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Abstract: Ensuring visual comfort for occupants in sustainable buildings involves address-
ing discomfort glare and its associated risks. Responsive facades, designed based on pre-set
algorithms, enhance visual performance and reduce discomfort glare by continuously
adapting to changes in daylight intensity, reflection, or color. In this study, computational
models were developed by incorporating hourly daylight glare probability (DGP) with
occupants’ spatial data and facade active variables to minimize discomfort glare for respon-
sive facades. To evaluate these models, a room with an office setting was parametrically
simulated with a responsive facade, generating hourly DGP data for an entire year across
different facade configurations, building orientations, and climate zones. The Exhaustive
Search Algorithm was then used to calculate the optimal hourly angles for the facade con-
figurations. The results indicate that the proposed models can significantly maintain DGPs
within an imperceptible range (<0.35) in all scenarios compared to a no-louver scenario.
These models offer valuable insights for architects, facade designers, and researchers aim-
ing to enhance occupant visual comfort and productivity through innovative responsive
facade strategies. Aligning visual comfort, well-being, and productivity with sustainabil-
ity ensures that buildings operate efficiently while providing a healthy and comfortable
environment for users.

Keywords: Responsive facades; facade optimization; visual comfort; glare; data-driven design

1. Introduction and Background

People spend a significant amount of time in offices [1]. The interior layout, lighting
and visual comfort, temperature and thermal comfort, noise and acoustic comfort, bio-
philia, and outside window views of office settings can affect the physical and mental
health of office workers [2]. Visual comfort is crucial, as it directly affects human photo-
sensory perception and can influence office workers’ abilities to perform various tasks [3].
Visual comfort relies on several factors, including light intensity, light uniformity, color
rendering quality, and the potential for glare [4]. Among these factors, glare is widely
acknowledged as the most significant factor for ensuring occupants’ health, comfort, and
task performance [5].

According to the International Commission on Illumination (CIE), glare is defined
as a “condition of vision in which there is discomfort or a reduction in the ability to
see details or objects, caused by an unsuitable distribution or range of luminance, or by
extreme contrasts” [6]. Discomfort glare is further defined by the CIE as “glare that causes
discomfort without necessarily impairing the vision of objects” [7]. Therefore, the term
‘discomfort’ is used to distinguish between a subjective sensation (discomfort from glare)
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and an impairment to visual performance (disability from glare)—in other words, between
the psychological glare (discomfort) and physiological glare disability [8].

The conducted research has shown that glare can result in various eye and health
issues, including cataracts, dry eyes, macular degeneration, retinal inflammation, fatigue,
light sensitivity, migraines, headaches, and nervous system disturbances. These problems
can range from mild eye discomfort to severe vision loss in office spaces [9,10]. Managing
glare could improve cognitive performance and employees’ satisfaction, concentration, and
mood and reduce headaches and eyestrain [11-13].

While the literature considers two types of glare, disability glare and discomfort
glare [14], glare-related metrics predominantly focus on discomfort glare [15]. Discomfort
glare is a multifaceted phenomenon, which makes its assessment challenging [16].

The complexity of discomfort glare arises from both temporal and spatial variations.
Discomfort glare depends on the user’s position and viewing direction and is influenced by
the dynamically changing luminance of the sky dome. Additionally, material properties and
geometrical aspects (i.e., optical window properties, movable shading devices with specific
geometry and materials, etc.) further complicate the evaluation of discomfort glare [17].

A number of different metrics were proposed to quantify the discomfort glare per-
ceived by building occupants. Most of them were developed and validated for only glare
conditions caused by artificial light sources [8,16,17]. However, among the proposed dis-
comfort glare metrics, daylight glare probability (DGP) is widely used in the literature since
it offers a stronger correlation with the occupants’ responses in terms of glare sensation
compared to other glare metrics [3].

The discomfort glare metrics, such as Unified Glare Rating (UGR), Discomfort Glare
Index (DGI), CIE Glare Index (CGI), and Visual Comfort Probability (VCP), just focus on
the contrast ratio between the background’s average luminance and the glare source’s lumi-
nance, whereas the DGP also includes an evaluation of the level of illuminance perceived
by the occupant by means of the term vertical eye illuminance (Ev) [18]. Conversely, a
limitation of incorporating DGP is that it typically involves a lot more computation time
and user effort compared to the simple analytic calculations required by most of the other
glare metrics [19]. Assessing DGP is a time-consuming task due to several factors. The com-
plexity of glare prediction models, which take into account parameters such as window size
and shading devices, necessitates thorough analysis and computation. Additionally, annual
DGP analysis involves generating high-dynamic-range (HDR) images for each time-step
(typically one hour) throughout the year, which is a resource-intensive process. Further-
more, interreflection calculations within the scene contribute to computation time. Lastly,
occupant assessments for glare validation further increase the overall time investment [20].

For the DGP computation process, one or more viewpoints of interest in the eye level
in a specific point of the room have been chosen to correspond to occupant positions
to produce renderings in the Radiance with the HDR picture format. Finally, a glare
evaluation has to be carried out using Evalglare, a Radiance-based tool developed to detect
glare sources on a 180° fish-eye scene [21]. It needs to be mentioned that the DGP is
dependent on the position and direction of view of the occupants, which means that the
calculation should be repeated for all relevant points and directions in a space [16].

Reviewing the existing literature reveals that a reliable prediction of glare using metrics
still poses significant challenges in the building since discomfort glare depends on the
occupant’s position, occupant’s background, occupant’s eyes capabilities to adapt to the
light environment, occupant’s tolerance to discomfort glare, range of assessed luminance,
and vertical illuminance in the eyes’ field [19]. While most of the discomfort glare causes
are subjective to the occupants’ age, gender, and behavior toward indoor conditions, it
is still possible to measure, control, and optimize the occupant’s position; the luminance
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of the glare source; the solid angle of the glare source; and the vertical illuminance in
the eyes’ field [22].

Building facades are the primary sources of daylight penetration, affecting the intensity,
color, distribution of daylight, and discomfort glare in the interiors [19,22]. Compared to
other types of facades, responsive facades could yield enhanced visual performance and
reduced discomfort glare, mainly due to their ability to continuously adjust their functions,
features, or behavior over time in response to environmental stimuli, as well as occupants’
preferences and needs [23-26]. This continuous adjustment, which leads to the optimum
performance of responsive facades, contributes to building sustainability by minimizing
energy consumption and greenhouse gas emissions while promoting a more sustainable
and eco-friendly approach to building design.

Enhanced visual performance with responsive facades is affected by two types of
variables, active and passive, that are used in the design [27-29]. Passive design variables
are considered to be fixed in response to external stimuli and internal factors, such as
infiltration, window-to-wall ratio, glazing types, and wall insulation [30]. In contrast,
active design variables can adapt to external stimuli and internal factors, such as the
louvers’ angles, the facade’s porosity (area/depth), and the granularity of the facade [31].
The maximum performance of responsive facades can be guaranteed by choosing an
efficient adaptive strategy for active design variables [32]. As an efficient adaptive strategy,
time increments of active design variables can improve facade performance, minimizing
discomfort glare and maximizing occupant visual comfort when matched with hourly
changes in daylight patterns [30].

Among studies on the performance of responsive facades [23,33-42], no studies elabo-
rate on minimizing the cost function of discomfort glare with multiple design scenarios, and
most research has been focused on the design of responsive facades, prioritizing architec-
tural form studies/analyses while evaluating the performance of facades with inadequate
illuminance and glare simulations [23,33-42]. Also, limited studies have investigated dis-
comfort glare and its related metrics compared to those focusing on illuminance and its
associated metrics [26,43]. Due to the high computation time of glare simulation, these
studies have typically evaluated discomfort glare in only one point/location as an occupant
position/location in a room with a single view direction, without considering various
possible design factors such as time increments, occupant’s locations, occupant’s sight
directions, facade orientations, and building locations/climate zones [44—46]. Consequently,
their glare calculations cannot provide realistic glare evaluations due to a lack of sufficient
design factors.

Focusing on design variables such as active angles of louvers, this research proposes
a computer model aimed at minimizing DGPs in a simulated commercial office room
with responsive facades, considering occupants’ positions, occupants’ view directions, and
hourly active angles of louvers as dependent variables. A set of computer-aided design
software is utilized to calculate, evaluate, and analyze DGPs for a year in the simulated
office room, while hourly adaptation angles are rotated for hourly daylight patterns. The
proposed model investigates the possibility of discomfort glare in all possible occupants’
positions with multiple view directions. Then, a computational algorithm is utilized to
identify the optimum hourly angles based on average discomfort glare observed for both
horizontal and vertical facade configurations in four different facade orientations (N, E,
S, W) and four different facade locations/climates. Aligning visual comfort, well-being,
and productivity with sustainability ensures that the building operates efficiently while
providing a healthy and comfortable environment for its users.
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2. Methodology Used

Being the most reliable glare metric, DGP is widely used as a short-term, local, one-
tailed metric, which is developed from empirical research with human subjects [47,48].
Assuming that the vertical eye illuminance produced by the light source [lux] is represented
by Ey; the luminance of the source [cd/m?] is denoted by Ls; the solid angle of the source
seen by an occupant is represented by Ks; and the position index is indicated by P, the DGP
can be calculated as follows:

DGP = 5.87-10 9Ey + 0.0918-log (1)

L2 x K

n S1

1+ Zi:l ( Es}j-87.p,2 >
1

It is notable that the position index uses the occupant’s line of sight to measure the

experienced discomfort glare relative to the angular displacement of the source (azimuth
and elevation) from [49-51].

Equation (1) is applicable for daylight glare probability (DGP) values that fall within the
range of 0.2 to 0.8 and is also valid for situations where the vertical eye illuminance is greater
than 380 lux. The ranges of glare sensations can be categorized as imperceptible when the
DGP is less than 0.35, perceptible when the DGP is between 0.35 and 0.4, disturbing when the
DGP is between 0.4 and 0.45, and intolerable when the DGP exceeds 0.45 [48].

Focusing on a specific point x in the office room, the DGP can be optimized using the
following objective function:

objy= / we,,,, F (Active variables, Passive variables)dfy;e (2)
View
where 0y, is the view angle, wy, . = denotes the weight assigned to each 0y;y., and F
presents the obtained DGP value based on active and passive variables.
This study utilized the louver angle as an active design variable, which can be adjusted
hourly to accommodate varying hourly daylight patterns. Consequently, Equation (2) can
be re-formulated as follows:

0bjy, ¢ = / wé)v,-ewF<9)d9View 3)
View
where 0 is the angle of the louver movement. By incorporating h € H, representing the
hours of the day, and N, showing the total number of possible pairs of occupants’ positions
and angles of view directions, Equation (3) can be formulated as follows:

. 1
V0= [ [ oy FO)AOicudh @

View

Finally, the optimization problem using the objx, 8, h can be developed as follows:
Minimize objy ¢ j, subject to 6 € @ )

The outcomes of Equation (5) can be found by exploring the set of available angles
6 € O and identifying the optimal value of 0 for each 1 € H.

3. Evaluation of Various Design Scenarios

Rhinoceros version 6.0 software was employed to create a standard office space mea-
suring 4.0 m in width, 9.0 m in depth, and 3.0 m in height, as shown in Figure 1a. The
thicknesses of the walls, ceiling, and flooring elements were designed to be 0.15 m, 0.12 m,
and 0.12 m, respectively. An opening was simulated for the office room with dimensions of
2.6 m as width and 3.6 m as length. The simulated window was made from Azuria-Sungate
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400 (3) with a Solar Heat Gain Coefficient (SHGC) of 0.332 and a Visible Light Transmission
(TVIS) of 0.58 that was installed on the smaller side of the office room. Natural light was
considered the only source of light in the office room, with no artificial lighting inside.
Grasshopper, a visual programming and simulation tool compatible with Rhinoceros 3D,
was employed to parametrically simulate a responsive facade system and to apply it to the
office window. Then, to investigate various design scenarios, the simulated office room
could be oriented toward the four primary main directions (north, west, south, and east). A
range of 180 degrees, starting from —90 degrees, segmented into 60 steps with increments of
3 degrees is used for horizontal and vertical louver angle rotations in a clockwise direction,
as shown in Figure 1a.
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Figure 1. (a) Simulated office room with horizontal and vertical responsive louvers; (b) occupants’
position; (c) 60 sensors distribution across the office; (d) various view angles of occupants. The labels
A through G show the workspaces have been labeled as A through F letters. Also, the center point
of the office room is named point G. The numbers 1 through 8 present various eight angles with
45-degree intervals for moving occupants corneal plane.

The simulated responsive facades feature seven horizontal and seven vertical louvers,
each measuring 3 m by 0.26 m by 0.18 m, with spacing set at 0.4 m for the horizontal
and 0.5 m for the vertical configurations. These louvers, which were simulated from dark
gray aluminum, have a reflectance of 19.36%, a specular component of 1.65%, a diffuse
component of 17.70%, and a roughness of 0.2, utilizing Rhinoceros’s plug-in for daylight
and energy simulations, which is named Climate Studio and has been validated by other
researchers through validation of Radiance as its core engine [52,53]. The annual daylight
glare probability was assessed using a grid-based approach, with 60 sensors positioned on
a horizontal grid plane at a height of 1.2 m above the office floor. This height corresponds
to the standard corneal plane level for occupants seated and performing typical office



Sustainability 2025, 17, 783

6 of 34

tasks, as shown in Figure 1b,c. The sensors were positioned approximately 0.8 m apart
in both directions on the plane to simulate the potential seating positions of occupants
throughout the office space. It was assumed that occupants with normal vision could rotate
their corneal plane by moving their necks from 0 to 360 degrees, allowing for a range of
viewing angles and orientations as illustrated in Figure 1c. Then, vertical illuminance with
the eye height received by occupants was measured in various eight angles with 45-degree
intervals, while occupants’ positions were changed /manipulated to 60 points across the
office room, as shown in Figure 1d.

Three assumptions are made about the office room and its occupants. The first one is
that the office room will be occupied for ten hours, from 8:00 a.m. to 6:00 p.m. This schedule
agrees with the IESNA’s new Lighting Measurement IES LM-83-12 [43,54]. The second
assumption is that six workspaces are occupied by office workers performing regular office
work, as shown in Figure 1b. The workspaces have been labeled as A through F letters.
Also, the center point of the office room is named point G. The third assumption is that
the office workers in the assumed office space demonstrate efficient and effective visual
performance, especially in situations involving discomfort glare. They possess healthy
visual abilities, including visual acuity, proper eye coordination, depth perception, color
vision, and the ability to focus and maintain clear vision for extended periods without
experiencing eye strain or fatigue [55].

The following design scenarios were utilized in this study:

1.  Fixed horizontal and vertical louvers with an angle of zero degrees.
The angles of the louvers were fixed at 0 degrees. They were not able to rotate
horizontally or vertically in response to daylight patterns during the day.

3. Responsive horizontal and vertical louvers with hourly optimum angles using the
proposed computation model.

4.  The angles of louvers were capable of hourly rotation horizontally or vertically from
—90 degrees to +90 degrees in response to daylight patterns during the day.

The design scenarios of fixed louvers were compared with two configurations of
optimum responsive louvers. These scenarios were repeated parametrically for four facade
orientations (N, W, S, E) and different facade locations/climate zones.

Among all cities categorized by ASHRAE climate classification, four cities from differ-
ent climate zones in the United States, namely Miami (FL), Phoenix (AZ), Boston (MA), and
Milwaukee (WI) were selected using K-cluster analysis along with an elbow method [56,57].
The sky condition for the DGP simulation was assumed to be set in the clear sky with the
sun. Typical annual meteorological data provided as an EnergyPlus Weather File (EPW)
by the U.S. Department of Energy were utilized for the selected cities/climate zones. An-
nual meteorological data of the selected cities were adopted to simulate the hourly indoor
vertical illuminance associated with the different scenarios. Based on the ASHRAE classifi-
cation, Miami and Phoenix represent the very Hot-Humid (1A) and Hot-Dry (2B) climates,
respectively. Boston and Milwaukee represent Cool-Humid (5A) and Cold—-Humid (6A)
climates, respectively [58].

4. Results and Discussions

The following settings were applied for daylight glare probability estimation: Hourly
indoor vertical illuminances were calculated at sixty predefined sensors with eight differ-
ent view angles during every 8760 h of a year, while the responsive louver angles were
parametrically changed from —90 degrees to +90 degrees. Eight view angles were defined,
and the wy, .. was set to [1,1,1,1,1,1,1,1]. The measurements were repeated for four facade
orientations, two horizontal and vertical fagade configurations, and four cities/climate
zones. The simulations ran 20,736,200 times, and daylight glare probability values at
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995,328,000 points were calculated and stored. Postgres-SQL was integrated with R to
handle the simulation data management and deploy the optimization process using brute-
force search. A brute-force search algorithm is a method that exhaustively explores all
possible solutions to an optimization problem. It systematically evaluates each candidate
solution, starting from the first possibility and proceeding sequentially through all options.
However, it can computationally be expensive due to the need to consider all possibili-
ties [59]. The selection of an efficient algorithm largely depends upon the specific conditions
of the simulation experiment. Although more efficient algorithms may exist for certain
scenarios, the brute-force algorithm emerged as the optimal choice for this study due to
the substantial volume of data [60]. Figure 2 shows the flow and execution of the data in
the simulation. There are alternative optimization techniques that could potentially offer
improved computational efficiency. For example, heuristic techniques, such as simulated
annealing, genetic algorithms, and particle swarm optimization, can be applied to solve the
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Figure 2. The flow and execution of data in the simulation process.

As shown in Figures 3-18, the fish-eye images illustrate the occupant views generated
using the DIVA plugin in Grasshopper at two positions, A and B. It needs to be mentioned
that the probability values (DGPs) have been converted to percentages (%) for better
presentation. Figures 3-10 show an assumed occupant view in point A and its related
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values of DGP during the 21st of every month of the year in the city of Phoenix while
fixed horizontal and vertical louvers (scenario i) have been applied to the south facade of
the simulated office room. These Figures show that discomfort glare occurs during the
hours after sunrise and before sunset when the solar altitude is low, especially in October,
November, December, January, and February. The worst performance with maximum glare
occurred in November and December for fixed horizontal and vertical louvers. Due to
the high solar intensity in Phoenix throughout the day, occupants may also experience
discomfort glare during the midday hours in most months, except for May, June, and July,
using fixed horizontal and vertical louvers. In addition, the occurrence of discomfort glare
in winter and fall was higher than in summer and spring seasons, considering scenario i.
This result is due to the difference in solar altitude between the cold and warm seasons.
Also, these Figures demonstrate that employing fixed horizontal and vertical louvers results
in a comfortable glare-free experience at point A for approximately 62% and 60% of the year,
respectively. As a result, fixed horizontal louvers can perform slightly better compared to
fixed vertical louvers at point A with 38% vs 39%.

Figures 11-18 depict the occupant view at point B, along with the corresponding
DGP values on the 21st of each month in Phoenix. In these simulations, fixed horizontal
and vertical louvers (scenario i) are applied to the south-facing wall of the office room.
The assumed occupant is able to experience a comfortable situation with no glare from
April to August at point B if fixed horizontal louvers have been implemented. In contrast,
fixed vertical louvers can only provide no glare conditions in June at point B. Maximum
discomfort glare conditions have been recorded in January for fixed horizontal louvers and
in December for fixed vertical louvers.

The occupants can experience glare-free situations at point B for 64% and 56% of the
year when fixed horizontal and vertical louvers have been deployed, respectively. As a
result, fixed vertical louvers perform slightly less effectively than fixed horizontal louvers at
point B, with performance ratings of 44% and 36%, respectively. DGP measurements taken
at points A and B revealed the inefficiency of the fixed louvers. As a result, implementing
a responsive facade with hourly angle adjustments, directed by the proposed objective
function, could effectively reduce the average of DGP values in the room (scenario ii).

Considering scenario ii, DGPs in the center point of the office room (point G) are
displayed in Figure 19 when the optimal angles for each hour were applied for horizontal
responsive facades from 8:00 to 18:00 on the 21st of January until June in the cities of Miami,
Phoenix, Boston, and Milwaukee. DGP values remain imperceptible when hourly optimal
angles are set for horizontal louvers in all chosen cities on the 21st of the specified months
(DGPs < 0.21).

Figure 20 shows DGP values in point G, while optimum vertical angles were set on
responsive louvers from 8:00 to 18:00 on the 21st of January, February, March, April, May,
and June in the cities of Miami, Phoenix, Boston, and Milwaukee. The degree of glare
sensations is imperceptible by using hourly optimum angles in all selected cities on the 21st
of the mentioned months (DGPs < 0.22). When DGP values were less than 0.10, strange
behaviors were observed in the hourly optimum angles, which could result from low
illuminance in the entire office room.
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Figure 3. Phoenix: south-horizontal-fixed louvers with the angle of zero-point A (Baseline).
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Figure 4. Phoenix: south-horizontal-fixed louvers with the angle of zero-point A (Baseline).
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Figure 5. Phoenix:

south-horizontal-fixed louvers with the angle of zero-point A (Baseline).
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Figure 6. Phoenix: south-horizontal-fixed louvers with the angle of zero-point A (Baseline).
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Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Figure 7. Phoenix: south-vertical-fixed louvers with the angle of zero-point A (Baseline).
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Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Figure 8. Phoenix: south-vertical-fixed louvers with the angle of zero-point A (Baseline).
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Figure 9. Phoenix: south-vertical-fixed louvers with the angle of zero-point A (Baseline).

Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point A (Baseline)
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 11. Phoenix: south-horizontal-fixed louvers with the angle of zero-point B (Baseline).
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 12. Phoenix: south-horizontal-fixed louvers with the angle of zero-point B (Baseline).
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 13. Phoenix: south-vertical-fixed louvers with the angle of zero-point B (Baseline).
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Phoenix: South-Horizontal-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 14. Phoenix: south-vertical-fixed louvers with the angle of zero-point B (Baseline).
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Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 15. Phoenix: south-vertical-fixed louvers with the angle of zero-point B (Baseline).
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Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 16. Phoenix: south-vertical-fixed louvers with the angle of zero-point B (Baseline).
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Phoenix: South-Vertical-Fixed Louvers with Angle of Zero-Point B (Baseline)
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Figure 17. Phoenix: south-vertical-fixed louvers with the angle of zero-point B (Baseline).
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Figure 18. Phoenix: south-vertical-fixed louvers with the angle of zero-point B (Baseline).
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Figure 19. DGP values using horizontal optimum angles on the 21st of the first six months of the year
from 8:00 to 18:00.
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Figure 20. DGP values using vertical optimum angles on the 21st of the first six months of the year
from 8:00 to 18:00.

Figures 21-24 illustrate the average annual DGP trends for the horizontal responsive
louvers with optimized hourly angles in different facade orientations (south, north, east,
and west). The results show that for the south-facing facade with optimized horizontal
louvers (Figure 21), Phoenix exhibits the highest average DGP values throughout the year
compared to the other cities (0.22 < DGPs < 0.35). In contrast, Milwaukee generally has the
lowest DGP values for the south-oriented optimized horizontal louvers (0.13 < DGPs < 0.22).
A similar trend is observed for the north-facing facade with optimized horizontal louvers
(Figure 22), where Phoenix again demonstrates the highest DGPs, while Boston maintains
the lowest values. Examining the east-facing (Figure 23) and west-facing (Figure 24)
optimized horizontal louver scenarios, Phoenix continues to have the highest average
DGP, while Milwaukee and Boston perform better with lower DGP values, respectively.
These findings suggest that the optimized horizontal responsive louver configuration is
less effective in managing discomfort glare in hot and dry climates like Phoenix, compared
to more temperate and humid climates such as Milwaukee and Boston.
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Figure 21. Average annual DGPs of horizontal louvers in the south facade.
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Figure 22. Average annual DGPs of horizontal louvers in the north facade.
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Figure 23. Average annual DGPs of horizontal louvers in the east fagade.
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Figure 24. Average annual DGPs of horizontal louvers in the west facade.

Figures 25-28 present the average annual DGP trends for the vertical responsive lou-
vers with optimized hourly angles across the same facade orientations. For the south-facing
facade with optimized vertical louvers (Figure 25), Phoenix exhibits the highest DGP val-
ues (0.16 < DGPs < 0.29), while Milwaukee demonstrates the lowest (0.12 < DGPs < 0.23).
A similar pattern emerges for the north-facing (Figure 26) and east-facing (Figure 27)
optimized vertical louver scenarios, with Phoenix having the highest DGP values and Mil-
waukee the lowest. Interestingly, for the west-facing optimized vertical louvers (Figure 28),
Boston shows the highest DGP values, while Milwaukee maintains the lowest. These
results indicate that the optimized vertical louver configuration is more effective in manag-
ing discomfort glare in Cold—-Humid climates like Milwaukee, compared to the Hot-Dry
climate of Phoenix or Cool-Humid climate of Boston.
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Figure 25. Average annual DGPs of vertical louvers in the south facade.



28 of 34

Sustainability 2025, 17, 783

0.25

o
o

w
S

0.15

sdO Jo dderAy

0.05

Mar.

Feb.

Jan.

== Phoenix == Boston == Milwaukee

—o- Miami

Figure 26. Average annual DGPs of vertical louvers in the north facade.
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Figure 27. Average annual DGPs of vertical louvers in the east facade.
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Figure 28. Average annual DGPs of vertical louvers in the west facade.

Considering all the points in the office room, the vertical angles provided more

homogenous behavior in April and May for all the cities, while the horizontal results
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in June show less variation for different cities. In January, the highest value of 0.24 was
recorded at noon in Boston when the vertical responsive louvers were adjusted to their
optimal angle. Generally, the overall trend seen in the results for vertical configurations is
comparable to that of the horizontal configurations.

The analysis of Figures 21-28 indicates that the optimized horizontal responsive
louvers generally outperform the optimized vertical louvers in terms of lower average
annual DGP values, except for the Milwaukee location, while overall both configurations
provided DGP values in the comfort range. This suggests that the optimized horizontal
louver configuration is more successful in managing discomfort glare in Cold—-Humid and
Cool-Humid climates, such as those found in Milwaukee and Boston, compared to Phoenix
with Hot-Dry climates. In addition, the optimized vertical louver configuration exhibits
better performance in Cold-Humid climates like Milwaukee.

Furthermore, the analysis reveals that the hot and dry climate of Phoenix consistently
experiences the highest DGP values across both the optimized horizontal and vertical
louver scenarios, signifying that this climate presents the greatest challenge in controlling
discomfort glare. Conversely, the cold and humid climate of Milwaukee and the cool and
humid climate of Boston generally demonstrate the lowest DGP values, suggesting that
these locations are more favorable for effective glare management using the responsive
facade strategies explored in this study.

Figures 29 and 30 present the improvement rates of DGPs if optimum hourly angles
are applied to horizontal and vertical louvers, respectively. The improvement rate is defined
as a quantitative measure that compares the DGP values from scenario ii against scenario i.

Horizontal Horizontal Horizontal Horizontal

East

North South West

~o— Miami —e— Phoenix —e— Boston —e— Milwaukee

Figure 29. Improvement rate comparisons of different design scenarios when optimum hourly
horizontal louvers are used.

Vertical Vertical Vertical Vertical

East

North South West
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Figure 30. Improvement rate comparisons of different design scenarios when optimum hourly
vertical louvers are used.
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In the horizontal configuration, Miami demonstrated the best performance in the east,
north, and south. Conversely, Phoenix excelled in the west. When utilizing the vertical
configuration, Phoenix emerged as the top performer in the east, south, and west, while
Miami led in the north.

The improvement rate results indicate that the visual performance of horizontal
responsive louvers exceeds that of vertical responsive louvers in the east and south facades
across all cities, except for Phoenix, where vertical louvers exhibit better performance.
On the other hand, vertical louvers with hourly optimum angles have led to a maximum
improvement rate in the north facade in Boston, Miami, Milwaukee, and Phoenix. In the
west facade, however, fewer notable differences have occurred in Phoenix and Milwaukee.

A higher improvement rate can improve sustainability indirectly through different
channels, such as requiring less artificial light for visual comfort adjustments. This reduc-
tion in artificial lighting leads to lower energy consumption, thereby decreasing carbon
emissions. Additionally, energy-efficient lighting systems contribute to overall energy
savings, enhancing the building’s performance. Improved lighting conditions also boost oc-
cupants’ productivity and well-being, as natural light has been shown to positively impact
mood and efficiency. Consequently, these factors collectively contribute to the development
of high-performance buildings that are both environmentally friendly and supportive of
occupant satisfaction.

In general, by focusing on the simplest configurations of responsive facades, this
study simplifies the optimization process, which is often complicated for architects with-
out expertise in computer science. It develops a computational model for minimizing
discomfort glare, featuring a replicable step-by-step process with clear input and output
data points, which can be utilized by other scholars and architects for both research and
practical purposes. The model is versatile and can be repeated and tested for various design
scenarios, including more complex responsive facade configurations, different building
function types (such as educational, healthcare, and residential), several furniture layouts
and furniture materials with various surface reflectivity values, different interior finishes
and materials, and diverse climate zones worldwide.

5. Conclusions

This study proposed a data-driven approach to minimize daylight glare probability
(DGP) in office environments using responsive facade systems and evaluated its perfor-
mance across four distinct climate zones in the United States. The findings offer valuable
insights for architects, facade designers, and researchers seeking to enhance occupant visual
comfort, vision health, and productivity through the design and development of responsive
facade strategies.

The results indicate that the optimized horizontal louver configuration generally out-
performed the vertical louvers in Hot-Humid, Cold-Humid, and Cool-Humid climates,
such as those found in Miami, Milwaukee, and Boston, by achieving lower average annual
DGP values. Conversely, the optimized vertical louver design exhibited superior perfor-
mance in the Cold-Humid climate of Milwaukee, surpassing the horizontal louvers. This
suggests that the horizontal louver arrangement is more effective at managing discom-
fort glare in hot and humid regions, while the vertical louver design is better suited for
temperate and humid climates.

Notably, the Hot-Dry climate of Phoenix consistently experienced the highest DGP
values across both the optimized horizontal and vertical louver scenarios, underscoring the
significant challenge of controlling discomfort glare in this climate type. This observation is
aligned with the fact that Phoenix experiences high solar radiation due to its geographical
location and clear skies, leading to more direct sunlight and increased glare. Conversely,
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Cold-Humid climates like Milwaukee generally demonstrated the lowest DGP values,
indicating that these locations are more amenable to effective glare management using the
responsive facade strategies explored in this study. For Milwaukee, the sun is lower in the
sky in winter months, which can lead to more direct sunlight hitting surfaces at angles that
produce glare.

Considering building orientations, in the horizontal louver configuration, Miami
showed the strongest results in the east, north, and south, while Phoenix stood out in
the west. However, with the vertical louver configuration, Phoenix became the leading
performer in the east, south, and west, whereas Miami topped the north.

Ultimately, the results showed that responsive louvers with optimum hourly angles could
improve discomfort glare in regions with both high and low solar irradiation/low latitude
and longitude, which indicates that responsive facades can also be used in cold regions.

One key limitation of the study is the exclusion of the effects of artificial lighting. In
real-world scenarios, the presence and characteristics of artificial lighting can significantly
impact visual perception and comfort. Incorporating the influence of artificial lighting, such
as differences in illumination levels, color temperature, and directionality, would provide a
more comprehensive understanding of how visual tasks are carried out in practical settings.
Additionally, this study did not account for variations in individual visual capabilities,
which can impact the generalizability of the results. Future research should consider a
range of visual profiles to better represent the diverse population that would engage in the
tasks examined.

The key novelty of this study lies in its comprehensive and systematic approach
to evaluating and minimizing discomfort glare in office spaces with responsive facades.
Unlike previous research that has typically assessed discomfort glare at a single point
or location with a fixed view direction, this work considers multiple influential factors,
including the observer’s positions and view directions, the hourly active angles of louvers,
different facade orientations (north, east, south, west), and varying building locations
and climates. By focusing on the active angles of louvers as a design variable, this study
develops a computational model to optimize for reduced discomfort glare, which is a
novel approach compared to prior work that has mainly concentrated on the general
design of responsive facades without explicit glare mitigation. Furthermore, the study
utilizes advanced computer-aided design tools to generate, evaluate, and analyze detailed
daylight glare probability (DGP) data over the course of a full year, accounting for the
hourly adaptation of louver angles in response to changing daylight patterns. This level
of holistic simulation and analysis across a range of facade configurations and climate
conditions represents a significant advancement over more limited previous investigations
on discomfort glare in office environments.

The findings from this study can assist architects, building technologists, and re-
searchers in evaluating the potential for discomfort glare and determining the impact of
active design variables in reducing annual glare across different facade configurations,
building orientations, and climate zones. By optimizing these variables, buildings can
achieve greater energy efficiency and occupant comfort, contributing to overall sustainabil-
ity. This approach not only minimizes energy consumption and greenhouse gas emissions
but also promotes eco-friendly building practices that are essential for sustainable develop-
ment. The proposed data-driven approach is repeatable and can be utilized and scaled by
architects in their design practices to enhance occupant comfort and performance.
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