976 0946 0,964 0963 -0,173 0203 0,679 —0,291 —0,041
DFy05 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
263
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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 [m®/ 'm?] indicator was found to correlate mod-
erately (R? = 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 m*/
m? urban density.

5.3. Policy implications

Urban densities higher than 2m?®/m” 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
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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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Currently, policy makers in Sweden are considering updating building regulations with respect to daylight
provision. Given this context, the present paper aims to provide insight on the level of compliance of residential
spaces when tested against five daylight performance criteria. These included the criterion currently in force in
Sweden, the two performance criteria set by European Standard EN17037, a daylight factor-based criterion
(BREEAM) and a climate-based criterion founded on the UDI metric. Compliance was tested by performing
Radiance simulations on a representative sample of Swedish multi-dwelling buildings, including 10888 rooms.
The criteria were compared according to the compliance they yield for different buildings and room types.
Compliance per criterion was also associated with room geometry to evaluate which geometric measures affect it
most substantially, and with urban density to evaluate which criterion best captures the effect of surrounding
obstructions. Results indicate that the implementation of different criteria deem different building types to be
better or worse performing. A consistent finding is that the vast majority of evaluated spaces are deemed to be
incompliant when tested against the daylight-factor-based criterion of EN17037, which is significantly harder to
comply with compared to its climate-based counterpart. The highest compliance is achieved when testing against
the current Swedish criterion. The results also indicate that the Vertical Sky Component and glass-to-floor ratio
affect compliance most substantially compared to other geometric measures. Finally, when daylight compliance
was associated with urban density, the strongest association was acquired when rooms were tested using the UDI
criterion.

1. Introduction

2011:6 [5] has been criticized by academia and practitioners as in need
of modernization [4,6,7], due to its simplistic formulation that dates

Sweden’s steady population growth during the past years [1] has
partly dictated the building development process, leading to the
expansion or densification of urban areas in order to provide cities with
the necessary amount of residential building stock. In an effort to
facilitate this process, the government initiated a comprehensive review
of building regulations in 2017, with the aim to re-formulate certain
sections to align with European standards, as well as to allow for
increased construction [2]. At the same time, concern was raised
regarding the impact of ongoing densification on daylight availability
for residences [3,4]. Policy makers are thus faced today with the need to
facilitate construction work all the while not compromising adequate
daylight levels for new constructions. To do so, they are in need of
suitable daylight performance criteria.

The current daylight criterion stipulated by building code BFS

E-mail address: iason.bournas@ebd.Ith.se.

https://doi.org/10.1016/j.buildenv.2020.107276

effectively from 1975 [8]. This concern was productive in highlighting
the criterion shortcomings, and raised the awareness about possible
improvements to its framework, which is currently based on a single
point Daylight Factor [9]. Developers on the other hand have expressed
their issues with daylight regulations, voicing the need for amendments
that will allow them to build cost-efficiently, for instance, to maximize
the amount of apartments in a given plot or to maximize the depth of an
apartment in a given building plan. As Tregenza and Wilson put it:
daylighting requirements are effectively constraints on the form and size of
buildings and therefore limits on the profitability of an investment [10]. The
financial pressure on policy may be the reason why the Building Rules
Modernisation Committee [11] proposed recently the exclusion of the
cooking space, i.e. the kitchen, from daylight evaluations [12]. The
financial pressure by developers can be considered productive, as it aims
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to satisfy the housing demand, but it is not based on scientific evidence
pertaining to occupant needs or preferences. In fact, occupants have
reported in two independent studies in Sweden that the kitchen is the
room they clearly prioritize in terms of daylight admittance [3,6].

In practice, a standard level of daylight availability depends both on
technical requirements and economic feasibility [13]. It should translate
to (at least) a minimum illumination level, and at the same time not
hinder the construction process with infeasible targets. Different criteria
may be “easier” or “harder” to comply with, depending on illuminance
thresholds or extents of analysis areas embedded in their formulations. A
criterion that is very hard to meet runs the risk of being deprecated by
practitioners, especially if it is not a mandatory one. A criterion that is
very easy to comply with most probably does not ensure adequate
illuminance levels. Effectively, different criteria may yield different re-
sults in terms of compliance. These differences are evaluated in this
study, considering five criteria that are formulated using various illu-
minance thresholds, analysis areas and time bases for evaluations.

1.1. Objective

The present paper aims to provide insight on the level of compliance
of residential spaces when tested against different daylight criteria that
exist today. A goal of this study is to highlight criteria differences, i.e.
which criteria yield higher or lower compliance, and for what building
or room type. Similarities or differences between criteria are evaluated
on the basis of compliance rates (percentage of compliant rooms). In
addition, the effect of room geometry is evaluated, to identify which
attributes play the most significant role for compliance. Compliance is
also associated with urban density, to evaluate which criterion yields
results that best reflect the effect of surrounding obstructions. Eventu-
ally, the study aims to provide policy makers with information that may
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prove useful for devising (or not devising) specific daylight re-
quirements, both in Sweden and internationally. To achieve this, the
analysis incorporates a variety of performance indicators that are both
daylight-factor-based and climate-based, and deploys them in a large
sample (n = 10888) that is representative of residential spaces.

2. Methodology

The study involved four main stages: i) Selecting the building sam-
ple, ii) Modelling and simulating daylight scenes, iii) Selecting perfor-
mance criteria and iv) Processing data. Each stage is described in the
following sections.

2.1. Sample selection

A sample of multi-dwelling buildings was selected within the
metropolitan region of Stockholm (Lat.: 59.93 °N) and the nearby city of
Orebro (Lat.: 59.72 °N). According to the latest building stock data, 51%
of existing dwellings are housed in multi-dwelling buildings [14]. This
type of dwelling is the dominant housing type in the largest Swedish
municipalities, and the most commonly used in construction every year
since 1985 [15]. The buildings were selected according to construction
year and architectural typology. With respect to construction year, the
number of selected apartments was proportional to the actual con-
struction rate that occurred per decade, in the timespan between 1920
until 2000. With respect to architectural typology, buildings were
selected based on their relevance to major architectural block typologies
adopted in Swedish urban planning history, as categorized by Hall and
Rorby [16] and R&dberg and Friberg [17].

The sample included eight typologies identified in 25 residential
developments, as shown in Fig. 1 (codes A - Y). At least three

Typologies, developments (A - Z) and building footprints

$ 20 100 300
Density [m*m?], H [m] and MeH [m] 0 50 200
Development code
P “ha, o U D K R
L -~ ’
Low-rise towers () v o ok Exterior f v
v " ! )
* circulation
Density [m®/m?] 1.90 1.87 1.47 1.55 3.50 1.68
Building height [rn] 107 93 10.1 178 265 142
Mean Building Height [m] 13.7 9.2 14.2 10.5 19.4 1.2
L] B E X
»
¢ W m n
. . an L (f\
High-rise towers L g Semi-open
162 1.28 %68 courtyard 1.83 0.74 127
28.0 237 2689 9.3 9.5 10.4
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298 255 396 236 18.6 16.5 22.0
75 200 183 18.7 203 181 171
Fig. 1. Selected building sample. The eight archi al typologies, the 25 devel (A-Z) with their building footprints, and Density, Building Height and

Mean Building Height indicators.
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developments per typology were selected. The developments comprised
54 buildings, which included 3151 apartments with 10888 individual
rooms. The building footprints are shown below the corresponding
development codes. Depending on typology, developments consisted of
one or more buildings e.g. development A (low-rise towers typology)
consists of six buildings. Three relevant urban indicators are shown
below the building footprints. The urban density (Density, [m®/m?]) is
the quotient of the built volumes in a 250 m radius divided by the total
urban area of the region that encloses these volumes. The height (H,
[m]) is the maximum height of the evaluated development measured
from street level. The mean building height (MeH, [m]) is the average
height of surrounding buildings in the 250 m radius, weighted by
footprint area.

2.2. Modelling, analysis areas and simulation settings

Modelling included i) surrounding obstructions and ii) the evaluated
buildings. Fig. 2 shows an example (development X of Semi-open court-
yard typology); the same process was followed for all developments. On
the top left of Fig. 2a, the blue line is the convex hull [18] of the footprint
outline endpoints, i.e. the smallest convex area that includes all build-
ings belonging to the development. The considered surroundings only
included buildings located within a 250 m offset of the convex hull (dark
grey footprints). The footprints and heights of surroundings were
retrieved in vector format from [19] and were imported from ArcGIS
ArcMap [20] to Rhinoceros 3D [21]. The data were further processed in
Grasshopper [22] to cull surroundings within the 250 m radius. Fig. 2b
shows the considered rooms in blue hue. The rooms were modelled
according to documentation drawings retrieved from Stockholm City
Planning Office [23]. Following the Swedish building code, the study
only included rooms “where people are present other than occasionally”
[24], namely bedrooms (n = 3792), living rooms (n = 2879), kitchens
(n = 3025) and dining rooms (n = 1192). Surfaces were d d witha
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different portions of these areas, as described further down in section 2.3
Compliance criteria. A third analysis area was set to calculate the Swedish
criterion. DFp was calculated on the red points shown in Fig. 2¢, which
according to definition are “located halfway through the room depth, 1 m
from the darkest lateral wall, and 0.8 m above floor level” [9]. Since the
“darkest lateral wall” was unknown prior to simulation, the DFp was
calculated in all possible point locations as per the definition, which is
why there are two red points in each room in Fig. 2c. During
post-processing, the lowest value between these points was considered
as the DFp value.

Simulations were performed using Radiance [26] through the in-
terfaces provided by Grasshopper plugins Honeybee (legacy) and Hon-
eybee (plus) [27]. Radiance is a backward raytracer that has been
extensively validated for agreement with illuminance measurements in
full-scale spaces [28,29]. Honeybee (legacy) was used to calculate
point-in-time metrics, i.e. daylight factors, while Honeybee (plus) was
used for metrics derived from annual simulations. The reason for this
differentiation is that Honeybee (plus) offers a more accurate calculation
model for annual simulations, as it utilizes different Radiance execut-
ables that treat direct solar contributions with a higher spatial accuracy
compared to Honeybee (legacy) [30], which uses the standard daylight
coefficient method [31]. Different executables are the reason for the
different Radiance rendering settings per simulation type (point-in-time
or annual) in Table 1A. The surface optical properties used are shown in
Table 1B, and included standard values [32,33]. All opaque surfaces
were modelled as Lambertian diffusers, which is a realistic assumption
for typical building interiors. More details on geometric considerations
may be found in [4].

2.3. Compliance criteria

Each room was tested against five criteria. These criteria are
formulated using different metrics, with different illuminance threshold

0.05 m tolerance, except for window frames, which were designed with
a 0.03 m tolerance, according to drawings and good practice recom-
mendations [25].

Three analysis areas were used to calculate the daylight metrics
embedded in the considered criteria. The first analysis area was a 0.3 m
x 0.3 m point-grid, elevated 0.8 m above floor level, excluding a 0.5 m
band from walls, shown with white points in Fig. 2c. The second area
was the same 0.3 m x 0.3 m point-grid, but extending across the total
room area (additional points are shown in black for the bottom-right
room in Fig. 2¢). Depending on criterion, metrics were calculated over

oy

'lopmem i

M De

values, analysis areas and time bases, summarized in Table 2. Following
is a short description of each criterion:

2.3.1. The point daylight factor compliance criterion (§5914201)

This is the criterion in the current Swedish building code [5]. The
code refers to Swedish Standard SS914201 [9] for the calculation
method of a point Daylight Factor (DFp). DFp should be calculated for a
point located halfway through the room depth, 1 m from the darkest lateral
wall, 0.8 m above floor level. A room is considered compliant if DFp > 1%.
DFyp is calculated under a CIE Overcast Sky [34]. It should be noted here

Fig. 2. a) Considered surroundings, b) Perspective of development X and c¢) The DFp points (red points), the 0.3 x 0.3 grid points that exclude the 0.5 m band from
walls (white points), and the additional points included in the 0.5 m band (black points). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Table 1
A) Radiance rendering settings and B) Surface optical properties.

A. Raytracing settings

Rendering setting point-in-time annual
ambient bounces (ab) 7 7
ambient divisions (ad) 2048 25000
ambient supersamples (as) 512 4096
ambient accuracy (aa) 0.1 0
ambient resolution (ar) variable 0
ambient value (av) 0 0
direct threshold (dt) 0.03 0.02
direct certainty (dc) 1 1
direct subsampling (ds) 0.05 0.05
direct jittering (dj) 1 1
limit weight (Iw) 1-10° 4.107
limit reflection (Ir) 7 7

B. Optical properties
Surface type T
Walls (interior), closets 70% -
Ceiling 80% -
Floor 30% -
Window glass - 70%
Window frame 80% -
Window head, jamb and sill 50% -
Balcony ceiling 70% -
Balcony floor 30% -
Ground 20% -
Surrounding facades 30% -
Surrounding roofs 30% -
Water 50% -
Railing - variable

that a considerable portion of the evaluated rooms (85%) were not
specifically designed to comply with this criterion, as the criterion
effectively came into force in 1975, while the sample included multiple
buildings constructed earlier than that, as far as in 1926 [4].

2.3.2. The useful daylight illuminance compliance criterion (UDD)

This criterion was formulated specifically for this study, in order to
highlight its similarity to criterion i in terms of compliance, all while
being a climate-based criterion. According to Mardaljevic and Nabil, the
UDI metric represents the annual occurrence of illuminances across a
plane that fall within a “useful” range for occupants [35]. The rationale
is that low illuminance levels will trigger electric lighting use, while
extremely high illuminances may hinder particular tasks and trigger the
use of shading, thus deeming illuminance to be “useful” only within a
certain range of lux. The range has so far been defined for office spaces,
and lies between 100 Ix and 3000 Ix [36]. This range corresponds to the
scheme referred to as UDI combined. It accounts for the combined

Table 2
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illuminance ranges of 100-300 Ix, i.e. UDI supplementary (or UDI-s), and
300-3000 Ix, i.e. UDI autonomous (or UDI-a). It is arguable that the
upper UDI threshold for residential spaces could be higher than that for
offices, e.g. 4000 or 5000 Ix, given the different nature of the space and
the performed tasks. However in the present study, a similar apprecia-
tion of daylight between offices and dwellings was assumed, thus a UDI
range between 100 Ix and 3000 Ix was used. Due to inconsistent occu-
pancy patterns in dwellings, the time basis for this criterion was not set
to a fixed occupancy schedule (e.g. from 9:00 to 17:00), but was set to
70% of the daylight hours of the year (3066 h). The criterion was that a
room should achieve a UDIgg.3000 > 70% across half of the room area
(excluding the 0.5 m band from walls).

2.3.3. The BREEAM-SE good practice daylight factor compliance criterion
(BREEAM)

The BREEAM certification scheme proposes two methods to assess
daylight compliance, one based on daylight factors and one based on
absolute illuminance levels throughout the year [37]. The daylight
factor method was deployed for this study, as the current technical
manual for new construction BREEAM-SE 2017 [37] states that this
method is “intended for use in countries like Sweden”. The minimum re-
quirements for residential spaces include average daylight factors
calculated across 80% of the total room area. These daylight factors
should be no less than 2.1% for kitchens and 1.6% for the rest of the
rooms. Since the BREEAM technical manual provides no indication as to
where the 80% of the total area should be, the present study considered
the 80% that included the highest daylight factor values, resulting in the
most optimistic compliance test. In addition, the criterion stipulates a
minimum uniformity ratio U > 0.3, calculated excluding the 0.5 m band
from walls.

2.3.4. The European Standard compliance criterion as per the daylight
factor method (EN17037-DF)

To comply with this criterion, two daylight factor values should be
achieved for Stockholm: D3gg > 2.5% across 50% of the area, and Dygo >
0.8% across 95% of the area, excluding the 0.5 band from walls [32].
Thresholds 2.5% and 0.8% are the required daylight factor values to
achieve indoor illuminance levels of 300 1x and 100 Ix respectively,
under a sky with a diffuse horizontal illuminance (DHI) of 12100 lux.
The latter is the median DHI in Stockholm, according to the corre-
sponding climate file available from the EnergyPlus website [38]. The
median DHI is used in the formulation of the criterion to ensure that
illuminance values are provided for at least half of the daylight hours in
the year. This criterion is thus based on the provision of 300 Ix across
50% of the room area, and 100 Ix across 95% of the room area, for at
least half of the daylight hours in the year (2190 h), but is formulated
using daylight factors that are somewhat location-aware, since they are

Summary of criteria, including threshold values, time bases, areas to comply and considerations (orientation, sunlight).

Threshold value: Time basis Area to comply [%] Accounted for:
DF [%)] Tluminance [Ix] Orientation Sunlight
1.88914201 >1 point-in-time single point No No
i1.UDI 100-3000 70% of daylight hours 50 (excl. 0.5 m band) Yes Yes
iii.BREEAM >21% > 16" point-in-time 80 (of total room area) No No
&U>03 100 (excl. 0.5 m band)
iv.EN17037-DF >2.5 point-in-time 50 (excl. 0.5 m band) No No
>0.8 95 (excl. 0.5 m band)
v.EN17037-IL >300 50% of daylight hours 50 (excl. 0.5 m band) Yes Yes

>100

95 (excl. 0.5 m band)

2 Applicable for kitchen rooms. Threshold value for average daylight factor.

b Applicable for the rest of the rooms.Threshold value for average daylight factor.
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a function of DHI. Despite the climate-connected rationale of this cri-
terion [39], it is still limited to the daylight factor approach, where
sunlight and fagade orientation are not considered, as D3gg and Dyqp are
calculated under a CIE Overcast Sky.

2.3.5. The European Standard compliance criterion as per the illuminance
method (EN17037-IL)

This criterion is included in EN17037 as an alternative to criterion iv.
It is also based on the provision of 300 Ix across 50% of the room area,
and 100 Ix across 95% of the room area, for at least half of the daylight
hours in the year (2190 h) [32]. However, this criterion requires that a
detailed calculation be conducted, where hourly (or sub-hourly) internal
illuminance values are computed using typical climate data. In this case,
both skylight and sunlight are taken into consideration, thus climate and
facade orientation are accounted for, unlike in criterion iv. In essence,
this is the climate-based equivalent of criterion iv. It should be noted
here that both EN17037 criteria (iv and v) are meant to be recommen-
dations for daylight conditions, not normative. They were included in
this study to demonstrate what would be the result if they came into
force as mandatory criteria.

Fig. 3 illustrates differences between criteria that the reader should
bear in mind. For each criterion, the percentage of compliant area (white
area) is shown for two rooms that are identical in all aspects apart from
orientation. For $S914201 (criterion i), the white area is shown indic-
atively, since the criterion is based on the calculation of a single point
(DFp point). Compliant and incompliant rooms are marked with “v/” and
“X” respectively. Firstly, criteria i, iii and iv are assessed under CIE
Overcast Sky conditions, while criteria ii and v are assessed under sky
luminance distributions that vary throughout the year. Consequently,
facade orientation is only considered by ii and v, which can be inferred
from the compliant areas (equal percentages for Northeast and South-
west rooms for criteria i, iii and iv, unequal for criteria ii and v). Sec-
ondly, criterion i stipulates that a single point should achieve a daylight
factor of at least 1%. This point daylight factor has previously been
shown to correlate very strongly with the median daylight factor across
the room area [4], which indicates that complying with criterion i is
equivalent to achieving a daylight factor of 1% over 50% of the room
area. This is significantly easier to comply with compared to criterion iv,
which requires 2.5% over the same area. The difference is evident in
Fig. 3 (85914201: 92%, EN17037-DF: 32%). Thirdly, unlike other
criteria, criterion iii stipulates thresholds for average daylight factors.
This difference is subtle, but has a very strong effect on compliance
testing. For instance, although the 1.6% DF bedroom threshold is not
exceeded across 80% of the room area in Fig. 3 (BREEAM white area =

o v

MORTH-EAST FACING

DFe location =
Compliant area =

i. 55914201

SOUTH-WEST FACING

.

ii. uDi

'
v

Fig. 3. Indicative differences between criteria: percentage of compliant area (white area) for a Northeast-facing and a Southwest-facing room. Compliant and
incompliant rooms are marked with “/” and “X” respectively.
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50%), the average daylight factor of 80% of the area (black outline)
exceeds 1.6% by a high margin (= 3.25%), deeming the room to be
compliant. Using an average value implies that high values close to the
window will affect compliance disproportionally to the extent of the
daylit area. The effect is amplified for BREEAM as it considers the total
room area. Fourthly, criteria ii and v are both climate-based but consider
different illuminance ranges. Criterion v does not accept low illumi-
nances (<300 Ix), while criterion ii does, but excludes high illuminances
(>3000 Ix). Therefore, the compliant area for criterion v lies in the re-
gion closest to the window, while for criterion ii it may lie deeper in the
room, due to high illumination near the window (>3000 1x), as shown in
Fig. 3 (Southwest: UDI incompliant area close to window). Lastly,
although criteria iv and v are included in the same standard (EN17037)
as two calculation methods to choose from freely, judging by the
compliant areas in Fig. 3 it is evident that criterion v yields higher
compliance for the displayed room. The fact that criterion v accounts for
sunlight is why it can yield a larger compliant area, in any orientation.

2.4. Data analysis

2.4.1. Compliance rates

The study calculated the compliant rate, i.e. the percentage of
compliant rooms according to each criterion. Compliance rates were
calculated per building typology, development and room function. The
significance of the difference between two given compliance rates (e.g.
two rates yielded by different criteria) was evaluated with Chi-Square
tests of independence [40]. Since the sample sizes in this study were
large, all differences were found statistically significant (p < 0.05). It
was therefore more meaningful to assess the magnitude of the differ-
ences, i.e. detect the most substantial differences by calculating effect
sizes. Cohen’s effect size h [41] was used for this purpose. Cohen sug-
gests that h values of 0.2, 0.5 and 0.8 represent small, medium and large
effects respectively. Considering this, compliance rate differences with h
values higher than 0.5 were considered substantial.

2.4.2. Association of compliant rates between criteria

The criteria were compared pairwise at development level (n = 25),
to assess the degree of association between the compliance rates they
yield. A one-sample Kolmogorov-Smirnov test [42] revealed that
compliance rates yielded by all criteria were normally distributed across
developments, which led to the use of ordinary least squares to assess
association. For each pair of criteria, the coefficient of determination R?
was computed. Effectively, R? indicates the proportion of variance in
compliance as per one criterion that can be predicted when knowing the

v X

ii. BREEAM

iv. EN17037-DF . EN17037-IL
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compliance as per another criterion, i.e. a higher R? indicates a higher
association between two criteria in terms of compliance.

2.4.3. Association of compliant rates with urban density

The compliance yielded at development level was also related to the
degree of surrounding obstructions. This was assessed by calculating the
Spearman Rank Correlation coefficient (rg) for the association between
compliance rates [%] and urban density [m®/m?]. The reason for using a
non-parametric test in this case was that the distribution of urban den-
sity across developments was significantly non-normal, as per a one-
sample Kolmogorov-Smirnov test (D(25) = 0.189, p = 0.021). The as-
sociation strength was interpreted according to the three-tier effect size
categorization suggested by Cohen [41], where the effect size is
considered small for an absolute value of rs lower than 0.3, medium for
an absolute value between 0.3 and 0.5, and large for an absolute greater
than 0.5.

2.4.4. Criteria agreement

Although two criteria could yield similar compliant rates, the rates
could be a result of different rooms complying with each criterion, i.e.
the rooms that complied with one criterion may not necessarily be the
same rooms that complied with the other criterion. For this reason, the
criteria were compared pairwise, assessing the number of rooms that
had i) identical compliance (rooms either compliant with both criteria or
compliant with none of the two criteria), ii) compliance only with the
first criterion and iii) compliance only with the second criterion. From
these room numbers, the probability of one criterion agreeing with
another criterion was assessed (rooms with identical compliance divided
by the total number of rooms). Similarly, the probability that a criterion
x is complied with when a criterion y is not was compared to the
probability that criterion y was complied with when criterion x was not,
to assess criteria disagreement and which criterion is harder to comply
with.

2.4.5. Effect of room geometry

The effect of geometry on compliance was evaluated to assess which
design attributes have a substantial impact. Attributes included i) room
floor area (Ap o0R), ii) room depth (D), iii) room width (W), iv) glazing
area (Ag), v) glass-to-floor ratio (GFR), vi) glass-to-wall ratio (GWR) and
vii) glass-to-internal walls ratio (GWyytR), which is the glazing area
relative to the sum of interior wall areas. In addition, the effect of the
Vertical Sky Component (VSC, [43]) was assessed, to evaluate the effect
of surrounding obstructions. The VSC was calculated according to Lit-
tlefair [44], and the exact method followed is described in [45]. To
assess the effect of attributes on compliance, two groups of rooms were
compared per criterion: one group comprising compliant rooms, and one
room comprising incompliant rooms. Every geometric attribute was
compared between the two groups using Mann-Whitney U-tests. The
Mann-Whitney U statistic estimates the probability that a random score
from one sample (e.g. a random GFR value among compliant rooms)
exceeds a random score in a second sample (e.g. exceeds a random GFR
value among incompliant rooms) [46]. The test was appropriate here as
i) geometry data were not normally distributed, ii) the compared groups
were independent, and iii) there were outliers for certain attributes. In
this study, a trivially small effect but nonetheless significant due to the
large sample size could lead to overvaluing the importance of an attri-
bute [47]. Indeed test results were statistically significant (p < 0.001)
for the vast majority of geometric attributes. Therefore, effect sizes were
considered instead of significance. For Mann-Whitney U-tests, the
appropriate effect size is Cohen’s r [48]. Cohen suggests that the effect
size is small when ris 0.1, medium when r is 0.3, and large whenr is 0.5
[41]. A geometric attribute was considered to affect compliance sub-
stantially when its effect size was higher than 0.3.
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3. Results and discussion
3.1. Compliance per typology

The compliance rate per criterion is shown in Table 3, for each ty-
pology and for all 10888 rooms (Overall compliance). Typology ranking
according to compliance is shown in italics, for instance, the semi-open
courtyard typology ranks first according to $S914201 (rank 1), and
fourth according to EN17307-IL (rank 4). $5914201 yields the highest
compliance rates, which range from 40% to 95% across different ty-
pologies, and yields an overall compliance equal to 69%. The EN17037-
DF criterion yields the lowest compliance rates (Overall compliance =
16%). Chi-Square tests indicated that EN17037-DF compliance is
significantly lower compared to all other criteria (p < 0.001). In
particular, it was substantially lower compared to $§914201, UDI and
BREEAM (h: 1.12, 0.96 and 0.89 respectively), and moderately lower
compared to EN17037-IL (h: 0.64).

Certain patterns can be observed with respect to typologies. High-rise
towers rank consistently first or second (ranks 1 or 2). The bottom three
ranks (6 — 8) correspond for most criteria to exterior circulation, post-
modern reforms and large courtyard typologies. Typologies post-modern
reforms and large courtyard are located in areas of high urban density
(Fig. 1, Density), and comprise buildings that are lower than their sur-
roundings (Fig. 1: Building Height <Mean Building Height). The worst
performing typology is exterior circulation, which is ranked at the bottom
by daylight-factor-based criteria and sixth by climate-based criteria,
although its developments are not located in highly dense urban areas
(Fig. 1, Density for D, K, R). Buildings belonging to this typology have
the highest percentage of rooms with a balcony (55%-68% of rooms,
depending on building). In essence, the balcony blocks the view to the
higher parts of the sky dome, which are the most luminous parts in the
CIE Overcast Sky model [34]. The three aforementioned typologies do
not populate the bottom three ranks in one case: the BREEAM criterion.
This criterion ranks post-modern reforms fifth (rank 5), and interestingly,
it yields the highest compliance rate for this typology (49%) among all
criteria, making it the only typology for which §5914201 does not yield
the highest compliance. The reason for this is that the BREEAM criterion
is formulated to favour specific room designs found in this typology; this
is elaborated further down in section 3.5. Finally, Table 3 indicates that
$S914201 and UDI rank typologies similarly, although $S914201
compliance rates are consistently higher.

3.2. Compliance per development

Fig. 4 shows compliance rates at the development level (A - Y). The
geometric attributes of rooms are more homogenous within a develop-
ment than within a typology. The absolute difference between compli-
ance rates of $§914201 and UDI (i - ii), and EN17037-IL and EN17037-
DF (v - iv) are shown below the development codes. Fig. 4 confirms the
previous findings: $5914201 yields the highest compliance rates (white
bars), while EN17037-DF yields the lowest (dark grey bars). Criteria
$S914201 and UDI yield similar compliance rates (i - ii), with the ab-
solute difference being less than 15% for all developments except for
large courtyard (L, P, Q) and development I. These four developments are
located in denser areas (Fig. 1, Density for I, L, P, Q). Further investi-
gation revealed that rooms complying only with DFp do so marginally
(DFp < 1.5% in 98% of rooms, DFp < 1.25% in 68% of rooms). Differ-
ences between the two EN17037 criteria (v — iv) are profound for most
developments, and are below 20% only when compliance rates are low,
i.e. in developments D, I, P, Q, T. However, the relative difference ((v -
iv)/v - 100%) for D, I, P, Q T is high (100%, 97%, 79%, 94% and 40%
respectively). Developments I and Y comply more so with BREEAM than
with the rest of criteria, due to room geometric characteristics “fav-
oured” by BREEAM, which are examined in section 3.5. Similarly to
Table 3, large-courtyard, post-modern reforms and exterior circulation de-
velopments are shown to underperform.
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Typology n Compliance rate (%) and ranking (1 - 8) per performance criterion
$§58914201 UDI BREEAM EN17037-DF EN17037-IL

semi-open courtyard 1304 1 95 1 88 1 91 4 10 4 51
high-rise towers 1908 2 86 2 79 2 80 1 40 1 72
low-rise towers 530 3 82 3 79 4 68 5 7 2 61
high + low combination 864 4 81 4 79 3 73 3 14 3 53
high-rise enlongated 2671 5 64 5 61 7 35 2 23 5 48
large courtyard 1535 6 52 8 32 6 46 7 2 8 16
post-modern reforms 1458 7 47 7 35 5 49 6 5 7 19
exterior circulation 618 8 40 6 39 8 27 8 0 6 27
Overall compliance 10888 69 61 57 16 45

3.3. Compliance per room function

Fig. 5 shows compliance rates per room function (K: kitchen, L: living
room, B: bedroom and D: dining room) including all 10888 rooms, and
the compliance difference between $$914201 and UDI (i - ii) and be-
tween EN17037-IL and EN17037-DF (iv — v). It is shown that kitchens
are the least compliant rooms, followed by living rooms and bedrooms,
which have similar compliance rates. Dining rooms achieve the highest
compliance, with at least 50% of the rooms complying with each crite-
rion. Comparing criteria within room functions, $§914201 yields the
highest compliance and EN17037-DF the lowest, consistently across
functions. There is a difference below 10% between S§914201 and UDI
for all functions, and a higher difference (22% - 37%) between the two
EN17037 criteria, which indicates that the agreement between
$5914201 and UDI is persistent when stratifying rooms per function, and
so is the disagreement between the two EN17037 criteria.

Some criteria require that different metrics exceed specific thresh-
olds, for a room to be compliant. The reader may refer to Table 2 for a
summary of these metrics. Fig. 6 shows the distribution of each metric
per room function, with metric thresholds indicated by the red line in
each violin plot. Compliance rates are shown below function abbrevia-
tions K, L, B, D. Room functions rank similarly to Fig. 5, with kitchens
consistently underperforming, followed by bedrooms and living rooms,
while dining rooms clearly outperform all other functions. The only
exception for kitchens is the uniformity U threshold of BREEAM, which
is exceeded by 76% of kitchens. This rate includes rooms that are dim
across the total floor area thus have by definition high daylight unifor-
mity (uniformly dark rooms). Comparing criteria it is shown that
$5914201 and BREEAM DF yield similar compliance rates, while the two
EN17037 criteria differ significantly, regardless of metric. To this end, it
can be observed that the low compliance rate of EN17037-DF in Table 3
(Overall compliance = 16%) is mainly due to the DF > 2.5% require-
ment, and less due to the DF > 0.8% requirement. Similarly, the 300 Ix
requirement of EN17037-IL yields lower compliance compared to the
100 Ix requirement. This highlights how much more demanding the
EN17037 criteria are compared to $$914201, which only requires the
equivalent of 100 Ix under an overcast sky (DFp > 1%).

3.4. Associations between criteria

In Fig. 7 criteria are compared pairwise according to compliance rate
per development (n = 25). The five regression models shown in Fig. 7a-e
are the ones with the highest R? among all possible pairs of criteria.
Additionally, Fig. 7f was included to illustrate the high disagreement
between the two EN17037 criteria. The highest association is observed
between UDI and $S914201 (Fig. 7a, R? = 0.927). The good fit effec-
tively means that the “static” SS914201 criterion could be replaced by a
climate-based criterion, without high compliance differences. The sec-
ond highest correlation was found between UDI and EN-17037-IL
(Fig. 7b, R? = 0.779), followed by BREEAM vs SS914201 (Fig. 7c, R?
= 0.762); however there are higher errors in these models compared to

Fig. 7a. The rest of the models show weaker linear associations. In
particular, Fig. 7f shows a high disagreement between the EN17037
criteria (R> = 0.351), which corroborates the results of all previous
sections. This finding is worth noting, as the two criteria are included in
the same standard, for the provision of the same illuminance thresholds,
across the same room area and the same timespan throughout the year.
The fact that the climate-based indicator yields higher compliance im-
plies that a more accurate representation of sky conditions can reveal a
different potential of a design to admit daylight, in particular a higher
potential.

3.5. Differences between criteria

Fig. 8 shows results from a pairwise comparison of criteria on room
level. Bold numerals indicate the number of rooms with identical
compliance (rooms that pass both criteria or fail both criteria). Numerals
in italics show the number of rooms that comply with only one of the two
criteria. The left-side values indicate the number of rooms that comply
only with the criterion of the first column, for instance, 1094 rooms
comply with $$914201 but do not comply with UDI The right-side
values indicate the number of rooms that comply only with the crite-
rion on the first row, for instance 259 rooms comply with UDI but do not
comply with $$914201. It is shown that $§914201 and UDI yield iden-
tical compliance in 9535 out of 10888 rooms (88%), which is the highest
agreement for any pair of criteria. The probability that the two criteria
yield different compliance is 0.12 ((1094 + 259)/10888). The proba-
bility of a room complying only with $§914201 is 4.22 times higher than
the probability of complying only with UDI (1094/259 ~ 4.22). The
second highest agreement is between UDI and EN17037-IL (8889 rooms,
i.e. agreement in 82% of rooms), which confirms that the linear fit in
Fig. 7b corresponds to agreement on room level. Complying only with
UDI is 14.3 times more probable than complying only with EN17037-IL.
As expected, very few rooms comply only with EN17037-DF. The dif-
ference between the EN17037 criteria is extremely high. The probability
of complying only with EN17037-IL is 1041 times higher than
complying only with EN17037-DF.

The right part of Fig. 8 shows the number of rooms that comply with
one criterion exclusively, and the number of rooms that comply with all
criteria except that criterion. It is verified that EN17037-DF is the most
demanding compliance criterion (2276 or 21% of rooms comply with all
other criteria except EN17037-DF), while S$S914201 is the least
demanding. For UDI, it was found that the rooms of group A2
(complying with all criteria except UDI) had significantly higher VSC,
GFR and GWinTR (r = 0.54, 0.68 and 0.54 respectively), and signifi-
cantly smaller floor area, shorter depth and shorter width (r = —0.65,
—0.78, —0.64 respectively) compared to rooms of group Al (Mann-
Whitney U-test, p < 0.001). Indicatively, Fig. 9a shows a typical room
complying with all criteria except UDI. The vast majority of such rooms
(92%) were small dining rooms, positioned next to the window. In
essence, these dining rooms are excessively lit, which reduces UDI
compliance since illuminances over 3000 Ix are not accounted for. For
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BREEAM, it was found that B1 rooms (complying only with BREEAM)
had significantly lower VSC and GFR (r = —0.33, and —0.50 respec-
tively), and significantly larger floor areas and longer depths (r = 0.41
and 0.44 respectively) compared to B2 rooms (complying with all
criteria except BREEAM). Fig. 9b helps illustrate why these designs are
“favoured” by BREEAM. In essence, they include rooms that are lit in a
small region close to the window, which is not placed in the center of the
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10 2
14 37

A - Y per criterion. Absolute differences between rates for $5914201 and UDI (i — ii), and between EN17037-DF and

facade. The BREEAM daylight factor threshold is reached, but DFp is low
as the DFp evaluation point is located far from the window. In addition,
since the area for the uniformity ratio (U) calculation does not include
the 0.5 m band from walls, U is calculated based on a low average
illuminance, since the room is considerably large and deep. This results
in high U for the room, which is in fact a uniformly dim room, and yields
compliance with BREEAM. The average daylight factor has previously
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Fig. 5. Compliance rate per room function and criterion, with deviations be-
tween $S914201 and UDI (i - ii), and between EN17037-DF and EN17037-IL (v
—iv).

been reported as more prone to intentional game-playing compared to
other metrics [39], and the BREEAM definition of evaluation area (80%
of floor area) has been criticized as being ambiguous [50].

Finally, it was tested whether the high agreement between $S914201
and UDI was due to rooms achieving illuminances between 100 and 300
1x (UDI-s) or between 300 and 3000 Ix (UDI-a). The reader is referred to
section 2.3.2 for a description of the UDI-s and UDI-a schemes. Fig. 10
shows the distribution of average (avg), minimum (min) and median
(mdn) UDI-s and UDI-a across the room floor area, for all 10888 rooms.
It is clear that UDI-a (white boxplots) lies consistently higher than UDI-s.
The right-most distribution (boxplot with diagonal hatch) shows the

55914201 DF, uoi
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portion of room area where UDI-a is higher than UDI-s, i.e. the portion of
area where illuminances between 300 and 3000 Ix occur more
frequently than illuminances between 100 and 300 Ix. It is shown that at
least 50% of the floor area achieves higher UDI-a than UDI-s in 75% of
the rooms. This can be attributed to the fact that residential rooms are
arrayed in the building perimeter, and to the fact that the time base for
the UDI calculation includes the best 70% of the daylight hours of the
year. Observing the median measures of UDI-s and UDI-a, one can infer
that complying with the UDI criterion (Table 2: 70% of the time, in 50%
of the room floor area) is not possible when only one illuminance range
is considered (either 100-300 Ix or 300-3000 Ix). This is true as the
median value relates to 50% of the room area, and is shown to be below
70% for all rooms, both for UDI-s and UDI-a. This indicates that com-
pliances shown previously for UDI were a result of combined illumi-
nances from both ranges. The latter highlights the spatiotemporal
dynamics of daylight illumination, as illuminance on room points varies
significantly over time.

3.6. Association with room geometry

Table 4 shows what differentiates compliant from incompliant rooms
in terms of geometry. Substantial effect sizes are marked with “*” and
“**¢ The most influential attributes are VSC and GFR. VSC is shown to
differ largely between compliant and incompliant rooms (r > 0.46) for
all criteria except EN17037-DF (r = 0.26). GFR is influential consis-
tently: the difference ranges from medium for BREEAM (r = 0.34), to
large for the EN17037 criteria (r = 0.53, 0.54). Three geometric attri-
butes do not differ substantially between compliant and incompliant
rooms: i) room width (W) is either not different (p > 0.05) or marginally
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Fig. 6. Distribution of criteria metrics per room function and corresponding rates. C li thresholds are indicated by the red line in each violin plot.

Plots were created using BoxPlotR [49]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Left part: Number of rooms with identical compliance (numerals in bold), and number of rooms that are compliant with only one out of two criteria (numerals
in italics). Right part: Number of rooms that comply with one criterion exclusively, and number of rooms that comply with all criteria except that criterion. Geometric
attributes of rooms in groups Al, A2, and B1, B2 were compared via Mann-Whitney U-tests.

different (|r\ < 0.15), ii) glazing area (Ag) is higher in compliant rooms
but not substantially (r < 0.25 for all criteria), and iii) glass-to-wall ratio
(GWR) is only marginally different (|r| < 0.15). This indicates that
glazing area per se or glazing area as a ratio of facade area are not
adequate predictors of daylight performance, as per the criteria
considered here. On the other hand, glazing area with respect to floor
area (GFR) and connection to the sky dome (VSC) are clearly different
between compliant and incompliant rooms.

Comparing criteria in Table 4, EN17037-DF is the only criterion that
requires smaller floor areas (Ap oor: r = —0.31), and less depth (D: r =
—0.40) to yield compliance, and the only criterion for which compliance
is not substantially affected by VSC (r < 0.3). In other words, it neces-
sitates that rooms are smaller or that they do not extend in the building
core as much as other criteria. The BREEAM criterion displays the
weakest effect sizes for fenestration-related attributes (Ag: r = 0.03,
GFR: r = 0.34, GWR: r = —0.14 and GWytR: r = 0.2), which can be
explained by the fact that smaller windows can impact results more

142

when the 0.5 m band from walls is included in the calculation. The rest
of criteria (DFp, UDI and EN17037-IL) differentiate between compliant
and incompliant rooms largely due to VSC and GFR. Spearman corre-
lation was used to follow up this finding. It appeared that the association
between DFp, UDI, BREEAM, EN17037-DF, EN17037-IL compliances
and the product VSC - GFR was significantly strong (0.712, 0.703, 0.534,
0.600, 0.745 respectively, p < 0.001), in particular weakest for BREEAM
and strongest for EN17037-IL. The latter is in agreement with the results
in Fig. 4, as F and G have the highest VSC and GFR values among de-
velopments, and comply almost entirely with EN17037-IL (compliance
rates, F: 100%, G: 93%).

3.7. Association with urban density

Fig. 11 shows the association between urban density and compliance
per criterion (a — ). The Spearman Rank Correlation coefficient rg in
scatterplots a — e excludes exterior circulation developments D, K, R (“x”
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Fig. 10. Distribution of average (avg), minimum (min) and median (mdn) UDI-
s and UDI-a, including all 10888 rooms. The right-most boxplot illustrates the
portion of room floor area where UDI-s is lower than UDI-a.

markers), while the rg coefficients in the right-bottom table (f) includes
them. It is shown that urban density associates strongly with all criteria
(Irs] > 0.5, p < 0.01) except for EN17037-DF (p > 0.05). Cross-
referencing this finding with the Density indicator in Fig. 1 can
explain why large courtyard blocks and post-modern reforms were ranked
very low by all criteria in Table 3. The strongest association occurs for
UDI (rs = —0.820, p < 0.01) and DFp (rs = —0.788, p < 0.01); the same is
true when including exterior circulation developments (Fig. 11f). This

Table 4

indicates that compliance according to these two criteria best reflects
the magnitude of surrounding obstructions, as quantified by urban
density. In addition, the climate-based criterion of EN17037 is largely
more responsive to surrounding obstructions compared to its daylight-
factor-based counterpart (EN17037-IL: rs = —0.612, p < 0.01,
EN17037-DF: rg not significant). The findings were followed with as-
sociation tests (Spearman) between compliance and mean building
height (Fig. 1, MeH). The tests revealed only one significant association,
for UDI (rs = —0.463, p = 0.02).

4. Conclusions

The choice of minimum acceptable daylight conditions sets a simple
question: Is a design compliant or not? Testing compliance in a repre-
sentative sample of residential rooms led to the following conclusions:

4.1. Compliance rates

Compliance was found to depend on criterion choice, however
certain patterns were observed. A consistent finding was that all de-
velopments achieve very low compliance rates when tested against
EN17037-DF, and higher compliance rates when tested against the
current Swedish criterion $§914201. EN17037-DF in particular can be
considered as unreasonably demanding, as it deemed the majority of
rooms to be incompliant, even rooms in very high, unobstructed
buildings set in sparsely built areas. It is important to note though that
the target illumination values in the EN17037 criteria are meant to be
strictly recommendations, not normative, which is why they are more

Effect size r for comparing geometric attributes between compliant and incompliant rooms per criterion (Mann-Whitney U-tests).

Compliance Effect size r (for Mann-Whitney U-test)
Pass Fail VsC ArLooR D w Ac GFR GWR GWinrR
DFp 7460 3428 0.61%* —-0.07 —-0.10 n.s. 0.16 0.42* 0.03 0.29
UDI 6625 4263 0.58%* —-0.07 —0.14 0.04 0.20 0.45% 0.03 0.34*
BREEAM 6231 4657 0.46* —0.15 -0.25 n.s. 0.03 0.34* -0.10 0.20
EN17037-DF 1768 9120 0.26 —0.31* —0.40* —0.14 0.10 0.53** 0.09 0.38*
EN17037-IL 4888 6000 0.50%* -0.14 -0.19 ns. 0.24 0.54** 0.12 0.43*
*, **: medium, large effect size respectively.
n.s.: no significant result (p > 0.05).
11
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Fig. 11. Spearman Rank Correlation between compliance rate and urban density per criterion (n = 25). Coefficients rs in scatterplots (a)-(e) are calculated excluding
exterior circulation developments D, K, R. The rg coefficients in table (f) are calculated including them.

demanding. Regarding building forms, developments of post-modern
reforms, large courtyard and exterior circulation typologies under-
performed consistently, while high-rise towers were ranked either first or
second depending on criterion. In terms of room functions, kitchens
performed poorer, followed by living rooms, bedrooms and dining
rooms. Dining rooms were the only function that complied in a rate
higher than 50% for all criteria. This ranking contradicts occupant
preferences in multi-dwelling buildings, as occupants have been shown
to prioritize kitchens with respect to daylight availability, followed by
living rooms, dining rooms and lastly bedrooms [3,6].

4.2. Criteria considerations

There were significant compliance similarities between the
$S914201 and UDI criteria (R®> = 0.927). This can be attributed to the
fact that the lower illuminance limit of UDI (100 Ix) has a commensurate
effect on compliance as a daylight factor of 1% (DFp threshold). A shift
to a climate-based indicator for compliance testing in Sweden could
consider this similarity. The UDI metric accounts for orientation and
sunlight, has previously been suggested as a suitable metric for resi-
dential spaces [51], and maximizing it has been characterized as the most
reliable indicator of ‘good daylight provision’ for residential buildings [52].
It can also be used in tandem with thermal comfort evaluations due to its
formulation, which is particularly important as higher lighting gains
may translate to higher overheating issues for residences. A notable
difference was identified between the two EN17037 criteria, with the
climate-based criterion yielding significantly higher compliance. This is
an important finding, as it reflects the difference between
daylight-factor-based and climate-based evaluations, since the two
criteria are based on the same assumptions, except for sky conditions.
The fact that the climate-based indicator yielded higher compliance
implies that a more accurate representation of sky conditions, on an
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hourly basis, can reveal a different potential of a design to admit
daylight, in particular a higher potential.

4.3. Effect of room geometry

The two attributes that have a meaningful effect on criteria were the
Vertical Sky Component (VSC) and the glass-to-floor ratio (GFR). A
deviation from other criteria was observed for EN17037-DF, for which
VSC was not substantially influential, while smaller room areas and
shorter depths were necessary to achieve compliance. The design deci-
sion to maximize one variable could perhaps prioritize GFR over VSC, as
the former has been shown to associate with perceived brightness in
residential spaces, contrary to VSC [45]. To assess the effect of
“connectedness” to the sky, future work could investigate
aperture-based indices, that are also aware of window size [53]. The
study results also warrant against the use of the BREEAM daylight factor
criterion, as it may yield compliance for rooms that are actually uni-
formly dark. This was the case for large, deep rooms with a window
placed closer to corners than the center of the facade. Finally, the results
imply that the commonly reported window-to-wall ratio (WWR) is
actually not a reliable predictor of indoor daylight availability, and glass
area (Ag) is a weak predictor.

4.4. Effect of urban density

Urban density was shown to be a reliable indicator of indoor daylight
availability. Similarly to this, it has previously been shown to adequately
predict irradiance levels on facades of urban blocks [54]. The only cri-
terion that did not associate with urban density was EN17037-DF.
Overall, the UDI criterion had a stronger connection to surroundings,
as it displayed the strongest association with urban density (rs
—0.820, p < 0.01), and was the only criterion to associate significantly
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with the mean building height of surroundings (p = 0.02).
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ARTICLE INFO ABSTRACT

Keywords: This article investigates the relation between subjective evaluations and objective measurements of daylighting

Dﬂ)’ligh} in multi-family residential buildings. More specifically, the suitability of an observer-based environmental

g“f‘ﬁf‘:m“ assessment (OBEA) instrument to assess indoor daylight conditions was tested in a field study conducted in six
rightness

typical multi-family apartment buildings in the central and metropolitan area of Malmo (Latitude: 55.6 °N),
Sweden. The OBEA used self-administered questionnaires based on bipolar semantic scales aiming to capture two
perceived daylight qualities: brightness and distribution. Following a factorial approach, one component per-
taining to perceived brightness was deducted (“Brightness”, Cronbach’s alpha = 0.89) and validated by asso-
ciating it with outdoor global horizontal irradiance (Spearman’s rg = 0.566, p = 0.006), which was monitored
during the survey. Subsequently, this component was correlated with key geometric attributes of the investigated
apartments to highlight the most important associations between perceived brightness and room geometry.
Results indicate that the OBEA displays high internal reliability for the derived component, and is fit for daylight
perception evaluations in residential spaces. In addition, the analysis showed a tendency for variables pertaining
to window size to associate with perceived brightness, but also contributing to this association was the level of
global horizontal irradiance.

Residential environment
Room geometry

1. Introduction be quantified by means of instruments from the field of environmental

psychology [6], but are harder to assess at the design phase before the

In the field of illumination engineering, recommendations on
“adequate” daylight conditions have mostly emphasized on increasing
visual performance, with the intent to facilitate visual tasks in order to
reduce electric lighting use [1]. This is reflected in the current definition
of daylight performance indicators (metrics) proposed by standards and
certification systems, where metrics indeed measure the time “when
illuminance is provided by daylight alone” while ensuring “a minimum
amount of illumination” for a given task or space [2,3]. Such evaluations
are then implying that specific photometric benchmarks are related to
occupant health and well-being [4]. The traditional parameter in such
evaluations is illuminance on the horizontal plane, the height of which is
a proxy of the height where a task is conducted (e.g. height of a
workstation).

On the other hand, a behaviorally-based definition of lighting quality
incorporates multiple requirements for a luminous environment, such as
visual and post-visual performance, social interaction and communica-
tion, mood state, health, safety and aesthetic judgements [5]. These can

building is complete. Nevertheless, we can deduct knowledge from
existing spaces to apply in future developments, e.g. compare subjective
evaluations of luminous environments with objective measurements of
photometry or geometry and derive benchmark values (e.g. minimum
acceptable illuminances or glass-to-floor ratios) according to occupant
perception.

Prior to comparing objective with subjective output, one needs to
initially establish an observer-based assessment tool, an “instrument”,
with which to “measure” subjective evaluations. A first attempt was
made by Flynn in 1977 [7], who suggested that perception of lighting
could be captured by bipolar semantic scales [8]. Based on this work,
Kiiller and Wetterberg [9] used ten bipolar adjectives such as Bright —
Dark, Strong — Weak etc. to capture human experience of the luminous
environment. These adjective pairs have been used in a number of lab-
oratory and field studies since then, to capture the experience of
different working environments [10], to test effects of electric lighting
installations within educational facilities [11] and outdoor urban paths
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[12], and to evaluate electric lighting use of office workers [13] in
different seasons. In the present paper, we evaluated the suitability of
specific scales for the assessment of perceived lighting quality in resi-
dential spaces, with daylight as the sole illuminant.

Focusing on aesthetic judgements, we conducted a field study that
incorporates daylight quality assessments in residential spaces, deduced
from scale measurements for the impression of two qualities: brightness
and distribution. Relying on an observer-based environmental assess-
ment (OBEA) instrument [12], we surveyed occupant opinions on their
own visual perception of their apartments. The OBEA incorporated
seven semantic differential scales, which we eventually reduced to one
interpretable component for perceived brightness. The component was
tested for its reliability and validity as an assessment tool, and was
associated with key room geometric attributes.

1.1. Objective

The study had a two-fold objective: Firstly, to evaluate whether the
OBEA instrument is suitable for measuring perceived brightness and
daylight distribution in typical apartment rooms. This part included a
reliability analysis and a validation study for the OBEA measurement.
The second objective was to test correlations between the OBEA output
and room geometry, to find the most important geometric attributes
associated with perceived brightness. This part included statistical as-
sociation between the validated OBEA measurement and typical room
geometric dimensions.

2. Methodology
2.1. Sampled buildings

The work was carried out in a field study that included six different
residential buildings located in the city of Malmé (Latitude: 55.6 °N),
Sweden. The buildings, shown in Fig. 1, include multi-family apart-
ments, which are the most popular type of dwelling in Sweden (51 %)
[14]. The blocks were selected based on their relevance to typical ex-
amples of Swedish urban planning history [15,16], with the aim to
represent residential sector designs. The typical floor plans are shown
below each aerial view. Following the specifications for lighting rec-
ommendations in the Swedish building code [17], the investigated
rooms only included spaces where people stay more than occasionally:
bedrooms (B), living rooms (L) and kitchens (K). Different typologies
have different plan layouts and room geometries, which created a rich

Low-rise towers Large courtyard

High-rise towers

Semi-open courtyard
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architectural database, i.e. the database included rooms with great
variation in area size, shape, depth, fenestration and obstructions (e.g.
balcony).

2.2. Building models

To derive room and fenestration dimensions, apartment plans of the
selected buildings were modelled according to documentation drawings
retrieved from Malmé City Planning Office [18]. Validation of the
detailed apartment dimensions was conducted via on-site measurements
of at least three apartments per building, which was adequate in order to
derive accurate geometric attributes for each of the different apartment
layouts. To assess the effect of surroundings, surrounding objects were
designed as LOD2 volumes. Their building footprints were retrieved in
vector format [19] and combined in ArcGIS ArcMap [20] with the latest
LiDAR data (point density = 0.5-1.0 points/m?) available from Swedish
Surveying and Cadastral Agency [21] to model 3D volume geometries.
These geometries were culled in a 200 m radius from the investigated
buildings, using the visual programming environment of Grasshopper
[22]. The culling procedure is described in detail elsewhere [23].

2.3. Geometric attributes and global horizontal irradiance (GHI)
measurement

The geometric attributes surveyed were seven typical dimensions of
any room in residential architecture, which can be used to formulate
simplified design guidelines: the glazing area (Ag), the floor area
(ArLooR), the glass-to-wall ratio (GWR), the glass-to-floor ratio (GFR),
the glass-to-interior-surfaces-area ratio (GWintR), which is the glazing
area relative to the sum of interior wall areas, the number of fenestrated
walls (nWwn) and the room depth (D). Reflectances for the main room
surfaces (walls, floor and ceiling) were not considered for this study, as
they could not be retrieved for all investigated rooms. However they
were measured in 45 rooms (where permission was granted for mea-
surements), by means of a Konica Minolta CM-600d portable spectro-
photometer. A summary of these measurements is shown in Fig. 2. The
interquartile ranges of the wall, floor and ceiling reflectance distribu-
tions are shown to lie between typically recommended values [2]. A
preliminary association of these measurements with occupant responses
on perceived brightness did not reveal any significant association,
however no further data processing regarding reflectance values was
conducted to test further associations (e.g. deriving room average
area-weighted reflectance).

Exterior circulation

High-rise elongated
A

Auxilliary rooms

[ Building circulation

Fig. 1. Aerial view, number of evaluated rooms and typical floor plans of surveyed buildings. Aerial images © Landsat/Copernicus and Data S O, NOAA, U.S. Navy,

NGA, GEBCO.
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Fig. 2. Distributions of visible reflectance for walls, floors and ceilings,
measured in 45 rooms.

To test the association between perception and surrounding ob-
structions, the Vertical Sky Component (VSC) was calculated for each
room. According to Littlefair, VSC is “the ratio of that part of illumi-
nance, at a point on a given vertical plane, that is received directly from
a CIE standard overcast sky, to illuminance on a horizontal plane due to
an unobstructed hemisphere of this sky”...“The VSC does not include
reflected light, either from the ground or from other buildings” [24]. The
vertical plane in the present study was the room window, and VSC was
calculated as the average value of a grid of point VSC measurements on
the outer glazing surface (grid density 0.1 m). For rooms comprising
more than one windows, Littlefair [24] suggests that the average of their
VSCs may be calculated, when the windows are equally sized. Since in
this study windows were not always equally sized, in cases of rooms with
two or more windows, the glazing-area-weighted average VSC of win-
dows was calculated as the overall room VSC value. It should be noted
here that the VSC definition assuming a CIE Overcast Sky and only
considering direct skylight deviates from the conditions in the present
study, as occupants did not necessarily respond under such a sky and
their rooms were also illuminated by daylight reflected off from sur-
rounding obstructions and the ground. Radiance [25] via Honeybee [26]
was used to derive VSC using an -ad rendering setting of 16384 to
sample enough rays towards the sky dome in order to account more
accurately for urban obstructions.

The global horizontal irradiance was measured during the survey to
record weather information in order to validate the OBEA. Measure-
ments were taken using a Kipp&Zonen CM-11 pyranometer, which was
calibrated shortly before the experimental study and installed on a
centrally located, unobstructed roof. A data-logger was programmed to
record irradiance values every minute, where each minute log was the
arithmetic mean of six measurements, each one taken every 10 s. As
participants were asked to report the exact time when they filled in the
questionnaire in Month: Day: Hour: Minute format (MM: DD: HH: mm),
the global horizontal irradiance during their participation could be
derived. The GHI variable reported in this paper is the arithmetic mean
of 5 min-logs, as the questionnaire procedure was estimated to last
approximately 5 min.

2.4. Survey subjects

The participants were contacted via regular mail sent to their civic
addresses. No specific selection aimed at age or gender distribution was
made a priori for the sample, although the number of participants (= 75)
led to sufficient variation, as was confirmed during post-processing. The
questionnaire was sent in three different languages, namely Swedish,
English and Arabic, with the intent to increase the response rate, as
foreign-born citizens between ages 18 and 77 corresponded to 40 % of
the city population at the time of the survey, according to Statistics

Building and Environment 169 (2020) 106574

Sweden [27]. Nevertheless, all participants used the Swedish language,
so the main cultural background of participants can reasonably be
assumed to be Swedish. The questionnaire was sent out to 945 apart-
ments, and 108 returned their answers. Another 87 questionnaires were
automatically sent back by the postage service since their recipients had
moved out. The final response rate was thus calculated to 13 %. The low
response rate can be attributed to the fact that no follow-up reminders
were sent, and no monetary incentive or other retribution was offered
for participation. However the age of participants, which is by far the
most common cause of limited visual capacity [28], was found to be
satisfactorily distributed, as shown in Fig. 3. Gender participation was
60 % women and 40 % men. Of the 108 filled questionnaires, 28 had to
be discarded from the statistical analysis due to missing values, and 5
were discarded because they corresponded to small apartments that did
not include all three different room types (K, L, B). The final sample
therefore included 75 respondents, corresponding to 75 different
apartments that included 225 rooms (sample Syzs, N = 225). It should be
noted here that sample size per building differed (Fig. 1), due to the
study design, which involved using self-administered questionnaires.
This led to a random number of participants per building type.

2.5. Date and time of survey

The questionnaires were distributed on March 13, 2018, to ensure
they would be filled in during a period as close to spring equinox as
possible. The equinox is representative of an “average day” in daylight
studies since it provides i) balance between nighttime and daytime, ii)
yearly average solar elevations per hour and as a consequence iii)
average shadow lengths. It is therefore prescribed by lighting moni-
toring protocols as a test day [29]. The vast majority of questionnaires
(90 %) were filled within a week from the spring equinox, as shown in
Fig. 4. The majority of questionnaires (73 %) were filled in between 9:00
and 15:00 h. In some cases two or more apartments participated
simultaneously, which is indicated by the size of the circular markers.

2.6. Procedure and instrument

The participants were asked to start filling the questionnaire after
reading specific instructions, which prompted them to: i) be inside the
specific room while filling items corresponding to that room, ii) answer
during daytime (sun above the horizon), iii) switch off electric lighting
prior to answering and iv) fully retract any shading device (e.g. curtains,
blinds) prior to answering. Table 1 shows the scales used for each of the
three room types, where the participants were asked “How would you
describe the daylight in the [room type] right now?“. As previously
mentioned, the perceived lighting qualities were assessed using seven-
grade bipolar rating scales that are based on earlier work by Kiiller

Percentage of participants
25

w

o [l
20s 30s 40s 50s 60s 70s 80s
Age (decade)

Fig. 3. Percentage distribution of participants’ age.
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Fig. 4. Date and time of participation, and number of apartments per 1-
h timespan.

Table 1
Bipolar seven-grade scales used.

Scale

Dark - Light (1)

Scattered - Concentrated (2)

Clear - Drab (1)

Uneven distributed - Even distributed (2)
Strong - Weak (1)

Unfocused - Focused (2)

Subdued - Brilliant (1)

(1) Scales intended to capture perceived brightness
(2) Scales intended to capture perceived distribution

and Wettenberg [9,10], with the intent to capture two dimensions:
brightness (4 scales, indicated by “(1)” in Table 1) and distribution (3
scales, indicated by “(2)” in Table 1). The bipolar adjectives shown in
Table 1 are semantic differentials that have previously been developed
in the Swedish language, making them suitable in the context of Swedish
culture. They are shown here translated in English, in the same order
and direction as they were included in the distributed questionnaire.
After the exploratory factor analysis presented in section 3.1, only the
scales related to brightness (4 scales) were retained, and were averaged
to a single index (Brightness) ranging from 1 (low brightness) to 7 (high
brightness) for each participant. This index was used to examine the
relation between perceived brightness and room geometry.

Since the questionnaire was self-administered, clarifications needed
to be made in order to ensure that participants would answer for the
intended areas within their apartments. For kitchens, in the case that a
distinct dining room area existed, the occupants were asked to discard it
and to evaluate the space in the meal preparation area (close to kitchen
cabinets). For the bedroom, participants were asked to answer for the
largest one in case an apartment had several bedrooms. It should be
noted here that the questionnaire did not include specific instructions
regarding positioning in space and view direction. This choice was made
in order to avoid uncertainty due to unreliable data from occupants
assuming wrong positions or facing towards a different direction than
the one dictated, given that no interviewer was present at the time of
participation to guide them. This constitutes a limitation of the present
study. The intention was for occupants to report an overall judgement of
the lighting conditions, instead of an assessment of a fixed field of view.
This effectively implies that multiple view directions could have been
deployed by the occupant, examining multiple parts of the space prior to
responding. In essence, this does not affect the factor analysis on the
questionnaire scales, but could affect results pertaining to the associa-
tion of occupant responses with geometric attributes. Uncertainty
regarding the latter case would be amplified if occupants of different
rooms deployed completely different view directions with respect to

152

Building and Environment 169 (2020) 106574

their room geometry (e.g. one occupant standing under the room door
staring towards the fenestration and another standing in front of the
fenestration and staring towards the back end of the room).

2.7. Room samples and data processing

The different statistical tests performed and the corresponding room
samples and variables are shown in Table 2. The first step included
processing data of the overall room sample Syz5 (N = 225), which cor-
responds to the 75 different apartments/participants. For this sample, a
Principal Component Analysis (PCA) was performed on the seven bi-
polar scales with orthogonal rotation (varimax), with a requirement of
eigenvalues > 1, to eventually derive one component (Brightness) per-
taining to perceived brightness. Cronbach’s alpha was calculated to
evaluate the internal reliability of Brightness.

To assess the validity of the derived component Brightness,
Spearman Rank Correlation (SRC) was performed with GHI. For this
part, only rooms of the “high-rise elongated” building type were
considered, as this building consisted of multiple identical rooms (equal
geometric attributes) with nearly identical surrounding obstructions
(VSC: M = 36.71, SD = 3.29), making it possible to isolate the effect of
GHI on Brightness. This sample of 24 rooms (sample Sgx, N = 24)
included the bedrooms and kitchens of the apartments. Living rooms
were excluded as they were considerably deeper and had a balcony
obstruction, while kitchens and bedrooms were identical in geometry.

For the association of Brightness with geometry, non-parametric
tests were used due to lack of normality in the distribution of all vari-
ables. SRC was used for all geometric attributes, in three different
samples: i) the overall room sample Sys, ii) the sample of rooms that
only had one window and no balcony (sample S;, N = 157), and iii) the
sample of rooms that only had one window and had a balcony above it
(sample Sy;, N = 41). These samples (S;, Sy) were manually categorized
to test the influence of the balcony obstruction as a confounding factor in
the associations between perception and geometry. Fig. 5 provides sta-
tistical information on the geometry of rooms included in each of the
samples Sazs, Sy, and Sy, with standard deviations (SD) and average (M),
minimum (min) and maximum (max) values for each geometric attri-
bute. Median values (Mdn) and outliers (circular markers) per attribute
can be derived from the boxplots. According to Fig. 5, significant dif-
ferences between samples S; and Sy in terms of room geometry include

Table 2
Statistical tests performed with corresponding samples, sample sizes and
variables.

Test Sample  Size  Variable
Factor analysis (PCA and Sa25" = Questionnaire scales
reliability analysis) 225
Validation (Spearman rank Sax® = GHI
correlation) 24
Association with geometric Sy2s N=  VSC, Ac, Arroor, GWR,
attributes (Spearman rank 225  GFR, GWiniR, nWyy, D
correlation) S N=
157
syt N=
41
Association with benchmarks Sazs = VSC: [0, 20) and [20, 40]°
(Mann-Whitney U test) 225  GFR: [0, 10) and [10,20]°

GHI: [0, 300) and [300,
6001°

@ The overall room sample (all investigated rooms included).

b Sample of identical rooms in terms of geometry and surrounding obstruc-
tions (from “high-rise elongated” building).

¢ Sample of rooms with a single opening and without a balcony (out of all
rooms).

4 Sample of rooms with a single opening and a balcony obstruction above it
(out of all rooms).

¢ The two domains in which variables were manually dichotomized (“[" in-
cludes value, "(“ does not include value).
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Fig. 5. Summary of room characteristics for samples S»5s, S, and Sy, with standard deviations (SD) and average (M), minimum (min) and maximum (max) values of

the studied geometric attributes.

attributes pertaining to window area and room vertical surfaces: Sy
rooms have i) significantly lower VSCs (S;: Mdn = 32.1 %, Sj: Mdn = 9.9
%), ii) significantly higher Ags (S;: Mdn = 1.3 m?, Sy: Mdn = 2.7 m?), iii)
significantly higher GWRs (S;: Mdn = 15.0 %, Sy: Mdn = 30.1 %) and iv)
significantly higher GWintRs (S;: Mdn = 3.6 %, Sii: Mdn = 6.4 %). This
indicates that Sy rooms have a broader view out, but this view is not
necessarily exposed to the sky dome, compared to S; rooms. This effec-
tively means that they have larger glazing areas covering their facades,
but these glazing areas are not as bright as the glazing areas of S; rooms.
No significant differences were found between samples S; and Sy in
terms of Aproor, GFR, D, and GHI. The balcony depth for rooms in
sample Sy did not vary significantly, ranging from 1.3 m to 1.6 m, with
five outliers, one at 0.6 m and four at 2.0 m depth. For statistical in-
formation on occupant responses per questionnaire scale for samples
Sas, S1, and Sy, the reader is referred to Fig. 6. Visually inspecting the
distributions of the different questionnaire scales, it is evident that
“distribution” scales (scales 2, 4 and 6) are significantly different, for all
room functions (K, L, B), already indicating low internal reliability for
this factor.

Finally, the Mann-Whitney U test (MWU) was used to evaluate if
Brightness differs significantly between subgroups of VSC, GWR and GHI

Response (-]
K. +

1357 1357 1357

1 11 11 1
Scale: 1357 1357 1357

1: Dark - Light, 3: Drab- Clear, 5: Weak- Strong, 7: Subdued- Brilliant

1357 1357 1357

in the overall room sample (Sy2s). For this test, each variable was
transformed into a binary categorical variable (0 or 1). The two domains
are shown for each variable in Table 2, where “[” denotes that the
domain start or end value is included and “(“ that it is excluded. The
division into two domains was made using specific benchmark values, in
order to test whether there are significant differences in light perception
between the groups above or below these benchmarks. The VSC
benchmark value used was 20 % (domains [0-20), [20-40]), as VSC
values in excess of 20 % within urban areas should be considered as
reasonably good [30]. The GFR benchmark of 10 % was used as it is
recommended in the Swedish building code [31] as well as in many
other national standards and regulations for the provision of daylight in
residential spaces [32]. The GHI was dichotomized based on its mid-
range, which is the arithmetic mean of the maximum and minimum
recorded values. All tests were performed using SPSS Statistics 24, and
in all tests results were considered statistically significant for p values <
0.05.

Os

B

K: Kitchen, L: Living room, B: Bedroom D Sa25

Lo
_ il_

il
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2: Scattered- Concentrated, 4: Even distributed- Uneven distributed
6: Unfocused- Focused

Fig. 6. Distributions of questionnaire scales per room function (K: Kitchen, L: Living room and B: Bedroom) for samples S,2s, S; and Sy;. Questionnaire scale numbers
are shown below each boxplot, where scales 1, 3, 5 and 7 pertain to perceived brightness, and scales 2, 4 and 6 to perceived distribution. Scales 3, 4, and 5 have been

reversed (compared to Table 1).
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3. Results
3.1. Exploratory factor analysis

For the sample of all assessed rooms (sample Syzs5, N = 225), all seven
scales in the questionnaire were found to be normally distributed in a
satisfactory degree, as the ratio of skewness and kurtosis to their stan-
dard errors did not exceed 5 in any case. Principal Component Analysis
(PCA) was performed using orthogonal rotation (varimax), extracting
components based on eigenvalues > 1. This approach was supported by
the KMO measure (= 0.838) indicating meritorious sampling adequacy
according to Kaiser and Rice [33], and by Bartlett's Test of Sphericity (x>
(21) = 734.522, p < 0.001). The PCA identified two components that are
shown in Table 3, intended to capture Brightness and Distribution. One
scale loaded on both components (Unfocused — Focused, 0.487 bright-
ness and 0.684 distribution). The same scale has actually been shown to
load highly in the Brightness component in a previous study that con-
cerned perceived outdoor lighting qualities using electric light sources
[12]. A counter-intuitive result is that scale “Even distributed — Uneven
distributed” loaded on the Brightness component (0.667) instead of the
Distribution. Since the Distribution component only consisted of two
scales, Spearman’s Rank Correlation was tested (instead of Cronbach’s
alpha) to evaluate its reliability. This association was found rather weak
(rs=0.251, p < 0.01). On the other hand, the Brightness component was
shown to explain 52.29 % of the variance and to be satisfactorily
composed by four scales that loaded high (all loadings > 0.80). In
addition, Cronbach’s alpha for the Brightness scales was 0.89, suggest-
ing high internal reliability for the component. The study therefore
proceeded with this component for associations with geometry, by
averaging for each participant the 4 scales into one index, Brightness, M
= 4.95, SD = 1.38, range: 1-7.

3.2. Instrument validation

For the validation of the derived Brightness component, the re-
sponses from occupants of the “High-rise elongated” building were uti-
lized, assessing the maximum amount of identical rooms in terms of
geometry and surroundings (Sgk, N = 24 rooms). For theses rooms, the
Spearman Rank Correlation between Brightness and GHI was strong (rs
= 0.566, p = 0.006) indicating that the Brightness component has the
intended content validity.

3.3. Associations between OBEA and geometric attributes
The association of Brightness with room geometry and VSC is shown

Table 3
Exploratory factor analysis (Sa2s, N = 225) with mean values (M), standard
deviations (SD) and factor loadings (in bold) for Brightness and Distribution.

Scale Distribution Rotated factor loadings
(varimax)
M SD Brightness  Distribution
Weak - Strong 452 164 0.864 0.070
Subdued - Brilliant 4.71 152 0.860 0.254
Dark - Light 546 151 0.856 0.079
Drab - Clear 510 1.68 00822 —0.087
Scattered - Concentrated 3.43  1.83 —0.237 0.864
(excluded, low r)
Unfocused - Focused (excluded, low ~ 4.48  1.54  0.487 0.684
)
Even distributed - Uneven 3.03 1.65 —0.667 0.239
distributed (excluded)
Percentage of variance 52.29 18.99
Eigenvalues 3.661 1.329
Cronbach’s alpha 0.89
Spearman’s rs 0.251 (p <
0.01)
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in Table 4. Spearman’s rg and p values are shown for three samples: the
overall room sample (Szg5, N = 225), the S; sample (N = 157) and the Sy
sample (N = 41). The latter two samples consist of rooms with one
window, where S; rooms do not have a balcony while S; have one. For
Sa25, the attributes pertaining to window size are very weakly correlated
with Brightness, namely Ag (rs = 0.145, p < 0.05), GWR (rs = 0.144, p
< 0.05) and GWNtR (rs = 0.135, p < 0.05. No significant associations
were found for the S; rooms (rooms without a balcony). On the other
hand, for the S rooms, there is moderate correlation between Brightness
and Ag (rs = 0.455, p < 0.005), GFR (rs = 0.419, p < 0.01) and GWntR
(rs = 0.455, p < 0.005), and a weak correlation with GWR (rg = 0.356, p
< 0.05).

At first glance, Table 4 indicates that a balcony obstruction deems
window-related attributes more important in terms of perceived
brightness, as these attributes are associated more strongly with
Brightness for Sy rooms, compared to S; rooms. These attributes were
also significantly different between the two samples (Fig. 5). Further
analysis was conducted to test whether this assumption for Sy rooms is
true for any sky condition, as GHI was previously shown to associate
strongly with perceived brightness (section 3.2). Firstly, for each of the
associated attributes (Ag, GWR, GFR and GWyTR), Sy rooms were
subdivided into two groups, according to the median value of each
attribute (Ag: Mdn = 2.7 m?, GWR: Mdn = 30.1 %, GFR: Mdn = 13.1 %
and GWintR: Mdn = 6.4 %). The GHI distributions between groups in
each pair were then compared. The comparison (Fig. 7) shows that the
groups with higher attribute values (white boxplots) have higher GHI
values. In other words, considering e.g. Ag, there was more global
horizontal irradiance (W/m?) available when responses for rooms with
larger windows were given. This indicates that GHI acts as a con-
founding factor in the association of Brightness with geometry in Sy
rooms. Finally, to eliminate the effect of GHI, S rooms were subdivided
into three bins according to GHI ranges of 0-200, 200-400 and 400-600
(W/m?) and SRC was performed between Brightness and Ag, GWR, GFR
and GWntR for each individual bin. No significant association was
revealed for any bin, which verifies that geometric attributes alone did
not affect perceived brightness, but rather they affected it in conjunction
with GHI. Similarly, performing SRC between Brightness and geometric
attributes for each GHI bin in S; rooms did not reveal any significant
correlation.

3.4. Associations between OBEA and VSC, GFR, GHI benchmarks

Finally, to evaluate if Brightness varies significantly between sub-
groups of VSC, GFR and GHI, the Mann-Whitney U test was performed
for the overall room sample Syzs. Each variable was dichotomized into
two subgroups based on the benchmark values previously stated in
Table 1. The test indicated that Brightness was significantly higher when
GFR ranged between 10 % and 20 % (Mdn = 5.25) compared to GFR
ranging between 0 % and 10 % (Mdn = 4.50), U = 7358.5, p = 0.02.
Brightness was also found significantly higher when GHI ranged be-
tween 300 W/m? and 600 W/m? (Mdn = 5.5) compared to GHI ranging
between 0 W/m? and 300 W/m* (Mdn = 4.75), U = 5373, p = 0.004.
Finally, the test indicated that rooms with VSC higher than 20 % did not
report significantly higher Brightness compared to rooms with low VSC
(lower than 20 %). Following on the latter finding, the data were pro-
cessed to identify any other VSC benchmark value based on perceived
brightness: the overall room sample Sy;5 was dichotomized into two
subgroups seven times, each time based on a different VSC value (5, 10,
15, 20, 25, 30 and 35). Each time the two subgroups were compared by
comparing their median Brightness values via a Median Test. Following
seven tests, no significant differences between groups were found, thus
no such VSC benchmark value could be established.

4. Discussion

The work carried out during this study presented a number of novel
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Table 4
Spearman’s Rank Correlation between Brightness and geometric attributes for samples Sz,s, S; and Sy.
Sample vsc Ag ArLoOR GWR GFR GWintR nWywiy D
Saa5 Ts 0.096 0.099 0.014 0.145* 0.144* 0.135* 0.010 -0.027
P 0.151 0.140 0.830 0.030 0.030 0.043 0.879 0.682
Sy Ts 0.108 0.096 0.042 0.114 0.115 0.146 - 0.057
P 0.177 0.230 0.600 0.156 0.152 0.068 - 0.475
Su Ts 0.017 0.455** 0.009 0.356* 0.419%* 0.455%* - —-0.110
P 0.917 0.003 0.954 0.022 0.006 0.003 - 0.495

. Correlation is significant at the 0.05, 0.01 levels respectively (2-tailed).
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Fig. 7. Distribution of global horizontal irradiance GHI (W/m?) for pairs of
subgroups from Sy, each subgroup selected by dichotomizing Sy into two
groups (Lower domain, Higher domain) based on the median value of each
variable Ag, GWR, GFR and GWyrR.

findings and a few counter-intuitive outcomes. Overall, the proven
suitability of the utilized scales for measuring perceived brightness in-
dicates that it can be a powerful tool for post-occupancy daylight eval-
uations in residential spaces. The same scales have previously been
deployed to evaluate different working environments [10], to test effects
of electric lighting installations in classrooms [11] and outdoor urban
paths [12], and to evaluate the effect of season on electric lighting use by
office workers [13]. With the present study, the usability of this in-
strument is extended and proven reliable i) for residential spaces, and ii)
for daylight as the sole illuminant.

The reliability results presented here for the Distribution component
indicate that such a dimension could not be satisfactorily captured using
the corresponding three scales. This is to be expected, as in previous
work, these scales have been shown to load on different factors,
depending on the experimental set up or the lighting source. When used
outdoors, the scale “Unfocused — Focused” has been shown to associate
with Brightness under LED and discharge lamps [12], but has been
shown to load on the Distribution component (grouped with scale
“Scattered — Concentrated”) when evaluated indoors under fluorescent
and LED lighting [11]. In this study it loaded on both factors, and only
correlated weakly with all other scales. This ambiguity in past studies
and within the current work led to discarding this scale from further
processing. Similarly in a counter-intuitive way, the “Uneven distributed —
Even distributed” scale loaded higher on the Brightness component
(0.667) than it did on the Distribution component (0.239). In previous
studies, this scale has been shown to not correlate with any other scale
[12] or to correlate more strongly with qualities such as flicker, sharp-
ness, softness or pleasantness compared to qualities related to light
distribution [11]. It can therefore be argued that the semantic meaning
of these two scales (in Swedish) are in need of scrutiny in terms of their
suitability for 1) different light sources and ii) type of environment (in-
doors or outdoors).

The self-administered character of the questionnaire led to random

sampling of participating apartments, and yielded specific sample
characteristics. On the positive side, the satisfactory distribution of age
among participants is a strong argument for the robustness of the
exploratory factor analysis, since i) age is considered by far the most
influential factor of visual capacity, and ii) the utilized scales pertain
primarily to vision and not e.g. to mood state or social interaction. In
addition, validation against irradiance measurements indicated that
there was a strong correlation between GHI and Brightness, confirming
content validity for the questionnaire scales pertaining to brightness. On
the other hand, it was not possible to trace associations between
Brightness and geometric attributes for the evaluated samples Syps, St
and Sy, owing to the study design and its limitations. Any association
between geometry and Brightness in the Sy rooms was eventually shown
to be dictated by the confounding association between geometric attri-
butes and GHI. In addition, there were between-geometric-attributes
correlations, i.e. the glazing area Ag in sample S; correlated strongly
with the floor area Agroor (rs = 0.691, p < 0.001), a correlation stem-
ming from intuitive architectural design and conventional wisdom. In
other words, increasing the glazing size meant increasing the floor area
for S; rooms. In addition, architectural practice dictated by functionality
led to balconied rooms (Sy rooms) having higher glazing areas relative
to facade area or interior walls area, compared to rooms without bal-
conies (S; rooms). For the vast majority of cases, facades behind a bal-
cony were found glazed throughout the balcony width, owing to
additional fenestration consisting of glazed doors, used to access the
balcony. This design effectively provides a broader view out, as well as a
broader area of high luminance (glazing) relative to the rest of the
vertical surfaces (walls). The effect of vertical surface luminance on
perceived brightness was not covered in this study, neither was view out,
but could be investigated in the future to ensure further validity for the
utilized OBEA instrument.

However, the aim of the association study between Brightness and
geometry in this paper was not to rule out certain attributes as insig-
nificant, since this would require a full factorial design, which was not
possible due to random sampling. The aim of the study was to identify
the geometric attributes that are universally affecting perception of
daylight, regardless of the values of the remainder room attributes. The
same approach applies for the Mann-Whitney U test that evaluated the
relevance of specific benchmark values to brightness perception. The
investigated variables of VSC and GFR were manually dichotomized on
specific benchmark values that relate to existing codes and recommen-
dations (requirements: VSC > 20 %, GFR > 10 %). The aim of the study
was to evaluate whether these benchmarks are universally applicable, i.
e. that sufficient brightness can be perceived by conforming to these
benchmarks alone, regardless of the remainder room attributes. The GFR
> 10 % criterion was proven to be robust in this case, while the VSC > 20
% could not be identified as a clear limit between rooms perceived as
dark or bright. Neither was any other VSC benchmark value. This may
come as no surprise, as the inception of VSC was not founded on
occupant-based subjective evaluations of spaces, but rather on vertical
illuminance incident on fenestration [34], with which the indoor
average daylight factor is associated.
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5. Conclusions

This article focused on methodological aspects related to occupant-
based evaluations of residential environments. The study was per-
formed using a questionnaire survey in 75 apartments comprising 225
rooms in typical multi-family buildings. An observer-based environ-
mental assessment instrument was evaluated for its suitability to mea-
sure perceived brightness and distribution, and its relation to room
geometry was tested to highlight key geometric attributes. The main
outcomes of this research can be summarized in the following points:

5.1. Instrument suitability

The utilized observer-based instrument was proven reliable and valid
for its use in measuring perceived brightness levels in residential spaces.
One factor “Brightness™ comprising four bipolar scales was derived with
a Cronbach’s alpha equal to 0.89, indicating high internal reliability.
Construct validity of this factor was confirmed by its strong association
with global horizontal irradiance (rs = 0.566, p = 0.006). Overall, it can
be confirmed that the utilized Brightness scales are reliable and valid for
measuring the intended quality. On the contrary, the Distribution scales
described in this work were lacking internal reliability, and their factor
loadings were found inadequate to capture perceived daylight distri-
bution. The semantic meaning of these scales (in Swedish) are in need of
close examination, if they are to be suitable for measuring daylight
distribution in residential rooms.

5.2. Key geometric attributes

Of all geometric attributes tested, those pertaining to window size
(Ag, GWR, GFR, GWnTR) were found to correlate more strongly with
perceived brightness, for rooms with a balcony obstruction above their
fenestration (Ag: rs = 0.455, p < 0.005, GFR: rg = 0.419, p < 0.01,
GWntR: 15 = 0.455, p < 0.005 and GWR: rs = 0.356, p < 0.05). Further
investigation revealed that the confounding effect of global horizontal
irradiance was contributing to these associations. However, these geo-
metric attributes pertain to the view out, as well as to the luminance
distribution of vertical surfaces in the field of view, which were not
examined in this study. Further investigation on these aspects is neces-
sary to establish cause-and-effect relationships between geometry and
brightness perception. In terms of established rules of thumb in building
codes and literature, the typical GFR benchmark of 10 % was found to
satisfactorily distinguish between rooms perceived as darker (GFR < 10
%) and brighter (GFR > 10 %). So was the GHI benchmark of 300 W/m?
for the investigated timespan. On the contrary, the VSC > 20 %
benchmark could not be identified as a clear-cut limit between rooms
perceived as brighter or darker.
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ARTICLE INFO ABSTRACT

Keywords: This paper evaluates the effect of room function and orientation on daytime electric lighting use in dwellings,
Electric lighting use and the confounding role of room design aspects. A questionnaire survey was conducted in six multi-dwelling
Survey

buildings including 75 apartments located in Malmo, Sweden (Latitude: 55.6 °N). Occupants were asked how
often they use electric lighting during daylight hours, in three rooms of different functions, namely the kitchen,
the living room and the bedroom. In a preliminary step, the behavior of occupants regarding electric lighting use
was evaluated, to test whether design and orientation can affect switch-on behavior or whether it is random and
unpredictable. In the next step, statistical analysis was performed to verify whether there is a relation between
daytime electric lighting and room function, room orientation or both. Results indicate that electric lighting use
did not vary significantly among occupants living in rooms of similar geometry, especially when living in West-
oriented rooms. With respect to room function, overall it was shown that daytime electric lighting use was more
frequent in kitchens. However, the study showed that electric lighting use in kitchens is associated with specific
design features and not with room function per se. With respect to orientation, a consistent finding was that
West-facing rooms use electric lighting less frequently compared to rooms of other orientations, and significantly
less frequently compared to East-facing rooms, which can be explained by diurnal occupancy patterns charac-
terizing residential spaces. The implications of the findings on daylight design criteria for residences are

Residential
Room function
Orientation

discussed.

1. Introduction

The profound effect of daylight on occupant health and well-being
has been documented in international literature [1-5], hence its provi-
sion within indoor spaces is stipulated via building codes [6], interna-
tional standards [7,8] and certification schemes [9,10]. In addition,
considerations of energy use [11] as well as occupants’ preference for
daylighting over electric lighting [12,13] imply that electric lighting
should be kept to a minimum during daytime. However, the value of
electric lighting is not to be underestimated, as i) it is a necessary
complement to daylight for time periods when the latter is insufficient
for performing visual tasks and ii) it is necessary when daylight distri-
bution across a given space is not satisfactory. These two reasons can
explain why electric lighting may be used even during daytime. The
former one indicates that the frequency of electric lighting use is a
function of indoor daylight availability, hence related to factors such as
room geometry, fenestration, orientation, surroundings, latitude, etc.
The latter point suggests that it is also dependent on subjective

* Corresponding author.
E-mail address: iason.bournas@ebd.lth.se (I. Bournas).
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judgements of the luminous environment and individual preferences for
space character. To reduce the frequency it is used, one cannot dictate
subjective views, but can define sound design choices that have an im-
plicit effect on indoor daylight availability. The purpose of this paper is
to highlight those factors affecting electric lighting use in residential
spaces, to inspire good design practice.

Meanwhile, it is an observed trend that urban areas in Sweden as
well as internationally are experiencing densification, caused by popu-
lation increase and people’s decisions to settle in urban rather than rural
environments. Densification in urban areas has recently been shown to
reduce daylight access in Swedish dwellings [14]. In addition, research
on human activity patterns in the western world has shown that people
tend to spend approximately 90% of their time indoors, where by far the
largest portion of time is spent in residences (nearly 70% of time) [15]. It
is thus necessary to identify factors affecting electric lighting use in
urban areas, particularly in residential spaces, to limit national and
global electricity use. In addition, it is important to evaluate the fre-
quency of electric lighting use during daytime, to assess whether
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daylight design can indeed affect electric lighting use. To answer these
questions, the present paper investigates the effect of room function and
room orientation on daytime electric lighting use in apartment spaces.
At the same time as these two factors are analyzed, room geometry is
taken into account, to evaluate the extent of its significance in dictating
electric lighting use.

1.1. Objective

The main goal of this study was to evaluate whether room function
and room orientation have an impact on daytime electric lighting use in
residential spaces. This knowledge can be proven useful for the incep-
tion of future design criteria for dwellings, for instance guidelines on
beneficial orientations for specific rooms or different daylight criteria
for different rooms. Regarding function, it was hypothesized that room
function per se does not affect the frequency of electric lighting use
during daytime. Instead, it was expected that electric lighting use would
depend on geometric features of rooms, owing to the daylight potential
dictated by room geometry. Regarding orientation, it was hypothesized
that daytime electric lighting use would be significantly different be-
tween rooms of different facade orientations. The hypothesis was
founded on the fact that it is more likely for residential spaces to be
occupied from the afternoon hours onwards rather than during morning
hours or in noon, as has been shown in previous studies in Sweden
[16-19], which means that the sun position i.e. the daylight potential
during occupancy favors some orientations over others.

A secondary goal of this study was to evaluate the extent of occupant
behavior diversity it terms of electric lighting use. It was hypothesized
that although different occupants may use electric lighting differently,
as it may be dictated by culture, environmental awareness or individual
preferences, the diversity can be reduced when occupants live in similar
rooms in terms of geometry, function and orientation. Knowledge on
this aspect can help prove that design indeed dictates human behavior to
a certain extent, and that electric lighting use in dwellings is not
completely random or unpredictable due to occupant habits and
preferences.

2. Method
2.1. Sampled buildings

The survey was carried out in six residential building developments
located in the central and metropolitan region of Malmé (Latitude:

Low-rise towers ga courtyard

High-risa towers
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55,6°N), Sweden. They were selected to include only multi-dwelling
buildings, which is the most common type of residence in Sweden
(51%) [20], and consistently the most common housing type con-
structed annually since 1985 [21]. An architectural criterion for the
selection of these particular buildings was their block typology, more
specifically its relation to typical urban blocks identified in Swedish
planning history [22,23]. The aim for the selection was to evaluate
electric lighting use within a sample of typical Swedish residential
buildings. Fig. 1 shows aerial views of the surveyed developments, along
with the number of evaluated rooms and typical floor plans per typol-
ogy. Overall, the study included 75 apartments comprising 225 rooms
(sample Sy25, N = 225), and evaluated only kitchen rooms (K), living
rooms (L) and bedrooms (B). The room samples per typology are shown
in Fig. 1 (Spr: N = 36, Spy: N = 69, Spc: N = 51, Sgc: N = 12, Sz N = 36
and Sgc: N = 21).

2.2. Room geometries and surrounding obstructions

For a better comprehension of the evaluated rooms, Table 1 includes
means (M) and standard deviations (SD) of attributes pertaining to
surrounding obstructions and geometry per room function and building
typology. Surrounding obstructions were quantified by calculating the
Vertical Sky Component (VSC) according to Littlefair [24]. Details on
the VSC calculation procedure can be found in Ref. [25]. The geometric
attributes presented in Table 1 include the glazing area (Ag), the floor
area (ApLoor), the glass-to-wall ratio (GWR), the glass-to-floor ratio
(GFR), the glass-to-interior-surfaces-area ratio (GWirR), which is the
glazing area relative to the sum of interior wall areas and the room depth
(D). The values in bold correspond to attributes where the standard
deviation (SD) was less than 10% of the mean (M), indicating cases
where there is homogeneity among rooms of the same function (K or L or
B) within a given building typology. For instance, the most homogenous
surrounding obstructions (VSC) can be observed for B in Low-rise
towers, for K and L in High-rise elongated and for L in Exterior circu-
lation. The latter two typologies have homogenous rooms with respect
to most geometric attributes, indicating that their plan layouts are
“typical”, i.e. repeated modules of rooms can be found throughout the
overall plan and across different floors. Geometry is also nearly identical
among K in Low-rise towers and High-rise Towers. Comparing geometric
attributes between different functions (K vs L, K vs B, L vs B), they were
found to be similar in specific typologies. The term “Similarity” in
Table 1 refers to similar mean values (M) of geometric attributes be-
tween two room functions. This is the case in i) Low-rise towers (K ~ B),

Semi-open caurtyard High-rise elongated  Exterior circulation

-

21)

Se

OK COL Ee M Auxilary rooms K Circulation @ Inner courtyard side

Fig. 1. Aerial view of developments, typical floor plans and room samples per typology. Aerial images © Landsat/Copernicus and Data S O, NOAA, U.S. Navy,

NGA, GEBCO.
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Statistical data of the evaluated rooms, including mean (M) and standard deviation (SD) for each geometric
attribute and VSG, calculated per room function K, L, B and building typology.

Low-rise High-rise Large Semi-open High-rise Exterior

towers towers courtyard courtyard elongated circulation

K L B K L B K L B K L B K L B K L B
VSC M 271 182 309 334 264 155 244 208 309 266 53 226 37.1 134 364 98 288 9.9
(%) sD 56 45 29 49 109 143 47 50 40 120 1.8 100 1.9 04 43 29 25 20
As M 11 88 11 12 37 18 12 17 17 12 19 11 11 27 11 12 31 25
(m) sboi 06 02 01 06 11 00 04 04 03 00 03 00 00 00 00 00 00
Ancor M 117 185 127 143 207 108 11.3 181 155 127 19.6 104 105 22.7 11.1 120 216 11.7
(m) sSDo08 08 23 04 22 26 23 20 31 17 02 09 00 32 09 00 00 00
GWR M 143 157 128 154 252 20.2 16.6 14.9 143 123 17.3 151 136 30.4 136 159 30.3 33.9
(%) sD09 23 17 06 91 11058 28 18 26 46 48 00 08 00 00 00 00
GFR M 98 206 88 88 176 146 11.3 98 11.3 90 98 108 109 120 104 98 146 215
(%) SD 03 22 24 06 20 89 20 30 31 10 02 32 00 16 08 00 00 00
GWyR M 31 100 30 34 92 58 35 40 42 32 47 36 37 60 36 35 7.4 81
(%) sD03 15 07 02 13 88 04 11 11 05 02 09 00 05 01 00 00 00
D M 48 46 48 47 45 34 40 47 42 42 48 38 34 63 36 44 55 43
(m spo2 08 08 02 04 08 05 04 07 04 08 02 00 09 03 00 00 00
Similarity: K=~B none L=B none K=B none

ii) Large-courtyard (L ~ B) and iii) High-rise elongated (K ~ B). There
were no similarities between K and L in any building typology, i.e. the
kitchen was always designed significantly different compared to the
living room. During the study, geometrical homogeneity between rooms
was found to decrease electric lighting use differences between different
functions and occupants.

2.3. Survey subjects and questionnaire

Participants were contacted via mail sent to their civic addresses. The
majority of questionnaires (90%) were filled in within a week from
spring equinox, in 2018. The questionnaire was distributed in three
languages (Swedish, English and Arabic), with the intent to increase the
response rate. However, the Swedish version was used by all re-
spondents, indicating a Swedish background among them. The response
rate was calculated to 13% after excluding i) incomplete questionnaires,
ii) questionnaires that were returned by the post service due to address
changes and iii) questionnaires that corresponded to smaller apartments
not including all three room functions K, L and B. The final number of
questionnaires that were processed was 75, corresponding to 225 rooms
(3x75). Post-processing confirmed that there was satisfactory variation
in age and gender among participants. Details on these demographics
can be found elsewhere [25].

Responses on electric lighting use were given on a seven-point Likert
scale for each room function. The scale consisted of two bipolar adjec-
tives (never — always). Fig. 2 shows the scale corresponding to the kitchen
room. To avoid confusion of the term “daytime” with a working
schedule (e.g. 8:00-17:00), the underlined clause in Fig. 2 was used
instead, defining the considered timespan as the period “when the sun is
above the horizon™. In this way, seasonal changes in daylight availability
can be considered, effectively prompting participants to report electric

How often do you turn on electric lighting in the kitchen
when the sun is above the horizon?

never | 8] ] 8]

C | always

o

Fig. 2. The rating scale measuring frequency of daytime electric lighting use in
the kitchen.

lighting use outside night-hours. The frequency of electric lighting use
was quantified for each room function with an index ranging from 1 =
never to 7 = always.

2.4. Preliminary study — effect of geometry, function and orientation on
occupant behavior diversity

A preliminary study was conducted to assess the extent to which
electric lighting use is dependent on individual occupant behavior.
Cultural practices in different countries, environmental awareness and
individual preferences are known factors that can affect behavior in
terms of lighting use [26,27]. Age, apart from affecting visual capacity
[28] has also been shown to affect hourly electric lighting use patterns in
Swedish apartments, especially during weekends [29]. This diversity
notwithstanding, it was expected that different occupants would report
similar electric lighting use if living in similar rooms. For this purpose,
24 subsamples of Spj;, were extracted, each subsample containing
geometrically identical rooms of a specific function (K or L or B), a
specific orientation (North or East or South or West), and nearly iden-
tical in terms of surroundings. By “nearly identical”, it is meant that the
VSC of rooms in each subsample did not deviate more than 3.3% from
the mean VSC in the subsample, which is a negligible deviation. The
apartment plans (a - g) that include these rooms are shown in Fig. 3. For
instance, from the Large-courtyard typology (plan e), the rooms
extracted were five identical South-facing kitchens, five identical
North-facing living rooms and five identical North-facing bedrooms. The
rationale of categorizing rooms as facing North, East, South and West is
described under section 2.5.2. For each of the individual rooms shown in
Fig. 3, the diversity between occupants was assessed by calculating the
median absolute deviation (MAD) of responses in each subsample, a
higher MAD indicating higher deviation between occupants in the
particular subsample. The MAD is defined as the median of the absolute
deviations of responses from the median response in the sample. It is a
robust measure of data dispersion when there are outliers in the data
distributions [30], which was the case in this study.

2.5. Evaluated factors of daytime electric lighting use and analysis steps
Two factors were evaluated for their effect on daytime electric

lighting use: i) room function and ii) room orientation. Each factor was
analyzed following three consecutive steps (Step 1, Step 2 and Step 3),
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Fig. 3. Plans of rooms (a-g) with overall dimensions [m] for the assessment of occupant behavior diversity in terms of daytime lighting use. Indicated below the
plans is the number and orientation of identical rooms per function K, L, B.

narrowing samples and increasing room homogeneity in each step, as effective for diverse rooms and for identical rooms), its effect could be

shown schematically in Fig. 4. By comparing results between steps, the considered strong regardless of room geometry.
confounding role of room geometry could be observed. For a factor In Step 1, the effect of each factor was assessed considering the
affecting electric lighting use consistently in all three steps (factor overall room sample (Sa25). This step was followed in order to identify (if

——3» Step 1: overall sample Ses (includes &l rooms)
ifunction:  compare functions
,rf‘ ii.orientation: compare crientations

4 — Step 2: broad samples of rooms (crude selsction criteria)

ifunction:  compare functions par building typology
ll.orientation: compare crentations per reom function

Y
|
!

l
|
~
P
e

&/

H Step 3: narrow samples of rooms [nearty identical rooms)
ifunction:  compare identical rooms except for function
ll.orlentation: compare identical rooms excapt for orientation

Fig. 4. Schematic sample extraction, with the type of comparisons performed per factor (i. room function and ii. room orientation) in each analysis step.
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Table 2
Summary of extracted samples and statistical tests performed per factor in each analysis step.
Factor Step  Sample Test
i 1 3 samples (S, Si, Sg, N = 75 each), each containing rooms of the same function. Friedman

Room function

Wilcoxon Signed-Ranks

2 6 samples (Sy1, Sir, Stc> Sscs S S, N = 36,69, 51, 12, 36, 21 respectively), one per building typology (see Fig. 1). % apartments A > 2
% apartments K > L
% apartments K > B
3 1 sample (S46, N = 46) including 23 pairs of nearly-identical rooms in all aspects apart from room function (see ~ Wilcoxon Signed-Ranks
Fig. 5).

2 samples (S, N = 34, Sy, N = 12), subsamples of 46, the one including similar K and B, and the other including

similar L and B (see Fig. 5).

A >2forKvsBandLvsB

. 1 4 samples (Sy, Sw, Ss, S, N = 35, 85, 38, 67respectively), according to orientation Response distributions and %
Room responses > 4
orientation 2 4 samples (Sy vsc.crr» Sw_vsc.Grrs Ss.vsc.Grrs Sk.vsc.arrs N = 10, 46, 22, 38 respectively) according to orientation, ~ Mann-Whitney U test
only including rooms with GFR > 10% and VSC > 15%.
3 10 samples grouped in 5 pairs, with rooms in each pair being identical in all aspects apart from orientation (see Response distributions

Fig. 7).

any) general pattern encompassing all investigated rooms. In Step 2, a
crude selection criterion was used to select rooms e.g. to assess room
function in Step 2, different building typologies were analyzed sepa-
rately. Finally, in Step 3, the effect of the factor under assessment was
evaluated after eliminating all confounding associations. This was ach-
ieved by extracting narrow samples consisting of rooms identical in all
aspects apart from the analyzed factor. The extracted samples are pre-
sented in subsections 2.5.1 and 2.5.2, which correspond to the two
studied factors. Table 2 contains a summary of the samples and the
statistical tests performed per step, to facilitate reading. Each test was
chosen according to the methods prescribed for analyses applicable to
empirical research in behavioral science [31]. For all tests, results were
considered statistically significant when p < 0.05.

2.5.1. Room function

Room function was considered as it has previously been shown to
affect the lighting load [W] of rooms in Sweden [29], as well as the
number and type of lamps used to illuminate them [32]. In addition, a
recent study in Denmark indicated that rooms of different functions (K,
L, B) are occupied during different, identifiable time-periods of the day
[33], which can have a direct effect on indoor daylight availability per
function. To assess the actual effect of room function, occupant re-
sponses were evaluated following three steps, progressing analyses
gradually from the overall room sample to narrow samples of identically
designed rooms. In all steps, analysis was conducted within subjects, to
control for any diversity between occupants, as this was identified
during the preliminary study.

2.5.1.1. Step 1. For Step 1, sample Syo5 was divided in three subsamples
according to function (Sk, Si, Sg, N = 75 each). This was done to test
whether a specific function (K or L or B) uses daytime electric lighting
more frequently, statistically across all evaluated apartments. A non-
parametric Friedman test was performed to evaluate whether signifi-
cant differences between subsamples Sk, S, Sp exist, followed by post-
hoc Wilcoxon Signed-Ranks Tests to identify differences between spe-
cific pairs of subsamples (S vs Sy, Sk Vs Sg, Si. vs Sp). Both tests were
appropriate here as they eliminate the variation due to occupant dif-
ferences (e.g. behavior) and only assess the variation between room
functions. The Friedman test is similar to a one-way ANOVA with
repeated measures, but is more fit here as it analyzes variances based on
ranks of scores, alleviating the issue of the violation of normality, which
was the case for samples Sk, Sy, and Sg. Similarly, the Wilcoxon Signed-
Ranks Test is the non-parametric alternative to a paired-samples t-test.

2.5.1.2. Step 2. In Step 2, comparisons between functions were per-
formed per building typology (samples Sit, Sur, Src, Ssc, Sue and Sge,
Fig. 1). To evaluate the deviation between two functions, the absolute

difference (A) between responses was calculated for each apartment (|JK
—1L|, [K-B|, |L - B]). A higher percentage of apartments where A was
greater than 2 points (A > 2) was considered an indicator of high de-
viation between two functions in that typology. For typologies where
low deviations were identified (A > 2 in few apartments), the room
characteristics shown in Table 1 were observed to assess the relationship
of electric lighting use with geometric features. In addition, as Step 1
revealed that electric lighting use was more frequent for K compared to
the other functions, it was tested whether electric lighting use in K was
still higher when compared to L, B that were similarly designed (similar
dimensions with K). For this purpose, the share of apartments where K >
L and K > B was calculated and related to room geometric
characteristics.

2.5.1.3. Step 3. To corroborate that electric lighting use is not affected
by room function per se but rather by geometric features and orientation
of rooms, only apartments including two nearly identically designed
rooms were considered in Step 3. Effectively, this allowed for a com-
parison between two responses from the same occupant, one response
per room function, with functions identically designed. For this purpose,
a sample of 46 rooms was extracted (S46, N = 46), consisting of 23 pairs
of rooms in 23 apartments. In 17 apartments K was designed similarly to
B (sample Sxg, N = 34), and in 6 apartments L was designed similarly to
B (sample S;p, N = 12). The plans of the rooms included in Sk and Sip
are shown in Fig. 5, along with the number of pairs of nearly identical
rooms (K, B and L, B) for each orientation. Initially, a Wilcoxon Signed-
Ranks Test was performed on S4¢ to evaluate the difference in daytime
electric lighting use between any two different functions, and subse-
quently absolute differences in responses (A > 2) were calculated for Sxp
and Sy to evaluate differences between K, B and L, B separately.

2.5.2. Room orientation

The effect of room orientation was investigated as orientation is a
fundamental strategy of daylight design, the south considered the “op-
timum” choice for annual daylight availability, e.g. for living rooms
[34]. However, when considering occupancy patterns in residential
spaces, it is probable that they are occupied in the afternoon hours as
suggested by relevant literature [17,18]. This implies the superiority of
the West orientation in terms of indoor daylight availability during oc-
cupancy, owing to the sun position in the afternoon. As with room
function, the effect of orientation was evaluated in three consecutive
steps, progressing from comparing diverse rooms to eventually
comparing identical rooms.

2.5.2.1. Step 1. In Step 1, the overall room sample Syo5 was divided in

four samples, Sy (N = 35), Sw (N = 85), Sg (N = 38) and Sg (N = 67),
corresponding to North, West, South and East respectively. The
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Fig. 5. Plans of nearly identical rooms of different functions (K, L, B) for assessing the effect of room function on daytime electric lighting use, sorted per building
typology. Indicated below each plan is the number of rooms per function (K, L, B) and their orientation (North, East, South or West).

categorization was based on the angle between a room’s facade normal
and the cardinal direction due North, measured counter-clockwise
starting from North as shown in Fig. 6. To categorize rooms, four
distinct angular ranges were defined based on the mid-cardinal compass
points, e.g. a room was considered West-facing for a facade normal di-
rection between angles 45° and 135°, South-facing for a facade normal
direction between angles 135° and 225° etc. For double-aspect window
designs, the facade normal was set to the direction defined by the
bisectrix of the individual window normal directions. Eventually, to
compare samples Sy, Sw, Ss and Sg, the frequency of responses per
sample was plotted and the percentage of responses exceeding 4 was
calculated (responses equal to 5, 6 or 7), a higher percentage indicating
more electric lighting use for a given orientation.

2.5.2.2. Step 2. In Step 2, analysis was conducted considering Sy, Sw, Ss
and Sg, but including only rooms with GFR >10% and VSC >15%
(samples: Sy vsc grr, N = 10, Sw_vsc grr, N = 46, Ss vsc_ grr, N = 22 and
Sg.vsc.grr, N = 38). This was done to evaluate differences between
orientations considering rooms that exploit the daylight potential of
each orientation. The GFR >10% i) is currently the daylighting bench-
mark in the Swedish building code [35], as well as in other national
codes [6] and ii) has previously been shown to distinguish between
rooms perceived as bright or dark under daylight by the same occupants
[25]. In addition, rooms with a VSC below 15% are very difficult to be

MNaorth (N)

East (E)

South (5)

Fig. 6. Rationale for the categorization of rooms according to orientation (Sy,
Sw, Ss and Sg). Example shown for a West-facing room.
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provided with daylight, unless very large windows are used [34]. Both
VSC and GFR were similarly distributed among rooms in samples
SN_VSC.GFR» SW_VSC_GFRs Ss_vsc Ger and Sg vsc ger. The effect of orientation
was assessed by performing one Mann-Whitney U test for each pair of
orientations. Differences were considered significant for p < 0.05 and an
effect size r [36] higher than 0.3, which is the medium effect size ac-
cording to Ref. [37]. Additional tests were performed for each room
function K, L, B separately, and significant differences were reported
based on the test p value. The Mann-Whitney U statistic estimates the
probability that a random response from one sample (e.g. a response for
a West-facing room) exceeds a random response in a second one (e.g. a
response for an East-facing room), irrespective of whether the two
samples are similar in distribution shape. The test was appropriate here
as the compared samples are independent, i.e. they come from responses
of different participants. The U statistic is also robust to outliers, which
were identified in Sy vsc_ grr (West orientation).

2.5.2.3. Step 3. In Step 3, identical rooms oriented differently were
compared. Their plans are shown in Fig. 7, for instance, in the High-rise
towers eight East-facing kitchens were compared to seven identical
West-facing kitchens. These rooms could only be retrieved from the
typologies shown in Fig. 7, as only these buildings included rooms facing
different directions while being of the same function and identically
designed (Fig. 1, plans). Analysis was performed by means of descriptive
statistics, comparing the median response in each sample.

3. Results

The following subsections 3.1, 3.2 and 3.3 present results of the
preliminary study, the study on room function and the study on room
orientation respectively.

3.1. Results of preliminary study — diversity between occupants

Each boxplot in Fig. 8 corresponds to a sample of rooms of one
function (K or L or B), one orientation (North or East or South or West),
one geometry (plans a - g in Fig. 3), and nearly identical in surrounding
obstructions. In other words, each boxplot represents a single room
design, occupied by different occupants. Below each boxplot are the
median response (Mdn) and the Median Absolute Deviation (MAD). A
higher MAD indicates higher variation in daytime electric lighting use
between occupants for a sample. If electric lighting use was identical
among occupants living in similar rooms, all boxplots in Fig. 8 should
look like the ones for L and B in High-rise towers (West), where re-
sponses do not spread across the rating scale, as they all have one value
(in this case equal to 1), except for outliers (circular markers). Fig. 8
shows that there is a degree of diversity, which is different depending on
sample. Two clear trends can be identified: i) West-facing rooms exhibit
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Fig. 7. Plans of rooms for assessing the effect of orientation on daytime electric lighting use, sorted per building typology. Indicated below the plans is the number of

identical rooms per function (K, L, B) and orientation (East, West).
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Fig. 8. Distribution of responses between 1 (never) and 7 (always). Each boxplot corresponds to one sample of nearly-identical rooms (see Fig. 3). Indicated below
each boxplot are the median (Mdn) and the Median Absolute Deviation (MAD) per sample, along with the corresponding plan code (a-g, Fig. 3) and build-

ing typology.

less diversity and ii) responses in most samples are clustering either
below or above the neutral point (response = 4). In terms of orientation,
the MAD of responses are between 0 and 0.5 for West-facing rooms,
equal to 1 for North-facing and South-facing rooms, and between 0.5
and 1.5 for East-facing rooms. This indicates that the least variation is
found for West-facing rooms, which is true for all room functions.
Observing the interquartile range of all samples, it is shown that re-
sponses lie mostly either below or above the neutral point (response =
4), i.e. responses are clustered either close to “never” or close to “al-
ways” for at least 75% of the occupants in each sample. For the majority
of samples, responses lie on the lower range of the rating scale. However,
the fact that design can lead to agreement is also true for occupants that
use lighting more frequently. This is shown by the K responses in the
Exterior circulation typology. These responses are clearly clustering to
the higher end of the rating scale, and correspond to kitchens that are
East-facing, have a balcony obstruction (plan g, Fig. 3), low VSC (9.8%,
lowest among all typologies) and low GFR (9.8%) according to Table 1.
There were two cases where response distributions clearly crossed the
neutral point 4: L and B in the Large-courtyard typology. Investigating
these samples further revealed that there were two occupants diverging
from the rest, using significantly more lighting in both the living room
and bedroom. The rest of the occupants gave low responses for both
these rooms (response value 1 or 2). Finally, diversity was not shown to
depend on room function per se, i.e. agreement between occupants was
not dependent on the type of room.

3.2. Effect of room function on daytime electric lighting use

The effect of room function on daytime electric lighting use was
evaluated within occupants, to eliminate effects of occupant behavior
diversity, which were found to exist to a certain degree as per the pre-
vious subsection. Results are presented per analysis step.

3.2.1. Step 1 - Effect of room function considering the overall room sample

Step 1 considered all rooms in sample Szp5, which was divided into
three subsamples (S, Sy, Sg, N = 75 each) according to room function.
The non-parametric Friedman Test of differences in responses between
K, L and B rendered a Chi-square value of 15, which was significant (p <
0.001). In other words, the difference in daytime electric lighting use
was found to differ significantly between rooms of different functions
when including all 75 apartments. Wilcoxon tests were used to follow up
this finding. It appeared that daytime electric lighting use was signifi-
cantly different between K and L (Z = —3.689, p < 0.001) and between K
and B (Z = —2.913, p = 0.004). No significant difference was found
between L and B (Z = —0.944, p = 0.345). This indicates that for the
overall room sample, occupants reported a significantly different day-
time electric lighting use in their kitchens, compared to the rest of the
rooms. In particular, lighting use was found to be significantly more
frequent in kitchens. This finding is relevant to a recent room-level oc-
cupancy study in Denmark, where the kitchen room was shown to be
occupied (on average) from afternoon hours onwards [33], when it is
still daytime for a considerable amount of the year. The same study
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stated that the living room occupancy probability peaks at 21:00, when
it is night, and the bedroom is only occupied in late hours for sleeping. In
addition, the Swedish Time-Use Survey, which provided information on
how people spend their time on various activities, showed that the most
common household work is cooking and cleaning, and that the majority
(both for men and women) do household work immediately after
returning from work, the percentage of people doing household work
peaking at approximately 17:30 [16]. Electric lighting, if necessary
during daytime, will thus most probably be used in the kitchen.

3.2.2. Step 2 - Effect of room function in each building typology

Step 2 was followed to identify (if any) confounding associations
between electric lighting use and room geometry and orientation. The
association between pairs of functions in each apartment is shown in
Fig. 9, where the size of the circular markers indicates the number of
apartments for a given point on the scatterplot. The scatterplots are
categorized from left to right according to pair of room functions (K vs L,
K vs B, L vs B) and from top to bottom based on building typology.
Descriptive statistics are shown below each typology thumbnail,
including number of rooms (N) and median responses per function K, L,
B (Mdn g, Mdn, Mdn g). Above each scatterplot, the percentage of
apartments where A > 2 is shown. Additionally for the K vs L and K vs B
scatterplots, the percentage of apartments where the response for K was
higher than the response for L and B (K > L, K > B) is shown. The most
similar responses between functions (A > 2 in fewer apartments) were
reported in:

i) High-rise Towers, for K vs L, K vs B and L vs B (A > 2: 13% for all
three pairs of functions),
ii) Large courtyard, for L vs B (A > 2: 6%)
iii) High-rise elongated, for K vs L, K vs B and L vs B (A > 2: 8%, 0%
and 8% respectively).
iv) Exterior circulation, for L vs B (A > 2: 0%).

The results exhibit patterns that can be explained by the design
similarities of rooms shown in Table 1 and Fig. 3. These similarities
include the following: For High-rise towers, each of the 23 participating
apartments had K, L, B oriented towards the same direction (Fig. 3, plans
a, b, ¢, d), facing very similar surrounding obstructions (Fig. 1, aerial
view). In addition, K and B were geometrically similar in 9 out of 23
apartments (39%), as shown in plans ¢ and d of Fig. 3. For the Large-
courtyard typology, in 13 out of 17 apartments (77%), L and B had
the same orientation and surrounding obstructions. Moreover, L and B
were very similar overall (Table 1, L ~ B), and nearly identical in 6 out of
17 apartments (35%) as shown in plan e of Fig. 3. With respect to the
High-rise elongated typology, in 8 out of 12 apartments (67%), K, L, B
had identical orientation and surrounding obstructions. In addition, K
and B were very similar overall (Table 1), and in 8 out of 12 apartments
(67%) they were identical (plan f in Fig. 3). Finally, for the Exterior
circulation typology, in 7 out of 7 apartments both L and B were facing
West with similar surrounding obstructions (Table 1, VSC values), while
K was facing East (plan g in Fig. 3). The consistently identical orientation
of L and B, which differed from K, led to low differences between L and B
(A > 2 in no apartment), and high differences between them and K.
Interestingly, the association K vs L was significant in the Large court-
yard typology (rs = 0.719, p < 0.01), although A > 2 was true for a
significant percentage of apartments (29%). It can be observed in Fig. 9
that K responses were consistently higher than L responses in this ty-
pology. K had consistently the lowest glazing area Ag (Table 1: mean Ag
=1.2, SD = 0), and was always set facing the inner side of the courtyard
(Fig. 1, plan), while L was always facing the street (K vs L, rs = 0.719 but
K responses # L responses).

Overall, observing the circular markers that fall above the diagonal
line (indicating x = y) in the K vs L and K vs B scatterplots, it is true that
in most cases, K responses are higher than they are for the rest of the
rooms, as previously revealed in Step 1. However, observing the
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percentage of apartments where K > L and K > B, it is evident that the
deviation between room functions is reduced when there is geometric
similarity between rooms and depending on whether they share the
same orientation or not, as elaborated in the previous paragraph. This
indicates that design has the potential to decrease electric lighting use in
kitchens.

3.2.3. Step 3 — Comparison of identical rooms differing in function

To corroborate that function per se is not the cause of increased
daytime electric lighting use, Step 3 was followed. This included the
comparison of rooms within 23 pairs (sample S4¢), each pair consisting
of nearly identical rooms, except for function (Fig. 5). In contrast to the
results found in Step 1, the Wilcoxon Signed-Ranks Test indicated that
daytime electric lighting use was not significantly different between
different functions (Z = —0.79, p = 0.430). This implies that previous
deviations found between K and L and between K and B are indeed a
result of confounding geometric factors rather than the effect of the
kitchen function per se. This finding can be supported by the data pre-
sented in Table 1, where kitchen rooms are shown to have the lowest
GFR among functions across all typologies, nearly equal to 10% and in
many cases lower, and not diverging from this value significantly
(Table 1 GFR ~ 10% and SD consistently very low for K in all building
typologies).

Fig. 10 compares B vs K (sample Sk, left diagram) and B vs L (sample
Syp, right diagram) separately, where Sgg and Sy are subsamples of S46.
The labels on the grey markers indicate the number of apartments with
identical pair values. It can be observed that the association between B
and K responses is very strong (rs = 0.898, p < 0.001), and that re-
sponses deviate more than 2 points (A > 2) in only one pair of rooms (B
= 4, K = 7). The association between B and L responses is strong (rs =
0.721) but only tending towards significance (p = 0.106) owing to the
low number of pairs (N = 6). However, both diagrams clearly show that
there is no significant difference in daytime electric lighting use between
room functions, when comparing nearly identical rooms. In addition,
the fact that the analyzed 46 rooms in Fig. 10 include all four orienta-
tions (Fig. 5) is an indicator of the robustness of the finding. Overall, this
section demonstrated that kitchen rooms statistically use more daytime
electric lighting (Step 1), but room function is not the unique cause of
this; lighting use can be affected by design (Steps 2 & 3).

3.3. Effect of room orientation on daytime electric lighting use

Following the same logic as with room function, the effect of
orientation was evaluated in three consecutive steps, increasing room
homogeneity gradually.

3.3.1. Step 1 - Effect of orientation considering the overall room sample

The percentage histograms in Fig. 11 show the distribution of re-
sponses on daytime electric lighting use for rooms in samples Sy, Sw, Ss
and Sg. Responses that are higher than 4 correspond to answers closer to
“always” (more frequent lighting use). The lowest percentage of high
responses (>4) was given for West-facing rooms (14%), followed by
South-facing (21%), North-facing (29%) and East-facing (29%) rooms.
North and West distributions are more skewed, and include a high
amount of low responses (<4, West: 83%, North: 71%), with the North
distribution showing two clusters, one for low and one for high re-
sponses. Post-processing revealed that responses among different ori-
entations did not correspond to equal shares of room functions, neither
to equal shares of different fenestration sizes. To account for this, and to
evaluate whether the differences between orientations are statistically
significant, Step 2 was followed.

3.3.2. Step 2 — Effect of orientation considering rooms with VSC >15% &
GFR >10%

In Step 2, more room homogeneity in terms of surrounding ob-
structions and fenestration size was implemented, by including only
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Fig. 9. Association between daytime electric
lighting of different functions (K vs L, K vs B, L vs
B) per building typology. The percentage of
apartments where A > 2 is shown above each
scatterplot. The percentage of apartments where
K >LandK > B is shown for the K vs Land K vs B
scatterplots. Significant correlations are marked
with * and ** (p < 0.05 and p < 0.01 respec-
tively). The number of rooms (N) and median
response (Mdn) per function are shown below
each typology thumbnail.
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Fig. 10. Comparison of responses for B vs L, N = 17 (left) and B vs L, N = 6 (right). The labels in the markers indicate the number of apartments for a particular point
on the scatterplot. The Spearman Rank Correlation coefficient rg and the significance level p are shown above each plot.
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Fig. 11. Percentage histograms of responses on daytime electric lighting use for
samples Nqg, Wyy, S1g and Ezp.

rooms with VSC >15% & GFR >10%. Table 3 shows results of the Mann-
Whitney tests performed for each pair of orientation samples Sy vsc_Ger,
Sw_vsc_GFrs Ss.vsc.grr and S ysc grr, including the U statistic, signifi-
cance level (p) and effect size (r). Two between-orientations differences
were identified as significant: daytime electric lighting use was signifi-
cantly less frequent for West-facing rooms (Sw vsc grr: Mdn = 1.00)
compared to East-facing rooms (Sg ysc_grr: Mdn = 2.50), U = 476.5, p <
0.001, with an effect size above medium (r = 0.408 > 0.3). In addition,
daytime electric lighting use in West-facing rooms was significantly less
frequent compared to South-facing rooms (S ysc_grr: Mdn = 2.00), U =
308.5, p = 0.006, with an effect size above medium (r = 0.333 > 0.3).
No statistically significant differences were identified between other
pairs of orientations. Overall, the West orientation was shown to differ
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Table 3

Mann-Whitney Test statistic U, significance level p and effect size r from com-
parisons between samples S vsc grrs Sw vsc arrs Ss vsc arr and Sg vsc grr- The
upper row shows the sample size (N) and median response (Mdn) per sample.

Sample SNvscGFR  Sw_vscGFR Ss_vscGFR SE_vsc GFR
N (Mdn) 10 (2.00) 46 (1.00) 22 (2.00) 38 (2.50)
Snvscem - U=1795p=0242 U=097.0, U= 1535,
p=0.588 p=0343
r=0.156 r=0.059 r=0137
Sw_vsc.crr - U=3085  U=4765,
p=0.006"*  p < 0.001%*
r=0.333* £ = 0.408*
Ss.vsc.orr - U = 3895,
p=0.654
r=0.058
SE_vsc Grr -

p: *, **. Correlation is significant at the 0.05 and 0.01 levels respectively
(2-tailed).
r: *, Effect size is medium or larger.

most from all other orientations (Median response = 1), and mostly from
East.

Fig. 12 presents results per function K, L, B separately, where “X”
indicates no significant difference between two orientations. The p value
of the Mann-Whitney U Test is denoted only for cases where differences
were statistically significant (p < 0.05). Orientation is denoted with N,
W, S, and E, corresponding to North, West, South and East-facing rooms.
Sample sizes per orientation are shown on the left side of each function
matrix. The results verify the findings in Table 3, and it is shown that the
difference between West and East-facing rooms is significant consis-
tently among all room functions (p < 0.05 in W vs E for all functions K, L,
B). In addition, the West orientation for bedrooms was found signifi-
cantly different compared to North, even though there were only three
North-oriented bedrooms, which is worth noting, as differences must be
very high for the Mann-Whitney U test to achieve significance with such
a low sample size (N = 3). It should also be noted here that the West
orientation consistently presented the lowest median response among
all room function samples.

3.3.3. Step 3 — Effect of orientation considering identical rooms
In Step 3, the East and West orientations were compared for rooms
identical in all aspects (Fig. 7). The distribution of responses in each
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Fig. 12. Mann Whitney Test p value wherever significant (p < 0.05) for pairs of orientations, per room function K, L, B.

room sample is shown in Fig. 13, along with the median response per
sample (Mdn) and the building typology. It is evident that for all ty-
pologies and functions, West-facing rooms reported significantly less
daytime electric lighting use compared to their East counterparts. In
retrospect, the difference between these two orientations was consis-
tently confirmed in every step of analysis (Step 1, 2 and 3). This can
logically be related to occupancy patterns within residential spaces,
where it is more probable that an apartment is occupied from afternoon
hours and onwards, when the sky is brighter at its western-most part,
owing to the diurnal solar path. The potential savings in electricity
regarding West can also be deducted from previous research in 400
Swedish households, where the hourly lighting load in a day (both
weekdays and weekends) was shown to increase dramatically starting
from approximately 15:00 [29]. This was shown to be true for all studied
types of occupants (single, couple without children, family) and for a
high range of ages (28-64 and 64-).

4. Discussion

Occupancy patterns were not queried in this study. Occupancy was
assumed as increasing from afternoon hours and onwards. This is sup-
ported by multiple studies that have developed occupancy profiles based
on statistical data, both internationally [33,38-41] and in the Swedish
context [17-19]. The timeframe of the question regarding electric
lighting use was one year, which is long enough to correspond to
average behavior, which relates to the occupancy profile suggested by
the aforementioned studies (typically increasing from the afternoon and
onwards). This pattern is also in agreement with what was found here, as
electric lighting use was shown to be significantly less frequent in rooms

Electric lighting use

(response)
7 $ °
8
[+ L
4
3
2 [] F
1
K K K K
Mdn: 6.5 2.0 3.0 1.0
Typology: Low-nse towers High-rise
towers

with West-oriented facades compared to East-oriented facades.

There are confounding factors pertaining to individual occupant
differences that cannot be controlled when using self-administered
questionnaires. For instance, a pro-environmental attitude may result
in an occupant embracing a more energy-saving behavior. In addition,
there are known differences in individual preferences for illuminance
[42-44]. Random variations notwithstanding, the study included a
sufficient amount of participants to decrease random noise and to ach-
ieve statistical significance for the performed tests. There was also suf-
ficient variation in age among participants, which is by far the most
important factor affecting visual capacity [28].

Electric lighting use was self-reported as a frequency measurement.
In essence, the question requires an estimate pertaining to past behavior.
The accuracy of responses is thus dependent on the ability to retrieve
memories, so there is noise to be expected. However, three factors act in
favor of the accuracy in this estimate. Firstly, electric lighting use is a
habitual task, repeated on a daily basis, which makes it easier to
memorize. Secondly, it is connected to cues such as conducting specific
tasks (e.g. cooking at specific times) or occupying specific rooms during
specific times. The association with such cues in the environment makes
it easier to retrieve long-term memories through so-called retrieval cues
[45]. Retrieval is further facilitated by the fact that responding takes
place in the same room as the room where the habit takes place, which
can yield context-dependent retrieval [46].

Any inference to the population is dependent on adequate sampling
methods. To ensure that results can be generalized for apartment
buildings, buildings were carefully selected to represent typical Swedish
apartment blocks, according to Swedish urban planning history [22,23].
The typologies used in the study constitute an adequate sampling frame

OEast MW West

K K L L B B

3.0 2.0 3015 2015
High-rise elongated

Fig. 13. Distribution of responses for paired samples of rooms identical in all aspects apart from orientation (East or West). The function, the median response and

the building typology are shown below each box plot.
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for Swedish apartments. However, different results may apply to rooms
with significantly different dimensions compared to the values pre-
sented in Table 1.

5. Conclusions

This research evaluated the effect of room function and orientation
on daytime electric lighting use in residential spaces. At the same time,
the confounding effect of room geometry was monitored by gradually
increasing the geometric homogeneity of analyzed rooms. The following
can be concluded from this study:

5.1. Effect of rooms characteristics on occupant behavior

Although individual behaviors can be expected, the diversity in
electric lighting use among occupants was shown to decrease depending
on the physical environment. Overall, when comparing responses of
different occupants living in identical rooms, it was shown that the Mean
Absolute Deviation of responses did not exceed 1.5 point on the seven-
point Likert scale used. A consistent finding was that differences be-
tween occupants were lower for West-facing rooms, for all room func-
tions and building typologies. This is an important finding, as it suggests
that electric lighting use is not random or completely dependent on
individual preferences, but can be dictated by architectural design.

5.2. Room function

Electric lighting use is indeed associated with specific geometric
features and not room function per se. For the total sample of rooms, it
was found significantly more frequent in kitchen rooms (p < 0.001).
However, when comparing different functions that had otherwise
identical architectural features, no significant difference was found.
However, the initial finding relates to the fact that kitchens had statis-
tically the lowest glass-to-floor ratio (GFR) among room functions in all
building typologies, the GFR value not diverging from the present na-
tional daylight recommendation of GFR > 10% [35,47]. In other words,
kitchens are designed strictly following minimum requirements, while
other functions enjoy more generous fenestration sizes. This implies that
design guidelines have the potential to decrease electricity used for
lighting in kitchens. Perhaps recommendations should include higher
daylight benchmarks for this function, considering its high lighting load
compared to other rooms [29], and the potential daylight utilization due
to the time-of-day it is occupied [33].

5.3. Room orientation

With respect to room orientation, the most concrete finding of this
work is that West-facing rooms use daytime electric lighting less
frequently compared to East-facing rooms. This was verified in all three
steps of analysis, i.e. both for broad samples of diverse rooms and for
narrow samples of identical rooms. The implications of this finding
range from general orientation guidelines relative to room function, to
specific formulations of criteria, e.g. a daylight performance indicator
for residential spaces could perhaps account for orientation by focusing
on a particular period of the day, the period leaning towards afternoon
hours. Relative to this, the results imply that climate-based criteria
[48-50] are more suitable for predicting potential electric lighting use
savings, compared to the current quantified daylight criterion in the
Swedish building code [35,47], which is founded on the Daylight Factor
basis.
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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 Malmo,
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, facade
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 stress levels (Stevens and Rea 2001) and inability to

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

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

| High-rise

Typology Low-rise High-rise Large Semi-open Exterior
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(%) 5|03 L5 07|02 13 38|04 LI LI[0O5 02 09) 00 05 01 | 0.0 00 0.0
K: Kiwchen L: Living room B: Bedroom X: Average s Stndard deviation

Fig. 2. Means (X) and standard deviations (s) for GFR, GWR and GW,yR per development and room function. Abbreviations K, L,
B stand for Kitchen, Living room and Bedroom respectively. Map data: Google.

prevalent type among new constructions annually
since 1985 (SCB 2019). The developments were cho-
sen based on 1) their block typology and ii) their
construction year, to represent typical residential
blocks as documented in Swedish urban planning
history (Hall and Rérby 2009; Radberg 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 Malmé (Malmo-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 (GWntR), 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
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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
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Fig. 3. Percentage of participants per age group and gender.

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

EL
How often do you turn on electric lighting in the kitchen /
living room / bedroom when the sun is above the horizon?

never | O always

DA
How much of the kitchen / living room / bedroom area
has enough daylight during the year?

none all the area

PR
T any of the rooms would be without daylight, which
one would you choose?

Kitchen | don’t know
which one

Living room  Bedroom

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.

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
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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”, “tillrickligt 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.). “Tillrackligt 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,
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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 Tiving room’
7. 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 (ie. 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 facade,
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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,
ie. 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
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by its association with perceived daylit area (DA).
The second type of use, termed responsive +1, was
assigned when responses deviated from responsive by
adistance 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 ELt-DA T
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),1i.e. ELis
low despite DA being low.

2.5. Evaluated room groups

The EL and DA responses were analyzed considering
the overall room sample (Say1, N = 225), and groups

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

irresponsive irresponsive

Type of use responsive responsive +1 responsive +2 ELt-DA?® EL{-DA!
(EL, DA) 1,7 (1,6) (1,5 47 (1,4
(2,6) 27) (3,7) (4,6) (1.3)
(35 25 (51 (4,5 (1,2)
(4,4) (3.6) (73) (57) 11
(53) (52) (5,6) (24)
6,2) 6,3) (5,5) (23)
70 6,1 (54) 22
(7.2) 6,7) 2,1
(6,6) (34)
(6,5 (33)
(6,4) (32
(7.7 (31
(7.6) 43)
(7,5) (4,2)
(74) 41
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 “< 307, “(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 fagade normal direction between angles 45° and
135°, South-facing for a facade 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, GW1nt
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 GWyrR 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 1 -
DA* (only rooms with irresponsive EL1-DA 1 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 EL1-DAt OR irresponsive EL{ -
DAl (rooms with either irresponsive EL1-DA1 or
irresponsive EL1-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 rg was used
to measure the strength of association between EL and
DA. The choice over Pearson’s correlation was made
since rg 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 rg
lower than 0.3, medium for an absolute value of rg
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 rg 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 (rs; Vs rs;) 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 r 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 rs; and rg,, the procedure included constructing
the confidence interval for the rg; - rg, difference
(CI,_»: [L, U]) according to Zou (2007). The difference
between rs; and rs, was not considered statistically
significant if CI; , contained zero. Zou (2007) pro-
vides different formulae to calculate CI, , 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 rg; - rs,
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 EL1-DA1:
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
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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 a = 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 x 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 x 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 x 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: rg = —0.588, p < .01), and ranges from
medium-to-large to large across different groups
(-0.4 < rg < -0.8). The association was not signifi-
cantly different between room functions as per the
confidence interval of the rs difference (Clk p: [-0.14,
0.24], Cly g [-0.24, 0.16], CI,_ g [-0.27, 0.09], p <
.01). With respect to age groups, the strongest associa-
tions were found for groups “< 307, “(40- 49)” and “>

Table 2. Spearman rank correlation coefficient rs for overall
sample Sp;, (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**
Balcony® NO 155 —0.550%%
YES 41 —0.576**

* ** significance p < .05, p < .01 respectively
“only includes single-aspect rooms

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 (Cl.zg s9.¢0: [—0.66, —0.03],
Clyo.50_s0-60:  [-0.65, —0.06], Clz70_s0.60: [-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: s = —0.395, p < .05),
while West and East-facing rooms exhibit a large and
more significant effect (W: rs = —0.582, E: rg = —0.726,
p < .01). Significant differences between associations
were identified between East and North (Clg :
[-0.66, —0.04]) and between East and South (CI
[-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: rg = =0.576, NO: rg = —0.550, p < .01), without
a significant difference between the two groups
(Clygs no [-0.33,0.20]).

The effect of geometric attributes on rg 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 rg was
significantly different between two groups are
marked with “*”. It is shown that there is a negative
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Table 3. Spearman rank correlation coefficient rs per room function, within different ranges of GFR, GWR, GWyR, and different

orientations.

Kitchen Living room Bedroom
Variable Group n Is Group n Is Group n Is

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) 4 —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**
GW R (0- 3.4) 34 —0.618** *(0- 6.69) 35 —0.436** (0- 3.79) 37 —0.542**
(3.5-43) 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

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 138-253 = —0.754) compared to lower GFR
(ts 0138 = —0.443), Clo138138-253 [0.02, 0.65],
and for living rooms with higher GWiyr
R (rs 67-132 = —0.773) compared to lower GWint
R (rs_0.67 = —0.436), Clo.7 67-132: [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 < |r5| < 0.714,
p < .01), and in bedrooms oriented toward East or
South (East: rs = —0.804, p < .01, South: rg = —0.625,
p < .05). However, post-hoc analysis indicated that
there is no statistical power for rg 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 ELT-DA 1
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or irresponsive EL1-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 EL1-DA 1 and irresponsive
EL{-DA electric lighting use were found signifi-
cantly low (All rooms, irresponsive EL1-DA1: 10%,
irresponsive EL1-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 EL1-DA?T or irresponsive
EL{-DA use (most percentages (-)). Exceptions for
irresponsive EL1-DA 1 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
EL1-DA: 17% and 14% respectively), as well as
North-facing and South-facing rooms (irresponsive
EL1-DA!: 17% and 13% respectively). Overall, fre-
quent responsive OR responsivex1 use persists across
groups of different characteristics. The percentage of
irresponsive EL 1 -DA 1 rooms are significantly low for
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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).

responsive OR irresponsive irresponsive
Variable Group n responsive (%) responsive +1 (%) responsive +2 (%) responsive £1 (%) ELT-DAt (%) ELI-DA!(%)
All rooms SaLL 225 38 (+) 36 (+) 6 73 (+) 10 (-) 10 (-)
Function K 75 29 (+) 36 (+) 8 65 (+) 16 () 1)
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 1)
(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()
N 38 32 (+) 34 (+) 3 66 (+) 18 13
E 67 36 (+) 36 (+) 10 72 (+) 9() 9 (-)
Balcony® NO 155 38 (+) 35(+) 5 73 (+) 1 () 12 ()
YES 41 29 41 (+) 12 71 (+) 10 (-) 7 ()
(+), (-) significantly higher or lower than expected (Binomial test).
%only includes singe-aspect rooms
all groups, while the percentage of irresponsive EL{-  p =.044), with a weak-to-medium effect size

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 x1: p = .017,
OR = 2.83), and the percentage of irresponsive EL 1 -
DAt rooms was significantly higher in kitchens com-
pared to living rooms (irresponsive ELt-DA*T: 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 EL1-DA1 use signifi-
cantly less frequently than participants aged below
50 (Xz(l) = 9.443, p = .002), but the magnitude of
the difference was weak-to-medium (Cramer’s V =
021, 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,

(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 EL1-
DAt 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
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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 EL1-DAt OR irresponsive EL1-DAL 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%.

kitchens (xz( 1) =4.247, p = .039), with a medium effect
size (Cramer's V = 0273, 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 (°(1) = 3.075, p =
.091, Cramer’s V = 0.273, p = .079), and bedrooms
oriented toward East reported responsive OR respon-
sive + I use more frequently than bedrooms oriented
toward West (Xz(l) = 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 rg magnitude shown in Table 3 for the orien-
tation groups; however, larger room samples are
required to corroborate this finding.
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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, \*(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

0 62.0%*

60

50

40

30 25.0

20

0 46
o —mm [N

Kitchen

Responses (%)

8.3**

[ don’t know
which one

Living room  Bedroom

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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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).

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

70

_ 60

a 50

é R =X

& 30

= 20 16.0 18.7
10 [] L
0

Kitchen Living room Bedroom

Fig. 8. Percentage of high-frequency electric lighting use (EL > 5)
responses, per room function.

(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 marginally

result was
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Fig. 9. Percentage of low daylit area responses (DA < 3) per room
function.

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

192

LEUKOS (@) 15

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 (Miinch
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 ELt-DA 1 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
EL1-DA1 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 ELT-DA?®
rooms were kitchens (Table 4). Kitchens with irre-
sponsive EL1-DA 1 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 EL1-DA 1t use in
kitchens. The same spatial consideration applies for
irresponsive EL1-DA | electric lighting use. A person
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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 Malmgo, 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
(GWntR) 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 ELT-DA 1 or
irresponsive. ELL-DAl use was significantly low
(irresponsive EL1t-DA1t: 10%, irresponsive EL -
DAL: 10%, p < .05). Kitchens were characterized
less often by responsive OR responsive +1 use and
more often by irresponsive ELt-DA 1 use, compared
to living rooms (p < .05). With respect to occupant
age, it was shown that younger people (age < 50)
reported significantly higher irresponsive EL1-DA 1
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
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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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