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Results from the DAYKE-Italy project are presented. An investigation on daylighting in eight classrooms
in five Italian universities was carried out through a combined approach: an ad-hoc survey administered
to students to investigate how they perceive daylight in classroom, and numerical simulations
(DIVA + ALFA) to calculate a set of objective metrics (daylight, circadian, and energy-related). A sample
of 542 questionnaires was collected through two sessions and the subjective judgments were correlated
to objective metrics. Results from descriptive and statistical analyses showed: (i) the correlation was sig-
nificant for all daylight metrics: among them, average daylight factor and annual light exposure per-
formed higher correlations compared to daylight autonomy, spatial daylight autonomy and useful
daylight illuminance; (ii) rooms with a scarce or an optimal daylight provision (according to standards)
were rated with comparable subjective score; (iii) the equivalent melanopic lux showed a higher corre-
lation than daylight metrics based on the horizontal workplane; (iv) energy saving up to 50% can be
achieved in the presence of high daylight provision and through daylight responsive controls; however,
a relamping of fluorescent systems with LED system is recommended to optimize the consumption; fur-
thermore, estimated saving correlated significantly with objective metrics.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Classrooms are acknowledged as spaces of primary importance
for the learning activities that take place in them and that involve
cognitive processes of students, whatever their age. In such spaces,
daylighting plays a crucial role in occupants’ health and well-being,
to enhance indoor environmental quality and reduce energy con-
sumption for electric lighting. Daylighting is beneficial to the occu-
pants from several viewpoints. Firstly, it contributes to the
aesthetical and physical character of a learning space, as well as
to limit potential harmful effects due to prolonged exposure to
electric lighting [1–5]. Secondly, it is strongly associated with the
improvement of students’ performance and health conditions [6–
8]. Finally, an insufficient or lacking daylight provision may result
in fatigue, stress, circadian dysfunction, phase shifting, and Sea-
sonal Affective Disorder (SAD) [9–10].

A direct link between daylighting and student performance has
been reported, as human health and mental functions are set by
circadian rhythms, which are influenced by the duration and the
intensity of light exposure during the day. Furthermore, aspects
such as daylight availability and distribution, presence of glare
sources, direct sunlight penetration and view to the outside need
to be accounted for to achieve visual comfort and optimize the
use of electric lighting in an energy saving perspective [11–14].
Turning off electric lights when sufficient daylight is available
can save a significant amount of lighting energy costs [15–16].
Cooling costs can also be reduced through appropriate daylight
design [17–19].
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In Italy, as well as in other European countries, it often happens
that classrooms are hosted in buildings that were not conceived for
the purpose. For instance, historic buildings are frequently turned
into educational buildings, thus modifying their original function.
This process of adaptive reusing is one method for preserving her-
itage buildings; however, sometimes this process penalizes the
quality of daylight and the well-being of students [20]. It is quite
difficult to reconcile the cultural value of historic buildings with
daylighting standards for visual comfort and performance [21].

From a design viewpoint, nowadays designers and building
practitioners need to deal with a quite complex body of regulations
and recommendations on daylighting, which introduced a rich yet
often non-homogenous set of daylight criteria and metrics. Legisla-
tions/regulations may differ, as well as reference criteria and
requirements, depending on the specific country where designers
operate. The complexity is even increased if non-legislative but lar-
gely used protocols for sustainable environmental-energy analyses
(f.i. LEED, BREEAM) are considered as targets for the project [22–
23]. Consequently, designers must refer to the traditional average
daylight factor, still the reference metric in the legislation of many
countries (including Italy), but also comply with requirements
derived from the so-called climate-based daylight modeling. The
design process appears more and more the result of a complex
trade-off among different metrics and criteria (daylight and circa-
dian), where the impact of the spectral distribution of both natural
and electric light sources on the circadian rhythm also needs to be
taken into account. A description of the most widespread daylight
approaches (and relative metrics) is provided in Section 2.

Several studies have been conducted on the energy aspects of
daylighting in schools or on the application of climate-based met-
rics to calculate the daylight provision in learning spaces [24–28].
Besides, some studies have surveyed subjective aspects in class-
rooms. This is of primary importance indeed: it may happen that
a classroom that meets daylight criteria is negatively judged by
the occupants and vice versa. The review from Wu et al. [29] high-
lighted the need to examine the relationships between the
responses of school occupants and the quantity of daylighting.
From this viewpoint, Castilla et al. [30] used the Semantic Differen-
tial method to analyze students’ responses in university classroom
in their own words, showing that students’ affective structure
comprises six independent factors: functionality and layout, cosy
and pleasant, concentration and comfort, modern design, daylight
and outward facing, and artificial lighting. However, previous stud-
ies that assessed subjective responses showed contrasting results
regarding the relationship between subjective and objective evalu-
ation of the indoor lighting environment. Some studies reported no
or small associations between perceived indoor lighting quality
and objective parameters: for instance, on the one hand, Baloch
et al. [31] found no discernible association between the parent’s
or children’s perception of illumination, direct sunshine on
benches, type of lighting, and openable windows in 53 schools
across Europe. On the other hand, Liu et al. [32] reported a signif-
icant impact of classroom lighting on visual perception (i.e., skin
preference, multi-dimensional lighting atmosphere evaluation),
but no relationships between lighting and the comfort for reading,
attention, and alertness expressed by the participants. Other stud-
ies showed high correlations between perceived visual comfort
and measured lighting indicators: for instance, Ricciardi and Bur-
atti [33] correlated subjective judgments expressed by university
students and objective measurements of physical quantities
related to thermal, acoustical, and lighting comfort. Even though
daylighting represented a small share of the investigation (two
questions of the survey), a good correlation was observed between
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workplane illuminance and subjective judgments on daylight ade-
quacy. Similarly, De Giuli et al. [34] investigated how indoor envi-
ronmental quality conditions in primary schools were perceived by
pupils, asking them to express their satisfaction about the environ-
ment, the school, and the interaction with the building, and their
reaction when discomfort occurred. The results showed that chil-
dren passively accept indoor conditions, as classroom conditions
depend mainly on teachers’ preferences. Finally, Zomorodian
et al. [35] correlated subjective perceptions expressed by students
in four LEED certified educational buildings to climate-based day-
light metrics, showing robust correlations.

Within this frame, this study presents findings from an investi-
gation on daylighting in five Italian universities, as part of the
DAYKE-Italy project, a spin-off study of project ‘‘Daylighting
Knowledge in Europe (DAYKE)”. DAYKE is a research project aimed
at assessing the degree of daylight knowledge and teaching in Eur-
ope among designers and within design schools. The survey, which
is still ongoing, has so far collected data from eleven European
architecture schools in France, Germany, Italy, the Netherlands,
Poland, Spain and Switzerland [36–39].

In this paper, the methodology of the DAYKE survey (henceforth
DAYKE-Europe) was replicated in five Italian universities, as part of
the DAYKE-Italy spin-off. Besides, dynamic simulations were also
performed to calculate a broad set of metrics (daylight, circadian
and energy-related), in order to correlate subjective judgments
and objective metrics.
1.1. Aims and objectives

The following objectives were set for the study:

(1) to investigate the correlation that exists between daylight
metrics and subjective responses expressed by students:

RQ1: do daylight metrics prescribed in different standards/proto-
cols fit the subjective responses expressed by students? This RQ is in
line with the investigation carried out by Zomorodian et al. [35]

RQ2: can a classroom noncompliant with daylight metrics/criteria
be positively judged by students, and vice versa?

(2) to investigate the correlation that exists between circadian
metrics (namely: the equivalent melanopic illuminance
EML) and subjective responses expressed by students:

RQ3: do circadian metrics based on the EML (equivalent melanopic
lux) fit the subjective responses expressed by students?

(3) to investigate the potential energy savings due to harvesting
of daylighting available in the classrooms and to what extent
this can be correlated to some objective metrics:

RQ4: is there a correlation between energy use/saving and some
daylight metric/criterion?

The next sections are subdivided as follows: an overview of
objective metrics (daylight, circadian, and energy-related) is
addressed in Section 2. Section 3 describes the method of the
study: this relies on a combination of a survey to collect subjective
responses on daylight perception in eight Italian university class-
rooms and simulations of the same spaces to determine the objec-
tive metrics. Objective metrics and subjective scores are then
correlated through statistical analysis techniques. The results are
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presented and discussed in Section 4. Finally, Section 5 draws the
conclusions of the study.
2. Overview of existing objective metrics and minimum
performance criteria for daylighting

2.1. Daylight metrics

Several metrics exist in the literature to quantify the daylight
provision in a room:

� average daylight factor DFm. In the Italian context, the regulation
body still refers to the DFm concept [40–43]. It is well known
that DFm does not account for crucial factors such as climate,
latitude, orientation, and use of moveable shades to control
the sun penetration. Nonetheless, it is still the reference metric
in many European countries, mostly due to its simplicity.
Besides DFm, an earlier Italian version of LEED protocol [44]
introduced a requirement in terms of a minimum area (75%)
of the occupied spaces that must show a point daylight factor
DFP over 3%. This metric is hereby referred to as ‘spatial daylight
factor sDF’. Based on the current formulae, the DF concept lin-
early increases as the daylighting admitted into the room
increases

� Climate-Based daylight modeling CBDM. Unlike the DF concept.
This approach considers the annual variation of climate condi-
tions for the site under analysis, latitude, room orientation,
workplane illuminance, presence and control of moveable
shades [45]. A new set of ‘dynamic’ daylight metrics have been
defined, such as the Annual Light Exposure ALE [46–47], the
Daylight Autonomy DA [48], the spatial Daylight Autonomy
sDA300,50% and the Annual Sunlight Exposure ASE250,1000 [49],
the Useful Daylight Illuminance UDI [50], and the Daylight
Glare Probability DGP [51]. Besides DGP, also the vertical illumi-
nance at eye-level is used as a proxy for glare analyses [52]. It is
worth stressing that above metrics, except ALE, are defined
based on ‘thresholds’, as they represent the percent of occupied
annual time when illuminance lies in a certain range. Instead,
ALE does not have thresholds nor ranges, but it represents the
daylight amount in a space in absolute terms. An overview on
climate-based daylight metrics and relative simulation tools
can be found in [53–55]. CBDM-based metrics have gained a
large consensus among daylighting researchers and some of
them have been introduced in protocols and recommendations
for sustainable architecture [56–57]. Within this frame, the
recent European Standard EN 17037:2018 on ‘Daylight in build-
ings’ [58] introduced a new approach, based on a ‘climate-
based’ DFm: a specific minimum DFm,target is recommended
based on the site (through the median external diffuse unob-
structed illuminance Ev,d,median, expectedly higher for lower lat-
itudes and lower for higher latitudes), and on the workplane
illuminance. As a further constraint, the standard requires that
the DFm performance be guaranteed in at least 50% of the regu-
larly occupied space. Besides, the EN 17,037 also contains DGP-
threshold values for annual glare verifications.

2.2. Circadian metrics: Equivalent Melanopic Lux EML

The spectral distribution of daylight plays a key role on the
stimulation of the circadian system and therefore on ‘human fac-
tors’, for instance in terms of reduced sleepiness and increased
vitality, alertness, productivity, and cognitive performance and sat-
isfaction for the occupants (‘non visual’ effects of light) [10,59–65].
New dedicated metrics were introduced, such as the Circadian
Stimulus CS, the Circadian Action Factor CAF and the Equivalent
3

Melanopic Lux EML [14,65]. In this study, it was decided to use
EML: this measures the biological effects of light on humans, based
on the five photosensitive retinal ganglion cells (ipRGCs) that reg-
ulate the human circadian response to light. EML translates how
much the spectrum of a light source stimulates ipRGCs and affects
the circadian system [66–67]. It is measured vertically at obser-
vers’ eyes. Along with EML, the melanopic ratio R was defined to
connect the photometric illuminance and EML (EML = E*R) and
thus to quantify the circadian content per each lx of the photomet-
ric illuminance. EML was included in the WELL protocol [68], or in
reports from the Collaborative for High Performance Schools
(CHPS) [69]. The EML value increases as daylighting increases,
without thresholds. The EML value increases as daylighting
increases, without thresholds. Recently, CIE (Commission Interna-
tionale de l’Eclairage) has evolved the EML concept into the mela-
nopic equivalent daylight illuminance EDI, by replacing the
original equal-energy spectrum with a daylight spectrum (illumi-
nance D65) as reference [70]. The two metrics are linked through
a simple correction factor: EDI = EML * 0.9058. The original EML
was used for the purpose of the study.

2.3. Energy-related metrics

In Europe, the energy demand for lighting is ruled by the Euro-
pean standard 15193–1:2017 [71], which introduced the LENI
index (Lighting Energy Numeric Indicator) to quantify the annual
energy performance for lighting of a building. LENI accounts for
the power of the lighting systems (including the parasitic power
of control systems and emergency lamps), type of control system,
daylight supply indoors, workplane illuminance, and occupancy
profile. The standard also provides a short list of informative
benchmark values [72]. However, a limiting value of 19 kWh/
(m2yr) was used in this study [73], as such limit is based on an
occupancy profile consistent with the one adopted for simulations.

Table 1 summarizes the various metrics (daylight, circadian,
and energy-related) considered in the study.

3. Method

The investigation method used in the study was based on a
combination of two approaches:

(i) a survey, to collect subjective judgments from a large sample
of students; the survey was the one developed within
DAYKE-Europe [36] and was distributed in eight Italian
classrooms within the DAYKE-Italy project

(ii) simulations, to calculate a large set of objective metrics:
daylight, circadian, and energy-related. These metrics are
the ones specifically required in technical legislation and
standards on daylighting and well-being, or in energy-
environmental protocols.

Subjective responses from the survey and objective metrics
from simulations were statistically correlated to investigate if
objective metrics can be reliable indicators to describe the student
perception of a daylit classroom.

3.1. DAYKE-Italy: a survey to collect subjective judgments on
daylighting from students

The DAYKE-Italy project is a spin-off of DAYKE-Europe. Results
from DAYKE-Europe were presented in previous publications [36–
38].

The DAYKE project consists of three primary areas of investiga-
tion, carried through an ad-hoc survey: (i) perception of a daylit



Table 1
Daylight, circadian, and energy metrics used in the study, along with the target values according to legislation, standards, or protocols.

Metric Unit Definition Target value

Daylight metrics
DFm [%] Ratio of the internal average illuminance on an interior surface to the external

horizontal unobstructed diffuse illuminance due to skylight only (overcast sky)
DFm � 3% [40]
DFm � 2% [42]

DFm,climate based [%] Ratio of the internal average illuminance on an interior surface to the median
external horizontal unobstructed diffuse illuminance due to skylight only
(measured annually at the considered site)

DFm � 1.8% for Turin-Venice [58]DFm � 1.6%
for Naples [58]DFm � 1.8% for Palermo-
Catania [58]

sDF [%] Percent of regularly occupied space where DF > 2% (DF > 3% for classrooms) is
detected

sDF � 2% for workspaces [44]sDF � 2% for
classrooms [44]

DA [%] [%] percent of the occupied time during a year when a minimum illuminance
threshold is met by daylight alone

cDA [%] [%] Same definition as for DA, but partial credit is attributed to time steps when the
daylight illuminance lies below the minimum illuminance level

sDA300,50% [%] percent of an analyzed area that meets a minimum daylight illuminance level of
300 lx for 50% of the operating hours per year (3650 h/year)

sDA300,50% � 40% - sufficient [56]
sDA300,50% � 55% - preferable [56]
sDA300,50% � 75% - optimal [56]

ASE1000,250 [%] percent of an analyzed area that exceeds a specified direct sunlight illuminance
level of 1000 lx for>250 h of the operating hours per year (3650 h/year)

ASE1000,250 � 10% (otherwise, identify how
glare is addressed) [56]

ALE [lx h] cumulative amount of daylight incident on a point of interest over the course of
a year (daylight dose)

UDI100-3000 [lx h] Percent of the occupied times of the year when illuminances across the
workplane lie within a range considered ‘‘useful” by occupants – 100 to 3000 lx

UDI100-3000 � 80% [57]

FDGP,exceeded [%] Percent of occupied time during the course of a year when DGP values are over
0.40 (disturbing glare)

FDGP> 0.40 < 5% [58]

Ev,eye>1600 [%] percentage of the occupied time during the course of a year when a minimum
vertical illuminance threshold at occupant eye-level is met by daylight alone

Ev,eye � 1600 lx [74]

Circadian metric
EML [lx] Measure, weighted to the ipRGCs response to light, of how much the spectrum

of a light source stimulates ipRGCs and affects the circadian system
EML � 120 lx [68]
EML � 250 lx [68]

Energy metric
LENI [kWh/(m2yr)] Annual net energy demand for electric lighting needed to meet workplane

illuminance requirements in each building zone
No applicable benchmark in [71]LENI < 19
kWh/(m2yr) [72]
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space (university classrooms in schools of architecture), in terms of
visual performance and comfort perceived by the occupants; (ii)
preferences about daylighting; and (iii) knowledge about daylight-
ing, in terms of daylighting metrics, standards/regulations, and
simulation tools for daylighting.

The DAYKE-Europe project was replicated into DAYKE-Italy
with the aim of creating an Italian network on ‘daylighting educa-
tion’ to collect and share subjective assessment about daylighting,
to increase the awareness about daylighting issues and to imple-
ment a common strategy into university curricula in Italian univer-
sities, where the architects of the future are educated.
Fig. 1. Synthetic visualization of the eight cla
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The results obtained on the ‘knowledge’ section have been the
object of a dedicated paper [39].

In this paper, results from DAYKE-Italy about the ‘perception’
section are presented and correlated to objective metrics (daylight,
circadian, and energy), determined through numerical simulations.
The DAYKE questionnaire was administered to Bachelor and Mas-
ter Science students in eight classrooms in five universities across
the Italian territory (Turin and Venice in northern Italy, Naples in
central Italy, and Catania and Palermo in southern Italy, see
Fig. 1). The classrooms were selected to have a sample able to rep-
resent several different scenarios in terms of daylight quantity and
ssrooms used in the DAYKE-Italy study.



Table 2
Features of the eight classrooms used for the study. Incompliant values with respect to Italian building regulations are highlighted in red bold.

Classroom code LAT.[�] Window orientation Sizes(WxDxH) [m] Floor area[m2] WFR[-] WWR[-] VSC[-] LPD[W/m2]

TUR-1 45.1� NE 19 � 8.5 � 3.9 160.8 0.27 0.70 0.50 8.1
TUR-2 45.1� SE 14.3x11.2x3.2 160.5 0.29 1.00 0.38 10.8
VEN 45.4� SE (side 1)

NW (side 2)
19.7x8.9x4.7 174.4 0.18 0.17(*) 0.12(*) 6.3

NAP-1 40.9� W 14.9x6.7x3.3 100 0.14 0.28 0.20 4.3
NAP-2 40.9� E 12.4x5.7x3.3 70.6 0.15 0.26 0.36 6.1
NAP-3 40.9� N 17.8x6.5x3.3 109.7 0.15 0.22 0.31 9.2
PAL 38.1� NW (side 1)

NE (side 2)
21.3x14.1x3.15 964.1 0.14 0.72(*) 0.41(*) 5.3

CAT 37.5� N (side 1)S (side 2) 34.1x6.6x4.9 222.4 0.08 0.06(*) 0.45(*) 7.1
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distribution across the room, due to different climate and architec-
tural features (orientation, window area, room depth). Students
who participated in the survey were different for each classroom
considered, thus each student filled in the questionnaire only once.

The survey was administered through two campaigns: spring
2019 session (eight classrooms) and fall-winter 2019–2020 session
(five classrooms of the eight used in spring session).

Synthetic information about the eight classrooms used for the
study is provided below:

1 TUR-1: this classroom is in the Lingotto campus, a requalifica-
tion of the historical building built for FIAT, the former FCA
automobile car manufacturing. The requalification project was
designed by Renzo Piano in 2003 and included the transforma-
tion of a wing of the building into a university campus. The
classroom has large windows (window-to-floor ratio
WFR = 0.27; window-to-wall ratio WWR = 0.70) facing North,
North-East, with two independent moveable shades operated
by the occupants. Windows are unobstructed and with the glaz-
ing aligned with outside face of the façade (vertical sky compo-
nent VSC = 0.5).

2 TUR-2: this classroom is in the new campus achieved by
Politecnico di Torino in the decade 2000–2010. It has an entirely
glazed South-East-facing façade (WFR = 0.27; WWR = 1), with
moveable fiber shades operated by the occupants. The windows
face a courtyard with grass and other classrooms all around.

3 VEN: this classroom is in the former Convent of Santa Teresa,
built in the second half of the 17th century as a building com-
plex that develops around a large cloister with arched porticos.
The convent was restored by ‘Università IUAV di Venezia’ in late
1990 s - early 2000, with architectural renovation and transfor-
mation operations necessary to host the new teaching and
research activities. The classroom (formerly a storage hall) is
on the ground floor, with two series of windows on two oppo-
site walls, one series facing the cloister with a portico, the other
facing a garden with distant buildings. All windows present
independent moveable shades (internal curtains), operated by
the occupants. Internal and external surfaces of walls are
painted in white color.

4 NAP-1: this classroom is located on the second of a six-story
articulated building, facing one of its two large internal court-
yards. The building was created by merging three previous
buildings: a Church, started in 1564, a conservatory for poor
girls and a bank, administered by the Confraternity of the Holy
Spirit. During the ’60 of the 20th Century, it was restored and
partially redesigned by Marcello Canino. After this renovation,
the building hosted offices and a bank. During the last part of
the 20th Century, it was acquired by the Faculty of Architecture
of the University of Naples Federico II and refurbished to
5

comply with the new function. To-date, it hosts the almost
totality of classrooms and teachers’ offices of the Department
of Architecture.

It has West-facing windows with WFR = 0.14 and WWR = 0.28,
with movable opaque curtains, generally kept open. Façades of the
internal courtyard, with yellow plaster finish, represent most of the
outside view, being the sky view limited to the locations very close
to the windows (VSC = 0.20).

5 NAP-2: this classroom is located in the same building as class-
room NAP-1, but on the fifth floor. It is smaller than NAP-1,
but with similar ratios: WFR = 0.15 and WWR = 0.26. However,
the South-oriented windows that face the internal courtyard
allow the direct sky view from many desks (VSC = 0.36).

6 NAP-3: this classroom is located in the same building as class-
room NAP-1 and NAP-2, but on the fourth floor. It also faces
the internal courtyard, with windows oriented North, with
WFR = 0.15 and WWR = 0.22. The external view toward the
courtyard is very similar to NAP-2, with a little reduction of
the sky view (VSC = 0.31).

7 PAL: this classroom is located on the third floor of the building
that hosts the Department of Architecture University Campus of
Palermo. Built around 1990, it includes a central, four-storey
building (the lower two below street level and the upper two
above) and a C-shaped building around the main one, below
the street level. The classroom has two clerestory windows in
two adjacent walls, one facing northeast (partially obstructed
by another wing of the building itself) and one facing north-
west, unobstructed. Both windows are equipped with indepen-
dent moveable opaque curtains, which can be operated by the
occupants.

8 CAT: this classroom is in an ancient fortress (known as ‘Gaetano
Abela’ barracks) built in 1735 on Ortigia island, close to the sea.
Since 2005, it has hosted the Special Teaching Facility for Archi-
tecture of the University of Catania. It is a rectangular building
with a large internal courtyard, originally intended for military
training of the soldiers based in the nearby Maniace Castle. The
building’s original designation as a military barrack led to the
use of a compact building shape, not permeable with the out-
side. The windows on the external façades, in fact, are quite
small (1.7 m2), while the windows that face the courtyard are
larger (almost 2.2 m2). At a glance, the window area appears
to be small to comply with the daylighting requirements for
educational activities.

Table 2 summarizes the main features of the classrooms used in
DAYKE-Italy, while Annex 1 reports more detailed iconographic
information.



Fig. 2. WFR, WWR, and VSC values for the eight classrooms used in the DAYKE-Italy
study.
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As shown in Table 2, three objective metrics concerned with the
daylight provision in the eight classrooms were considered: WFR
(window-to-floor ratio, i.e. window area to the floor area ratio),
WWR (window-to-wall ratio WWR, i.e. ratio of the window area
to the wall area that contains the windows), and VSC (vertical
sky component VSC, which quantifies the amount of sky ‘seen’ by
a windows). For a better clarity, the three metrics are visualized
in Fig. 2. For the classrooms that have windows in two different
walls (VEN, PAL, and CAT), WWR and VSC were calculated indepen-
dently for each façade and then averaged (through a window area
weighted average). WFR and WWR account for the window area,
while VSC quantifies the role played by the external urban setting
in terms of obstruction. It is worth stressing that a minimum WFR
value of 0.125 (WFR > 0.125) is prescribed by Italian building reg-
ulations as a ventilation requirement to guarantee a suitable air
exchange in the room. However, it is commonly used by building
practitioners and professional designers as a daylighting criterion
as well, due to its simplicity and ease-of-use [43].

As shown in Fig. 2, the following aspects stand out:

� there is one case of non-compliance with the minimum WFR
requirement, which is the classroom located in Catania, for
which WFR = 0.08. This is related to the transformation of a for-
mer fortress into an educational building, which has quite
different priorities (defence in one case, teaching in the other)
and daylighting requirements; on the other hand, windows do
not have impacting obstructions ahead (VSC = 0.45)

� VEN is the case with the most impacting obstruction
(VSF = 0.12), due to its position on the ground floor, with win-
dows on one side facing the cloister porch and on the other side
facing quite close buildings

� three classrooms (TUR-1, TUR-2, and PAL) have quite large win-
dow areas: the WWR is particularly high for TUR-2 (WWR = 1)
and PAR (WWR = 0.72). On the other hand, PAL has a large floor
area, which results in a WFR slightly above the minimum stan-
dard requirement (WFR = 0.14)

� the three classrooms in Naples have a comparable WWR, but
different obstructing settings, because of their position in differ-
ent floors facing the courtyard

� consequently, a higher daylight provision is expected in TUR-1,
TUR-2, and PAL, opposed to a lower daylight provision expected
in VEN, CAT, and NAP-1.

3.1.1. DAYKE-Italy questionnaire
The questionnaire used in DAYKE-Italy was the same as previ-

ously used in DAYKE-Europe. It was administered in Italian; how-
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ever, the English version is reported in the paper to ease
comprehension for readers.

The questionnaire consists of five sections: (1) environmental
impressions; (2) perception; (3) preferences; (4) knowledge and
(5) socio-demographic personal information. The present paper
presents subjective responses from sections (1), (2), and (5).

Different types of scales (unipolar and bipolar) were used in the
different sections of the survey: Table 3 shows in detail the ques-
tions used in the survey for Sections 1, 2, and 5.

3.2. Simulations

Two simulation tools were used to calculate the huge dataset of
metrics (daylight, circadian, and energy-related) described in Sec-
tion 2 and to be used for correlation with the subjective responses
from the students. They both are add-on for Rhino: DIVA-for-Rhino
and ALFA. The eight classrooms used in the study were geometri-
cally modeled in Rhino to launch DIVA [75] and ALFA [76]
simulations.

3.2.1. Simulations of daylight and energy metrics: DIVA-for-Rhino
DIVA-for-Rhino was used to calculate both static (DFm and sDF)

and climate-based daylight metrics (DA, cDA, sDA300,50%,
ASE1000,250, ALE, UDI100-3000, DGP, and Ev>1600). The visible reflec-
tance values of the surfaces were measured in each classroom by
using an illuminance-meter (Spectis 1.0 Touch, manufactured by
GL-Optics, error: ±4%), measuring illuminance facing the surface
and then facing away from the surface, and then calculating the
reflectance as a ratio of the two illuminances measured. The
approach based on illuminance-meter measures implies that all
the surfaces are Lambertian: this assumption is realistic in Italian
classrooms, where diffuse materials are installed and specular
materials avoided, as recommended by Italian regulations. An error
can be committed through this procedure to measure the light
reflectance, but the goal of the paper was not to have a 100% real-
istic model to run simulations for some certification or rating pro-
cess, but to have a consistent model to have simulations result to
be correlated with subjective answers provided by the students.
In this regard, it was important to have on the one hand several
classrooms where to calculate (through simulations) a huge data-
set of metrics, and on the other hand a large dataset of subjective
scores, to then sustain robust statistical analyses.

Differently, the visible transmittance value of glazing was found
in technical datasheets provided by the technical offices of the uni-
versities involved. The visible transmittance was not measured
through the procedure based on the illuminance-meter as in this
case the error would have been higher, considering that glazings
are specular, not diffusing materials.

Three different grids of sensor points were defined for DIVA
simulations:

- a horizontal grid (for the calculation of horizontal illuminances)
to cover the whole room, 0.8 m above the floor

- a horizontal grid to cover the desk area only (0.8 m above the
floor), for the calculation of horizontal workplane illuminances.
This was done to calculate objective metrics across the same
area where the students were when they filled the survey

- a grid of vertical sensors, in correspondence of the positions
occupied by each student, 1.2 m above the floor, facing the
blackboard, to calculate the vertical illuminance at eye-level.

Fig. 3 shows the eight classrooms with the grids over the desk
areas. In some cases, the difference between the two horizontal
grids (entire area vs. desk area) is quite huge: this is particularly
evident for NAP-2, a classroom whose shape and characteristics
(presence of large pillars) split the space into two areas and only



Table 3
Online Survey: questions of sections 1 (Environmental impression), 2 (Preferences), and 5 (General Information).

Section Question Scale proposed for the answer
1. Environmental impression
1.1 Location 1.1.1 What is the weather like now? (*) Snowing – Raining – Cloudy – Partly cloudy – Sunny

1.1.2 For your comfort related to daylighting (visibility and heat),
how do you describe such weather

Very unpleasant – Unpleasant – Neutral – Pleasant - Very pleasant

1.1.3 What is your position in relation to the window/s? Far Away – Far - Neither Near, Nor Far – Close - Very Close
1.1.4 What is your position in relation to the (black)board? Far Away – Far - Neither Near, Nor Far – Close - Very Close
1.1.5 Can you see the sky from your sitting position? Absolutely not - Yes, but only a small portion - Yes, a large portion
1.1.6 Please describe your current mood Very negative – Negative – Neutral – Positive - Very Positive

2. Perception
2.1 Overall

daylight
environment

2.1.1 The quantity of daylight is: 1: Too low – 2: Low – 3: Acceptable – 4: High – 5: Too high

2.1.2 The daylight through the glazed areas is: 1: Too low – 2: Low – 3: Acceptable – 4: High – 5: Too high
2.1.3 The number of windows for this room is: 1: Too low – 2: Low – 3: Acceptable – 4: High – 5: Too high

2.2 Windows
andView out

2.2.1 Dark zones are 1: Absent – 2: Very low � 3: Low– 4: High – 5: Very high

2.2.2 Obstructions out of the windows are 1: Absent – 2: Very low � 3: Low– 4: High – 5: Very high (reverse coded)
2.2.3 Distractions due to the view out are 1: Very poor – 2: Poor � 3: Acceptable– 4: High – 5: Very high
2.2.4 The pleasantness of the view out is 1: Absent – 2: Very low � 3: Low– 4: Good – 5: Very good

2.3 Windows
andshading

2.3.1 Daylight control by shading system is 1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

2.3.2 The maintenance of the shading system is 1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good
2.3.3 The cleanliness of glazing is 1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

2.4 Qualitative
aspects

2.4.1 The pleasantness of the overall daylight is 1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

2.4.2 The contribution of daylight to create a stimulating
environment is

1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

2.4.3 Your concentration due to the overall daylight is 1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good
2.4.4 The overall comfort due to daylight is 1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good
2.4.5 How comfortable do you feel the lighting of the room for

reading the text in your device
1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

2.4.6 How comfortable do you feel the lighting of the room for
reading and writing at your desk

1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

2.4.7 How comfortable do you feel the lighting of the room for
reading on (black)board

1: Very poor – 2: Poor � 3: Acceptable– 4: Good – 5: Very good

5. Personal information
5.1 About you 5.1.1 What is your gender? Male – Female

5.1.2 What is your age? Open answer
5.1.3 What is your nationality? Open answer

5.2 About
youreducation

5.2.1 Please indicate your University Open answer

5.2.2 Please indicate your Faculty Open answer
5.2.3 Which academic degree are you taking? 1st Cycle (Bachelor’s Degree or similar) � 2nd Cycle (Master Degree or

similar) - MA/MSc or PhD – other (specify)
5.2.4 Please provide the start date and the year (1st, 2nd, 3rd, 4th,

5th) of the course?
Open answer

5.2.5 What is your field of study? Architecture - Urban design - Lighting design – other (specify)
5.2.6 Have any of the classes you have attended during your

studies addressed daylighting analysis and/or calculations?
Yes – No(if yes: which ones?)

5.2.7 Have you ever received extra-curricular lectures on
daylighting subjects?

Yes – No(if yes: which ones?)

(*) the students self-reported the weather conditions as they were able to perceive based on daylighting in the classroom when filling the questionnaire. Weather conditions
were double-checked by the research team to identify potential inconsistencies.
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one of them is actually used during lectures (the other one remains
a large circulation area with desk facing a wall used by the stu-
dents for individual work).

Annual analyses were run to calculate the various daylight met-
rics, using the climate files of the five locations, all available on the
Energy Plus website. According to the definition of each metric, the
values calculated at each sensor point of the grid considered were
elaborated as follows:

� calculation of the average value of the metric across the grid:
this is the case of DFm, DA, cDA, and UDI100,3000

� calculation of the fraction of grid points where the considered
metric was compliant with the reference threshold: this is the
case of sDF, sDA300,50%, ASE1000,250.

The following simulation parameters were set for Radiance,
used by DIVA: ab 6, ad 1000, as 20, ar 300, aa 0.05. A different
7

parameter set was used for the calculation of ASE1000,250, namely
ab = 0. New specific materials were built and added to the Radiance
library available in DIVA, to accurately reproduce the visible reflec-
tance that was measured in-situ. Plastic materials were used for
the purpose, as the materials were assumed to be Lambertian.

Consistently with the definitions of sDA300,50% and ASE1000,250
[49], an annual occupancy profile 8 through 18, every day, was
assumed, resulting in 3650 h/year. It is not perfectly consistent
with the real use of the classroom analyzed, but it was decided
to exactly match the assumptions set for the calculation of sDA
and ASE. This is a generalization: clearly, each university may have
a different actual occupancy profile, and the same applies for every
single classroom within the same university, whose use could
change over time, from an academic year to the next (this might
happen from the Spring to the Winter session). A longer occupancy
profile would result in higher LENI values, due to the longer period
without daylight, and vice versa. Using the same occupancy profile



Fig. 3. Grid over the desk area, that is the continuously occupied area in each classroom.
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for all the classrooms allows direct comparison to be done, consis-
tently with one of the goals of the study.

Moveable blinds, operated by the occupants, were modeled.
Blinds were pulled down when E � 3000 lx was detected at any
time-step of the annual simulation at any sensor point and were
then retracted when E < 300 lx was detected. Accordingly, the blind
utilization profile was also recorded as output (‘closed_blind’, as
‘percent of the annual occupied time when the blind is closed’). This
metric was also correlated with the subjective responses from
students.

As far as lighting energy simulations are concerned, the annual
energy demand for lighting (LENI) was calculated for two controls:
(i) a manual control, which is the control type installed in the eight
classrooms of the study (LENIMAN); and (ii) a daylight responsive
photo-dimming sensor, which responsively dims the light output
from luminaires when illuminance drops below 300 lx and
switches lights off when it is calculated to be over 300 lx (LENIDR).
The potential energy saving was therefore calculated through the
formula:

saving = DLENI = (LENIDR – LENIMAN)/LENIMAN *100 [%] (1)
A validation of the models of the eight classrooms was not car-

ried out, for two main reasons: (i) it is usually quite difficult to cal-
ibrate a highly accurate model for daylight simulations, as it would
be necessary to refer to a ‘perfect’ overcast sky (as close as possible
to the CIE overcast sky) to measure daylight factor values in the
real space and to compare them to simulated values. Moreover,
this procedure should have been repeated for all the eight class-
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rooms; (ii) the goal of the study was not to have a 100% realistic
model to run simulations to get, for instance, an energy certifica-
tion label or to get credits from some protocols or rating systems
(such as LEED); instead, the goals was to compare daylight, circa-
dian, and energy quantities (that describe daylighting in a space)
with the perception of that daylighting as expressed by individuals.
For this purpose, the aim was to build 3d models as close as possi-
ble to the real environments, by measuring visible reflectance val-
ues or using visible transmittance values provided by
manufactures, and by accurately reproducing the geometry of each
room and of the obstructing contexts.
3.2.2. Simulations of circadian metrics: ALFA (for-Rhino)
ALFA was used to calculate the circadian metric EML. The soft-

ware also provides as output the melanopic ratio R and the vertical
illuminance at eye-level (Ev,eye). As the goal of the study was to cor-
relate objective metrics and student subjective responses, the sen-
sor points were positioned 1.2 m above the floor, facing forward
(towards the teacher’s desk and the blackboards/projection
screens). No other direction of observation was taken into consid-
eration. The ALFA-models were built trying to match the DIVA-
model as closely as possible: for this purpose, materials with the
same visible reflectance as the ones measured in each real class-
room and used in DIVA were selected from the ALFA library, also
paying attention to select a material with a similar color, to
account for its spectral reflectance.
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Unlike daylight metrics, which were calculated for 3650 occu-
pation hours per year, circadian metrics were calculated only for
the specific time-steps when the survey was filled (point-in-time
analyses), during both the spring and the fall/winter session. This
was done to explore a more direct correlation with the subjective
responses from students. For each reference day, simulations were
repeated under both a clear and an overcast sky to analyze the
range of EML levels for comparative purposes; however, the speci-
fic sky condition found at the time of the survey was used for the
correlation with the subjective judgments.

3.3. Statistical analyses

Descriptive statistics were computed for the variables of inter-
est. Then, in order to identify the main factors that express differ-
ent perceived aspects of daylighting and to eliminate not reliable
items, a series of Exploratory Factor Analyses (EFA) with an Obli-
min rotation was performed on the scores obtained for the 23
items listed in Table 3. Some items were eliminated, based on
either one of two criteria: items loading < 0.40 on all factors, and
items with factor loadings � 0.40 on more than one factor. Cron-
bach’s Alphas were also computed to measure the reliability of
the extracted factors. Factors scores were then computed as the
sum of the individual items for each factor. The simulation results
and subjective measurements underwent a Kolmogorov-Smirnov
test to control for any possible deviations from a normal distribu-
tion. Because the test showed that many variables could not be
considered normally distributed, the relationships between day-
light and circadian metrics and the responses expressed by stu-
dents were investigated by computing a series of Spearman’s
rank correlation coefficients (q). The SPSS (Statistical Package for
Social Science) software v. 26 [77] was used for statistical analyses.

4. Results and discussion

4.1. Subjective results and statistical analyses

4.1.1. Description of the sample
Five hundred and forty-two students (60% females and 40%

males) filled in the questionnaire. The respondents were dis-
tributed as follows: 31.9% from Naples, 24.6% from Palermo,
23.9% from Turin, 13.0% from Catania, 6.6% from Venice. Overall,
the participants had a mean age of 22.2 years (SD = 3.4) and 53.4
Table 4
Factor loadings and the reliability measures.

Items Rota
Dayl
quan

The quantity of daylight is 0.87
The daylight through the glazed areas is 0.88
How comfortable do you feel the lighting of the room for reading the text in

your device
How comfortable do you feel the lighting of the room for reading and writing at

your desk
How comfortable do you feel the lighting of the room for reading on (black)

board
The pleasantness of the overall daylight is
The contribution of daylight to create a stimulating environment is
Your concentration due to the overall daylight is
The overall comfort due to daylight is
Daylight control by shading system is
The maintenance of the shading system is
The cleanliness of glazing is
Obstructions out of the windows are
The pleasantness of the view out is
Eigenvalue 0.92
% of explained variance 6.60
a 0.78
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% of them were attending the Bachelor of Science curriculum
(46.6% Master of Science).

4.1.2. Factor analysis
The factor analysis computed on the questionnaire items

yielded five factors that explained 74.9% of the variance of the data.
Table 4 shows the factor loadings and the reliability measures.

The first factor was labeled ‘‘Daylight quantity” and includes
items referring to the overall quantity of daylight in the room
and the daylight amount entering the room through windows.
The second factor, ‘‘Visual performance”, includes items referring
to comfort perceived in accomplishing visual tasks on a desk,
device (computer screen, tablet), and (black)board. The third factor
was labeled ‘‘Daylight quality” and it includes daylight-related
overall pleasantness and comfort and its ability to create a space
that favors concentration and creates a stimulating environment.
The fourth factor, ‘‘Window quality”, referred to the maintenance
and control of the shading system and the cleanliness of glazing.
Finally, the fifth factor, ‘‘View out quality”, deals with items that
investigate the presence of obstructions out of the windows and
the pleasantness of the view out. It can be noted that factor three,
‘‘Daylight quality”, stands out compared to the other ones as it
explains almost 40% of the variation of the data.

4.2. Correlation between objective daylight metrics and subjective
responses from students

4.2.1. Objective metrics from DIVA simulation
The results obtained through DIVA in terms of daylight metrics

are summarized in Figg. 4–5-6. The outcome confirms the expected
trends, that is a large range of daylight performance inside the
eight classrooms, expected considering the different architectural
features of the spaces in terms of access to daylight.

The following main considerations can be drawn from the
results concerning the various daylight metrics considered:

� DFm (Fig. 4a): three classrooms meet the Italian standard
requirement DFm � 3% (TUR-1, TUR-2, and PAL). NAP-3 also
shows a consistency if the desk area is considered instead of
the whole area: a large difference was observed in this space
(DF m = 1.36% across the whole area; DFm = 3.01% across the
desk area), due to its architectural features, with pillars that
split the space into two areas (desk area and a circulation area).
ted factor loadings
ight
tity

Visual
performance

Daylight
quality

Window
quality

View out
quality

4
1

0.854

0.841

0.887

0.719
0.914
0.910
0.889

0.703
0.868
0.791

0.751
0.695

5 1.224 5.435 1.748 1.159
4 8.746 38.823 12.488 8.281
9 0.843 0.895 0.712 0.456



Fig. 4. Results from DIVA simulations for all the daylight metrics analyzed in the eight classrooms.
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Fig. 6. Results from DIVA simulations for metrics: Ev>1600 vs. DA.
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If the criterion DFm � 2% is adopted [40], the situation remains
unchanged, since all the other classrooms showed a DFm < 2%.
Considering the criterion set by EN 17,037 in terms of ‘climate’
DFm, NAP-2 is result compliant (DFm = 1.70 across desks). This
means that a group of three out of eight classrooms do not com-
ply with any DFm criterion

� sDF (Fig. 4b): two classrooms only would qualify for the LEED-
Italy former requirement concerning the distribution of DF val-
ues across the space (sDF � 75%), namely TUR-1 and PAL. Con-
sidering the less strict requirement set by EN 17,037
(sDF � 50%), TUR-2 qualifies. The other five classrooms are
not compliant with sDF requirements

� DA (Fig. 4c): no formal requirement is specified for this metric.
However, a theoretical threshold DA � 50% can be considered,
consistently with the principles of sDA300,50%: in such a case,
TUR-1 and NAP-3 (desk area) are compliant, while PAL, which
shows a high DFm and sDF performance, is not (DAdesk = 45.6%),
due to long periods when blinds are closed to shade the sun
(‘closed_blind’ = 75%). All the other classrooms show lower
DA values: the lowest values are observed in VEN (DAdesk = 1.7%)
and CAT (DAdesk = 16%)

� sDA300,50% (Fig. 4e): two classrooms only qualify for the 3-point
LEED credit (sDA300,50% � 75%), that is TUR-1 and NAP-3 (desk
area). No further classroom qualifies for the 2-point LEED credit
(sDA300,50% � 55%), while one more classroom qualifies for the
1-point LEED credit (sDA300,50% � 40%), that is PAL. The other
five classrooms do not qualify: particularly low is the perfor-
mance in VEN (sDA300,50% = 0%) and NAP-2 (sDA300,50% = 3.7%)

� ASE1000,250 (Fig. 4g) and ‘closed_blind’ (Fig. 4h): the three class-
rooms with the lowest daylight provision qualify for this credit,
namely VEN, CAT, and NAP-3 (which has North-facing win-
dows). The other classrooms have ASE1000,250 � 10%: according
to LEED protocol, ‘‘for any regularly occupied space with
ASE1000,250>10%, identify how the space is designed to address
glare”. Glare is addressed through moveable shades in all the
spaces analyzed. The ‘closed_blinds’ results show that blinds
remain closed for long periods in PAL (75% of occupied time),
TUR-1 (68%), TUR-2 (56%), and VEN (52%), which limits the view
out for the occupants

� UDI100-3000 (Fig. 4f): 3 classrooms qualify for this requirement
set by the UK School Building Programme (TUR-1, NAP-
3_desk, and PAL). TUR-2 nearly satisfies the criterion (UDI100-
3000 � 78.6% for four classrooms out of eight. Interestingly,
PAL showed a moderate performance in terms of DA and
sDA300,50% (1-point LEED credit), but an excellent performance
in terms of illuminance values remaining in the ‘useful’ range
100–3000 lx
Fig. 5. Results from DIVA simulations for metrics: ALE vs. DFm.
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� ALE (Fig. 5): it shows a trend consistent with DFm (except for
NAP-3). These two metrics quantify the daylight provision in a
space in absolute terms, unlike DA, cDA, sDA, and UDI, which
use thresholds to describe the daylighting performance

� Ev>1600 (Fig. 6): The percent of occupied time when Ev,eye is quite
limited in all the spaces analyzed. A frequency of 9.9% was
observed for TUR-1, while it was < 3% for the other spaces. This
is due to the view direction of students, towards the black-
boards/projection screens, in a way that they do not receive
high amounts of daylight at eye-level. For instance, PAL has
large windows (WWR = 0.72), but positioned left and behind
students. Consequently, a large amount of daylight is admitted
into the room (UDI � 87.1%), but only a minor share reaches
students’ eyes. For the same reason, the glare occurrence calcu-
lated in terms of FDGP>0.40 is very low: the percent of occupied
time when DGP is disturbing (DGP > 0.40) was < 2% for all the
spaces, compliant with the requirement set by EN 17037.

4.2.2. RQ1: do daylight metrics prescribed in different standards/
protocols fit the subjective responses expressed by students?

Table 5 reports the Spearman’s q-correlation coefficients
between the objective daylight metrics and the factors extracted
from the subjective responses. These correlation coefficients are
also graphically visualized in Fig. 7 to allow the reader an easier
comparison among the various metrics considered (daylight and
geometrical).

The following main considerations can be drawn:

� all the correlations that were obtained have a correlation coef-
ficient lower than 0.40; the lowest correlations were observed
for the factor ‘window out quality’ (except for the metric
‘blind_closed’).

� the geometric parameter VSC (which quantifies the amount of
sky ‘seen’ by a window) shows the higher correlation for all fac-
tors except factor four (‘window quality’), for which the correla-
tion is non-significant

� DFm and ALE show higher correlation with respect to DA, cDA,
sDA300,50%, and UDI100-3000. Moreover, DFm and ALE show practi-
cally the same correlation, and the same applies to DA, cDA, and
sDA300,50%. This is probably due to the fact that DAm and ALE
inherently quantify the daylight provision in a space in absolute
terms, while DA, cDA, and sDA are ‘metrics with thresholds’,
which means that they do not quantify the daylight provision
in absolute terms, but rather in relative terms, as they represent
the frequency of how often illuminance values lie in a certain
range (>300 lx, or > 300 lx in a given fraction of space); in other
words, these metrics show a different sensitivity with regard to



Table 5
Spearmans’ q-correlation coefficients and significance between daylight metrics and factors extracted from subjective responses.

Daylight metrics daylight quantity visual performance daylight quality window quality view out quality

DFm_desks 0.206*** 0.167*** 0.255*** 0.366*** 0.228***
DA_desks 0.194*** 0.128** 0.206*** 0.283*** 0.155**
sDA300,50%_desks 0.199*** 0.130** 0.212*** 0.279*** 0.156**
cDA_desks 0.199*** 0.137** 0.214*** 0.289*** 0.156**
UDI100-3000_desks 0.158** 0.104** 0.161*** 0.248*** 0.124*
BlindsClosed_desks 0.085 0.052*** 0.144** 0.149** 0.232
ALE_desks 0.201*** 0.174*** 0.255*** 0.361*** 0.237***
VSC 0.337*** 0.182*** 0.312 �0.011*** 0.385***
room_depth �0.043 �0.019 0.043 0.209*** 0.085

*** The correlation coefficient is significant at the p < .001 level
** The correlation coefficient is significant at the p < .01 level
* The correlation coefficient is significant at the p < .05 level.

Fig. 7. Spearman’s q-coefficients for correlation between daylight metrics and
subjective judgments for (a) the five factors (1: daylight quantity; 2: visual
performance; 3: daylight quality; 4: window quality; 5: view out quality), and (b)
two geometric parameters.
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the daylight amount in a space. This seems to be confirmed by
analyzing ALE (which is a CBDM metric), ELM (see section 4.3),
or VSC: all these metrics increase as daylighting increases and
they all showed a higher correlation compared to DA, sDA,
cDA, and UDI

� such lower correlation shown by the sDA metric, compared to
other metrics, seems somewhat contradictory with respect to
the finding from Reinhart et al. [78–79], who observed that
sDA ‘‘reproduced the student assessments of the daylit area in a
space more reliably than the other tested daylight availability met-
rics”. However, the goal of these studies was to find the most
reliable metric in describing the portion of space ‘sufficiently
lit by daylight, while in the present study students were asked
to judge the global daylighting amount in the classroom, or
specifically on the workplane surfaces

� UDI100-3000 show a lower correlation compared to the DA group,
probably because its definition, which is based on two thresh-
olds (frequency of how often illuminance values lie in the range
100–3000 lx)

� ‘blind_closed’ shows the lowest correlation, except for the fac-
tor ‘view out quality’ (same correlation as DFm and ALE); the
correlation was found non-significant for factors one (‘daylight
quantity’) and two (‘visual performance’)

� among geometric parameters, the VSC shows the best correla-
tion, while ‘room-depth’ shows a non-significant correlation
for all factors except for factor ‘window quality’.
12
Generally, all daylight metrics showed a significant correlation
with student responses for all the factors. This is in line with the
outcome described in Zomorodian et al [35]. Exceptions are ‘close
blinds’ (which is not a standardized metric, rather being a descrip-
tive indicator).

Overall, moderate to weak correlations were found between the
subjective and the objective measures [80].

This is not surprising, given the results of some previous studies
[81–82] that reported a difficulty in correlating the evaluation of a
daylit space from the occupants to objective metrics. Previous
results indicate that correlations between daylight performance
indexes and users’ opinions is not always observed: Bellia et al.
[81] reported that ‘‘The comparison among measured data, workers’
opinions and UDI and DGP demonstrates that not always limit values
of these parameters well explain human feelings and underlines how it
is difficult to describe human response to light stimuli trough synthetic
parameters”. In the same line, Korsavi et al. [22] compared subjec-
tive responses and simulation results and noted that non-daylit
areas or sun-lit areas defined by dynamic metrics did not necessar-
ily cause visual discomfort. They suggest that some other factors
(e.g., personal factors as mood or expectations, or environmental
factors as type of view out, configurations of windows) can affect
the relationship between subjective ratings and daylight metrics.
The present results encourage further investigations on this topic
and highlight the importance of not relying only on objective
parameters to define the human experience of the daylit environ-
ment. On the other hand, the above-mentioned study from
Zomorodian et al. [35] shows ‘strong’ correlation between objec-
tive daylight metrics and subjective responses.

Among daylight metrics, the higher correlation was observed
for metrics that describe the daylight provision in a space in abso-
lute terms (DFm and ALE), while a lower correlation was observed
for ‘metrics with one threshold, which describe the daylight provi-
sion in terms of frequency of a given performance (DA, cDA,
sDA300,50%), and even lower for UDI100,3000, which is a metric with
2 thresholds. This low performance shown by UDI100-3000 is some-
what surprising, as the two thresholds used in the metric (100 lx
and 3000 lx) might in principle fit well with the bipolar scales used
for the questions in the survey, according to which a score of 3 is an
acceptable performance (daylight amount, daylight comfort and so
forth), while a score of 4 is ‘high’ (and 5 ‘too high’) and a score of 2
is ‘low’ (and 1 ‘too low’).

Consequently, it seems that quantifying the absolute daylight
amount in a room can be a better indicator to account for subjec-
tive perceptions expressed by students. If on the one hand the DFm
is labeled as an ‘obsolete’ concept in favor of climate-based met-
rics, on the other hand the ALE is a climate-based metric that has
been progressively abandoned within the progress of CBDM
research. It could be useful to include the ALE in recommendations



Fig. 8. Average subjective answers vs. sDA300,50% for the five factors (1: daylight
quantity; 2: visual performance; 3: daylight quality; 4: window quality; 5: view out
quality).
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and protocols, and new research should be undertaken to set refer-
ence benchmark values for the qualification of a daylit space.

Moreover, all daylight metrics show the same trend, with the
highest correlation for factor five (‘view out quality’) and then for
factor three (‘daylight quality’). Surprisingly, correlation showed
lower values of the Spearman’s q-coefficient for factors concerned
with the daylight amount in the considered room (factor 1: ‘day-
light quantity’) or on the visual task areas (factor two: ‘visual com-
fort/performance’), that is to say the quantitative parameters more
directly concerned with the definition of daylight metrics. Conse-
quently, the final acceptance/perception expressed by the students
seems to be governed by a more complex set of parameters and
metrics, concerned with both quantitative and qualitative aspects.

As for the circadian metrics, EML and the Ev>1600 show a higher
correlation than daylight metrics for factors one, two and three
(‘daylight quantity’, ‘daylight comfort/performance’, and ‘daylight
quality’); the opposite applies for factors four and five (‘view out
quality, ‘window quality’). Both EML and the Ev>1600 rely on the
vertical illuminance at eye-level: hence, this quantity seems more
sensitive than metrics based on horizontal workplane illuminance
in describing the daylight perception expressed by the students.
This highlights that the design of high-quality learning spaces,
which yield higher satisfaction among students, should not solely
rely on the compliance with objective metrics. Moreover, among
these latter, metrics based on vertical illuminance should be
included along with workplane illuminance.
4.2.3. RQ2: can a classroom noncompliant on daylight metrics/criteria
be positively judged by students and vice versa?

To address this RQ, Fig. 8 plots the average scores calculated for
the five factors versus the daylight amount in each classroom,
quantified through the sDA300,50%. Considering that bipolar scales
were used for the questionnaire, where score 3 represents an ‘ac-
ceptance’ condition, an area comprising the scores 2.5 and 3.5 is
also highlighted in the graph.

The results do not show a univocal connection between day-
light quantity and student subjective responses. However, some
trends emerge: factor two (‘daylight performance’) showed the
highest scores in all classrooms, while factor five (‘view out qual-
ity’) the lowest scores in most classrooms (6 out of 8); factors
one (‘daylight quantity’) and three (‘daylight quantity’) show a
similar trend, with higher scores more frequent for factor three.

The most surprising finding was observed for rooms with oppo-
site features, which result in a quite different daylight provision.
TUR-1 is the classroom with the highest daylight provision and
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the only one able to meet all the daylight criteria/requirements,
while CAT does not comply with the WFR � 0.125 requirement
and has a low daylight amount compared to all requirements.
TUR-1 and CAT received on average the same scores (around 3.5)
on factor one (‘daylight amount’) and very similar on factor two
(‘visual performance’). It seems that students of classroom CAT
show a good acceptance of the daylight conditions across the
space. Clearly, other psychological aspects influence the scores
expressed by the students [81–83]. The classroom CAT is in an his-
torical building, close to the sea in a wonderful island (Ortigia),
with a large portion of sky seen through the window: these aspects
can influence the student mood and consequently their evaluation
of daylighting in the classroom. An earlier DAYKE-Europe investi-
gation highlighted how factors such as the sky condition and dis-
tance from windows had an impact on mood and comfort
reported by students [36]: both campaigns in CAT occurred in clear
sky conditions. To a slightly lower extent, the same trend was also
observed for the other two classrooms with the lowest sDA300,50%:
both VEN (sDA300,50% = 0%) and NAP-2 (sDA300,50% = 3.7%) show
scores between 2.5 and 3 on factors one, two and three.

4.3. Correlation between objective circadian metrics and subjective
responses from students

4.3.1. Objective results from ALFA simulations
The results that were obtained from ALFA simulations are

shown in Fig. 9. As explained in Section 3.2.2, these simulations
were run for the days when the DAYKE-Italy survey was adminis-
tered, through point-in-time analyses rather than annual analyses.
Both the EML and the melanopic ratio are plotted for the two
DAYKE campaigns: spring 2019 session (eight classrooms) and
fall-winter 2019–2020 session (five classrooms). Two reference
lines are also plotted to show the minimum requirements set by
the WELL protocol (EML � 120 lx) and by the CHPS protocol
(EML � 250 lx).

The following main considerations can be drawn:

� all classrooms comply with the WELL requirement
(EML � 120 lx) in the spring session, independently of the sky
conditions, while EML significantly drop in the fall-winter ses-
sion, with NAP-2 (all sky conditions) and PAL and CAT (overcast
sky) not complying with the requirement

� considering the stricter requirement set by the CHPS protocol,
three classrooms are barely compliant or not compliant: VEN,
NAP-1, and CAT

� the highest ELM is observed in classrooms with higher daylight
provision, namely TUR-1, TUR-2, and PAL

� an interesting feature emerges by comparing the three class-
rooms in Naples: they have the same materials, but different
positions inside the building, in terms of orientation and floor.
NAP-2 is located on the fifth floor, thus being more exposed
to a direct view of the sky (VSC = 0.36) and show a melanopic
ratio R = 0.82 in clear sky and R = 0.78 in overcast sky; differ-
ently, NAP-1 is located on the 2nd floor, thus being more
exposed to a quite lower view of the sky (VSC = 0.20) and
mostly ‘seeing’ the yellow façade of the courtyard: as a result,
the melanopic ratio R is 0.40 in clear sky and 0.52 in overcast
sky. This shows the impact of the color of the façade, compared
to the sky, on the melanopic content of the visible daylight
admitted into the space.

4.3.2. RQ3: do circadian metrics based on the EML (equivalent
melanopic lux) fit the subjective responses expressed by students?

Table 6 reports the Spearman’s q-correlation coefficients
between the objective circadian metrics and the factors extracted
from subjective responses. These correlation coefficients are also



Table 6
Spearmans’ q-correlation coefficients and significance between daylight metrics and factors extracted from subjective responses.

Circadian metrics daylight quantity visual performance daylight quality window quality view out quality

melanopic ratio R 0.117* 0.122*** 0.199*** 0.257*** 0.324**
EML 0.330*** 0.257*** 0.400*** 0.162*** 0.323***
Ev,eye 0.284*** 0.269*** 0.354*** 0.214*** 0.182***

*** The correlation coefficient is significant at the p < .001 level
** The correlation coefficient is significant at the p < .01 level
* The correlation coefficient is significant at the p < .05 level.

Fig. 10. Spearman’s q-coefficients for the correlation between circadian metrics
and the five factors (1: daylight quantity; 2: visual performance; 3: daylight quality;
4: window quality; 5: view out quality).

Fig. 9. Results from ALFA point-in-time simulations for ELM and melanopic ratio R: (a) spring session; (b) fall-winter session.
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graphically visualized in Fig. 10 to allow the reader an easier com-
parison among the various metrics considered.

Results show that all the three circadian metrics show a signif-
icant correlation with all the five factors extracted from subjective
responses.

Fig. 10 graphically visualizes the trends of the correlation
between objective circadian metrics and subjective judgments
expressed by the students. As shown in the Figure, EML seems to
show a higher correlation than DFm and ALE, thus being the metric
with the highest correlation at all (except for factor ‘view out
quality’).
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The ALFA simulation tool was used to calculate the circadian
metrics EML and the melanopic ratio. Since it was not possible to
measure the spectral reflectance of the space surfaces in each
classroom, it was decided to pick the materials from the library
of the program. Clearly, this introduces a bias, compared to a real-
istic modeling of the real materials used in the classrooms. How-
ever, ALFA provides a quite huge library of materials, which
makes it possible to select materials close to the ones observed
in the real spaces. This was considered acceptable, considering
the purpose of the paper, which was to correlate objective metrics
and subjective responses. Many materials are quite typical (woo-
den chairs, plasters, glazing) and are reasonably used in several
spaces, as the ones considered in the study.

However, a validation of the calculation process was carried out
for two classrooms: TUR-1 and TUR-2. For this space, the spectral
reflectance of each surface in the space (walls, ceiling, floor, desks,
frame) and outside the space (grass, sidewalks, buildings ahead)
was measured through a contact spectro-photometer Minolta
CM600d (measurement range: 400–700 nm; measurement sensi-
tivity: 10 nm; error: ±5%). These spectral distributions were
imported into ALFA as new, customized materials, and simulations
were run to calculate the circadian metrics and to compare them to
the values that had been obtained by picking in the ALFA library
the closest materials to the materials observed in the classrooms.
Table 7 shows the results that were obtained following the two
approaches (ALFA library material vs. spectro-photometer mea-
surements). The difference in the EML and R values obtained
remains below a peak value of 8% (TUR-2, winter session, clear
sky) and below 4.5% for all the other cases. Such a small difference
would not have any impact on the statistical correlations between
subjective responses and objective metrics calculated through
ALFA (independently of the approach adopted).



Table 7
Circadian metrics (EML and R) calculated through ALFA simulations by picking materials from the ALFA library or by creating new materials in ALFA using spectrophotometer
measurements.

classroom metric

EML [lx] R [-]
ALFA materials spectro-photometer relative difference [%] ALFA materials spectrophoto-meter relative difference [%]
spring session

TUR-1_clear 5391 5243 �2.75 0.91 0.95 4.40
TUR-1_overcast 2255 2317 2.75 0.92 0.94 2.17
TUR-2_clear 3596 3879 7.87 0.95 0.88 �7.37
TUR-2_overcast 802 827 3.12 0.93 0.87 �6.45

winter-fall session
TUR-1_clear 1053 1100 4.46 0.95 0.94 �1.05
TUR-1_overcast 279 267 �4.30 1.01 1.02 0.99

Fig. 11. Results from DIVA simulations in terms of energy demand for lighting
(EDlighting = LENI index).
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4.4. Potential energy savings from daylight and correlation to daylight
metrics

4.4.1. Energy demand for lighting from DIVA simulations
The energy demand for lighting (LENI values) for existing light-

ing systems (fluorescent tubes) are shown in Fig. 11, where LENI
values for manual and photo-dimming controls are plotted. In
the graph, energy savings (DLENI) and sDA300,50%, values are also
plotted for each classroom, to allow energy consumption and
energy savings to be compared to the daylight provision in the
room. A line for the reference LENImax of 19 kWh/(m2yr) is also
plotted [73].

The following consideration can be drawn:

� for manual controls, the highest LENI values are observed for
NAP-3 (LPD = 9.2 W/m2) and TUR-1, which are the two spaces
with the highest lighting power density installed
(LPD = 9.2 W/m2 and LPD = 10.8 W/m2, respectively)

� on the other hand, the lowest LENI values were observed for
TUR-1 and for NAP-1, this latter the room with the lowest
LPD (4.3 W/m2)

� for photo-dimming controls, classrooms with higher sDA300,50%

yield the highest energy saving. This is the case of TUR-1
(sDA300,50% = 98.2%; � LENI = -52.7%) and NAP-3 (sDA300,50% =
81.7%; �LENI = -21.0%). Differently, TUR-2 shows a saving of
�30.3% (second best), despite a moderate sDA300,50% (29.2%).

� on the other hand, classrooms with lower sDA300,50% yield the
lowest saving. This is particularly evident for VEN, where
sDA300,50% = 0 is observed, with a negligible saving of �1.2%

It also emerged that TUR-1 is the only classroomwhere the LENI
drops below the maximum recommended value of 19 kWh/m2yr
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(with photodimming controls). The other classrooms show LENI
values over this limit also in the presence of daylight responsive
controls. This is due to the combination of two factors: the pres-
ence of lighting systems equipped with fluorescent tubes and a
sometimes-excessive LPD. To decrease the consumption, a relamp-
ing intervention where fluorescent lighting systems were replaced
with LED lighting systems should be carried out, consistently with
what is shown by Doulos et at. [13].

4.4.2. RQ4: is there a correlation between energy use/saving and some
daylight metric/criterion?

Table 8 reports the Spearman’s q-correlation coefficients
between the energy saving and daylight/circadian metrics, all cal-
culated through DIVA simulations.

The correlation coefficients show that apart from the melanopic
ratio (non-significant correlation), all other metrics have a signifi-
cant, yet moderate, correlation with the energy saving: among
them, the highest correlation was shown by EML (correlation coef-
ficient of �0.483), closely followed by DA, sDA300,50%, and cDA (-
0.437).

5. Conclusions

Within the DAYKE-Italy project, a thorough investigation on the
daylight quantity and quality in a sample of Italian universities was
carried out. This consisted of a combined approach: an ad-hoc sur-
vey that was administered to students to investigate how they per-
ceive daylight conditions in their classroom, and numerical
simulations to calculate a set of objective metrics (daylight, circa-
dian, and energy-related), with the aim of correlating subjective
and objective findings. A sample of 542 questionnaires was col-
lected through two sessions (in spring, April-June 2019, and in
fall-winter, November 2019 - January 2020). The following set of
daylight metrics was calculated through DIVA-for-Rhino simula-
tions: average and spatial daylight factor (DFm and sDF), daylight
autonomy DA, continuous daylight autonomy cDA, spatial daylight
autonomy sDA300,50%, annual sunlight exposure ASE1000,250, percent
of time when vertical eye-level is over 1600 lx Ev>1600, FDGP>0.40,
annual light exposure ALE. As for circadian metrics, equivalent
melanopic lux EML and melanopic ratio R were calculated through
ALFA simulations; as for energy-related metrics, the annual energy
demand for lighting in the presence of manual and daylight
responsive photo-dimming controls were calculated again through
DIVA.

In short, the study relies on the following assumptions: (i) day-
light and energy metrics were calculated using DIVA, through
annual simulations (therefore they are ‘annual’ metrics); DFm is
an exception, as it was calculated through DIVA simulations, but
is a constant value during the course of a year; (ii) circadian met-
rics were calculated using ALFA, through point-in-time simulations



Table 8
Spearmans’ q-coefficient and significance for daylight and circadian metrics and energy saving.

DFm DA sDA cDA UDI BlindClose ALE VSC room depth R ratio EML Ev_eye

saving -0.304 *** -0.437*** -0.436*** -0.437*** -0.401*** 0.303*** -0.236*** -0.224*** 0.401*** 0.007 -0.483*** -0.675***

*** The correlation coefficient is significant at the p < .001 level
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(for the time-steps when experimental campaigns were carried
out); (iii) subjective scores were collected through two campaigns,
in the same classrooms but with different students. The correlation
results which were obtained are therefore valid under these
assumptions. Changing one or more of such assumptions might
lead to different correlations.

The following main consideration emerged from descriptive
and statistical analyses:

� all the daylight metrics considered in the study showed a signif-
icant correlation with the student subjective judgments; this is
in line with the results from a similar study from Zomorodian
et al [35]

� among daylight metrics, the highest correlation was observed
for metrics that describe the absolute daylight provision in a
room, namely the average daylight factor DFm and the Annual
Lighting Exposure ALE; a lower correlation was observed for
‘threshold metrics’, i.e. metrics which describe the daylight pro-
vision in a scape in terms of frequency of how often illuminance
lies in a given interval (DA, cDA, UDI100-3000) or portion of space
where a DA criterion is reached (sDA300-50%)

� the circadian metric EML, which accounts for the vertical illumi-
nance at eye-level and for the spectral distribution of daylight
(entering through windows as well as reflected by surfaces)
showed a good correlation with the student subjective judg-
ments, even higher than daylight metrics based on the horizon-
tal workplane; it is probable that other metrics that account for
the luminance distribution in occupants’ visual field, such as the
average wall luminance, or the cylindrical illuminance, would
also show a good correlation [84]. There is an increasing need
for lighting regulations that include vertical illuminances or
other related metrics, beside the consolidated workplane
illuminance

� it was not possible to establish a univocal correspondence
between objective metrics and subjective respondents: class-
rooms with high daylight performance in objective terms (and
compliance with daylight criteria or recommended references)
and classrooms with quite low daylight performance were
judged practically with the same scores; this shows that spaces
non-compliant with minimum standard requirements can be
positively judged and accepted by students, since a high num-
ber of parameters have an impact on user mood, comfort and
final acceptance of a space (these may involve aesthetical and
architectural features of the classroom or even of the whole
building, especially when the classroom is located in an histor-
ical building, as in the case of CAT and VEN)

� the energy demand for lighting in the classrooms, all equipped
with traditional fluorescent lighting systems, is quite high. It
gets reduced in the presence of high daylight provision and
photo-dimming sensors. Nevertheless, a relamping intervention
with the installation of more efficient LED lighting systems
seems to be necessary to reduce the energy demand for lighting
below a target value of 19 kWh/(m2yr)
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� all objective metrics (apart from the melanopic ratio) show a
significant, yet moderate, correlation with the energy saving:
the highest correlation was shown by EML, closely followed
by DA, sDA300,50%, and cDA

Consistently with the earlier part of the DAYKE research, the
main merit of the study lies in the thorough investigation concern-
ing knowledge, perception, and education of daylighting in Europe,
replicated in the Italian context. To the authors’ knowledge, no
such attempt has been performed so far through such a multiple
investigation area approach.

The present study is intended to cover the main topics nowa-
days concerned with daylight in buildings: visual comfort and per-
formance associated with daylight, health (non-visible effects of
daylight), and energy saving. To do that, a holistic approach was
adopted, which included objective metrics (daylight, circadian,
and energy-related) and statistically correlated them with subjec-
tive responses from students. Comparing daylight metrics to sub-
jective judgments is not new: a similar study has been recently
presented by Zomordian et al. [35]: however, it certainly was use-
ful to replicate the approach to a quite different context (Texas vs.
Italy) to expand the validation of daylight metrics through subjec-
tive judgments. Comparing the student subjective assessments to a
circadian metric (namely, the equivalent melanopic lux ELP) is, to
the Authors’ knowledge, a new step.

It would be interesting to replicate the study adopting a longi-
tudinal design, in which subjective responses are collected for each
classroom by the same students more than once during the school
year, to monitor the trends of the correlations between students’
perceptions and daylight metrics over a longer time period and
analyze if the correlations between simulation results and subjec-
tive assessments would be consistent with the ones obtained in the
present study.

It is the Authors’ opinion that the conclusions may be transfer-
able to other types of buildings, such as offices and factories, as the
correlation between daylight/circadian metrics and user responses
also interests other types of space, uses, and activities. Daylighting
can enhance performance, comfort and productivity not only for
children in schools, but also for adults in office buildings.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Appendix

Annex 1a – Description of the eight classrooms used for the
DAYKE-Italy project: TUR-1, TUR-2.
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Annex 1b – Description of the eight classrooms used for the
DAYKE-Italy project: VEN, NAP-1.
17
Annex 1c – Description of the eight classrooms used for the
DAYKE-Italy project: NAP-2, NAP-3.
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Annex 1d – Description of the eight classrooms used for the
DAYKE-Italy project: PAL, CAT.
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