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Abstract: This study aims to develop and evaluate a vertically rotated fin shading system for an
energy-efficient, user-friendly office space. The system was designed to protect a 4 x 8 m office
room with a south-facing facade from excessive solar radiation and glare. The shading system
was modelled and simulated using Rhino/Ladybug 1.6.0 software with Radiance engine, based on
real-weather data (*.epw file) for Wroctaw, Poland at 51° lat. The simulation calculated the useful
daylight illuminance (UDI) for 300-3000 lux and the daylight glare probability (DGP) for ten static
and four kinetic variants of the system. The optimal angle of the fin rotation for the static variant was
found to be « = 40°. The kinetic variants were activated when the work plane illuminance exceeded
3000 lux, as detected by an internal sensor “A”. The simulation results show that the kinetic system
improved the daylight uniformity in the office room, achieving UDI300_3000 values above 80% for
more than 40% of the room area. A prototype of the system in a 1:20 scale was built and tested on a
testbed at Wroctaw University of Science and Technology, using TESTO THL 160 data loggers. The
measurements were conducted for a week in early November 2023, and three clear days were selected
for analysis. The measurement results indicate that the low solar altitude on clear days causes high
illuminance peaks (15-18 Klux) and significant contrast in the room, leading to unsatisfactory DGP
values consistent with the simulation outcomes. Therefore, the study concludes that the proposed
system may need an additional shading device to prevent glare during periods of low solar altitudes.

Keywords: daylight simulation; shading system; vertical shading; radiance

1. Introduction

Daylight is essential for human health and well-being but is also subject to regulations
and standards. Designers must provide adequate lighting for the tasks performed on
the work plane while considering the daylight variability over time. Office spaces are
often side-lit with all-glass facades, which create problems of over-illumination, uneven
distribution of light, and excessive glare near the facade. At the same time, the illuminance
levels in the room’s depth are inadequate.

This paper evaluates a custom-developed shading system that adapts to the changing
illuminance levels and channels some daylight into the depth of the office room. The
proposed system aims to equalize daylight levels and improve the uniformity of daylight
in an office space.

An adaptive facade is a type of facade that can adjust its parameters according to dif-
ferent environmental stimuli. This category encompasses systems that change transparency
(e.g., daylight regulation systems), heat storage (phase change material systems, adaptive
insulation systems), or air exchange (e.g., double facade). Al Dakheel et al., demonstrated in
their review paper that electrochromic glass, which can control its transmittance, is the most
common adaptive facade system [1]. Following this finding, the author of the presented
paper reviewed the latest electrochromic technologies in a review paper published in the
journal Sustainability [2].
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A particular type of adaptive facade is the kinetic facade that uses mechanical systems
to change the position of its components/elements, usually for shading daylight and
controlling illuminance in rooms. The kinetic facade has these benefits: (i) it uses daylight
more efficiently, (ii) it distributes daylight to the back of the room, (iii) it reduces energy for
artificial lighting, and (iv) it enhances color reproduction due to the natural temperature
of light. In addition, as Adriasens states, its “efficacy meets or exceeds that of a fixed
system” [3].

Kinetic technologies are essential for meeting the 17 sustainable development goals set
by the United Nations, especially goal 11 (sustainable cities and communities) and goal 13
(climate action), by cutting down CO, emissions [4]. Adaptive facades are in line with not
only the U.N. goals but also the postulates of the New European Bauhaus. The proposed
shading system is as follows:

e A creative and interdisciplinary project that combines architecture, engineering, and
design. It demonstrates how innovative techniques and technologies can create a
dynamic and interactive facade that responds to the environment and the users.

e  Aligned with the sustainability value of the New European Bauhaus, as it improves
the building’s energy efficiency and thermal comfort by using kinetic elements that
adjust the light and shade on the facade.

e  Consistent with the New European Bauhaus’s aesthetic value, it creates a distinctive
and attractive appearance for the building that reflects its function and identity. It
enhances the urban landscape’s character and texture by creating diverse visual effects
and moods that vary with the time of day, season, weather, or user preference.

e Relevant for the inclusion value of the New European Bauhaus, as it encourages
dialogue and collaboration among different stakeholders, such as architects, engineers,
designers, builders, owners, and users. In addition, it provides accessibility and
affordability for different types of buildings and contexts, as it can be adapted and
customized to suit different needs and preferences [5].

1.1. Selected Challenges

Kinetic facades pose particular design challenges. They involve complex design
and construction and require user-friendly control systems. The author briefly lists the
challenges he encountered in his proposal concerning the existing literature:

e  Kinetic facades are usually complex mechanisms with high construction and mainte-
nance costs; only a few kinetic shading systems have been built. A few are in operation,
as shown in Figure 1. Different authors address the high cost of kinetic systems. Sadeh
et al. claim that “motors drive most kinetic facades, which adds to the maintenance
costs; thus, shape memory alloys (SMAs) are investigated as actuators” [6]. The team
of Moloney et al. even suggested offsetting part of the cost by “adding value by
repurposing the sun screening system as a low-resolution media screen” [7].

e Another challenge that affects shading systems in general is the direction of fins.
Alzoubi and Al-Zoubi tested vertical and horizontal shading devices for south-facing
facades in a dry climate [8]. Even though the analysis was done for a very different
latitude, the results are relevant to this study.

e  The design of workspaces considers not only the amount of daylight and glare but also
the quality of the view outside, which affects the occupants’ visual comfort. However,
kinetic facades, which use movable elements to block daylight during periods of high
solar radiation, simultaneously obstruct the view. This poses a significant challenge
for the design of kinetic facades, especially when they have to meet specific standards,
such as EN 17037 [9], or certification systems, such as LEED v4. Systems that operate in
low solar altitudes require special attention, as they face a trade-off between reducing
glare and preserving the view.

e  Using kinetic shading systems in heating-dominant climates could reduce the exposure
to solar energy flux on winter days, resulting in higher heating costs due to the
lower greenhouse effect. Shum and Zhong studied this issue extensively in 2023
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in the context of five Canadian cities (Vancouver, Edmonton, Toronto, Quebec, and
Fairbanks). They did not elaborate on the reduced greenhouse effect; instead, they
found that a shading system deployed at night reduced heat loss from the room to
the outside due to lower heat radiation and reported that “the overall heating load
reduction was less than 5%"” [10].

(b)

Figure 1. South facade of the Museum of Arab World in Paris (arch. Jean Nouvel, 1987). (a) South
facade view; (b) the detail of a mechanical diaphragm system (photo by the author).

1.2. Objective of the Study

The presented study uses a two-step methodology: simulation and experiment. It
proposes methods to (i) simulate annual daylight in different lighting scenarios (Variants
0-13) and (ii) measure the illuminance values based on a prototype that is designed, built,
and tested on a testbed under real weather conditions in Wroctaw, Poland at 51° lat. N, for
three clear days in early November 2023.

This paper’s primary goal is to determine the highest level of useful daylight illu-
minance (UDI3p0-3000) that can be achieved using mixed settings of the shading system
elements. Additional objectives of this study are to simulate the qualitative metrics, lumi-
nance level and daylight glare probability (DGP) and to identify the optimal daylighting
scenario to maximize UDI309_3000-

2. State of the Research

The author reviewed current knowledge and practices in the field of kinetic facades.
The review provides a comprehensive and critical overview of the existing literature,
methods, technologies, and applications, as well as the gaps, challenges, and opportunities
for future research and development.

2.1. Review Method and Eligibility Criteria

The literature review data were obtained from international scientific databases (WoS
and Scopus—Ilast search 31st of December 2023). The author searched for the “keywords”
in the titles and abstracts of related studies. The search strategy for all databases included
the papers with the keywords “kinetic facade”, “adaptive facade”, and “daylight”. The
analysis focused on the documents with methods that simulated shading elements. Some
“snowballing” (the review of the references in the previously reviewed papers) was used too.

The study selection involved several steps. First, the author (MB) screened titles and
abstracts to find potential studies. “Adaptive” and “kinetic” facades were a common topic
in many studies in building engineering in the last 20 years. The author (MB) reviewed
titles and abstracts of records published from 2019 to 2023 and removed duplicates. Then,
the same researcher screened the abstracts from 1996 to 2019. The scoping process yielded
85 papers, of which 38 relevant articles were selected for further review. Finally, 31 papers
(all cited) were included in the literature review. Table 1 compares different approaches and
conclusions by different research teams. The primary scientific method for the literature
study was a desk study (P.C. with an internet connection) without any automation tools.
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2.2. Adaptive Fagade

Kinetic facades are a subset of the broader research problem of adaptive facades,
which can change their parameters in response to varying environmental conditions [11].
Adaptive facades typically regulate the energy flow into the room. Previous studies, e.g.,
by Cecchi et al. (2014), have proposed different types of adaptive facades, such as a facade
with a flat water container where fluid with adjustable transparency flows through [12].
Komerska et al. (2015) presented a prototype of a facade with phase change material
embedded to control the daylight [13]. A team of Al Dakheel et al. (2017) presented a
review paper on different adaptive systems, concluding that electrochromic coatings are
the most frequently used type of intelligent glazing [1]. A recent review of 51 case studies
of intelligent materials for adaptive facades by Premier (2019) found that shape memory
materials are still in the early stage of development [14]. The author published a paper
in the journal Sustainability (2021), reviewing the latest electrochromic technologies and
finding that most are at the initial stage, often at the scale of small laboratory prototypes [2].

2.3. Kinetic Systems

Since adaptive technologies are still in the early stage of development and application,
kinetic systems are a viable alternative to regulate the daylight entering a room. Unlike
adaptive systems, kinetic systems use mechanical parts to control the flow of daylight into
the room. These parts include flaps, fins, louvres, and retractable rollers that motors or
actuators move to screen the daylight. The movement can involve translation, rotation,
folding, or a combination of these. One of the first functional kinetic systems was installed
in 1988 on the south facade of the Museum of Arab World in Paris (designed by Jean
Nouvel, 1987). It consisted of complex diaphragms powered by electric motors. However,
the system was prone to malfunction and is currently being restored (see Figure 1).

This chapter reviews previous studies on kinetic facades, a subset of adaptive facades
that use mechanical parts to control the daylight flow into a room. Adriaenssens et al.
(2014) presented a study of dialectic form-finding of a shading system that consists of a
central beam element with two attached flexible shells that bend to adjust the opacity of the
facade [3]. The design explores elastic deformations for shape changes, reducing actuation
requirements. Chan et al. (2015) analyzed the potential of a multi-sectional facade that uses
combinations of three solar protection and light-redirecting devices (light shelves, roller
shades, and Venetian blinds) in an integrated manner [15]. The main benefits of this system
are lighting energy savings and reduced cooling load due to lower internal heat gain. Wanas
et al. (2015) provided an analysis of two types of kinetic facades in the climatic conditions
of Egypt, one with rotating shading louvres and another with vertically moving shading
louvres [16]. The authors used Rhino/Grasshopper (DIVA plugin) software to describe
the shading elements parametrically. They found that using well-studied kinetic louvres
increases the percentage of the daylit zone to 63% instead of 53% without shadings. Lee et al.
(2016) developed a computational model to evaluate heat transfer and daylight lighting for
an external shading device featuring a drop awning with length-angle-length changes [17].
Cimmino et al. (2017) explored the potential of tensegrity structures using the blinking
sail solar facade system, which includes folding elements that partially overshadow the
facade behind [18]. However, the paper did not provide information on the system’s
effectiveness. Sheikh et al. (2019) proposed an adaptive biomimetic facade based on the
redwood sorrel plant [19]. The system’s geometry is a rigid origami-like element with
folding lines deformed by the actuators working in horizontal and vertical axes. Depending
on the requirements, the module can be folded to form vertical and horizontal shading fins.
The system is simulated against an existing building, yielding a 27-32% improvement in
HVAC and lighting energy.

Grobman et al. (2019) studied vertical, horizontal, and diagonal fins in two kinetic sce-
narios: (i) seasonal and (ii) adaptive to momentary weather conditions according to LEED
standards. They concluded that dynamically adjusted louvres performed significantly
better than the other modes of operation (about 6-34% better than the other scenarios in
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the horizontal louvres) [20]. Damian et al. (2019) presented a heat balance analysis for an
8-story office building in three Romanian cities, with a kinetic shading system commanded
by a solar irradiance sensor [21]. They reported annual cooling load reductions with a
dynamic system ranging from 36.9 to 42.8%. Luan et al. (2021) published a simulation
study of a facade kinetic shading system inspired by the art of origami in the journal
Energy [22]. The proposed kinetic shading device was based on a triangle shape, covered
by three corrugated panels, that opened the aperture by folding its panels like a paper
fan. The proposed design always kept the Annual Sunlight Exposure lower than others,
from 9% to 42%, thus reducing the energy required for cooling significantly. Hosseini
et al. (2021) presented an extensive review study of various kinetic systems and steering
scenarios. They concluded that a generative-parametric and quick-form finding method
for responding to climate fluctuation would be a solution for providing more adaptability
to dynamic environmental stimuli [23]. Mangkuto et al. (2022) studied four floors in
a high-rise building in a tropical climate [24]. The results showed that a static shading
system satisfied LEED requirements only for the south and north facades (which were least
exposed to direct daylight). Fulfilling LEED requirements on the east and west facades
required using an adaptive shading system, using 30 slats for the west and east facades.

Sankaewthong et al. (2022) presented a simulation and an experimental study of a
newly designed kinetic twisted facade. They showed that this type of facade had more
potential than other building envelope types in terms of filtering beneficial daylight in
indoor areas [25]. Moreover, they conducted a small experimental study using a reduced-
scale prototype with some measurement data. Globa et al. (2022) presented an analysis
of a hybrid kinetic facade, including the fabrication and feasibility evaluation of full-
scale prototypes [26]. They provided a detailed life cycle assessment (LCA) study but
did not analyze the facade performance. Anzaniyan et al. (2022) surveyed the bio-kinetic
facade, which integrates kinetic architecture, biomimicry, and occupants’ visual and thermal
comfort [27]. They concluded that the bio-kinetic facade reduced the electric lighting load
by about 48%.

2.4. The Most Recent Studies

In addition, the author conducted a literature review of the recent publications on
kinetic facades in 2023. Khraisat et al. (2023) reviewed 13 papers and concluded that
different kinetic facade systems were highly energy-efficient and effective in attaining
desired daylighting within the buildings [28]. Akimov et al., introduced the new metric—
facade daylighting performance improvement (FDPI)—and presented a new type of kinetic
device showing 43% improvement compared to three existing case studies [29]. Takhmasib
et al. (2023) presented the first on-site investigation of an artificial intelligence-integrated 3-
dimensional movable kinetic facade. A notable feature of the study is that it was performed
at a full scale of 1:1 [30]. Haghighat and Sadeh (2023) presented an innovative parametric
design of an automated kinetic building facade that allows pollination using beehives
located in the building [31]. Kahramanoglu and Cakic1 Alp (2023) provided daylight
analysis based on the Miura-ori origami folding kinetic facade and reported a UDI increase
from 61% to 80.75% [32]. Fahmy et al. (2023) presented a system of vertical kinetic fins
applicable in regions with clear skies and low solar altitudes. They stated that a kinetic
fins system could enhance the daylighting for west-oriented facades [33]. Chuan et al.
(2023) presented a study of a kinetic facade inspired by Malaysia’s Siamese culture. Various
designs were simulated on a wall measuring 5.3 x 6.0 m with a window-to-wall ratio of 70%.
The authors concluded that the “kinetics pattern is able to harvest daylight into the rooms
in response to the external environment at any time of the day” [34]. Engin and Dincer
(2023) used Grasshopper to analyze multiple variants of kinetic facades using analytical
multicriteria decision-making (MCDM) tools and an analytic hierarchy process (AHP) [35].
Alawaysheh et al. (2023) developed a parametric model for adjusting the opening ratios of
the kinetic panels. The research revealed several significant results, including the finding
that the optimal kinetic system resulted in 20% energy savings and a 31% reduction in
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daylight illuminance levels [36]. Sharma and Kaushik (2023) evaluated the performance of
kinetic shading systems to enhance visual comfort in a composite climate in Gurugram,
India [37]. Ningsih et al. (2023) experimented with a hexagonal kinetic facade prototype
and showed a 40-50% increase in efficiency rate and 40% radiation reduction when the
kinetic module was closed [38]. Taleb and Moarbes (2023) presented a validated simulation
study of a folding kinetic facade, which decreased the energy used by 21.3% [39].

Table 1. The literature review.

Ref. No. Authors Year Methodology Research Focus Research Gap !
subject: adaptive facade
[12] Cecchi et al 2014 experiment o flat water container, in which there o the early stage of research
' P was fluid with regulated transparency ystag
. o facade with phase change material e inability to regulate the
(131 Komerska et al. 2015 experiment embedded to regulate the daylight shadingelement
[1] Al Dakheel et al. 2017 review paper ;yrset‘e];?:;v paper on different adaptive e geographical limitation
) . . o review of 51 case studies of intelligent
(4] Pemier 2019 review paper materials used for adaptive facades
e most of the presented
o . o review of the most recent technologies are at the very
1 Brzezicki 2021 review paper electrochromic technologies introductory stage, below the
scale of the prototype
subject: kinetic systems
e louvre system designed to protect
from ultraviolet radiation over a
. . . predefined target .
[3] Adriaenssens et al. 2014 simulation « shape-shifting modular facade system o lack of experimental data
that adapts its opacity in response to
environmental fluctuations
e multi-sectional facade, which uses
[15] Chan et al. 2015 simulation combinations of three solar protection o lack of experimental data
and light-redirecting devices
e an analysis of two types of kinetic
[16] Wanas et al. 2017 simulation facades in the climatic conditions of e geographical limitation
Egypt
o external shading device featuring a
[17] Lee et al. 2016 experiment drop awning with length-angle-length
changes
o tensegrity structures, using the system the article lacks information
[18] Cimmino et al. 2017 s egrity e g Y on the effectiveness of the
blinking sail solar facade
system
¢ “adaptive biomimetic facade”, based
[19] Sheikh et al 2019 simulation on the redwood sorrel plant o geographical limitation
’ e yields a 27-32% improvement in e prone to a strong wind
HVAC and lighting energy
e vertical, horizontal, and diagonal fins
[20] Grobman et al. 2019 simulation mn twg kinetic scenarios: seasonal and o lack of experimental data
adapting to momentary weather
conditions according to LEED standards
o heat balance analysis for an eight-story
amian et al. simulation office building in three Romanian cities, e no daylight comfort analysis
[21] Dami 1 2020 imulati ffice building in three R i iti dayligh f lysi

with a kinetic shading system
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Table 1. Cont.

Ref. No.

Authors

Year Methodology

Research Focus

Research Gap !

[22]

Luan et al.

2021 simulation

¢ simulation studies of a facade kinetic
shading system inspired by the art of
origami

e geometrically complicated
shading element, no proposal of
mechanical guidance of fan-like
shading fins

[23]

Hosseini et al.

2021 review paper

e extensive review study considering
many different types of kinetic systems
and steering scenarios

[24]

Mangkuto et al.

2022 simulation

e provides a study of four floors in a
high-rise building in a tropical climate

o static shading system satisfies
LEED requirements only for
south and north facades in the
tropical climate

[25]

Sankaewthong
etal.

simulation,

2022 .
experiment

e simulation and an experimental study
of a newly designed kinetic twisted
facade

e authors provided a “mini-prototype”
of the facade system

[26]

Globa et al.

2021 experiment

o fabrication and feasibility evaluation
of a full-scale kinetic facade prototype
with some greenery coverage

e including in-depth LCA analysis

o no daylight comfort analysis

[27]

Anzaniyan et al.

simulation,

2022 .
experiment

e provides a study of a bio-kinetic
facade modelled on the Lupinus
Succulentus plant

e kinetic facade prototype was designed
and fabricated

the most recent studies

[28]

Khraisat et al.

2023 review study

e a sample of 13 papers was selected
from different databases

[29]

Akimov et al.

2023 simulation

e introduction of a new metric facade
daylighting performance improvement
(FDPI)

e simulation of a shading system of a
new typology

e comparison with existing case studies

o lack of experimental data

[30]

Takhmasib et al.

2023 experiment

o first on-site investigation of artificial
intelligence (Al)-integrated
three-dimensionally movable kinetic
facade

[31]

Haghighat and
Sadeh

2023 simulation

e parametric design of an automated
kinetic building facade using BIM

o lack of experimental data

[32]

Kahramanoglu and
Cakic1 Alp

2023 simulation

e daylight analysis based on the
Miura-ori origami folding kinetic facade

o lack of experimental data

[33]

Fahmy et al.

2023 simulation

e vertical fins in low solar altitudes for
Middle Eastern countries

o lack of experimental data

[34]

Chuan et al.

2023 simulation

e kinetic facade inspired by Malaysia’s
Siamese culture

o lack of experimental data

Engin and Dincer

2023 simulation

o factors affecting the composition of
the kinetic facade are generalized with a
compositional perspective

® no daylight comfort analysis

[36]

Alawaysheh

2023 simulation

e parametric model for adjusting the
opening ratios of kinetic facade panels

o lack of experimental data

[37]

Sharma and
Kaushik

2023 simulation

e evaluation of kinetic shading in terms
of visual comfort in a composite climate

o lack of experimental data

[38]

Ningsih

simulation,

2023 .
experiment

e evaluation of kinetic shading system
based on the prototype

[39]

Taleb and Moarbes

validated

2023 . R
simulation

e advantages of employing a kinetic
facade system and achieving a comfort
illuminance level

e kinetic louvres can help to achieve
light levels in the range of 100-300 lux

o lack of experimental data

! where applicable.
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Daylight distribution is crucial for a comfortable work environment. It is an actual
topic of research, design, and practice. With climate change and environmental awareness,
daylight distribution balances comfort and sustainability. Overexposure and glare are
essential considerations for visual comfort in an office room, as shown by the presented
research and many previous studies.

3. Kinetic Facade Concept

The author developed the concept of the shading system with vertical fins based upon
the request of an undisclosed client. The shading system was developed for the fully glazed
facade section of 4 x 4 m in the front view with the south orientation in Wroctaw, Poland,
at 51° lat. N. The shading system was screening a deep office room of 4 x 8 m in plan. The
shading system was conceptualized using architectural sketches, analysis of the artistic and
architectural form, computer models, and finally, the reduced-scale prototype 1:20.

3.1. Kinetic Facade Proposal

After the initial stage of development, the planned shading system consisted of eight
vertical fins, each 42 cm wide, side-hung, and rotating inwards in four groups of two. They
work on a plane in a similar way to double doors. Figure 2 shows the various stages of the
concept development, with the final system geometry.

|

A W21 N Z#l 2 5
h /1 y‘\ m M - \
et 1227 ) LN —
{ shading system
frame 4x4 m.

g2 axis of fin’s
| l [ rotation

=
L

J

s I
8 vertical fins |
4x0.42 m. B l '
I

|

outside inside

400cm

i |
I | |
| ! <) L

inside

#
8 vertical fins ’ ’ l
4x0.42 m.

[t N IN=ININAT

7,
27400 cm
b) 7 . 7
outside

l
|

N

®

Figure 2. Shading system proposal: (a) the stages of the ideation of the shading system, sketches and
the perspective drawings; final dimensions of the proposed shading system; (b) horizontal section;

60 cm

N

(c) vertical section; (d) axonometric view. Angle « (marked in red) is the vertical fin rotation angle.

The inspiration for the kinetic facade came from observing and analyzing traditional
exterior shutters, with two fins (also called wings) that rotate by the side-hung hinges. The
central concept was that the fins create a system of vertical shades perpendicular to the
glazing. Even without the kinetic behavior, the system of vertical fins has an advantage
over the unprotected fully glazed facade. Alzoubi and Al-Zoubi claim that “vertical
shading devices can simultaneously provide good daylighting and minimum heat gain in
spaces” [8].

The author chose vertical fins for the kinetic facade system for two reasons: (i) to avoid
snow accumulation, which was a significant concern due to the local climate and (ii) to
provide a view outside for the workers in the room, even with the large angle of the fin’s
vertical rotation. The author knows about the research findings indicating vertical fins’
lower effectiveness for south-facing facades [8]. However, snow could pose an additional
load and blockage threat to the shading system. Climate change and the rise in average
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temperatures have affected Wroctaw, too. Still, this change has had a limited impact on the
snow cover, which has varied considerably since 2000, with some seasons (e.g., 2009/2010)
having an average snow depth of 9.8 cm and snow lasting for 107 days [40].

3.2. The Current Empirical Research

This paper proposes a new method to evaluate the daylight performance of the
suggested shading system using the (i) simulation of UDI and DGP on the Radiance-
calculated illumination values at the work plane in the test room and, (ii) experimentally
using the reduced scale prototype installed in the testbed.

The method is innovative because it considers some novel factors, such as the following:

e A computer model of the facade that was prepared and tested in different scenarios by
determining the annual illuminance on the work plane, 0.85 m above the floor level.
The method uses the simulation performed by the Radiance engine. In addition, the
method includes different kinetic scenarios for the vertical fins that rotate (close and
open) according to the illuminance level at the work plane in the office room. UDI was
used successfully in a previous paper to measure the daylight level [41];

e A computer-aided method that uses real weather data in the EPW file (Energy Plus
Weather file) that reflects the actual climate and daylighting conditions measured at
the airport of the city of Wroctaw (51° lat. N);

e A shading system prototype that was conceptualized, designed, built as a reduced-
scale mock-up, and tested experimentally in real weather conditions;

e  The results of the measurements, which showed interesting insights that were impos-
sible to detect in the simulation studies.

The main goal of the research was to improve visual comfort (by increasing UDI and
decreasing DGP) by optimizing the shading system fins’ rotation angle and potential kinetic
scenarios, which shows its innovativeness.

3.3. Method

The author conducted two types of analysis of the proposed shading system: (i) first
stage—an annual UDI309_3000 and glare simulation, using standardized weather data for
the given location obtained from EnergyPlus’s database, using different geometry of the
shading system in different scenarios (variants); (ii) second stage—an experimental mea-
surement of illuminance on selected clear days in November 2023, using a south-oriented,
reduced-scale prototype of the facade installed on the testbed specifically constructed for
measuring daylight. Figure 3 presents the schematic diagram of the methodology, and the
author gives a detailed explanation in the respective chapters.

Survey stage

B e design development —
diffe?ent authors Y illuminance > UDI3p0.3000
luminance BN
books, standards ,I\ s DI static Data
Room proportionsin plan Variants (-9 comparision
. | d
and section 3D model (Lt - an
> chading system, % Software > B ti,::;:ﬁ 11013 analysis
. test room simulation ) ) Excel
Shading system .
double vertical fins concept I RhinolLadybug 1.6.0 >t
epw file meteo data v
/[\ > Laono Evaluating
) ) v November 2023 daylight
Brief case-study review e Experimental Ls pgp design
PRISMA standard state of the art rototype measurments \L
P P > 3 representative days
— - on the e 5, — Final
Existing kinetic systems test:ued conclusions
existing case studies H ’.:\

Shading system

Simulation and experiment

Comparative analysis

Figure 3. The schematic diagram of the adopted methodology.
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4. Simulation

In the first research stage, the author performed a computer simulation of the proposed
shading system in different scenarios described and compared below.

4.1. Simulation Method

The author used the software Rhino, ver. 7, to model the virtual office room and the
proposed shading system. Daylight was simulated using the Ladybug/Honeybee 1.6.0
plugin with the Radiance daylight simulation engine. This tool has been validated by
many previous studies, such as Reinhart and Walkenhorst [42], Ng et al. [43], and Yoon
et al. [44]. Kharvari confirmed the accuracy of the Honeybee/Ladybug plugin for Rhino in
a 2020 publication in the journal Solar Energy by performing an experimental validation
of the Radiance computational engine embedded in Ladybug using “grid analyses under
an overcast sky with a certain illuminance level” [45]. Kharvari found that the average
difference in illuminance levels calculated vs. measured for all points was 9%, while the
difference in the average illuminance level of the room was 2%. Those results show that
Radiance accurately estimates the overall illuminance level on the analysis grid. Kharvari
concludes, “[...] Radiance is still the most powerful and accurate tool for predicting
illuminance levels in buildings.” [45]. In addition, Reinhart and Andersen showed that
translucent materials “can be modeled in Radiance with an even higher accuracy than was
demonstrated earlier [...]"” [46].

For the simulation of kinetic variants, the so-called phase method was used, in which
a set of daylight metrics is calculated for a discrete number of shading device settings. The
algorithm picks the illuminance value of the predicted shading system state for every hour
of the simulated schedule, depending on the predefined triggering factor (e.g., internal
illuminance level, irradiance level, etc.). Ch. Reinhart suggested this method in the
“Daylighting Handbook II” [47]. A similar approach was suggested by Do and Chan in
2018 [48].

4.2. Simulation Setup for UDI and DGP

The test room was an office with a 4 X 8 m floor plan and a 4 m height (undisclosed
client’s requirement). Table 2 lists the reflectance and transmittance parameters of the
surfaces. The room had one daylight source: the side with a full-height facade protected by
the proposed shading system, which Chapter 3 describes in detail. The test room’s longer
axis of symmetry aligned with the compass directions (N-S). All the materials used for
the simulation had the parameters given in Table 2, according to the geometry given in
Figure 2.

Table 2. Geometries’ characteristics per material.

Vertical Standard
Surfaces of the Work Plane 3.1 a Kinetic Fins Floor
Window
Test Room
. . . Dark gray = Transparent Gray .
Material White paint (RAL 7000) glass metal Light gray
Reflectance 0.80 0.23 0.19 0.5 0.65
Transmittance 0 0 0.641 0 0

1 Parameter of a double layer of 3 mm Pilkington Standard Glass.

4.3. Analysis Assumptions for Simulations of Daylight

The author calculated the values of horizontal work plane illuminance Ej, using
128 virtual sensors (grid of 8 x 12 measuring points, approx. four sensors per m?) on a
square grid of approximately 0.5 x 0.5 m at the level of the work plane in an office room
(the height above the floor level 0.85 m), as shown in Figure 4. At the same time, a single
virtual sensor marked “A” was placed in the front of the room, 1 m from the facade, and
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recorded horizontal illuminance values (lux). Sensor “A” was placed in the middle of the
room to detect over-illumination near the facade. This sensor triggered the state change in
the kinetic system and provided performance metrics—t > 3000, t < 300—used to benchmark
simulated variants.

UDI300-3000, DGP, and other metrics were calculated using the real weather data from
the Institute of Meteorology and Water Management, National Research Institute, for
Wroctaw, a city in south-west Poland (51°06' lat. N, 17°01’ long. E). The data were obtained
as a *.epw file containing the irradiance data for creating sky matrices in Radiance.

400 em

N
test room 4x8 m S B - -
B @
sensor grid s o DUINEEE 0 . .
0.5x0.5 m. |
8x16= 128 sensors |
ulom B emor: 1
. |
Ul )I"i" . T ‘
distribution 3 | +
LY E | l
: \
‘® <)
I'ESTO i
I'HL. 160 —
data logger
in experiment
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— \“ -
il S " k plane 0.85 m. above floor level
glazing - ag Bots ity
— ——— g el
shading system L.\ NN NS\ stical fins |, |

a) outside b) | 800 cm

Figure 4. Simulation setup: (a) plan showing the location of the shading fins and virtual sensors, and
the location of sensor “A”; (b) section showing the location of the shading fins; (c¢) an axonometric
view showing the test room with the shading system mounted.

4.4. Brief Description of Performance Indicators

Two leading indicators evaluate the performance of the proposed shading system:
(i) quantitative—illuminance calculated for working hours E;, (8:00-17:00, five days a week,
2340 h per year for 12 static and kinetic variants), and (ii) qualitative—DGP.

Based on the values of illuminance Ej, the following annual metrics have been taken
into account in the evaluation of visual comfort. A brief description of the main metrics is
given below.

44.1. UDIBOO—?)OOO and UDI

Useful daylight illuminance was defined for the first time in the paper by Nabil and
Mardaljevic [49] in 2005 as a metric which “determinates the percentage of the time that
the interior daylight illuminance in a room falls within a user-defined range”. This metric
is specifically pointed out to be the most appropriate for estimating daylight comfort based
on the evaluation of daylight metrics provided by Boubekri and Lee [50]. Mardaljevic et al.
stated that “range 300 to around 3000 lux is often perceived either as desirable or at least
tolerable” [51]. Considering all other requirements (e.g., EN 17037, 2018 [9]), it could be
generalized that the greater the value of UDI3-3000 the better, because this means a longer
time in which the requirements are met.

Moreover, the author introduces an additional metric, which is the mean of the final
UDI300_3000 Values, and denotes it as UDI. This metric might be seen as a simplification
that does not show the whole spatial distribution of the illuminance results. Still, it makes
it easier to present the results of the following variants with a single number.
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4.4.2. Uniformity of UDI

Originally, uniformity of illuminance was calculated as a momentary metric, describ-
ing the distribution of daylight in the room based on momentary values of illuminance,
and was defined as “the ratio between the minimum illuminance (from daylight) on the
working plane within a room and the average illuminance (from daylight) on the same
working plane” [52]. The instantaneous value of uniformity describes the distribution of
daylight in a room well enough that it can also be used to describe uniformity annually. In-
stead of instantaneous values to describe uniformity annually, the author used UDI309_3000
values calculated for the working plane in the room. The uniformity of UDI is denoted as
Uypr and calculated using the Formula (1):

UDI,,i,

Uupr =
where UDI,,,;,, is the minimal value of UDI300-3000, and U D1 is an average value of UDI3p0-3000
at the surface of the working plane, calculated for 128 sensors. As the author stated a the
previous paper, “if uniformity equals 1, the working plane is evenly illuminated, the lower
the value of Uypy (as the fraction of unity), the lower the uniformity of illumination” [53].

4.4.3. Daylight Glare Probability

Briefly, daylight glare probability is the qualitative metric describing the user’s recep-
tion of glare, which is defined as “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” (CIBSE Lighting Guide LG7, 2015) [54]. DGP was defined for the first
time in 2006 in a paper published by Jens Christoffersen [55]. This metric is calculated
according to Formula (2), where E, is the vertical eye illuminance [lux]; Ls is the luminance
of source [cd*m™2]; ws the solid angle of source; and P is the position index (see ref. [55]).

L2 wy;

_ 5 -2 s, 1751
DGP = 5.87-10°E, + 9.18-10 10g<1+ZiE%.s7p,z> @

1

According to Wienold and Christoffersen, with DGP above 35% (<2000 lux), the glare
is rated as “Perceptible”, while with DGP above 45% (>6000 lux/>4500 lux), the glare is
“Intolerable”.

Different glare discomfort thresholds were reviewed by Suk in 2019 [56], based on
various studies by different authors: Sutter et al. > 3200 Ix [57], Linney > 2740 Ix [58],
Wymelenberg and Inanici > 4000 1x [59]. Mardaljevic et al. [51] set the 3000 Ix threshold as
a sign of discomfort glare, meaning that the glare probability (DGP) increases when the
illuminance goes beyond 3000 lux. The author of the presented paper uses this maximum
threshold level. Some authors argue for different illuminance levels, such as 2500 lux or
even lower. Certificate LEED v4 introduces the Annual Sunlight Exposure (ASE) metric.
ASE threshold is the percentage of the floor area that receives more than 1000 lux for over
250 out of 3650 annual hours. The requirement is met when no more than 10% of the floor
is affected [60]. It should be clearly stated that LEED standards are voluntary in Poland.

In the presented paper, taking into account the crucial issue of low-altitude angles,
DGP is simulated for the following dates and times:

e 22 September, autumnal equinox, at 14:00 solar time.
e 9 November (to align with the experimental data) at 14:00 solar time.
e 21 December, the winter solstice, at 14:00 solar time.

4.4.4. Other Metrics
Other used metrics were based on the values of annual values of illuminance and UDI:

e  Thenumber of hours in the simulated year for which the illuminance exceeded 3000 lux
at the sensor “A”—t 5 3000,
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e  The number of hours in the simulated year for which the illuminance was lower than
300 lux at the sensor “A”"—t < 309,

Median illuminance in the year Mdngy, at the sensor “A”,

Maximal value of UDI39_3000 denoted further as UDI,;y,

Standard deviation o for final UDI340_3000 distribution,

Factor A—the percentage of the work plane with UDI309_3000, which is over 50%.

4.5. Sequence of Simulation

The author has performed the simulations according to the following sequence. After
each step of the simulation, the interim comments were formulated, and conclusions were
drawn, feeding the next steps of the simulation:

° Static

O  Variant 0—no shading system installed,
O Variant 1-9—fixed vertical shading fin gradually rotated towards the facade’s
surface (from 0 to 80°).

° Kinetic

Variant 10—fins rotate 40° when sensor “A” exceeds 3000 lux,

Variant 11—fins rotate 50° when sensor “A” exceeds 3000 lux,

Variant 12—fins fixed at 40° and rotate 10° when sensor “A” exceeds 3000 lux,
Variant 13—modified facade design, lower fins rotate 50° when sensor “A” ex-
ceeds 3000 lux.

O 00O

4.6. Simulation Results

According to the methodology described above, the author conducted a series of
annual UDI3y_3000 simulations for static vertical fins. Performance indicators are shown in
Table 3. The complete set of UDI30-3000 Values for the analyzed static variants is provided
in Supplementary Materials.

Table 3. Performance indicators for Variants 0 (no shading) and static Variants 1-9. Grey background
shows the best Variant.

Var. 0 Var. 1 Var. 2 Var. 3 Var. 4 Var. 5 Var. 6 Var. 7 Var. 8 Var. 9

x[]

n.a. 0 10 20 30 40 50 60 70 80

UDI [%)] 43.96 57.99 61.38 65.87 70.67 73.61 67.93 44.35 14.58 474
Uupr 0.25 0.33 0.38 0.41 0.46 0.67 0.73 0.16 0.00 0.00
UDIyax[%] 75.38 80.73 82.01 82.26 82.86 83.89 82.22 79.66 74.57 70.43
STDEV ¢ 23.75 22.25 21.17 19.04 14.66 7.08 10.63 23.42 17.76 11.42

DGP at 21 September, 14:00

61.4% 49.6% 46.5% 43.2% 39.5% 34.7% 30.8% 28.4% 24.8% 12.9%

DGP at 09 November, 14:00

63.5% 50.6% 47.6% 44.4% 40.4% 35.5% 31.3% 28.2% 25.8% 19.4%

DGP at 21 December, 14:00

100% 100.0%  100.0%  100.0%  52.9% 32.5% 29.6% 27.6% 25.7% 8.9%

factor A

44% 63% 67% 74% 84% 99% 98% 44% 5% 2%

4.6.1. Static Variants

The first simulated scenario was static Variant 0, where no shading system is installed,
and a fully glazed facade is exposed to the south. This variant was simulated as a baseline
scenario for comparing the results with other variants. Simulation results in Variant 0
show over-illumination in the 34 m zone from the facade. Near the glazing, the values of
UDI300-3000 drop below 12%, and the Uypy equals 0.25. See Table 3, column 2.

Next, static variants from 1 to 9 were simulated, with the fixed vertical fins rotating
towards the surface of the facade’s glazing in 10°—increments for each following variant.
Variant 1 (0°—shading system constantly open) also shows over-illumination near the
glazing, with the values UDI303000 dropping below 20%. However, it has to be observed
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that the over-illumination zone is approx. 3 m deep, while the remaining part of the room is
adequately lit. The values of UDI3p-3000 near the facade are 2.5 times higher than in Variant
0. In general, it might be concluded that Variant 1 shows an improvement compared to
Variant 0 in the context of the values of UDI3pp_3000 and uniformity, especially in the room’s
depth. Those results confirm the findings of Alzoubi and Al-Zoubi [8].

The overview of the results of the simulation of variants from 2 to 9 shows that in the
first five variants form 1-5 (10 to 40° of «, incremental fin rotation angle), the values of
UDI are in the range of 57.99 to 70.67%, which shows relatively good quantitative daylight
comfort. At least 63% of the room surface in those variants is characterized by UDI300-3000
>50%, which means that almost the entire room fulfils the requirements of EN 17037/2018
(half of the surface of the room receives the proper amount of daylight for at least 50% of
the time). The values of Uyp; range from 0.33 for Variant 1 to 0.73 for Variant 5. Values
of UDI and Uypy are gradually declining for Variants 6-9. In the last Variant 9, only 2%
of the room surface is adequately lit, and uniformity is very low Uyp; = 0.00. The reason
for this is that the minimum UDI,,;,, value for Variants 8 and 9 is 0, which also implies a
uniformity of 0. Those values are expected, as the shading system is almost completely
closed, allowing daylight only at the very proximity of the facade.

The simulation of static Variants 1-9 allowed for the specification of the optimal fixed
vertical fin rotation angle «, which could be determined as 40° For Variant 5, the analyzed
daylight performance metrics achieved the highest values of UDI = 73.61% and Uypy,
which equals 0.67. In addition, this finding could be enforced with the determination of
standard deviation, which has the lowest value o = 7.08, which confirms the high uniformity
of spatial daylight distribution in the room. In addition, Variant 5 provides almost 99% of
the room floor area with a UDI500-3000 greater than 50%. The highest standard deviation of
o = 23.75 was simulated for Variant 0 (no shading system), which is characterized by a very
low Uypy uniformity of 0.25.

For better visualization of the simulation of UDI3p9-3000, @ diagram—see Figure 5—was
prepared to show the distribution of UDI309_3000 values in the longitudinal section of the
test room (8 m depth of the room in cross-section; the fully glazed facade is located at the
left side). The graph’s continuous yellow line shows spatial UDI3pp-3009 distribution in the
longitudinal section of the room for Variant 5, compared with the other variants.
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Figure 5. The diagram shows the distribution of annual UDI340_3000 Values in the longitudinal section
of the test room for static Variants 1-9.

The above-given data informs the following analysis:

e In the facade’s proximity, the highest values UDI30-3000 are achieved for Variant 6
(o = 50° orange line in Figure 5). In the frontal zone of the room, to a depth of approx.
3-3.5 m, the values of UDI3y0_3000 are between 77% and 81%. Further from the facade,
the values drop to 50% at 6.5 m, which is still acceptable.



Buildings 2024, 14, 571

15 of 26

e In the back of the room, the highest values UDI30y_3000 are achieved for Variants 1-4
(Variant 0 was not included in this analysis because the shading system has to be
installed anyway). In those Variants, the room’s depth is characterized by the values
of UDI300-3000 of approximately 79-80%.

DGP analysis shows that the values decrease progressively as the fins gradually close.
The glare is imperceptible when the o angle is 40° or more (DGP < 35%). It can be observed
that as the fins open gradually, glare increases, especially when the sun is low. In extreme
cases, in Variants 0-3 on the day of the Winter solstice, the DGP reaches a value of 100%,
which means the observer faces direct sunlight.

After analyzing the UDI300-3000 Values in a longitudinal section of the room, it was
hypothesized that a dynamic system that adjusts the fins” angle based on internal illumi-
nance might be more efficient than a static system. The author analyzed the static fins and
experimented to verify this hypothesis.

4.6.2. Altitude Study

The author plotted an altitude study to show the sun’s penetration depth in the room
at low angles of incidence. The study was done at 14:00 solar time. On the summer
solstice, the sun reaches about 2.5 m. deep; on the equinox, it reaches 5.5 m. deep; on the 9
November and the winter solstice, the sun’s rays reach the wall at the back of the room.
The dates and solar altitude angles are given in Table 4 and Figure 6.

21.06, 14:00, 53.95°
22.09, 14:00, 33.43°

09.11, 14:00, 17.06°
21.12, 14:00, 10.99°

<$
7 day,
2, P O
%
©

-~
outside inside %

shading system
2ey o

2.5m.

5.5 m.

Figure 6. Altitude study for the respective dates.

Table 4. The dates and solar altitude angles used for the altitude study and DGP.

. o .. Solar
Date Solar Time [hh:mm] Description Altitude [°]
21 July 14:00 Summer solstice 53.95
21 March .
22 September 14:00 Equinox 33.43
9 November 14:00 Date of experiment 17.06
21 December 14:00 Winter solstice 10.99

The author calculated the values of DGP for the average sitting person (1.2 m eye
height) inside the room, looking south towards the sun at 14:00 solar time. The dates
chosen to calculate DGP are based on the relatively low sun altitude and potentially higher
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glare probability. DGP and momentary luminance values (luminance evaluation) for the
kinetic variants are presented on false color diagrams from the user’s perspective, with the
maximum value of 4000 cd*m~?2 in Table 5 below.

Table 5. Performance indicators for the static Variant 5 (40°) and kinetic Variants 10-13.

1 2 3 4 5
Variant Var. 5 Var. 10 Var. 11 Var. 12 Var. 13
Action Static Kinetic Kinetic Kinetic Kinetic, up open
o angle open 40° 0° 0° 40° 0°
« angle closed 40° 40° 50° 50° 50°
sputial 70 72 72 71 71 70 69 70| 75 75 73 72 73 74 73 73 64 65 63 61 62 63 62 62 69 69 68 67 68 69 68 67
69 70 71 72 69 71 70 68 73 72 74 73 74 73 73 72 62 60 63 63 63 62 62 61 67 67 68 69 69 69 67 67
uDISOO—?)OOO 70 71 71 72 72 70 69 69 74 74 75 74 75 74 74 74 65 64 65 63 65 63 64 62 69 69 70 70 71 69 70 68
distribution in room 74 73 73 73 71 73 71 72 75 77 75 76 75 71 75 77 66 67 66 66 65 66 65 67 70 73 71 72 71 72 71 72
76 74 75 76 73 74 72 74 77 79 79 78 77 79 78 77 68 70 70 69 67 70 69 68| 72 75 75 75 73 75 74 73
plan 77 75 77 71 76 77 77 76 80 79 80 81 81 80 79 79 727173 7373 72 71 71 76 75 77 78 77 77 76 715
UubDI 79 78 78 78 78 77 78 77| 80 81 81 80 81 81 80 81 75 75 75 75 75 75 75 75 78 78 79 78 79 79 79 78|
300-3000 80 79 79 78 79 79 78 79 82 81 81 81 81 81 80 81, 78 76 77 76 77 76 76 77 80 80 79 79 80 79 79 80|
80 80 81 80 80 79 81 79 79 81 83 82 82 81 83 82 82| 79 80 80 80 79 81 80 80| 80 82 82 82 81 83 82 82
70 81 83 80 82 79 80 79 78 82 83 81 82 80 82 81 81 82 83 81 83 81 82 81 80| 83 84 83 84 83 84 83 82
81 84 82 84 78 80 79 78 81 81 79 80 78 79 78 79 83 84 83 84 81 82 81 80 84 86 85 86 83 84 82 81|
60 79 81 79 83 79 81 80 75 78 78 75 76 74 77 78 76 82 84 82 85 81 84 83 82 83 85 83 85 82 84 84 82
50 77 81 76 79 77 76 76 75 76 76 70 72 73 73 75 75 83 86 80 83 84 83 83 81 84 86 80 82 83 82 82 82
73 75 72 71 67 69 72 69 74 73 69 69 68 70 72 70 84 85 82 81 80 81 82 78| 85 84 81 81 80 81 82 79
40 69 68 60 56 58 61 64 66 68 67 67 65 62 63 65 65 79 80 81 77 76 76 77 75 79 80 82 78 77 76 77 76
65 54 49 56 52 53 53 61 63 63 64 63 65 64 61 61 74 76 77 76 78 77 75 70| 75 78 81 78 82 80 76 71
TrTrrTrTTTT TN RO D N N R N A RO SR N SRR S N rTrrTrTrTTTTT T
UDI [%] 73.61 74.89 75.50 74.42 77.38
u 0.67 0.50 0.81 0.81 0.86
ubI
UDI a0y [%] 83.89 84.62 82.78 85.73 85.81
STDEV o 7.08 12.42 5.56 7.51 5.58

false colour
open/closed
DGP
21 December

14:00
32.5% 100% 100% 29.6% 100%

32.5% 32.5% 29.6% 32.5% 32.4%
t > 3000 [h] 780 1161 683 302 282
t < 300 [h] 228 134 134 228 231
Mdng, [1X] 2371 2988 2028 1677 1650

4.6.3. Kinetic Variants

Kinetic Variants are simulated using the simulation results of static ones, using the
phase method proposed by Ch. Reinhard in the book Daylighting Handbook 1I [47]. The
triggering factor for the change of the state of the shading system is the level of illuminance
detected by sensor “A”, which is placed inside the room, in the middle, at a distance of 1 m
from the surface of the facade (please refer to the chapter “Simulation setup for UDI and
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DGP”). When the illuminance level surpasses 3000 lux, vertical shading fins are rotated
towards the surface of the fully glazed facade, decreasing the amount of daylight entering
the test room. The fins are rotated back into the original position when the illuminance level
decreases. Three kinetic scenarios have been tested. When the illuminance level surpasses
3000 lux at sensor “A”,

e (i) Fins rotate towards the facade at the angle of « = 40° (the optimal variant for static
fins),

e  (ii) Fins rotate towards the facade at the angle of & = 50° (the next most optimal variant
for static fins),

e  (iii) Fins are constantly closed at 40° (like in static Variant 5) and rotate towards the
facade at the angle of « = 50°.

For the clarity of the spatial distribution of UDI3pp_3000, the simulation results of kinetic
Variants 10-13 are presented on room plans compared to the results of static Variant 5 (see
Table 5). The fully glazed facade is at the bottom, and arrows indicate the direction of
daylight. This comparison evaluates the performance of the kinetic variants relative to the
static Variant 5, which was identified as the optimal solution in the static case.

Variant 10, with the fins open for 1161 h a year (1161 is the number of hours when the
sensor “A” exceeds 3000 lux), has higher UDI3yy_3000 values than Variant 5 in the back of
the room but lower ones near the glass facade. The average UDI3p0-3000 values are slightly
higher, but the uniformity is lower. Variant 11 performs better than Variant 5 and Variant
10. It has a 60% higher uniformity of 0.81 and the lowest standard deviation of 5.56. Variant
12 improves the daylighting in the front of the room but worsens it in the rear zone. This
phenomenon is because the fins are not perpendicular to the facade but remain fixed at
40° in the “open” position. Values of UDI are similar in all the compared variants; the
difference is only +5%.

Spatial UDI300-3000 distribution in Variant 12 and the altitude study informs the follow-
ing conclusions. The kinetic system efficiently lowers the illuminance in the front part of
the room to a depth of approximately 4 m, simultaneously worsening daylight availability
in the room’s depth. To improve the shading system, Variant 13 divides the system into
two sections, as shown in Figure 7d. The lower section of 2.5 m height, and the upper
section of 1.5 m height, are proposed to be operated separately according to the following
scenario: when the level of illuminance in the front of the room surpasses 3000 lux detected
by the sensor “A”, the lower shading fins are rotated at the angle of 50°, while the upper
ones remain open, allowing the light into the depth of the room. When another threshold
of 3000 lux is exceeded at the sensor “A”, the upper section of 1.5 m is closed, limiting the
daylight entering the room.

The results in Table 5 show that Variant 13 has higher UDI3 3000 levels in the back of
the room than Variant 12. The UDI3pp_3000 values in the back are almost 11% higher (61%
vs. 68%) in Variant 13. In addition, Variant 13 has the highest UDI,;;,, value of 85.81% and
the highest Uj;p; uniformity of 0.86 among all the static and kinetic variants.

The analysis shows that the kinetic scenarios improve the daylighting performance
compared to the static variants. Variant 13 is the best-performing kinetic scenario, with a
33% increase in U DI values over Variant 1. Additionally, the illuminance simulation results
show improvement in all the other daylight metrics. In Variants 11, 12, and 13, 100% of
the room area has UDI3g9_3000 values above 50%, whereas in Variant 13, almost 40% of the
room area has UDI3pp3000 values above 80%. Moreover, Uyp; uniformity is very high, at 0.86.
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Figure 7. The shading system axonometric drawings for the respective variants: (a) static Variant
1, (b) static Variant 5, and kinetic Variant 10; (c) static Variant 6, and kinetic Variant 11, (d) kinetic
Variant 13 with the shading system divided into two sections. The base for the simulation of Variant
13 is the shading system divided into two parts: a lower section of 2.5 m and an upper section of
1.5 m.

5. Experiment

Kinetic shading systems are not commonly designed or used in practice. Globa et al.
review the latest kinetic facade projects, with eleven case studies of seven systems built and
tested in the field [26]. Among the different types of movement (rotation, folding, vertical
linear movement, and actuation), the author chose to use rotating facade fins based on the
simulation results presented in the previous chapter.

5.1. Prototype Development

After completing the simulation, the author built a reduced-scale shading system
prototype using the following steps:

e  Proof-of-concept: A CAD software, Rhino ver. 7, was used to design and visualize
the geometry of the shading system components. A laser cutter was used to make the
first prototype out of 3 mm-thick foamed PVC. The first trials showed that a kinetic
shading system could operate mechanically (the fins rotated in groups). Initial indoor
tests were performed.

e  Prototype: The author improved the prototype design based on the lessons learned
from the previous stage, such as insufficient frame rigidity. The outer frame of the
prototype was designed to fit the existing daylight measuring testbed. The author used
rapid prototyping methods to make a weatherproof 3 mm particle board prototype; a
laser cutter was used to cut the parts. Then, the shading system was assembled with
steel joints and glue. This prototype showed the basic functionality of the shading
system and was considered a “low-fidelity” one, but it worked well in the testing
stage. See Figure 8 for the prototype.

e  Testing: The author installed the prototype on the testbed at the end of October
2023. The prototype was tested for a week in early November 2023 under clear-sky
conditions.
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Figure 8. Photographs documenting the prototype’s development and fabrication: (a) CAD cut-out
file for laser cutter; (b) proof-of-concept made of 3 mm foamed PVC; (c) the laser cutting process;
(d) final prototype made of 3 mm waterproof MDF.

5.2. Experiment Method

The experiment aimed to (i) test the hypothesis that a kinetic facade could improve
the visual comfort in a room, using a particular month with low altitude solar angles as an
example, and (ii) monitor how the shading system worked in actual weather conditions,
identifying any issues that the simulation could not predict.

5.2.1. Experiment Location, Climate Conditions

The experimental investigations were performed at the beginning of November 2023
at Wroctaw University of Science and Technology, Poland. Wroctaw is a city located in
Poland, at 51°06'36” N 17°01'20" E, elevation approx. 120 m above sea level. According to
the Koppen climate classification, Wroctaw has an oceanic climate (Cfb), bordering on a
humid continental climate (Dfb) using the 0 °C isotherm. The city’s climate is characterized
by moderate and arid winters with frequent cloud cover and warm and mostly sunny
summers with high rainfall, often associated with thunderstorms. Climate change, which
has resulted in a significant increase of 56% in the average sunny hours in Wroctaw, from
3.2 h/day in 2000 to 5 h/day in October-December 2022, was the primary rationale for
testing the prototype in low solar altitude conditions [40]. Detailed climate conditions are
presented in Table 6.

Table 6. The overview of the essential climate data for Wroctaw [61] according to WMO Guidelines
on the Calculation of Climate Normals, WMO-1203.

January February March April May June  July August September October November December
temp. daily mean [°C] 0.0 1.1 43 9.7 14.3 17.7 19.7 19.3 14.5 9.6 48 1.1
av. precipitation [mm] 15.5 12.99 13.5 109  13.03 1297 14 11.8 11.3 12.27 13.17 14.77
av. snowy days 12.4 9.1 4 05 0 0 0 0 0 0.1 2.4 6.4

mean monthly 58.8 82.2 1292 202.6 2455 247.6 2574  250.8 170.1 118.5 66.9 52.8
sunshine hours [h]
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5.2.2. Testbed

The author built a reduced-scale model of the test room with a weather-resistant
particle board. The test room model was exposed to real weather conditions with the
glazing facing south. The materials had the same parameters as the virtual test room in
the simulation. The author used color charts to find the reflectance values of the elements
in the testbed and match the values in the virtual model. The author used an actuator to
control the shading system based on the sun’s position. The primary goal was to avoid
direct sunlight in the room. The author programmed the fins to close at 9:45 and open at
13:30 (approximately). Figure 9 shows the experiment, with photos of the prototype in the
“open” and “closed” positions on the testbed.

Figure 9. Photographs documenting the testbed at the scale of 1:20 at Wroctaw University of Science
and Technology: (a) testbed: general view of the testbed used for daylight studies; the smaller cuboid
at the bottom is a reduced-scale mock-up model of an office room 4 x 8 m, facing south—as of June
2023; (b) testbed with the shading system installed in the “closed” state; (c) testbed with the shading
system installed in the “open” state as of November 2023.

5.2.3. Experimental Equipment

Three illuminance sensors (data logger Testo THL 160, recording level of illuminance
every 15 min) were installed inside the setup to monitor illuminance level E;, (horizontal
work plane illuminance). One was centrally located, and two were in the room’s depth
in corners. Additionally, a cell phone (Samsung Galaxy J5) with Framelapse ver. 10.4
software was installed inside the mock-up to record the frame lapse movies, showing the
lines of shadow and the dynamics of the sun’s path (camera capture movies are available
as Supplementary Materials). Simultaneously, the irradiance data I; and I; were collected
at the Meteorological Observatory of the Department of Climatology and Atmosphere
Protection, Wroctaw University (51°06'19.0” N, 17°05'20.0” E, elevation: 116.3 m) using
pyranometer Kipp and Zonen CM 11. It must be noted that the distance between the
testbed and the local weather station is 9 km; therefore, the cloud coverage dynamic is not
always precisely replicated. The irradiance data were used to determine clear days and
construct sky matrices. The details of the experimental equipment are given in Table 7.

Table 7. The list of experimental equipment.

No. Device Function Items Characteristics Accuracy
. . +3% according to
daylight illuminance range DIN 5032-7
1. Testo THL 160 Wi-Fi 3 0-20.000 flux] Class L
data logger .
UV Radiation range 150,

0-10.000 mW x m—2
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Table 7. Cont.

No. Device Function Items Characteristics Accuracy

irradiance range

Kipp and Zonen 0-1.400 W x m~2, o
2. CM 11 pyranometer 1 sersitivity +3%
4t06 [uV/W x m~2]
3 Samsur}g Galaxy digital 1 CMOS sensor, 13 M.P. na
’ camera 4128 x 3096 pixels ’

SM-J500F

5.2.4. Duration of the Experiment and Schedule

The measurement campaign took a week from the 2nd to the 9 November 2023.
The author limited the analysis of experimental data to clear days only, as the author
reasonably assumed that a kinetic facade would be used only on those days. The irradiance
values I; were compared with GHI (global horizontal irradiance) values derived from the
Adnot-Bourges—-Campana-Gicquel model [62], calculated respectively for a given time and
location. A day is considered clear if the measured values are within £10% of the GHI for
more than half of the daylight hours. According to this criterion, the 4, 7, and 9 November
2023 were clear days, with maximal values of global irradiance I; around 300 W x m~2.
These days were selected for further analysis because a complete measurement data set
was available. For the remaining cloudy days, the facade remained deliberately open or
closed for an entire day.

5.3. Experiment Results

Results of the measurements of illuminance Ej, .,y in the selected days are presented
in Table 8. The graph illustrates the measured illuminance Ej, ¢y, (continuous yellow line)
for a centrally located data logger, simulated illuminance Ej, sym (dashed brown line) for a
centrally located virtual sensor, and global solar irradiance I; (dotted yellow) just for the
purpose of comparison.

Simulated illuminance values of Ej, s, were obtained using real global I and diffuse
I; irradiance values. Those real-weather values were used to construct sky matrices,
and subsequently, the values of E, sym were calculated (the “Point in Time” Honeybee
component was used). The author followed the same procedure as in the annual UDI300-3000
simulation, using the same virtual model and settings as in Table 2.

The graph shows the moments of intervention (when the kinetic shading system
closed and opened) with black and blue dots. The author did not intend to validate the
simulation, but the simulated values Ej, sy, were similar to those measured; at least, the
correct trend was visible. When the shading system was closed, the maximum midday
values of Ej, ., were around 3000 lux for the central sensor. The measurement and the
simulation showed a significant temporary increase in illuminance (up to 15-18 Klux)
caused by the low-altitude solar rays directly hitting the virtual sensor or the data logger
through the gaps between the vertical fins. Moreover, this phenomenon created high
contrast. The peaks in the simulation and the experiment did not coincide. The author
hypothesized this was because the simulation used one-hour intervals while the testbed
measurements used 15-min intervals. In addition, multiple peaks were measured on the
7th and 9th of November 2023. In addition, the author speculated that the different cloud
cover might have caused variations between the experiment days.

The shading system performed optimally on the 4th of November 2023. The graph
indicated a steep decline in illuminance when the fins closed (black dot). The subsequent
two days also exhibited lower Ej .y, values, but the reduction was less noticeable. The
illuminance rose when the fins reopened (blue dot).

The experiment confirmed that the closed kinetic system reduced the internal illumi-
nance levels (Ej, .,;). However, it also revealed that the fins could not effectively block all
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the direct sunlight due to the low solar altitude. The low incident angle led to peaks in
illuminance measured by the data logger.

Table 8. The results of the measurements are presented in the table below. The continuous yellow line
represents experimental illuminance (measured by the data logger); the dashed brown line represents
simulated illuminance based on the sky matrices generated using irradiance data; the dotted orange
line represents irradiance I; measured at the weather station. The black dot represents the shading
system closure; the blue dot represents the shading system opening.

Date 4 November 7 November 9 November
18,000 ¥
!
16,000 E/l exp\ :.-:
s F3 350
14,000 il il —
% ] ik 300
=, 12,000 k - i UL £
) & < H 250 E
g 10000 ; s 2 -
8000 . L . o .,
graph 5 00 | 13 . s E/r sim =
E s : 118 ; / o
E L4 2 g
™ 4000 ° 4 ' i
2000 =
el A e LI ° .
0 memater® * FONSE T L @& =, W . N Sramn ()
6:00 12:00 18:00 6:00 12:00 18:00 6:00 12:00 18:00
max Ej ¢yp [lux] 13,170 17,980 18,775
max Ej, sym [lux] 10,734 12,527 17,915
max I; [W x m—2] 374 289 364
number of peaks 1 3 3
cloud coverage more clouds in the morning more clouds in the morning clear sky
le end uuuuuuu It global irradiance Eh exp illuminance measured = -ss---- El’ sim illuminance simulated
g @ system closure @ system opening

6. Discussion

The shading system performed well in quantitative metrics. The simulation sequence
helped the author find the optimal static angle of « = 40° for the vertical fins. Moreover,
the kinetic scenarios improved the quantitative metrics, especially Variant 13, which had
UDI300-3000 values over 80% for almost 40% of the room area and Uy;p; uniformity of 0.86.
These results met the requirements of many standards, such as EN 17037, which states
that “minimum daylighting provision of 300 Ix of natural light illuminance over 50% of the
space and 100 Ix minimum over 95% of the space, both for more than half of the daylight
hours in the year” [9] are required.

The low solar altitudes and low « angles adversely affected the qualitative metrics. All
the static variants with angles below 40° had disturbing or intolerable glare, with some very
high values of 100% for Variants 0-3 at the winter solstice. The measurements carried out in
early November 2023 confirmed the poor performance of the proposed system under low
solar altitudes. The measurements showed that the direct sunlight caused high illuminance
values of 15-18 Klux at the work plane level, even when the fins were closed. The peak
illuminance values were three times higher than the average levels for those days. Other
researchers have also noticed this phenomenon in a different location [33].

7. Conclusions

This paper presents a two-step methodology for analyzing and evaluating a kinetic
shading system. The process consists of simulation and measurement phases. The main
findings of this study are:
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e  Theoptimal fixed angle o of the vertical fin for the shading system was 40° according to
the UDI309_3000 metric. In addition, the quantitative annual daylight analysis revealed
that increasing angle « reduced over-illumination near the glazed facade but increased
under-illumination in the back of the room.

e  The kinetic scenarios with an improved shading system geometry (Variant 13) en-
hanced visual comfort by approximately 33% compared to the open-system geometry
(Variant 1).

e  The qualitative momentary metric DGP suggested that the shading system only miti-
gated glare effectively for angle o« when larger than 40° (DGP < 35%). This result was
attributed to the low solar altitude during the simulation and the experiment.

The discussion could be concluded with the following insights. The shading system
performed well in terms of quantitative daylight metrics but not in terms of qualitative
ones. A supplementary device, such as a roller shade or electrochromic glazing, might
be required to prevent glare from direct sunlight during low solar altitude periods. The
study demonstrated the difficulties of using vertical kinetic shading systems in seasons
with low solar altitudes. The paper suggests some possible directions for future research in
Section 7.2.

This study contributes to the field of shading systems in the following ways:

e Developing a shading system from the concept stage to the tested prototype stage,
using ideation, proof-of-concept, digital fabrication, and prototype testing methods;

e Applying a two-stage methodology for evaluating and assessing the shading system
based on computer simulations and experiments;

e Identifying phenomena that were not captured by the simulation due to its temporal
resolution limitations through prototype testing in an experiment;

e Providing insights on the visual comfort performance of the shading system.

7.1. Limitations of the Study

This study has some explicit limitations that should be acknowledged. First, the analy-
sis was limited by the high computing power required, and only 15 variants were tested.
Second, some phenomena were not detected by the simulation, and more comprehensive
measurements are necessary to account for the real weather conditions. The *.epw files
used for the simulation might also need to be updated due to climate change (e.g., more
sunny days). Third, the vertical fins were angled relative to the fully glazed facade (40° and
50° in static and kinetic variants), which may have compromised the horizontal view angle
(14° to 28°) required by the European Standard EN17037, especially for the workplaces in
the back of the room. Fourth, the shading system was designed vertically to resist snow,
but other natural forces, such as wind, might threaten its integrity.

7.2. Future Research

The proposed shading system could be further improved by adding a glare control
device to mitigate the work plane’s high illuminance peaks and contrast. Another possible
improvement is a different geometry of the shading system that is resistant to snow accu-
mulation. Devices that block direct light at eye level while allowing daylight to enter the
room are needed for low-altitude solar angles. Combined solutions with fins at different
heights are another option to explore. This article does not compare the cost-effectiveness
of the static and kinetic variants of the shading system. Future research could examine the
shading system’s cost and finance aspects. Moreover, emerging technologies, such as inno-
vative materials, sensors, and controls, could enhance the adaptability and responsiveness
of daylighting systems to changing conditions and user preferences. These technologies
are another topic for future research.

Supplementary Materials: The following supporting information can be downloaded at: https://
drive.google.com/drive/folders/1tWo4N3kPvx_BoBuL_p2bYGau4r3LZ8lc?usp=sharing (accessed
on 15 January 2024).
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Nomenclature

Ey vertical eye illuminance [lux]

E;, horizontal work plane illuminance [lux]

Ep sym simulated horizontal work plane illuminance [lux]
Epexp measured horizontal work plane illuminance [lux]
UDI300-3000 useful daylight illuminance in the rage of 300-3000 lux [%]
ubI mean of the final UDI3q0_3000 values

UDIyx maximal value of UDI300 3000 [%]

Uupr uniformity of final UDI3pp_3009 Values

DGP daylight glare probability [%]

L illuminance of the source [cd*m 2]

I global solar irradiance, W*m—2

P position index

<3000 number of hours with illuminance over 3000 lux [h]
t <300 number of hours with illuminance over 3000 lux [h]
Medgy, median illuminance in the year

Greek letters

ws solid angle of the source [°]

o« fin rotation angle [°]

o standard deviation
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