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Abstract

Exposure to daylight significantly affects the psychological well-being of occupants by diminishing headaches, eye tensions, or stress.
Daylight penetration is a matter of collaboration between building fagade and perimeter zones that can be controlled through fagade
design features. This study reviews available daylighting systems to block or redirect natural light inside the space and their overall
performance. Adaptation found to be the main key feature of daylighting systems to improve their effectiveness in indoor environments.
As the main implication of such systems on the visual comfort performance of occupants, a list of quantitative indices is studied based
on their mathematical equation to outline their advantages and limitations. Findings revealed a lack of agreement on acceptable indoor
illuminance thresholds for most of the indices and the absence of a reliable glare index in presence of sun within the view field of the
occupant. Similarly, many green building certifications propose a specific criterion to assess view out but remained a challenge for

future studies.

© 2021 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Many researchers stated daylight as an optimal psychological fact
for living since first human beings identified Sun as the only
lighting source and lived under daylight conditions [1]. Beside
psychological effects, especially during a task, a pleasant lighting
quality is always appreciated and linked to human’s comfort and
performance, but it is beyond the bounds of possibility to build an
objective relation between light and productivity [2], as many
other variables are taken into account such as noise, air quality and
temperature. People have an instinctive tendency to natural light
rather than artificially lit spaces in a building and studies
confirmed exposure to daylight can have a significant effect on
well-being by diminishing headaches, eye tensions, or stress [3].
Daylight design in buildings is a subjective argument based on
the urban regulations, building typology, architectural planning
and limitations, aperture proportions, economic or occupant
desires and their reactions to the lighting condition. In some
buildings, daylighting strategy is unique like museums, while in
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office buildings, daylight is more important than other hosting
factors, therefore implementing daylight concepts in the early
stage of a design is beneficial in certain ways: (1) economic and
ecological effects by reducing energy consumption and
greenhouse gas emission [4]; (2) supporting natural rhythm of the
human circadian system physiologically [5]; (3) ensure superior
color rendering to improve health, visual system and supply high
rate of flicker-free illumination dynamically which stimulate
human eye [6]; and (4) social behavior is usually improved within
occupants who are closer to windows [7] or in a room with more
apertures [8]. Since daylight is not accessible during the day
permanently and its magnitude decreases in the deeper side of the
space, thus there should be always a proper combination with
artificial lighting and geometrical planning.

From global perspectives, the source of daylight (sun) in high-
latitude regions is noticeable during summer and winter
conditions, while at lower latitudes the daylight variations are
reduced [9]. Therefore, at high latitudes where daylight levels are
quite low during winter, designers aim to redirect daylight into the
building from the brightest part of the sky, and maximize sunlight
penetration. On the contrary, in the regions where daylight levels
are considerably high over the year, the design strategy often
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emphasizes on restricting amount of incoming light to prevent
overheating and discomfort glare [10].

A conventional window may be enough to let the daylight enter
the space, but providing more natural light into the depth of the
space requires more advanced design alternatives such as
daylighting systems. Daylight penetration is a matter of
collaboration between building fagade and perimeter zones. Thus,
seeking integrated daylighting control strategies within an energy
efficient process is a challenging task to manage various
performance objectives such as lighting, mechanical energy
demand and envelope thermal properties with human desires like
visual comfort, or personal operational controls. This is a multi-
objective task and require extensive knowledge of daylighting
systems and quantitative indices to assess visual comfort. To date,
many daylighting systems were introduced and used in buildings
that either could guide the light into the depth of a space or redirect
it into the space to improve visual comfort. Following the visual
comfort evaluation, two fundamental quantitative indices are used
to as basis to develop new metrics; illuminance and luminance.
[lluminance refers to the received daylight on a horizontal task
plane while luminance is the luminous intensity within a view
direction of user. As a result, this paper aims to review two
fundamental scopes that found to be absent in the literature: (1)
outlining the benefits and limitations of each daylighting system
with respect to visual comfort and energy savings, and (2) the
implications of daylight penetration into the space on visual
comfort that requires further attention for quantification from
different perspectives including daylight level or uniformity,
glare, and view to outdoors. It should be noted that the latter
section of this research aims to update the literature provided in
[11] as some of the indices were introduced recently.

2. Methodology

This study aims to update the literature in terms of current
advantages and limitations of different daylighting systems and
visual comfort quantitative indices. To this end, a critical review
and analysis was conducted for this research according to its
definition [12] in four main steps: 1) an extensive research through
cross-referencing to identify the key papers in the field, 2)
evaluating the literature based on their contributions to their
respective functions, 3) outlining the key research gaps, and 4)
highlighting the potential recommendations for future
investigations. As a result, following the research workflow
presented in Fig. 1 and the aim of this study, the structure of the
paper is divided into three main sections:
e Section 3 — An overview of available daylighting systems and
their implications on either visual comfort and energy
savings.

e Section 4 — Detailed mathematical explanation of the existing
visual comfort quantitative metrics, their dependencies and
limitations.

e Section 5 — highlighting the research gaps and
recommendations based on findings of previous two sections.

3. Daylighting systems

Windows are not only apertures in building envelopes anymore
since new innovations like double-skin facades changes the
underlying definition. Nonetheless, windows are used to mainly
provide views to outdoors and daylighting. To this end, there are
two main approaches to deliver more daylight to the interior, by
increasing the floor area fraction near to the fenestrations that
require architectural design strategies, or applying daylighting
optical structures to deliver light thoroughly beyond perimeter
zones. In order to redirect light or prevent excessive sunlight
penetration, advanced daylighting techniques can be helpful,
especially in cases where particular tasks are performed or a high
degree of visual control is essential. Substantially, selecting a
proper system should take into consideration three main aspects
[13]: (1) window or other opening’s functionality (e.g. visual
connection and/or permit daylighting); (2) the responsibility of the
system (e.g. redirecting and/or blocking light); and (3) the
interaction of the system with other available systems. As a result,
a wide range of daylighting systems have been applied in different
researches and experiments that are either played a role as guiding
the daylight into the space or as shading systems, in which the
following section discusses the features of each system
individually.

3.1. Prismatic panels

Prismatic panels are planar components including a flat surface
and a prismatic patterned side composed of transparent materials
such as polymers [14]. These panels are usually consolidated
within window panes for low maintenance. The basic function is
to redirect diffused lights from the highest point of sky towards the
deepest side of the room especially in highly obstructed sites and
the second role is to reflect certain light angles while transmitting
from other angles. As shown in Fig. 2, the panels can be applied
as a fixed light-guiding system or as an integrated adaptive system
[15]. The former type usually used in glazed roofs aimed to
redirect the diffuse daylight within certain angles, while reflecting
direct sunlight of other directions through a reflective coating
(aluminum), and the latter case is normally found as louver form
to reflect sunlight from a certain angle by entire inner reflection.
However, if they are placed vertically to deliver daylight deeper

. Extensive research g Evaluation — Research gaps '
Contributions and O l ___________________

relationships :

Fig. 1. Research workflow.
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into the interiors, they can play as an anti-glare system except
when sunlight enters directly.

In practice, prismatic panels are translucent and falsify the
outdoor view and preferably should be positioned vertically higher
than eye level to maintain the visual field for users. The system is
able to transmit light by 90%; however, under overcast sky
conditions, it decreases daylight factor imperceptibly comparing
with clear glazing [16]. Moreover, the overall performance of the
system highly depends on the deflecting angles and climate,
although under sunny sky conditions has a potential in energy
savings. Besides, an integrated system was developed to increase
the indoor illuminance levels in University of Berlin, Germany by
Hiippe, including a layer of prismatic panel for sun shading and a
semi-perforated blinds to deflect the diffuse light; however, as
they are placed internally, the shading factor is quite low and the
visual connection to outside is extremely reduced [13].

3.2. Laser-cut Panels (LCP)

According to the inventor [17], LCP can be installed as the main
glazing system or as a second internal glazing above eye level to
perform the same as light shelf or reflective blinds. Technically, it
is produced by implementing parallel laser cuts with acrylic
materials to act as small interior mirrors to redirect light in high
portion especially in rear areas of the room [18] through passing
the voids by ordinal process of refraction and reflection (Fig. 3),
while preserving a good visual field. With regard to risk of glare,
there is an insignificant quantity of light scattered by the LCP due
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to sharp edges of the system, although glare can still happen
through direct sunlight when a substantial portion of light is sent
without any deflections. Thus, to reduce discomfort glare,
venetian blinds should be placed in front of the LCP.

3.3. Light shelf

Light shelf is designed to shade and redirect daylight through its
top surface onto the ceiling and provide a glare-free visual field by
dividing a window into a view zone and a clerestory zone above.
With regard to its position, external light shelves perform better in
terms of blocking direct sunlight and reflecting daylight towards
indoor that might cause unbalanced illuminance, while interior
ones maximize the sunlight flows into the indoors with high risk
of glare. According to a study [20], a comparison between four
scale model of light shelf and conventional overhang is conducted
in Madrid, Spain, in which the study showed that light shelf
performed more efficient than a classical overhang by 25%
increment of redirecting light in terms of illuminance levels and it
is revealed that the system reduces the existing illuminance
contrast between areas near to window and back of the room by
enhancing the distribution levels [21].

Further optical improvements on light shelves were suggested
by [22]: (1) geometrical modification towards a curved and
fragmented light shelf for sunlight reflections due to certain solar
altitudes passively, and (2) available semi-specular films in market
could increase the efficiency. Moreover, the same study tested
four light-shelf designs combined with light pipes in Los Angles
as depicted in Fig. 4. The curved configurations coated by highly
reflective films (88% reflectance) aimed to redirect sunlight while
the altitude changes, therefore the inclinations were calculated by
taking into account the window orientation and latitude, to ensure
an optimum design solution for narrow spread and specular
reflections. As a result, using curved light shelves can increase
indoor illuminance in rear zones up to 10 m away from the window
for equinox sun angles and south faced facades (northern
hemisphere).

Furthermore, a conceptual tracking light shelf system was
proposed in Fig. 5 that reflects daylight into the space by utilizing
both diffuse and direct sunlight [24] called VALRA (Variable
Area Light Reflecting Assembly). This system adjusted a
reflective film made by plastic over a spring-loaded tracking
roller, in which its efficiency is limited to maximum 9m distance
from window depending on sky changes and boarding limits.

Following dynamic approach, a comparison between static and
active polished light shelf was conducted through computer-based
simulations and physical examination in Sao Paulo, Brazil, where
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Fig. 4. From left to right: Static horizontal shelf, one level curved light shelf, two levels, and multi-level light shelf [23].

Fig. 5. Seasonal operation of VALRA [13].
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Fig. 6. Active sunlight redirection system (ASRS) [27].

the illuminance and solar energy were the main objectives [25].
The study showed that static light shelf enhances daylight
uniformity by sacrificing illuminance ranges under overcast skies,
and performs better than dynamic one unless its tilt angle be
optimized based on the sun’s position, where a method for
controlling the tilt angle of the exterior part of a mirror light shelf
resulted in energy savings [26]. Figure 6 illustrates a research
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study by [27] proposing a dynamic sunlight redirection system as
mirrors installed on a light shelf that revealed a significant
improvement of daily mean illuminance of non-day-lit spaces and
uniformity up to 128% and 54% respectively in summer solstice.
Also, the system does not impose discomfort glare due to the sun
reflections on the ceiling except when the occupant has a direct
visual connection to the sun.
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Fig. 7. The ‘Fish’ system.

to upper quarter of the zone, and additional shades such as roller
blind is needed to prevent solar radiation [13].

Following light-directing louvers, ‘Okasolar’ and ‘Retrolux’
systems are proposed to deflect daylight in low sun angles in
winter, and reject it in higher altitudes to give the ability of shading
in summer. The main difference between these modified louvers,
is their position in the composition. Okasolar is asymmetrical
profile that positioned between the window panes that can be
adjusted into different states (Fig. 8), while Retrolux is a fixed
device and can be used in interior, exterior or within double-paned
window (Fig. 9) [16].

In respect to discomfort glare, blinds can create linear bright
patches along the slats resulting in glare in sunny skies [35].
Tiltable slats are more effective in controlling energy consumption
or glare problems comparing with fixed ones, in which the latter
system should be placed above eye level preferably to reduce the
possible glare effects. Another drawback of the system, depending
on the slat’s angles, louvers and blinds can significantly obstruct
the visual connection to outdoors, therefore in most cases the

Fig. 8. Light-directing louvers: Okasolar daylighting system [33].

3.4. Louvers and blinds

Louvers and blind systems are basically composed of multi-level
horizontal or vertical slats that have the ability to be fixed or
dynamically-operated [13]. The system may block the visual field,
deflect and/or transfer solar radiation directly or diffusely to the
interiors, although the overall performance of the system can vary
significantly depending on several settings: (a) sun position [15];
(b) system positon [28]; (c) slat’s tilt [29]; (d) slat’s reflectivity
and transparency [30]; (e¢) system operation [31]; and (f) slats
configuration (flat or curved) [32].

Louvers and blinds are generally adjustable shading systems
that can be applied in several applications in order to customize
their performance. As the simplest form, upward-tilted slats permit
light transition from sun and sky through the concave curvature
towards the ceilings, while downward-tilted slats admits from
light redirections ground surface primarily [16]. Similarly, an
innovative system designed (Fig. 7) as ‘Fish’ system comprises
fixed horizontal concaved slats with a triangular joint aligned
accurately to each louver itself within window panes. As respects,
the system is limited to glare control and redirecting diffuse light

system is completely or partially responsive to adjust the view
field [16].

3.5. Anidolic systems

Anidolic systems are innovative light-guiding structures or
advanced light shelves [14] by taking the edge-ray principle of
non-imaging optics (Fig. 10) to achieve prominent strategies for
daylight harvesting and re-distribution. It follows a principle that
any ray transition through the input aperture with an incidence
angle between specific domain, emerges from the output aperture
within the same range [36].

Consequently, three anidolic systems were developed to deliver
acceptable performance: (a) anidolic ceiling; (b) integrated
anidolic system; and (c¢) anidolic solar blinds. The anidolic ceiling
incorporates with an integrated duct into a ceiling to send the light
flux to the interiors due to highly reflective surfaces especially in
locations where cloudy sky is dominant [13] as shown in Fig. 11.
As an experimental study by [37], daylight factor was improved
significantly especially in rear part the test room up to 100%, thus
glare reduction was possible through homogenizing indoor
daylight levels [38]. Integrated anidolic system aims to respond to
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Fig. 9. Light-directing louvers: Retrolux daylighting system [34].
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Fig. 10. Schematic diagram of non-imaging optical system [37].

the daylighting requirements in building refurbishment where the
building fagade should remain unchanged. Figure 12 illustrates a
cross-section of an integrated anidolic system combined with
micro-louvers for solar protection which was carried-out by ray-
tracing simulations, and showed a considerable enhancement in
diffuse light redirection [39] in addition to possible glare risk
reduction [40]. Anidolic solar blinds consist of a three-
dimensional grid of hollow specular elements in small scale as an
innovative difference with other anidolic systems [13], that
enhances direct sunlight scattering. Figure 13 shows an outdoor
view of the system mounted on a test room above eye level and a

roller shade for lower part and it is concluded that a deep sunlight
penetration and proper glare control is achievable by the system
[37].

3.6. Directional shading system with holographic optical element
(HOE)

The system reflects or redirects incident light through laminated
holographic film within two glazing layers and transmits the
diffuse light from other angles without altering visual connection
[41], especially in buildings with high glazing ratio where
overheating or glare are the main problems. HOE can be adjusted
in two different sun-tracking configurations: (1) a transparent
HOE to redirect incident sunlight onto the ceiling within small
angular range; (2) a sunlight-concentrating HOE to redirect
sunlight onto solid linear tabs for absorption and thermal energy
or electricity conversion by photovoltaic panel [42] (Fig. 14), thus
the visual field through panels can be reduced up to 50%.

3.7. Sun-directing glass

This technology is very effective in direct or diffuse daylight
redirection, although the interior luminance intensity must be kept
under control to avoid discomfort glare. The main element of the
system is a series of curved acrylic strips with high refractive index
(comparing with gas) which are placed within a double-paned
window as a sealed unit [16] and play as optical light elements by
total internal reflection to guide incoming daylight within 15° to
65° onto the ceiling especially at mid-latitudes in sunny skies. In
practice, sun-directing system is translucent and reduces visible
light penetration in which it should be applied above eye height to
avoid glare without distorting view. Figure 15 confirms the
possible combination of horizontal and vertical internal reflections
of the system which leaded to a relatively glare-free uniform
illumination onto the ceiling without any tracking parts except in
overcast sky conditions, although according to [13] the possibility
of discomfort glare still exists due to the bright illuminance of the
system itself.

3.8. Limitation and advantages of daylighting systems

Consequently, daylighting systems can be classified in different
terms due to many possible decisions during a design process.
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Fig. 11. (a) and (b) Anidolic ceiling mechanism [37].
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Fig. 13. Anidolic solar blind system [37].

Windows need to be protected from sun rays and possible glare to
provide a comfortable indoor environment, while daylight
redirection can result in energy savings and is not absolutely
necessary function. However, the visual connection to outside is
not a daylighting system’s purpose but a fundamental function of
the window itself, in which the impact of the system on user’s view
to outdoors needs to be studied.

All of these systems require different actions and performance
criteria related to their characteristics [27] such as daylight
redirection to under-lit task area, daylight improvement for zone
illumination, visual comfort enhancement through glare control or
optimum solar protection and thermal control. All of these key
roles may change their prioritization significantly not only in real
design cases, but also due to time scales (e.g. minutes, hours) or
change of interior function. As shown in Table 1, limitations and
advantages of each daylighting system can give a clear perspective
to building professions of available daylighting systems that is
based on the capability of shading or light-guiding systems in
sending diffuse light to indoors by preventing or scattering
sunlight:

1. Daylighting systems with shading based on two strategies:

a) Redirecting diffuse light — blocking direct incident
sunlight while transferring diffuse daylight;

b) Using direct sunlight — scatter sunlight or redirect it onto
the ceiling or higher than eye level.

2. Daylighting systems without shading based on redirecting
daylight to deeper grids far from a window which may not
prevent direct sunlight, and are categorized into two systems:
a) Diffuse light-guiding systems — redirecting natural

light from brighter areas of sky vault around zenith
especially under overcast sky condition for sites with
dense surroundings;
b) Direct light-guiding systems — allowing direct sunlight
to indoors excluding glare and overheating.
According to Table 1, the potential performance criteria of

daylighting systems are followed by several subjective questions
adopted from [13]:
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Fig. 14. Applications of HOE [42].

Fig. 15. Sun-directing glass [16].

2383-8701/© 2021 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

188

Table 1. Selection matrix of daylighting systems.

A. Tabadkani et al. / Journal of Daylighting 8 (2021) 181-203

Daylighting system Location Performance criteria
o0 Z
o 5 g o 2
@z 2 £ 0 3.5 =
% E - £ = S £ < ¢
= = =E »a O 5> @ma z 3
Fixed prismatic panels a b Within window panes v X D D N X X
(fixed)
Exterior
Interior
Movable prisms and blinds (Hiippe system) a - Interior X V4 V4 X N4 X V4
Directional shading system with Holographic Optical Element a - Exterior x v D D V) Vv x
(HOE) Within window panes
Basic louvers and blinds b - Within window panes N4 N4 N4 X D N4 N4
Exterior
Interior
Fish system (blinds) b - Within window panes N4 X N4 N4 N4 X N4
Okasolar (blinds) b - Within window panes X N4 D X D X D
Retrolux (blinds) b - Within window panes v X D v D X D
Exterior
Interior
Light Shelf b a Exterior v X X v D X D
Interior
VALRA b a Exterior X V4 X N4 D X V4
Interior
Active sunlight redirection system (ASRS) b a Exterior X v X N D v v
Anidolic Ceilings - a Ceiling v X X v v X N4
Laser-cut panel (LCP) - b Within window panes v v X D N X N4
Sun-directing glass - b Within window panes v X D D N X N4

‘D’ means ‘Depends’ when the feature is relying on a specific application or technique of the system

(V') can generate energy through PV cells

e  Glare protection — Is system protecting the visual field from
direct sun and veiling reflections?

e  View outside — Is system transparent enough to permit a clear
view field with no obstructions?

e Energy saving potential — Does the system minimize the need
for artificial lighting comparing with conventional system? Or
alternatively, does the system allow to generate energy?

e Need adjustments — Does the system need any extra passive
or active adjustments to track daily or seasonal changes of sun
position constantly while keeping the same effectiveness?

e Light guiding into the depth of the room — Is system able to
provide more daylight in deeper areas comparing with
conventional fenestration systems?

As a result, the most critical part of the daylighting systems is
their reaction to direct sunlight that is a challenging task for
architects when offering highly glazed facade to use natural light
and resulting in glare, excessive illuminance ratio and solar gain
of interior areas. Using ceiling and specular materials with an
optimized form such as light shelves or reflective louvers are
potentially more effective than interior LCP in terms of redirecting
diffuse light. However, in case of light shelves protecting user
from discomfort glare might be a challenging task especially in
winter season. Redirection capability of daylighting systems can
diminish the problems and make benefits of direct sunlight while
keeping visual comfort in acceptable range. However, the

redirection capability is mostly available above eye level (e.g.
prismatic panels) to reflect the light onto the ceiling and depth of
the room, which still remains the view window unshaded and thus,
discomfort glare becomes a negative experience of such systems.
Moreover, architectural layout limitations might hinder the
applications of systems like anidolic ceilings which can potentially
decrease the floor height due to the light-duct. According to
findings in Table 1, in all systems, discomfort glare can be
expected for occupants in case of presence of sun in their view
field especially in lower sun altitudes. This finding emphasizes the
high effectiveness of adaptive daylighting systems such as
venetian blinds could deliver a better multi-objective performance
under various daylighting and sky conditions than fixed systems,
although adaptations adds further complexity (e.g. finding an
optimum control strategy for automation).

On other front, choosing the optimum daylighting system within
a design process is not feasible only by knowing its characteristics
since they are mainly designed based on guiding or redirecting
light into the space, thus are not capable of maintaining view to
outdoors and protect occupants from discomfort glare
simultaneously. Therefore, visual comfort evaluation is a
necessary step for designers to rate a working space against
different aspects including daylight level, glare condition or view
to outdoors that is the focus of the next section.
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Fig. 16. Human Circadian Cycle [49].

4. Visual comfort

Table 1 reveals that designing daylighting systems is not
necessarily limited to energy efficiency and electricity
consumption; visual comfort performance is equally important in
form of glare protection, view to outdoors or indoor illuminance.
However, visual comfort is a subjective perception in a visual
environment that is affected by several but coexisting variables. It
influences occupant’s well-being as defined by European standard
[43] and similar to thermal comfort principles, these interrelated
variables can be classified into Psychological, Physiological and
Rational aspects, although the first two aspects are less measurable
[44] and therefore, are not discussed in detail in this study.
Psychologically, visual comfort has major influences on
productivity as well as circadian daily rhythm which is responsible
to synchronize human’s internal clock to 24 hours as shown in Fig.
16. Circadian regulation is a function of daylight exposure and
duration, its intensity and pattern to understand the night-time
exposure and can be evaluated by physiological variables such as
timing of skin exposure, or alertness [44]. On the other hand, lack
of proper light quantity results in a psychological illness called
Seasonal Affective Disorder (SAD) that is mostly related to
climatic conditions and latitude [45]. In addition to lighting
benefits through windows, interest in utilizing views for all users
is emerged from a wide range of research studies in psychology
and environment that supports the original concept of providing
windows as significant element for improving individual well-
being and performance [46,47]. A later research [6] confirmed the
importance of visual connection for users in windowless work
stations by creating surrogate windows as posters of natural
scenes, in which it showed the view content has a further
psychological impact on health, job satisfaction, user workability
or stress relieving [47,48]. A view mitigates stress particularly if
the work requires doing details at close distances. From
physiological point of view, the human body reacts to light
through two sensors: human eye and the skin. The human eye
processes light signals in a wide range of magnitudes in a sunlit
day [9] and can adapt itself to bright or dark environment by
changing pupil’s size. While a turning point between visual and
thermal comfort is their impact on human thermal sensation which
depends on skin exposure in a given indoor environment, and both
seemed to be pleasant when the light source was daylight [47].
As the main focus of this research, the rational aspect of visual
comfort in a given work environment is a function of ideal
brightness for users by permitting enough light quantity, glare-free
perspectives, providing a uniform indoor illuminance and
luminance and sufficient views to outdoor environment that

influence occupants’ visual satisfaction [44,50]. On the other
hand, poor visibility may cause visual discomfort and forcing the
eye to adapt to brightness level quickly, while existing high
brightness contrasts or distracting light within the field of view
(FOV) can cause discomfort glare [51], or alternatively, non-
uniform illuminated task area results in disability glare or unclear
visual perception. Therefore, keeping a balance between daylight
penetration, view to outdoor and glare probability is an essential
target in achieving efficient daylighting and comfort that is highly
affected by physical (e.g. luminance) and non-physical parameters
(e.g. user’s perception of daylight) that are used as basis to
quantify visual comfort. In particular, the evaluation of visual
comfort has been investigated for decades through a wide range of
metrics. This research updates the existing literature based on five
quantitative criteria: (1) quantifying daylight magnitude, (2)
daylight distribution, (3) direct sunlight penetration, (4)
discomfort glare sensation and (5) view to outdoors.

4.1. Indices for evaluating daylight quantity

The majority of studies refer daylighting penetration into the space
as illuminance which is a physical measured in lux at a given point
P of a surface (Ep) following by Eq. 1 that that returns the ratio
between incident luminous flux (¢) on a diminutive surface around
P and the surface area (Arcc). As can be derived from the equation,
the main limitation is the difficulty of differentiating the source of
incoming light onto the surface (natural or artificial).
Ep = d®

~ darec

M

[lluminance metric indicates the daylight level at certain point
at each hour that does not necessarily interpret the daylight
sufficiency of a space over a year. Therefore, Daylight Factor (DF)
was widely used to evaluate the daylight adequacy and defined as
“the ratio of the internal illuminance at a point (E,o) in a
building to the unshaded, external horizontal illuminance (Ep,unobs)
under a CIE overcast sky” as the worst case scenario [52],
although it neglects the climatic dynamic changes, sun position,
building orientation or material reflectance which then reduces the
calculation time significantly. Therefore, several studies
questioned the accuracy of DF for daylight studies [53,54] due to
its static behavior [55]. Recently, researchers developed a
modified DF metric, or namely, DFaverage in Which orientation
factor is implemented in the calculation process.

Ep.obs

DF = ©)

Furthermore, the ignorance of dynamic behavior of a climate
motivated researchers to develop metrics that consider unique

Ep.unobs
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solar and weather conditions, or adaptive systems such as shading
devices in a project. To this end, climate-based daylight modelling
(CBDM) were introduced to provide information of daylight
sufficiency and exceedance of a design (Fig. 17). As the first index
of CBDM approach, Daylight Autonomy is defined by [56] as “the
percentage of the occupied hours (t;) of the year when a minimum
illuminance threshold (Eiimi) is met by the sole daylight (Eaayiigh)”
(Eq. 3). However, this metric is a one-tailed metric which cannot
predict the excessive daylight that might cause overheating or
discomfort glare, and studies reported its poor correlation with
occupants’ satisfaction [57].
Zl (Wf i-ti)

DA s €loa]
ith . {1 if Edayllght 2Elimit (3)
WIthWfi=1o  if Faaylight <Elimit

Based on DA definition, Continuous Daylight Autonomy (cDA)
was proposed by [58] to implement partial changes related to time-
steps when daylight horizontal illuminance is below the limit as
shown in Eq. 4, and admits even a partial daylight contribution is
still advantageous.

cDA= % €[0.1]

1 if Edaylight >Elimit (4)
with wfi= {% if Edaylight <Elimit

Following the existing limitations of DA and cDA, Illuminating
Engineering Society [59] improved DA correlation with occupants
satisfaction through an alternative modified version of DA called
spatial Daylight Autonomy (sDA) and is defined as “the annual
percentage of occupied hours (v) where at least 50% of the floor
area (P;) reached to a certain illuminance threshold (x)” (Eq. 5).
This equation results in a single or zonal value, although reporting
a single value might not be an applicable daylighting metric in
shared working spaces.

Yi(wfi-DA)

b}

SDAx [y%= SiPi €[0.1] (5)
— {1 if DA 2DAlimit
withwfi=(, if DA <DAlimit

In order to define an upper threshold with a similar definition of
DA (Fig. 17), Useful Daylight [lluminance (UDI) is defined as the

| Admitting building
orientation into calculations|
[ ]

| Strengthen DA correlation with
occupant satisfaction |

| Admitting partial davlight '
conmbutmn |

I

| Fundamental parameter
for da\-']ight evaluation |

'
| Time-consuming for
annual calculations |

.;.
| No upper threshold & poor correlation

with occupant satisfaction |
| Ignoring d}'ﬁamic changes
of the environment | Improved

Static metrics I

Fig. 17. Daylight quantity indices and their interrelations.

time fraction (t;) of analysis points over a year when the indoor
horizontal illuminance falls into a specific range [11]. The
proposed range converts UDI into a two-tailed metric that contains
lower and upper thresholds and an acceptable range as UDlunderlit,
UDlIgverit and UDluserul respectively (Eq. 6). Thus, values above
upper threshold gives the frequency of excessive illuminance
levels that might lead to visual discomfort as glare and thermal
stress. Although in the literature different thresholds have been
proposed [60-62]. Researchers also concluded a strong correlation
between two CBDM metrics (UDI and sDA) and occupant’s
visual satisfaction that supports the CBDM adaptation in
simulations [53].
UDI=%E [0.1]

1 if Edaylight>Eupper limit
0 if Edaylight <Eupper limit

if Elower limit <Edaylight<Eupper limit
0 if Edaylight <Elower limit VvV Edaylight >Eupper limit

if Edaylight<Elower limit
0 if Edaylight 2Eupper limit

( UDIoverlit with wfi= {

[UDIuseful with wfi= {

UDIunderlit with Wfl={
(6)
In addition to UDI, Reinhart and Wienold [63] combined DA
and UDI into a single value as Daylight Availability (DAv) to
overcome the absence of upper thresholds of DA and its modified
versions (Fig. 17). The metric divides the day-lit space into four
zones: ‘fully daylit’ and ‘partially daylit’, which refers to
sDA300,50%, DAusosow respectively, ‘overlit” area when upper
threshold (e.g. 2500 lux) reaches more than 5% of the occupied
hours by analysis points, and the remaining area as ‘non-daylit’.
Therefore, despite the consideration of different ranges, it can be
useful in shared spaces unlike sDA. Further in a simulation-based
research [64], DAv metric could deliver a feasible proxy that
showed a strong linear relation with total energy consumption.
Similar to UDI concept, Frequency of Visual Comfort (FVC) is
the time fraction (t;) in percent over a given period that illuminance
(Edayligny) values are within a specific range to ensure visual
comfort regarding daylight only as shown in Eq. 7 [65]. This
means visual comfort is guaranteed when illuminance is not below
Eunder or above Eover, while the main difference with UDI is the

Improved -

#

| Not applicable in shared spaces |

Dynamic metrics
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measuring approach of illuminance level, in which UDI counts on
spatial rendering in each analysis point, while FVC proposed an
average daylight illuminance that hinders its applicability in shares
zones.

FVC= 0.1] ( )
: , /
< <
ith wfi= {1 if Eunder <Edaylight<Eover

0 if Edaylight <Eunder V Edaylight >Eover

S (Wi~ ti)
sier - Cl

The average daylight illuminance was not only the focus of FVC
(Fig. 17), but also Sicurella et al. [65] introduced Intensity of
Visual Discomfort (IVD) as “the time integral of the difference
between the spatial average of the current daylight illuminance
and the upper limit of visual comfort (Eover = 750 lux) as IVDoyer
or the lower limit of visual comfort (Eunder = 150 lux) as IVDunger”.
As a result, IVD can assess both natural light penetration and
visual discomfort simultaneously, while it is difficult to obtain
zero IVD during a long period.

VD= [, AE(t)dt

. _(E(t)—Eover if E(t)zEover (8)
IVDover with AE(t)—{o if E(t)<Eover
0 if E(t)sEunder

[vDunder with AE(t)= {E(t)—Eover if E(t)>Eunder

4.2. Daylight distribution indices

Light distribution ratio is as important as light amount to provide
visual comfort mostly in office buildings [66], not only because it
reduces glare possibility but also it relates to the frequency of
occupants switching on lights. According to [67], it is confirmed
that a uniform daylit space even with less light quantity appears
more acceptable than an unbalanced light distribution with higher
illuminance. However, in the literature there is only one available
metric related to daylight distribution as Illuminance Uniformity

Table 2. Visual comfort metrics to assess natural light quantity and distribution.

(Uo) which is the ratio between minimum (Eminimum) and the
average (Eaverage) illuminance intensity over a given task plane (Eq.
9). In addition, different uniformity ratios have been suggested by
0.8 [68] or 0.4 to 0.7 depending on the visual activity [43] that
outlines the inconsistency of recommended thresholds and more
importantly, there is no correlation between the proposed
calculation and occupancy-related factors.

— Emin
UO.ave‘rage - Eqverage (9)

As aresult, Table 2 outlines an overall view of individual visual
comfort metrics regarding daylight quantity and distribution
including their potential advantages and limitations, and their
mathematical correlation with occupants-related factors. Findings
reveal that UDI and DAv metrics are more accurate to quantify the
daylight penetration in a given space due to their range and area
divisions that make them feasible to apply especially in shared
spaces. However, more investigations are required to assess DAv
against occupants’ satisfaction.

4.3. Indices for direct sunlight

In response to the sDA definition and the existing limitation
regarding DA due to absence of upper threshold, the IES
committee [59] proposed a complementary metric to evaluate
visual discomfort potential in a day-lit environment (not as a glare
metric, but as a proxy for visual and thermal discomfort). Annual
Sun Exposure is an illuminance-based and dynamic metric that
gives the ability to assess direct sunlight penetration specifically.
It is defined as the space fraction of illuminated analysis points by
direct daylight in percentage exceed at least 250 hours of
occupation over a year above 1000lux (in short, ASEio0250n)-

Metric Dependencies Limitation(s) Occupant-
centric index
Illuminance (E;) Luminous flux, surface area - Not possible to divide the light source nature (natural vs. artificial light) X

- Depends on surface orientation
- Time consuming for annual calculations
- Different comfortable thresholds in the literature

Daylight Factor (DF) Horizontal illuminance, - Does not consider dynamic behaviour of the climate X
overcast sky - Not applicable in case of adaptive technologies (e.g. responsive facades)
- Not a reliable indicator to assess daylight performance [54]
- No upper threshold
- Not applicable for glare assessment [69]
- Excludes direct light from calculations [70]
Daylight Autonomy Occupancy profile, - No upper threshold, thus excessive values might cause visual discomfort due N
(DA) illuminance threshold to glare
- Poor correlation with occupant’s subjective satisfaction [57]
Continuous Daylight Occupancy profile, - No upper threshold, thus excessive values might cause visual discomfort due N
Autonomy (cDA) illuminance threshold to glare
Spatial Daylight Occupancy profile, - No upper threshold, thus excessive values might cause visual discomfort due v
Autonomy (sDA) illuminance threshold, floor to glare
area - Draws a single value for a zone, thus not applicable in shared spaces
Useful Daylight [lluminance threshold - No agreement on the thresholds x
illuminance (UDI)
Daylight Availability Occupancy profile, - Impact on occupant’s satisfaction is unknown v
(DAV) illuminance threshold, floor - No agreement on the thresholds
area
Frequency of Visual [lluminance threshold - Draws a single value for a zone, thus not applicable in shared spaces x
Comfort (FVC) - No agreement on the thresholds
Intensity of Visual Illuminance threshold - Focuses on upper and lower limits rather than desired range X
Discomfort (IVD)

[lluminance Uniformity
(Uo)

Horizontal illuminance

- Setting a threshold depends on visual activity in the space
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Fig. 18. Using fisheye camera to capture sunlight duration by overlaying stereographic sun path diagram [73].

According LEED v4, a maximum 10% ASE is assumed an
acceptable threshold, while keeping sDA above 50% as a
standardized calculation for simulation-based modeling approach
to examine daylight performance. But currently, due to several
significant uncertainties such as the real representation of sun, and
the impact of analysis grid resolution on results, ASE is not
powerful enough to be considered as a daylight metric for
evaluation [53,71].

Recently, a new metric as ‘Sunlight duration’ introduced by [72]
to describe a day-lit environment and defined as the daily time
fraction which incident sunlight penetrates into a space through
fenestrations in hours or unit-less parameters. Sunlight duration
depends on surrounding obstructions in an urban context that can
block direct sun radiation. Eq. 10 evaluates sunlight duration (s)
in sequence of sun azimuths based on sun altitude (ys) and height
of obstructions (y), in which for a given reference point on the
window pane if ys <y, the reference point is shaded by buildings
and if ys > v, the reference point is shaded from the zenith (e.g.
overhangs). Beside mathematical calculations, there are several
ways to calculate sunlight duration such as sun path diagram,
using diagrams (Waldram), or taking a photo from the reference
point through fisheye lens (Fig. 18).

tg; Starting time of the sunny period
s= f:s"’i'i s; dt whereA to; end time of sunny period
) i number of sunny period
(10)
Sunlight duration gives an indication of a time-dependent
exposure to sun, but without quantifying the intensity. To this end,
to answer “how much sunlight can enter a room?” another metric
is introduced by [74] which is the cross-sectional area of passing
sunlight incident beam through a window (Eq. 11). Thus, it
depends on day-lit portion of the window, sunlight incident
duration and its cosine angle, that is highly scalable and can be
expressed on an annual basis as Annual Sunlight Beam Index (Scot)
(Fig. 19).

Sae = AjcosOAt = (Ay — Ay) cosOAE (11)

Substantially, S is the total SBI of all glazed apertures over a
year when the sun height y is above zero (Table 3).

Stot = 2ye>0(A; cosOAL) (12)

4.4. Glare indices

Psychological and physiological human well-being are the main
reasons of improving indoor environment and in regards to
rational aspect of visual comfort, glare metrics play a significant
role as they involve occupant’s conditions and subjective
responses locally. It is still a challenge to identify an independent
standardized metric for glare assessment since each index assesses
visual perception individually, and the understanding of
discomfort glare is insufficiently discovered [11]. Glare is a
complex issue related to light sources and different approaches
have been conducted to assess or predict potential visual
disabilities, and as stated by [75], they can be categorized in three
main groups: (i) lighting factors; (ii) context factors; and (iii)
observer factors. The direct method of glare perception includes
in measuring the luminance of an existing light source seen by an
observer’s eye (luminance-based), while other approaches are
based on equations that rely on subjective opinions and limited
degree of discomfort glare [76]. In principle, Eq. 13 combines
general factors that are influential in discomfort glare calculation

[77]:
.
RVEG)

Lg luminance intensity of glare source (window)
where Lp Background luminance
Ws
P Position index

(13)

Solid angle towards glare source

Based on the equation itself several results can be observed [78]:
(i) the brighter the source, the more glare risk; (ii) the brighter
background luminance, the lower glare risk; and (iii) the further
the light source from FOV, the lower glare risk. The background
luminance defines the adaptation level of the eye to the luminous
environment (mainly in the case of small glare sources) since in
all subjective measurements, subjects have time to adapt
themselves to ambient conditions [79]. The second physical
quantity for adaptation level is Vertical Eye Illuminance (E.)
mainly for large glare sources.

As the main effective factor on glare, luminance is a
photometric measure that quantifies the luminous intensity of a
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“reference point in a given angle (y) per unit of visible area around
the given point” in nit or cd/m? [11] (Eq. 14). According to [80],
acceptable maximum luminance value of the source is still the
most challenging issue. There are different upper limit values and
categories proposed by [81] by 2000, 4000, and 6000 cd/m? as
‘acceptable’, ‘just uncomfortable’ and ‘intolerable’ thresholds, or
Shin [82] recommended upper thresholds up to 3200, 5600 and
10000 cd/m?2.

luminious intensit: dar
______________;Z or L = Y

luminance = ¥
area

(14)

dAyisible

Apart from measuring absolute luminance intensity, the contrast
ratio among luminance values within FOV of an observer should
remain in reasonable range to prevent glare on a task plane. To
take the advantage of this metric, Osterhaus [83] identified three
zones: (i) central zone — the visual task; (ii) adjacent zone — up to
60° cone around visual task; and (iii) non-adjacent zone — up to
120° cone around visual task, and proposed luminance ratios as
1:3:10 respectively. Other recommendations have been proposed
by the IES [84] as 1:20 between central zone and adjacent zone.
Because of the nature of light and depending on the visual task
layout, the luminance ratios differ, for example, when people are
exposed to excessive daylight near to windows, they prefer to
tolerate rather than closing blinds [85]. Therefore, determining
potential glare problems only based on luminance ratios with no
certain agreement on the thresholds is still required more
investigation [80].

To take the surrounding’s reflectance into glare quantification,
British Glare Index (BGI) is derived from empirical studies of
glare equation and introduced by [86] which is an efficient metric
artificial small sources are causing glare (Eq. 15). Therefore, it is
not applicable when the source is natural light from non-uniform
sources like windows. Basically, BGI includes three ranges (Table
4): 10 as ‘imperceptible glare’, 28 as ‘just intolerable’ and 30 as
‘intolerable glare’ [76,87].

116, ,08
BGI=1010g10[0.478 2?:1<M)

Lp-P}®
(S quantities related to observer position
i quantities related to light sources
wgi Solid angle towards glare source i from observer position
where . P
P Guth position index
lLS'l luminance intensity along the direction towards observer
Lp Background luminance

(15)
Similar to BGI, Visual Comfort Probability (VCP) emerged
from experimental case studies by [88] including typically-sized
uniform sources, and does not perform accurately under large non-
uniform sources such as daylight and very small or large light
sources like halogens [89] and might overestimate glare [90]. The
main contribution of this metric is the admittance of a
dimensionless index that evaluates the population of observers in
a given artificially-lighted environment in percentage who feel
comfortable in a scale of 0 to 100 according to (Eq. 16). Table 4
suggests acceptable thresholds found in the literature.

_ ﬂ 6.374—1.3227 In(DGR) —t2/2
ver= = | e dt (16)

where DGR=Discomfort Glare Rating.

To minimize the mathematical inconsistency imposed by BGI
equation, Einhorn [91] proposed a new metric CIE Glare Index
(CGI) based on empirical tests with uniform glare sources that

included adaptation capability by computing direct and diffuse
illuminances as (Eq) and (E;) respectively (Eq. 17), on a cross-
sectional plane passing observer’s eyes. However, [wata et al. [92]
examined CGI accuracy under large artificial source (screen) and
concluded CGI is overestimating glare, but according to [93],
could be an appropriate index for worst possible scenario to
overestimate glare. In other experimental research, similar results
have been achieved for a roller blind scene [90]. Similar to other
metrics, there are different interpreted thresholds for CGI as

recommended in Table 4.
Eq
1+ L2 wsi
500 ?:1< . w)] (17)

Eq+E; P?

A combination of BGI, VCP and CGI proposed by CIE [94] in
form of Unified Glare Rating (UGR) system where the adaptation
parameter implemented in the CGI equation (E4¢tE;) is replaced by
background luminance (Ly) in Eq. 20. According to Table 4, UGR
ranges from 10 ‘imperceptible’ to 34 ‘intolerable’ that 19 is
recommended as a boundary between discomfort and comfort
glare. Similar to other glare metrics, UGR developed under
experimental studies including very small uniform sources with a
limited solid angle between 3x10 and 107! s, that is only suitable
for artificial lighting rather than non-uniform large glare sources
like curtain walls, although several studies used it for day-lit
spaces without direct sun like DGI [90,95]. In addition, when the
observer’s sight line is positioned below glare sources, UGR
cannot predict glare accurately. Further modifications applied to
the metric for larger light sources greater than 1.5 m? by CIE called
Great-room Glare Rating (GGR), while for smaller light sources
below 3x10* sr, UGRsma1 can be used for surfaces lower than
0.005m? [96]. However, UGR, GGR and UGRguan are developed
for different evaluation purposes, but they have been used for the
same level of discomfort glare.

025 wn (L5i" ®si
R ) .
subject to wg € [3-107%. 1071]

Moreover, a modified version of UGR as Unified Glare
Probability (UGP) developed by Hirning [97] and Lim [54] for six
open-plan office buildings in a tropical climate, Malaysia, based
on the initial methodology using a combination of luminance-
based maps and post-occupancy evaluation (POE) conducted in
Brisbane, Australia [98]. The studies concluded the overall
accuracy of the original formulation of UGP in all types of
discomfort glare predictions was 69% (better than DGI, CGI, VCP
and DGP) with two distinguished thresholds (UGP > 0.5 as
discomfort and UGP < 0.5 as comfort) [98]. Thus, a further
modification of UGP applied on the linear transformation of UGR
to keep the output probabilities within 0 to 1 in Eq. 21, as the
optimum equation to assess glare from windows for both climates.
Moreover, in respect to luminance ratio, the contrast between
background and window identified as the most influential factor
on glare discomfort [97].

UGP =

1

1 10
<1+%<10—E(UGR+5)>)

However, there are several limitations in terms of UGP
application [97]:

(19)
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Table 3. Visual comfort metrics to assess sunlight penetration.

Metric Dependencies Limitation(s) Occupant-
centric index

Annual Sun Occupancy profile, illuminance threshold, - Existing uncertainties such as real representing of sun position, v

Exposure (ASE) floor area, exposure time or the grid resolution of the floor area

Sunlight Duration Surrounding obstructions - No agreement on acceptable durations X

- Independent of indoor environment

Sunlight Beam
Index (SBI)

Surrounding obstructions, solar incident -
angle -

Independent of indoor environment X
No agreement on the thresholds

Table 4. Nine-point scale of glare sensation based on [11,104].

Glare sensation BGI VCP CGI DGI UGR
Intolerable 31 12 34 30 34
Just intolerable Uncomfortable 28 20 31 28 31
Just uncomfortable 25 28 28 26 28
Just Unacceptable Acceptable 22 36 25 24 25
Perceptible 19 43 22 22 22
Just perceptible Imperceptible 16 50 19 20 19
13 59 16 18 16
10 67 13 16 13
7 75 10 14 10

e The metric is developed only for tropical and subtropical poieslon ) 025 S L2 veriori OpN

. . . . . . . =olo .
climates, and more investigation is required to test its =P o8 Ladaptation*997 Sy (0N B inaows)]

validation across other climates,

e UGP is not applicable in conditions with a low possibility of
window glare and fits the most in open-plan spaces with
access to windows in absence of direct sun within FOV.

The aforementioned glare metrics are only applicable when the
glare source is artificial lighting. To overcome this limitation,
Daylight Glare Index (DGI) as the first index for glare evaluation
under non-uniform large sources (windows with considerable
luminance level (Lwin)) proposed by [77] through an equation with
a modification by [99] (Eq. 18). As can be seen from the equation,
DGI is a CGI-based index for electric lighting with a modified
solid angle including each source from the observer point of view
(w), and proposed from experimental testing with placing
diffusive fabric in front of artificial sources [100,101]. This metric
associates with several thresholds as suggested by several authors
in Table 5, while negative values are possible technically [102].

1.6 0.8

DGI = 101logy, [0.478 Z?=1(L,,+o.oL75Lo-so-Jf;:m- Pim)] (20)

Based on simulation and experimental-based studies [90,102],
when dominant background luminance factor increases, DGI
drops, in which the study revealed DGI in brightly illuminated
environment never reports glare even when direct sun exists and
no apparent correlation found between subjective glare evaluation
and DGI. Second, DGI only works accurately under uniform light
sources and excludes direct sun and non-uniform sources when
positioned directly to the view field [102]. Third, DGI results are
almost inconceivable when background and source luminance are
equal [79,100]. And lastly, few dissimilarities were observed
between real sky conditions and DGI values that questioned the
accuracy of DGI [100,103].

To modify the inaccuracy of background luminance factor in
DGI, Nazzal [105] proposed a new metric called New Daylight
Glare Index (DGIy) which replaced background luminance Ly
with a stronger component that take into account surrounding
luminance Ladaptation (Eq. 19) which showed a strong correlation
with vertical illuminance and glare values in bright conditions.

(“’N,i apparent solid angle towards glare source i from observer position
Qpn  corrected solid angle subtense of source
where Lwindow average vertical luminance of window
Ladaptation average vertical luminance of surroundings
Lexterior average vertical unobstructed luminance of outdoors
2D
Covering the inconsistency of DGI was not only the aim of
DGIy, but also another metric as Predicted Glare Sensation Vote
(PGSV) was introduced based on 120 various test conditions over
200 subjects including non-uniform luminance sources (windows)
specifically for daylight [106]. The proposed equation of PGSV is
adapted by connecting the background luminance (L) to the
average luminance and configuration factor of the source as (Lwp)
and (®w) respectively (Eq. 25) in four absolute values varying
from 0 as imperceptible glare sensation to 3 as intolerable
sensation threshold.

PGSV=3.21l0g10 Lyp—0.6410g10 ws+(0.7910g19 ws—0.61) log1g Lp—8.2
E
?v_ Lwpdw (22)

subject to wg € (0.0021)sr
T—dw ) ] s€( )

with L= (
Following the contribution of daylight in glare evaluation,
Discomfort Glare Probability (DGP) proposed by [107] and
validated by [81] with an equation as follows (Eq. 22). Although,
the main difference with DGI is adding a new factor called
Vertical Eye Illuminance (Ev) to construct a better relation with
glare sensation [108,109] and improve the level of illuminance
received by observer’s responses [110]. The DGP equation is
based on statistical analysis in full-scaled office mock-ups in
Copenhagen and Freiburg with over 70 participants, and the
formula is valid between 0.2 and 0.8, [11] and Ev above 380lux,
although in [102] reported DGP values up to 1. Wienold and
Christoffersen suggested the following glare comfort criteria for
DGP (Table 5): DGP < 0.35 is meant to represent ‘imperceptible’
glare, 0.35 <DGP < 0.40 is perceived as ‘perceptible’, 0.40 < DGP
< 0.45 is meant to represent ‘disturbing’, lastly DGP > 0.45 is
considered as ‘intolerable’ [81].
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DGP = 587- 1075E, +

[N —_
illuminance (DGPs)

L3 @si
Em—f’Pz)] +0.16 (23)

0.0918 -logy, [1+ B2, (

Contrast (DGI)

According to [80,90], DGP is the most accurate metric
especially in absolute glare conditions (‘imperceptible’ and
‘intolerable’), but unlike UGR, is a poor indicative index in
intermediate levels of discomfort glare (‘perceptible’ and
‘disturbing”). Moreover, McNeil and Burrell [102] revealed a
strong correlation between DGP and horizontal illuminance unlike
DGI in a brightly day-lit space in line with a simulation-based
analysis and questioned if any DGP threshold is applicable
globally. While individual point-in-time simulation of glare is
worthful for static assessments, but might not be an optimum
solution for time-varying visual comfort evaluation including the
impact of interior conditions such as dynamic shading. Recent
efforts have reveled the possibility of DGP application throughout
the year with reliable results under dynamic conditions [111].
Nonetheless, DGP has some limitations:

e DGP is a time consuming metric for computation in
comparison to other available metrics [112,113], in which two
further simplified modifications aimed at reducing the
simulation time (DGPs and eDGPs),

e For a comprehensive study, several observer’s key FOVs
need to be assessed in a space through available software such
as RADIANCE [114] and Evalglare [107],

e DGP predictions are less accurate under direct sunlight
[115,116], which then a new modified version (DGPmod)
was developed to overcome this issue [117].

e Evaluation of DGP metric in early design stages is very
difficult to be adjusted due to the well-defined requests such
as materials, furniture or observer’s FOV.

e Based on the computational results [118], the contrast term
needs more analysis, especially in low illuminated task area.

A simplified version of DGP (DGPs) proposed by [119] to
reduce the computation time by neglecting the contrast term (solid
angle and luminance of the source within FOV) of DGP equation
as follows (Eq. 23):

DGPS|yienoa = 6.22 - 1075E, + 0.184 (24)

The simplification was justified according to the importance of
linear function of Ev which was stronger than other factors [81].
DGPs ignores the contribution of individual glare sources, thus
using this metric in presence of any direct sun or specular
reflections within observer’s scene is not recommended and could
potentially mislead inaccurate glare risks [120]. However, in
situations with shadings such as roller shades or venetian blinds
that block the direct sunlight, DGPs declared more reliable results
than DGP [108,109,117].

Recently, researchers introduced a new dynamic metric [120]
called ‘Annual Visual Discomfort Frequency’ and defined it as the
percentage of occupied hours that must meet two criteria: (i) the
direct vertical eye illuminance of sun disk (Ey bcam) should be lower
than 1000lux; (ii) the total vertical eye illuminance (Ey (1) should
be below 2670lux. Obviously, both conditions emerged from
illuminance-based metrics, ASE and DGPs respectively. Also, in
terms of DGPs thresholds, a recent study suggested three ranges

corresponding to E, [121], although higher thresholds were also
reported by [122].

Similar to DGPs, in order to shorten the simulation time, the
enhanced simplified Discomfort Glare Probability (eDGPs) was
introduced and validated over two years by [109] (Eq. 24):

eDGPs = 5.87-1075- E, +

term 1

)] +0.16

2
Ls,i * Wg i
1.87, p2
Ej; P;

9.18-1072 - logy, [1 + 2’;1( (25)

term 2

Conceptually, DGP is based on two terms as shown in Eq. 22:
(1) term 1 that depends on the vertical eye illuminance, and term
2 that compute the glare source properties with regard to
observer’s view point. Therefore, as an illustration of eDGPs
calculation method (Fig. 19), term 1 can be conducted quickly by
DAYSIM [56], while the second term is an image-based
calculation depending on local quantities of the main glare source
through Evalglare software. This approach leads to a more
accurate result than DGPs, since it takes into account the peak
glare sources without calculating the exact luminance distribution
of the space, and minimizes the computation time due to
neglecting indirect ambient bounces [107].

The common main limitation among proposed glare metrics is
their inaccurate predictions when sun is visible within user’s view
field. A particular experimental research with 41 participants [117]
improved the numerical coefficients of the original form of DGP
equation through a new metric called “modified DGP” DGPmod
while using 14 window roller shades composed of different visual
transmissivity and openness factor (Eq. 26). However, this
specific environmental conditions limits its applicability in other
setups and require further investigations with other daylighting
systems. Additionally, when the experiments subjected to high
openness factor of shadings, the results overestimated glare risk
compared to real conditions.

DGPypy = 840+ 1075E, + 11.97 - 102 log,, [1 +

2 ., .
?zl(LS-i “’S-‘)]+0.16 (26)

2.12, p2
Ey Pi

The second part of the research introduced an illuminance-based
metric based on DGPs for discomfort glare evaluation in presence
of sun within FOV, called Glareg,. Thus, a combination of two
factors that one collects the impact of the sun only, as direct
vertical illuminance (Ey girsun)), and another captures the whole
brightness sensation, as total vertical illuminance (E,) (Eq. 27),
can result in an adequate concept for cases including the sun within

EVALGLARE

DAYSIM
(hourly vertical <=
eye illuminance)

=DGP

Fig. 19. Enhanced simplified calculation method of DGP.
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FOV, since authors assumed other minor specular reflections are
negligible compared to sun. Glareg, allows faster annual
calculation due to elimination of image-based luminance
processing of DGPs; however, it is only investigated for the
studied case study in [117] and requires more investigations in
other setups.

B 0.84
L ) -0.48

Ev.dir(sun)
for 119<Ey gir(sun)<2228lx and 588<E,<5940lx

Glaregy=0.13 Ep 37 (syn)+0.04 - (

@7

Furthermore, European daylighting standard [123] derived
Time-dependent DGP (DGPt) to control the upper limit of
illuminance in DGP equation, in which authors identified the
critical glare situation that exceeds 5% with a DGP equal to 0.45
over a year (Eq. 28).

_tglare
fDGP.exceed= tref
tglare annual time fraction when DGP is over 0.45(28)
where tref comulative hours (8 to 18—monday to friday)

Following the given upper threshold in DGPt, a recent study [53]
conducted 842 subjective surveys in four classrooms of two LEED

| Fundamental parsmeter
for glare evaluation |

silver certified buildings over a year, and used DGPs and E,
domains within a new space-discretized metric called SDGPexceed
as “the percent of space where the vertical eye illuminance at the
height of 1.2m, is more than 4276 lux in more than 5% of the
occupation time” (Eq. 29), where N is number of analysis points.
The study presented stronger correlation between SDGPexceed and
individual’s level of discomfort glare than horizontal illuminance-
based metric (ASE) by 84.2% and 71.1% respectively.

SDGP exceed= Z%ﬂDGPexceedk x1/N
DGPeyceed k=11if DGPexceed i25% and DGPoxceed k=0 if DGPoxceed i<5%

(29)

From another point of view, existing glare metrics evaluate the
glare magnitude with certain limitations in predictions especially
when the task area is exposed to direct sunlight [80,120] rather
than identifying the actual cause. This gap motivated researchers
[80,124] to introduce Glare Sensation Vote (GSV). Studies argued
that in any discomfort glare experience two glare factors coexist:
Absolute Glare Factor (AGF) and Relative Glare Factor (RGF),
but the main objective is identifying the dominant factor to resolve
especially when sun is present in view field of users. To this end,

Tmproved

+

Improved -

TUniform sources I

Fig. 20. Glare indices and their interrelations.

Table 5. Visual comfort metrics to assess glare.

Lumi + vertical eye i

Uniform and Non-uniform seurces

Metric Dependencies Limitation(s) Occupant-
centric index
Luminance and luminance Observer view direction, area of the - No agreement on upper limit, thus difficult to assess glare v
Ratio view field - Depends on visual task
British Glare Index (BGI) Observer view direction, background - Not an accurate indicator when light sources are large surfaces v
luminance such as windows

- Evaluates small sources within angles below 0.027sr [99]
- Cannot adapt itself with respect to diffuse and direct illuminance
- Only applicable when sources are artificial

Visual Comfort Probability =~ Discomfort glare rating - Not an accurate indicator under large non-uniform sources such v
(VCP) as windows and very small or large light sources like halogens
[89]
- Only applicable when sources are artificial
- Overestimates glare [90]
CIE Glare Index (CGI) Observer view direction, diffuse/direct - Low accuracy under large artificial source (screen) and might v

illuminance

overestimate glare [92]

- Only applicable when sources are artificial

Daylight Glare Index (DGI)  Observer view direction, background

luminance

- In brightly illuminated environment never reports glare even

when direct sun exists

- DGI only works accurately under uniform light sources and
excludes direct sun and non-uniform sources when positioned
directly to the view field [102]

- DGI results are almost inconceivable when background and
source luminance are equal [79,100]

- Existing dissimilarities between real sky conditions and DGI
values [100,103]

- Inverse relation between DGI and vertical illuminance

- Inconsistent DGI values makes it difficult to adjust to daylighting
control systems
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New Daylight Glare Index
(DGIy)

Unified Glare Rating
(UGR)

Unified Glare Probability
(UGP)

Predicted Glare Sensation
Vote (PGSV)

Discomfort Glare
Probability (DGP)

Simplified Discomfort
Glare Probability (DGPs)
Enhanced Simplified
Daylight Glare Probability
(eDGPs)

Modified Daylight Glare
Probability (DGPnod)

Glare g,

Time-dependent DGP
(DGPY)

Annual Visual Discomfort
Frequency

Glare Sensation Vote
(GSV)
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Observer view direction, surrounding
luminance

Observer view direction, background
luminance

Observer view direction, luminance
ratio

Observer view direction, background
luminance, average luminance

Observer view direction, vertical eye
illuminance

Vertical eye illuminance

Observer view direction, vertical eye
illuminance

Observer view direction, vertical eye
illuminance

Observer view direction, vertical eye
illuminance, direct vertical illuminance
of sun

DGP

Occupied hours, occupant position,
vertical eye illuminance

Absolute Glare Factor (AGF), Relative
Glare Factor (RGF)

No agreement on thresholds

No correlation between DGIy and occupant satisfaction is
reported

Can be uses under very small uniform sources like artificial
lightings rather than large uniform sources like curtain walls
Less accurate results when observer’s view is below glare
sources

Developed only for tropical and subtropical climates, and more
investigation is required to test its validation across other
climates [98]

Fits the most in open-plan spaces with access to windows in
absence of direct sun within FOV

Less accurate outputs due to assuming window luminance as an
average value

The equation affects the discomfort glare level more than its
source size, thus underestimates glare [126]

Requires adjustment for assessing glare due to artificial lighting
Time-consuming in case of annual glare calculations

Less accurate under direct sunlight [117]

Less accurate in intermediate glare sensations (perceptible and
disturbing)

Requires detailed information such as envelope material,
furniture layout, thus is difficult to use at early stages of design
Ignores the contribution of individual glare sources, thus not
accurate when direct sun exists within view field

Neglecting indirect ambient bounces

Only investigated in case of roller shades [117] and requires
further investigations with other daylighting systems
Overestimates glare in case of high openness factor of shading
Only investigated in case of roller shades [117]

Focuses only on the upper limit of DGP threshold (DGP > 0.45)
over a year

Due to its dependency on DGP, it is time-consuming in case of
annual glare calculations

Significant impact on results due to occupant’s position

Needs more validation studies

a subjective-based research conducted experiments over 26 office
spaces in Argentina with presence of direct sunlight and the only
glare source; window, between a limited time period where sun
penetration was dominant [116]. As a result of experiment, Glare
Sensation Vote (GSV) scale as recommended by [125] includes
AGF and RGF as coefficients (Eq. 30). The equation simplified
the glare evaluation when the observer experiences direct sunlight
within the center and adjacent zones of FOV. Also, it revealed the
most dominant factor is the absolute glare factor (Ls_%2000C)
which underlined the importance of glare source position in FOV;
the closer the glare source, the more negative impact on glare
sensation [116].

GSV=1.61+0.152 XLs%2000C+0.019 XLSmean/Ltmean

Ls%2000C percentage of central and near FOV with 2000 cd/m?
where {Lsmean

luminance ratio between source and task area
Ltmean

(30)

In summary, Table 5 highlights the high dependency of the
entire glare indices to occupants within calculations mainly
through their positions and view directions in the space, although
there is only one metric (Annual Visual Discomfort Frequency)
that integrates occupied hours and position together. The research
progress in the literature as shown in Fig. 20 reveals many indices
are developed to cover the main limitations of previously

developed metrics such as CGI to refine the adaptation feature of
BGI, or DGPs and eDGPs to enable faster calculations instead of
DGP. The most common limitation among glare indices is their
inaccuracy when sun is present within occupant’s view field;
however, two metrics attempted to fulfil this gap (Glare g, and
GSV), but their applications in other setups is still not clear as they
are developed within specific circumstances. Therefore, more
studies are needed to validate their effectiveness.

4.5. View out

View means a visual connection to outdoors through an opening
in the building that provides information about surrounding
landscape, orientation and weather changes. From psychological
point of view, both daylight and view out are responsible for
balancing the circadian rhythm that has impacts on user’s visual
perception. Having an outdoor view changed conventional
practices of architectural planning especially in office buildings
where designers aimed at locating open-plan offices along the
outer edge of the floor area and resulted in more longitudinal
building forms to answer visual demands. On the other side,
quantified metrics have been introduced by building rating
organizations like LEED (Leadership in Energy Efficient Design)
protocol [127] or WELL building standard [128] that resulted in
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Table 6. View assessment based on European standard [127].

View Factor View angle

Min—max (degrees)

Gray-zone range (degrees)

1 (ideal scenario) 1-4
lor2

2 5-9
2o0r3

3 11-15
3or4

4 2040
4or5

5 (worst scenario) 50-90

15-20

40-30

Table 7. View assessment based on European standard [132].

Tv,n-n Tv,n-dif
0 <7y pair < 0.04
Tynn> 0.10 (ideal scenario) 4
0.05 <1ynn<0.1 3
Tynn< 0.05 2
Tynn= 0.0 (Worst scenario) 0

0.04 < Ty i < 0.15 Ty pait >0.15
3 2
2 1
1 0
0 0

applying full-glazed facades to maintain view for deep floor plans
while it requires considerable technical strategies to control visual
and thermal comfort within the perimeter zones. Therefore, to
evaluate view several factors affect its performance
[48,110,129,130]:

1) Fenestration and daylighting systems
According to standards on daylighting like ‘DIN 5034, Part
1’ or ‘EN-17037’, window size specifications require a
minimum 55% of the room width (approximately equals to
30% window-to-wall ratio (WWR)) is required. Furthermore,
the latest version of LEED v4 [127], adapted the proposed
evaluation metric by [131], the ‘view factor’ ranging from 1
to 5 (Table 6). The metric can be evaluated based on a view-
point’s grid that takes into account lateral and vertical view
angles. Alternatively, the earlier version of European
Standard [132] defined visual contact as the capacity of the
daylighting system to permit view out when it is fully
deployed based on two parameters: (a) normal/normal
transmittance (tv,nn), and (b) diffuse transmittance (Tv n-dif).
This standard represents a condition that a person and an
object should be distinguishable within 1m and Sm away from
the external daylighting system, in which high values of Ty nn
are desired for better shape recognition (Table 7).
2) View access

Another effective factor in visual connection assessment is
the portion of the outdoor content that can be seen by the
occupant through window. According to the report [130],
providing suitable view access to occupants especially in a
shared environment is a challenging task that can be
calculated through view angle to the window, distance from
the window, alternative design features (e.g. courtyards) or
spatial assessment of a floor (e.g. certification systems). With
Asrequired by [133] or LEED v4, all the task equipment must

not be located more than 10m from a window in a
workstation, while in BREAM rating system [134] the
maximum allowable distance depends on the window-to-wall
ratio.

3) Multiple views
Providing multiple lines of sight can be evaluated through the
total number of distinct view windows and the total available
view angles over a horizontal FOV for a given location. In
LEED v4, the compliance is agreed on having multiple view
sights in different directions of at least 90 degrees difference
(e.g. south and east windows) is highly recommended
especially for open-plan office buildings [127].

4) View content
The view content can significantly affect the view quality and
human psychological well-being by including natural
elements such as trees, sky, people presence, movement
objects (e.g. water), or a distant view [135]. The European
Standard [136] assessed view content based on four-scale
criteria (insufficient, minimum, medium, and high) based on
the content that can be seen by occupants.

5) Visual transparency and clarity
It is common that windows with exterior or interior solar
screen and shadings that are responsible for controlling glare
and thermal load obstruct the view quality through their
openness factor properties. Besides, a clear view to outdoors
is considered as a necessary design considerati on by [133] or
similarly LEED v4. With respect to the essential needs to
shading devices utilization, providing a clear visual
connection to outdoors affect the shading type and its
properties significantly. The view can be distorted easily by
daylighting systems such as prismatic panels, LCP or roller
shades [110]. To this end, a study by [137] developed a View
Clarity Index (VCI) based on roller shade and its openness
factor (OF) and visible transmittance (Tv) (Eq. 31). However,
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the evaluation of view clarity is still not clear and requires
more studies under different design scenarios and daylighting
systems.

VCI = 1.43(0F)**8 + 0.64 (3) 11 — 0.22 31)

The evaluation criteria mentioned above helped researchers to
introduce a new generic metric called View Quality Index (VQI)
[130] which is a combination of view content, view access and
view clarity as formulated in Eq. 32 and is applicable for single
windows. Each variable assumed to be equally important, while
allowing different weighting factors depending on the design
features, but there is no recommendation which parameter is more
important and requires more investigations.

VQI = Viccess X Veontent X Vclarity (32)

5. Discussion on the findings

Facades have significant role to control energy consumption in
buildings especially through windows that are more prone to waste
energy. Therefore, different daylighting systems are developed to
block or redirect the light to control energy waste and indoor
environment. Studies highlight that adaptation is the key term to
choose the proper daylighting system and is a good indicator to
evaluate the accuracy of visual comfort quantitative metrics.
Among daylighting systems, venetian blinds and light shelves
have more capability to address visual comfort demands along
enhancing energy efficiency due to their physical adaptation
comparing to fixed systems [55,138]; however, maintaining
sufficient view to outdoors while minimizing the risk of
discomfort glare found to be the main limitation of all systems.
Moreover, different studies developed many visual comfort
indices in presence of adaptive systems like venetian blinds or
roller shades that could be adjusted by users. As far as glare and
its quantifiable metrics are the major concern, several gaps and
points within literature are outlined as follows:

e A general agreement exists on the glare agents, but there are
many evolved dependent metrics and none of them could
evaluate glare comprehensively. Each glare metric has its own
disability and limited to a specific indoor environmental
conditions. This is because the position and the size of the
glare source is not static during time intervals.

e None of the indices consider psychological aspects of visual
comfort completely into their subjective evaluations, although
in a recent study [66], authors proposed a new visual comfort
index (VQI) based on two glare metrics (SDGP and UGR) to
cover qualitative aspects of visual comfort, but is applicable
only in residential spaces without considering specific
shading devices.

e There is a significant challenge in terms of their reliability
when direct sun is present within FOV.

e  Most of the metrics were proposed based on empirical studies
in office-like mock ups in a specific climate, thus they need
more validation case studies to be generalized in other
climates and building types.

e As supported by [139], different shading systems such as
roller shades and venetian blinds were tested to identify glare
using DGI and DGP, in which results could not show any
relation to observations. Therefore, the different
characteristics of daylighting systems as one of the main

design techniques to control daylight and visual discomfort
are not fully considered during glare evaluation and on the
other side, there is no dynamic glare metrics that can reflect
the dynamic behaviour of a shading system.

e To date, there are very few studies investigated the
relationship between thermal comfort and discomfort glare
[140] that revealed subjects have different tolerance due to
discomfort glare when they are exposed to thermal discomfort.

e Regarding metrics limitations, besides psychological and
physiological aspects, there are many observed factors that
have different impacts on discomfort glare, in which mostly
this is the reason of high discrepancy between numerical and
subjective evaluations. Also, their interaction and intensity is
still not precisely understood. Personal factors such as gender
[141] had no influence on discomfort glare, while other
factors like culture [121], time of the day [142], fatigue or
contrast ratio [97] still need substantial exploration. Besides,
several studied factors such as the age [98], view direction and
position [143] or view to outdoors [135] were inconclusive
due to their impact on glare perception, therefore more effort
is needed to clarify the individual’s relation with glare
perception.

e As suggested by [79], due to present issues with existing
metrics, an appropriate method to rate subjective discomfort
glare perception is a “percentage of people who would be
disturbed” rather than a sole mathematical evaluation.

As aresult of existing indicators discussed in section 4, the main
evaluation metrics of visual comfort are investigated based on a
logical structure, and their features and limitations are summarized
in Tables 5-7. In overall, 38 visual indices recollected from
literature that are mostly related to day-lit environments and were
categorized in two main bases: illuminance-based and luminance-
based metrics. The greatest shortcoming among them is that all of
the indices were developed in offices, or working task planes
which limit their predictions in residential. From occupant
perspective, all luminance-based indices take occupant into their
calculation through occupant’s view direction and position,
occupancy profile, and area of user’s field of view, while limited
number of illuminance-based metrics consider occupants as part
of the equation like illuminance. This finding shows the evolution
trend of proposing occupant-centric mathematical equations to
cover the existing real challenges that occupants face in a built
environment; however, their applications are either limited to
specific circumstances or require more validation.

Illuminance maps or DF would be very useful for static analysis,
but, if annual simulation is the main interest, computation time
would increase drastically. Thus, in order to employ the concept,
this massive data needs to be transformed into some intuitive
metrics or namely, CBDM, in which they all should be based on
two common features: first, concentrating on a specific time scale
of investigation, and second, a threshold to identify ‘adequate’
daylight level. CBDM provides a complete year-round evaluation,
and in particular, indices that are performed as a single value over
ayear such as Spatial Daylight Autonomy (sDA) has an acceptable
performance overall. Among CBDM metrics, DAv and Useful
Daylight Illuminance (UDI) can be recommended for long-term
daylight evaluation specifically since they define upper and lower
thresholds to avoid potential visual discomfort due to glare and
overheating problems.
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Among luminance-based metrics, Daylight Glare Probability
(DGP) has been widely used within recent field studies and
researchers aimed at optimizing its coefficients or combining
multiple metrics in one equation with different interior and
exterior building conditions. However it is inaccurate when dim
lighting or direct sun is available within FOV [144]. In addition to
DGP, Unified Glare Probability (UGP) development based on
UGR, showed a remarkable correlation within subjective
assessment, although it has been only tested in open-office plans
in tropical climates.

In terms of long-term glare evaluation, DGP has the ability to
be adjusted to annual evaluations including its modified versions
DGPs, eDGPs or DGPod, in case of using shading systems, and
SDGPexceed, Which seems to be a suitable replacement of ASE as it
deals with vertical eye illuminance (E.) rather than horizontal
illuminance which showed a determinative role in glare evaluation.
Alternatively, in case of presence of direct sunlight in a day-lit
environment, none of the metrics can accurately assess glare
except GSV model that introduced a new method to evaluate glare
sensation in real conditions, but requires more validation
investigations.

Therefore, when sun is visible within FOV more than one glare
metric would be necessary to evaluate. Furthermore, in terms of
filtering certain hours that may have a greater potential of
experiencing visual discomfort over a year, Annual Sunlight Beam
Index (Siwr) is an appropriate limiting factor to extract problematic
hours due to incident beam penetration through selected
fenestrations by considering the existing building obstructions.

Few studies investigated the influence of both daylight and
outdoor view on visual performance [145,146]. For example, in a
survey-based research [147] authors concluded that students
prefer ‘views’ as the second priority before daylight availability in
choosing seats. Other research conducted by [148,149] revealed
people have a tendency to tolerate glare from windows if they have
sufficient outdoor views especially when the source is a natural
scene. Consequently, outlining the existing parameters to evaluate
view to outdoor and preserving a proper interrelation between a
pleasant view connection to outside, visual and thermal comfort,
requires an integrated approach towards adaptive technologies and
operational control strategies based on indoor demands, but also
highlights the present limitations of quantifying view [110,150]:
Firstly, dynamic view-based indices are missing, and secondly, it
is still unclear how to prioritize the view parameters based on
occupant’s satisfaction explicitly.

6. Conclusion

This study reviewed the state-of-art through two research areas: (1)
highlighting the typical daylighting systems for windows along
with their technical aspects and their potentials and limitations to
control user’s visual comfort and energy efficiency, and (2)
quantifying visual comfort through a series of proposed metrics
available in the literature. Regarding the former scope, one
common limitation among typical daylighting systems is their
inability of controlling view to outdoors and glare simultaneously.
To this end, adaptive daylighting systems such as blinds or sun-
tracking light shelves are likely performing more efficient due to
dynamic climatic changes and user visual comfort criteria. This is
mainly the reason of the high interest of recent studies focusing on
proposing  different adaptive facades typologies [10].

Alternatively, to quantify visual comfort through daylight level
and distribution, direct sunlight, and glare, 38 metrics are collected
from literature with their specific mathematical formulation.
Recent developments show higher contribution to glare evaluation
through fulfilling the existing shortcomings of previously-
developed metrics. The main common feature among glare indices
is their dependency on occupant, although there are two main
limitations: (1) some of the metrics are developed in presence of
daylighting systems that could be manually changed by the user
during experiments, thus applying these metric in other setups
might not end with similar results, (2) most of the luminance-
based metrics are not accurate enough when sun is present within
FOV of the user, except two metrics DGPmoq and GSV that are
limited to certain climate and setups. Within illuminance-based
metrics, CBDMs revealed more reliable results to calculate the
magnitude of indoor illuminance over a year considering; however,
in most cases there is no agreement on their acceptable thresholds
which caused using inconsistent assumptions by researchers in
their studies. Similarly, existing standards and metrics to quantify
view to outdoors and its quality are still insufficient to represent
user experiences in real built environment.

However, the following limitations can be addressed in future
investigations: (1) the comparison of daylighting systems are
limited to their own functionality and technical characteristics
towards improving either visual comfort or energy efficiency;
however, future researches can analyse the potential of daylighting
systems through simulations and compare their performance
against each other which found to be absent in the literature, (2)
the second part of the paper focuses on updating the state-of-art of
the literature to quantify visual comfort, although there are
psychological or physiological parameters that potentially affect
the proposed numerical-based metrics’ performance which are
often ignored or assumed fixed within experiments.
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