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Abstract: This paper presents an assessment and comparison of the effects of static and kinetic
external shading elements on the dynamic measurement of daylighting. For this purpose, we used a
method and parametric tool developed previously for the design and analysis of external shading
elements in buildings. The proposed approach was used to compare static and dynamic movement
scenarios for achieving optimal internal adjusted useful daylight illuminances (AUDI). The current
paper presents the results of a methodical analysis, which compared various types of louvers in static
and dynamic operation scenarios for a typical office in a Mediterranean climate. The results show
that dynamically adjusted louvers perform notably better than fixed or seasonally adjusted modes of
operation. The results show that dynamic operation scenarios can increase the AUDI by up to 51%.
The results also show that in some conditions the existing rules of thumb fail to predict the correct
design approach to louver geometry and that the use of rules of thumb in architectural daylight
design needs to be revaluated.

Keywords: external shading; parametric design; adjusted useful daylight illuminances; rules of thumb

1. Introduction

Climate adaptive building envelopes have been receiving increasing interest in recent years [1].
The growing interest can be explained, among other reasons, by the technological advances in control
and motion mechanisms and by the growing awareness of building performance and its influence
on energy consumption and climate change [2]. The use of dynamic external shades is one of the
earliest examples of climate adaptive building envelopes. Dynamic external shades have the potential
to optimize the internal illuminance and solar radiation over the building’s facade in relation to the
sun’s position. They can also react to various disturbances in the sun’s radiation, such as clouds, trees,
adjacent buildings and other urban elements, allowing dynamic adaptation of internal environmental
conditions. The dynamic operation of louvers also has some limitations. Rapid, automatic movements
of louvers can be disturbing [3]. On the other hand, manual changes in louver orientation are
highly dependent on the mindfulness of the occupants, who have been reported to be inconsistent at
remembering to change the louver’s position, thereby affecting the building’s performance. According
to research, people do not operate shades as much as is required to achieve optimal results. Their
operation is done weekly or even monthly at most, with the main aim of improving the visual
environment rather than thermal [4,5].

Although there is a large scientific literature about the influence of static and dynamic external
shades on internal illuminance and energy consumption, there seems to be a lacuna in the knowledge
regarding the contribution of dynamic shading operation scenarios in relation to traditional static
shading [6,7].
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This paper presents the results of the second stage of an ongoing study on architectural louvers.
This stage focused on examining and comparing various external louvers’ static and dynamic operating
scenarios. The analysis was implemented through a method and a tool that were developed in an
earlier stage of the research [7]. The method allows designers and decision makers to check and
understand the potential benefits of various positions of kinetic and static external shading elements in
close to real time by working with a data base with simulation results that were generated beforehand.
It helps to determine the most convenient setting of external shading elements and to compare the
influence of different scenarios of external shading dynamics on illuminance.

The paper starts with a summary of the results of the previous stage of the research and a short
description of the method and tool that were developed and tested during this stage. Detailed results
of the previous stages together with a literature review and a discussion on the gaps in this field were
presented in a previous publication [7]. Subsequently, the paper presents the aims of this stage of the
research and its connection to the larger picture of the gaps of knowledge in this field. The main part
of the paper presents the results of the analysis that methodically compares the influence of vertical,
horizontal and diagonal louver systems on the dynamic measurement of internal daylighting in a
Mediterranean climate. The paper finishes by presenting conclusions and promising directions for
future research in the field.

2. Literature Review and Existing Knowledge Gaps

A comprehensive literature review on static and dynamic shading in buildings was presented in
the previous publication [7]. Since the previous review, numerous interesting research contributions
have been identified. Konstantoglou and Tsangrassoulis [8] conducted a literature review on the
influence of dynamically controlled shading and daylighting systems on energy consumption and
visual comfort. They claim that, “In many cases the deficiency of control strategies is mainly related to
the fact that they are too simple or too complex to design and install.” They also argue that dynamic
systems are examined only during latest stages of the design process, and thus necessitate more
advanced tools and metrics. Another recent literature review was conducted by Eltaweel and Su [9].
This general review focused on parametric design in architecture practice. One of the applications
of parametric design that was reviewed was daylighting and solar radiation simulations for design.
The review presents and discusses interesting case studies and methods for employing parametric
tools such as Grasshopper in design, especially in the design of complex morphologies. Another paper
by one of the authors [10] compared the influence of static and parametrically controlled horizontal
louvers on the internal illuminance of a south facing office building in Cairo. The research was focused
on daylight illuminance between 300 and 500 Ix. It reached interesting conclusions regarding the
differences between the examined horizontal louver scenarios but did not attempt to provide an overall
understanding of the influences of louvers in different orientations.

Al-Masrani et al. [11] examined the optimization of solar shading systems for tropical office
buildings. The work assessed over 70 studies on various types of shading devices from 2005 to 2018.
The research conclusions call for a new hybrid design for shading devices that “can be integrated
into various modes, such as soft kinetic systems that functions without mechanical joints or motors.”
The research claims that, “Although several studies have proven the efficiency of active mechanical
shading systems in terms of environmental and energy performance, their application remains
vulnerable to criticism.”

Uribe et al. [12] examined the potential of perforated exterior louvers regarding the comfort
conditions and energy performances of office buildings in different climates. The research focused
on the analysis of perforated horizontal louver in six different climate zones. The research found
that, “Perforated exterior louvers have the potential to significantly control daylight transmission
and solar heat gains and reduce energy consumption in a large variety of climates. However, their
performance depends on perforation rate, louver spacing and climate.” Also, the solar heat and
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daylight transmission through the fenestration system was affected more by louver spacing than by
their perforations.

Lee et al. [13] studied the impacts of four types of shading system (horizontal, vertical, eggcrate
and overhang) on daylighting of a classroom in a warm continental climate/humid continental climate.
The analysis included static scenarios of various louver angles and presented the results of daylight
autonomy (DA) and useful daylight illuminance (UDI).

Boubekri and Lee [14] compared four daylight metrics daylight factor (DF), mean hourly
illuminance (MHI), daylight autonomy (DA) and useful daylight illuminance (UDI) in analyzing the
performance of three shading systems (horizontal, vertical and overhang) in static scenarios. They
concluded that DF, MHI and DA metrics lead to similar results and should be used to understand
and assess energy savings resulting from a daylighting strategy. However, both the UDI and the
DA would need to be employed together to achieve both the required visual comfort and energy
savings. They also suggest that by combining both metrices, one would be able to meet both energy
and daylight demands.

The above-mentioned reviews show new contributions to the body of knowledge in research in
relation to dynamic measurement of illuminance, the static scenario performances of various louver
geometries and to new types of kinetic control. Nonetheless, there still seem be knowledge gaps
regarding the influence of static and dynamic movement scenarios of various louver types on the
dynamic measurement of illuminance, which was one of the gaps identified in the previous stage of
the research [7].

The current stage of the research had, therefore, two main aims. The first aim was to compare the
performances of various louver types in static and dynamic operation scenarios for a typical office room
in a Mediterranean climate. The performance was measured in relation to the level and distribution of
internal illuminance and glare conditions. The second aim was to further examine the performance
and applicability of the tool and method that were developed in the previous stage of the research.

3. Research Methodology—Simulation Tool, Model Description and Setup for Analyses

In this work we describe a model that supports the rapid evaluation of design alternatives by
using a database created from a series of preliminary enumerative simulations as described in [7].
The model was developed in the Rhinoceros 3D modelling environment using the Grasshopper
associative scripting interface, complemented by Python programming. The solar performance is
calculated using DIVA-a Radiance-based analysis tool for Grasshopper which allows full control
over the parameters of the Radiance simulation. The DIVA plugin is a tool for integrating validated
Radiance/DAYSIM simulations into the Rhino3D modelling environment, and allows the visualization
of daylight results from an architectural design model, enabling users to easily test several design
alternatives [15]. These tools are rapidly becoming ubiquitous in architectural practice, and are used
extensively in the early design stages. The model employs an adjusted useful daylight illuminance
(UDI) measure, which integrates Leadership in Energy and Environmental Design (LEED) guidelines
regarding glare reduction and recommended lighting levels with spatial daylight autonomy (sDA)
demands. As the method’s main aim is to examine and compare alternatives, a more detailed glare test
may be required at advanced design stages to determine specific work station locations and to identify
possible sources of glare with respect to window positioning.

The simulation tool and method are designed for a flexible calculation of various time scopes,
orientations and louver angles. The results given by the current version of the tool represent an
illuminance value for every hour. However, this can be altered by the designer when a better resolution
is needed.

One of the main differences between the suggested method and tool and other existing simulation
tools used by designers is that it is designed to calculate and collect raw-data in a matrix of
illuminance values for all the predefined time and louver position parameters in a single simulation
run. The preliminary simulations are set up to test the behavior of a several variations of a modeled
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geometry in different times and at different orientations in a series of extensive simulations. The
results are then condensed and stored in an Excel file for future access. Following the simulation
run and the creation of the data matrix, researchers and designers can evaluate and compare various
louver scenarios in near real time; there is no need to wait for another simulation after the initial run
to receive the results of any comparison in any time frame and louver’s angle. One must only wait
for the computer to perform simple mathematical comparisons between the various values in the
matrix, which are performed in almost real time. This method allows a rapid comparison of different
louver operation scenarios by post-processing data directly from the excel file using filters to define the
different operation scenarios. This can be of great importance for designers who need quick answers
when they examine various design possibilities. In fact, working with this method on simulation
problems for designers seems to resemble the way they work on representation problems.

3.1. Analyses Setup—Office Space

For the purposes of this paper, the simulations were performed on a typical office space, 3 m wide,
3 m high and 7 m deep, as recommended by Ochoa and Capeluto [16]. One of the short walls of the
office is equipped with a full-length window with a 1 m lower sill, going up to the ceiling height of 3 m.
The window is comprised of clear double glazing (Visual Transmittance 0.79) and its dimensions are
typical for office situations: 6 m? window area for a 21 m? office representing a 28.5% glazing to floor
ratio. The window is shaded by a series of parametrically controlled louvers whose spacing, depth and
inclinations in two axes can be adjusted using the Grasshopper interface. The entire complex can also
be rotated so that the window faces all the 8 major orientations (N, NW, W, SW, S, SE, E, NE). As this
entire scenario is entirely parametrically controlled, it is easily adjustable and can be adapted to any
other spatial situation typical of the local environment.

3.2. Louver Types

In the results presented in this paper, the 2 m high window was shaded using three different
louver orientations:

Horizontal louvers: In this setup the height of the window was divided into five equal segments
of 0.4 m and a 0.4 m deep; a horizontal shading device was fit at the top of each of the segments.
The result was a 1:1 ratio between the opening size and the shading depth.

Vertical louvers: Here, the 3 m length of the window was divided into 8 segments with 0.4
m between each segment and 0.3 m at the edges. Between each of the segments, a vertical 0.4 m
deep shading device was positioned, again arriving at an average 1:1 ratio between opening size and
shading depth.

Diagonal louvers: In this case the widow was divided into eight 0.4 m wide segments at a
45-degree angle to the floor, and a 0.4 m shading device was diagonally positioned at the top of each of
the segments, achieving a similar shading ratio.

All louvers are defined using the “diffuse metal” material provided by the DIVA plugin, which
corresponds to Radiance parameters of 0.9 specularity, 0.175 roughness and 0.175 reflectance (RGB).

3.3. Analyses Setup—Simulations

For all simulations a 0.2 m wide Radiance analysis grid was situated in a horizontal plane 0.8 m
from the floor level, as befits a typical work plane scenario (see Figure 1). Baseline simulations with
no shading devices were then performed in the four seasons (March, June, September and December,
on the 21st day) and for each “working” hour—between 09:00 and 18:00. The EnergyPlus Weather File
(EPW) file for the central region of Israel (Beit Dagan, 32° north latitude and 34:49° east longitude)
was used, with the following Radiance parameters—*“ab (ambient bounces) 5, ad (ambient divisions)
1000, ar (ambient resolution) 300, aa (ambient accuracy) 0.1,” to obtain a good accuracy of indirect
calculation, and a “clear sky with sun” setting reflecting an average of 300 sunny days/year which
characterizes this climate. An unobstructed sky was considered in the simulations. Therefore, care
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must be taken in situations were significant sky obstructions exist both for designing the required
shading devices and checking daylight availability.

Figure 1. Case study setup. Upper left—room orientation. Upper right—louvers positions.
Bottom—office dimensions and examined louver types and setups.

Then the same set of simulations was run again with louvers positioned in each of the three main
orientations (horizontal, vertical and diagonal). In each set, the louvers were also rotated along their
long edge in 15 degree increments, from 45 degrees in one direction to 45 degrees in the other direction,
achieving a total of 21 different tested louver geometries.

The louvers were made from diffuse metal with properties as detailed above. The interior of
the space was simulated with standard radiance materials—generic floor with 20% reflectance,
generic ceiling with 70% reflectance and generic interior walls with 50% reflectance, to allow
indirect illumination.

The results of each of the simulations were subsequently analyzed using the adapted UDI measure
(AUDI) suggested in our previous paper, which is based on the UDI measure suggested by Nabil and
Mardajlevic [17,18]. In the new measure, UDI is adapted to reflect the current LEED guidelines for
sDA 300%/50% and no more than 10% direct sunlight which exceeds 1000 lux [19]. These measures
were coded into the Grasshopper interface and then recorded for each scenario as both raw data in the
Python format and calculated, optimized Excel files.

The results of each single run of the Radiance simulation were converted into an hourly percentage
of the grid cells in which the Illuminance ranged between 300 and 1000 lux. These percentages were
stored in a python database which allows independent access to each of the hourly results, according
to the time, orientation, louver geometry and angle. Storing the useful percentages without the actual
illuminance value in each point on the grid allowed us to reduce the dimensionality of the data,
compressing it into a much smaller data structure which can be easily accessed, searched and presented.
We used a data structure similar to the one described in Grobman et al. [7], replacing the two-reflection
data with updated five reflection data, as described in Section 4.1. We also expanded the database to
include the different louver types described in Section 3.2. Using Grasshopper to access specific cells in
the database and Excel to sum the results, it was possible to calculate daily, monthly and yearly AUDI
scores for the different operation scenarios described below.

3.4. Analyses Setup—Dynamic Operation Scenarios

A second type of analysis focused on kinetic scenarios for louver’s operation. It compared static
and no louver scenarios with two different kinetic scenarios in terms of the distribution of internal
illuminance and glare conditions. In both cases, the solution was reached by searching through the
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pre-calculated result matrix and choosing the optimal shading solution by comparing the hourly AUDI
values in all the different measurements. The kinetic scenarios that were examined are:

(1) Dynamic, optimal shading: In this scenario it is assumed that the louvers are continuously,
automatically rotated to the position which provides the optimum result in terms of AUDI for
each time of day.

(2) Seasonally adjusted: In this scenario it is assumed that the louvers are rotated manually by the
building superintendent. Here they are adjusted once at the beginning of each season to the
position shown by the simulations to be optimal for the ensuing three months.

Besides the two kinetic scenarios examined in this stage, the method allowed us to test any
different scenario imagined without the need to rerun the simulations. This could be achieved because
the results were pre-calculated and stored separately for each measurement time, orientation and
geometry, and could be efficiently re-combined using post-processing in Grasshopper and Excel.
This method enables the user to generate and test custom scenarios in real time without the need to
re-run the solar simulations.

4. Analyses Results and Discussion

The results section is divided to two complementary parts. The first part is a report on the results
of the AUDI levels’ comparison between four louvers scenarios (no louvers, static, seasonally adjusted
and dynamic louvers). This comparison could help designers and researchers to calculate the cost
effective of a decision on a specific louver’s operation scenario in relation to the expected difference in
the fabrication and operation costs. The second part employs the same data base to help designers
and researchers compare the performances of various geometries. At this stage of the research we
focused on three basic louvers geometries (horizontal louvers, vertical louvers and diagonal louvers).
The division to the above parts respects two potential starting points of a design processes of a louver
system: one that focuses on the geometry of the louvers and the other that concentrates on performance
and operation scenarios.

4.1. The Influence of Horizontal Louver’s Orientation on Internal Illuminance in Static and Dynamic Modes of
Operation

The first geometry that was tested comprised horizontal louvers:

Fixed louvers: The analysis shows increase in the yearly average AUDI in relation to no louvers
scenario in the north (5.18%), northwest (9.56%), west (17.65%) and southwest (12.99%) orientations.
In all the other orientations except northeast, fixed louvers caused a decrease in the average AUDI
level (in relation to no louvers scenario) of up to —5.18%. In northeast, the yearly AUDI level is almost
identical (0.6% improvement) in no louver scenario and fixed louvers.

Seasonally adjusted louvers: An additional up to 7.32% improvement, mainly in the west and
southwest facades (24.97% in total in relation to the no louvers scenario), was shown by altering the
louver’s position once in every season. Here, only the southeast and east facades performed worse
than the no louver scenario, while south performed almost identically.

Dynamic louvers: The results show improvements for all orientations and a significant increase in
AUDI levels (reaching between 9.62% (east) to 51.44% (west) increase in AUDI levels) compared to
the no louvers scenario. This solution can be obtained using louvers that automatically adjust to the
optimal placing (see Figure 2).
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Figure 2. Average yearly adjusted useful daylight illuminance (AUDI) levels of static and dynamic

louver scenarios for horizontal louvers.

It is important also to note that in conjunction with the specific best results (the suggested
best louver position for each month/season/year), the tool and method allow designers to examine
alternatives by showing differences in AUDI levels between the various possible positions of the
louvers. Figure 3 shows, for example, that in a yearly average the best louver angle for the southwest
(S-W) fagade is 45 degrees (39.58 AUDI). However, it also shows that the differences in AUDI between
this angle and 30 degrees are very small (0.65 or about 2%). Having this information while designing a
louver system gives the designer the ability to better understand the implications of using various
alternatives to the suggested optimal louver’s position. Later in the text we also present similar
considerations regarding the louver’s operation scenario and geometry.

Louver angle \ orientation S
Average yearly AUDI

-45 35.73
-30 32.25
-15 33.14
0 35.42
15 34.28
30 35.15
45 32.90
No Louvers 37.55

S-E

33.83
30.76
31.67
33.67
32.54
32.04
27.75
35.68

34.60
34.59
36.65
35.98
33.03
30.27
22.81
38.02

N-E

33.79
35.94
37.78
37.09
34.74
29.30
19.61
37.56

N

34.17
36.32
39.49
39.11
36.60
29.97
19.52
37.55

N-w

36.39
38.06
40.27
41.27
39.62
35.92
26.88
37.67

W

36.68
33.13
33.71
37.33
39.25
39.47
38.68
33.55

Figure 3. Yearly average AUDI for each louver position in horizontal louvers.

S-W

35.55
31.33
32.47
36.66
37.39
38.93
39.58
35.03

4.2. The Influence of A Vertical Louver’s Geometry and Orientation on Internal llluminance in Static and

Dynamic Modes of Operation

The analysis of the vertical louvers that is presented in Figure 4 shows surprisingly similar results
to those presented in the horizonal louver scenario in terms of the tendencies of the different AUDI
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orientations. The level of the improvement is, however, slightly lower in the fixed and seasonally
adjusted scenarios and higher in the dynamically adjusted louvers scenario:

AUDI level
48.00

46.00

44.00

42.00
40.00
38.00
36.00
34.00
32.00
30.00

South South-East East North-East North North-West West South-West

m No Louvers H Fixed louvers m Seasonally adjusted louvres W Optimal louvers positions

Louver angle \ orientation S S-E E N-E N N-w w Sw
Average yearly AUDI improvement (%)

No Louvers 37.55 35.68 38.02 37.56 37.55 37.67 33.55 35.03
Fixed louvers (%) 506 (3565) -1.81 (35.04) -3.23 (36.79) -0.93 (37.21) 2.89 (3864) 6.03 (39.94) 1201 (37.58) 7.62 (37.70)
Seasonally adjusted louvres (%) 094 (37.20) 053 (35.87) -3.14 (36.82) -0.93 (37.21) 2389 (38.64) 7.62 (40.54) 1578 (38.84) 1351 (39.76)
Dynamically adjusted louvers (%) 1207 (42.08) 912 (3894) 073 (38.30) 158 (38.15) 11.46 (41.85) 21.96 (4594) 36.17 (45.69) 32.26 (46.33)

Figure 4. A comparison between average yearly AUDI levels (up) and improvement (down) of static
and dynamic louver scenarios for vertical louvers.

Fixed louvers: The results show an a small (up to 5%) decrease in the AUDI levels compared to
no louvers scenario in the south, southeast, east and northeast orientations and an increase of about
3%-12% in the AUDI levels in the north, northwest, west and southwest orientations.

Seasonally adjusted louvers: The results show that AUDI levels in the south, southeast, east and
northeast orientations are similar to those of the no louvers scenario. There is increase in the AUDI
levels in the north, northwest, west and southwest orientations between about 3% (north) and 15%
(west).

Dynamic louvers: The results show an increase of about 12% and 9% in the south and southeast
orientations. As opposed to the previously described increase, the results suggest that the dynamic
louvers scenario does not seem to make a significant difference in relation to the no louvers scenario in
the east and north east orientations (increases of 0.73% and 1.58%). In the north, north west, west and
south west orientations, however, the results show a significant increase in AUDI of about 11%-36%.

4.3. The Influence of Diagonal Louver’s Geometries on Internal [lluminance in Static and Dynamic Modes of
Operation

The third geometry that was tested comprised diagonal louvers. An initial analysis compared
the influences of the two diagonal directions (left or right inclination). The results of this preliminary
analysis showed that the AUDI performance is very close to being symmetrical around noon, with
one inclination performing better in the morning and the other in the afternoon (see Figure 5 for an
example of a comparison between two louver inclinations in a south facade on March). Therefore,
while it was decided to include only one inclination in the following analysis (right inclination, see
Figure 5), it is clear that when a decision is made to choose diagonal louvers for a facade it is necessary
to reexamine both inclinations.
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Figure 5. A comparison between AUDI levels of two inclinations of diagonal louvers in the south
facade in the month of March.

The comparison between average yearly AUDI levels of static and dynamic louver scenarios for

diagonal louvers is presented in Figure 6.

AUDI level
50.00

48.00
46.00
44.00
42.00
40.00
38.00
36.00
34.00
32.00
30.00

South South-East East North-East North North-West West South-West

H No Louvers M Fixed louvers M Seasonally adjusted louvres M Optimal louvers positions

Louver angle \ orientation S S-E E N-E N N-W w 5w
Average yearly AUDI improvement (%)

“No Louvers 37.55 35.68 38.02 37.56 37.55 37.67 33.55 35.03
Fixed louvers (%) 16.53 (43.76) 27.43 (45.47) 10.58 (42.04) -0.38 (37.42) 0096 (37.91) 3.59 (39.02) 16.55 (39.10) 10.99 (38.88)
Seasonally adjusted louvres (%) 16.53 (43.76) 2743 (4547) 10.58 (42.04) 394 (39.04) 218 (3837) 548 (39.73) 2232 (41.04) 1351 (39.76)
Dynamically adjusted louvers (%) 3022 (48.90) 36.47 (48.69) 20.15 (45.68) 20.02 (45.08) 18.41 (44.46) 19.36 (44.96) 44.63 (48.52) 40.60 (49.25)

Figure 6. A comparison between average yearly AUDI levels (up) and improvement (down) of static
and dynamic louver scenarios for diagonal louvers.
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Fixed louvers: The analysis of the diagonal louvers in all orientations besides north and northeast
shows between about 10% to 27% improvement in the yearly AUDI level. The AUDI level in the north
practically remained unchanged (a decrease of 0.38% in the northeast and an increase of 0.96% in the
north).

Seasonally adjusted louvers: The AUDI levels did not change from the fixed louver values in the
south, southeast and east orientations. In all the other orientations there was an increase in the AUDI
levels of between 1.22% in the north and 5.77% in the west compared to fixed louvers scenario.

Dynamic louvers: The results show a significant increase (in relation to the no louvers scenario) in
all orientations of between 18.41% in the east and 44.63% in the west.

5. Comparing the Performances of Various Louver Scenarios

The second part of the analysis compared the impacts of the examined geometries and scenarios
on the AUDI values for each of the eight examined orientations.

5.1. Comparing the Performances of Various Louver Setups in the Fixed Louvers Scenario

Figure 7 presents a comparison between AUDI results of all the geometries in a fixed
louvers scenario.

AUDI level
46.00

44.00
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40.00
38.00

36.00
34.00
32.00
30.00
28.00
S S-E E N-E N N-W W S-W

M Horizontal m Vertical Diagonal No Louvers
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Fixed louvers (%) -4.86 (35.73) -5.18 (33.83) -3.60 (36.66) 0.60 (37.78) 5.18 (39.50) 9.56 (41.27) 17.65 (39.47) 12.99 (39.58)
Vertical

Fixed louvers (%) -5.06 (35.65) -1.81 (35.04) -3.23 (36.80) -0.93 (37.21) 2.89 (38.64) 6.03 (39.94) 12.01 (37.58) 7.62 (37.70)
Diagonal

Fixed louvers (%) 16.53 (43.76) 27.43 (45.47) 10.58 (42.05) -0.38 (37.42) 0.96 (37.92) 3.59 (39.02) 16.55 (39.10) 10.99 (38.88)

Figure 7. A comparison between average yearly AUDI levels of fixed louver scenarios for all horizontal,
vertical, diagonal and no louver scenarios.

The results show that the type of louver has a small effect (up to about +5%) in northeast and
north orientations.

In the west and southwest fagade orientations fixed louvers increase the AUDI levels by between
7.62% (vertical) and 17.65% (horizonal). Horizontal louvers show the best AUDI levels, but their results
are only 1%-2% better than diagonal louvers.

Of particular interest is the behavior of the fixed louvers in the south and southeast facades.
The AUDI results in these orientations show that diagonal louvers perform better than horizontal ones.
For southeast this is true for vertical louvers as well. These results which consider light distribution in
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the office stand in contradiction with the architectural rules of thumb and textbook recommendations
of employing horizontal louvers is the south fagade [20].

A deeper examination of the results revealed that the change from the traditional recommendation
is a result of a high AUDI level at 16:00 in the months of February—-April and October-November in the
vertical and diagonal scenarios (see Figure 8). The high AUDI level in these months in the fixed louver
scenario can be explained by the fact that in the afternoon the vertical louvers reflect the light towards
the far end of the examined room and that the direct illuminance does not exceed the limit of 1000 lux.
For example, Figure 9 shows a comparison of the illuminance distribution in a tested southern office in
these conditions in November 16:00 with and without vertical louvers. The figure shows that with
vertical louvers almost 100% of the examined cells are within the limits of 300-1000 lux, while the
scenario without suffers from lack of illuminance in the back of the room.

10 1 12 1 1 15 16 17 18 M 9 10 1 2 13 18 15 6 7 " N - -

o — ’ \ b P S
g, i, >
. i A v \
10 10 10 \
, 10 , N B 12 L
s = L

e NO SHUTTERS MIN with shutters  emm=MAX with shutters

Figure 8. Minimal (light blue) and maximal (dark blue) monthly (1-12) averages of hourly (09:00-18:00)
AUDI levels for vertical louvers in comparison to no louvers scenario (red). (Minimal and maximal
level are achieved with various louver positions).
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300 3875 475 5625 650 7375 825 9125 1000

Figure 9. Southern orientation illuminance in November 16:00 with and without vertical louvers.

It is interesting to note that when the examined period is modified from 9:00-18:00 to 9:00-15:00
the simulation results show the expected higher AUDI values for horizontal louvers in the south facade
(and also in the southeast and southwest; see Figure 10). This means that the definition of the operation
hours is crucial to the decision regarding the louver position. It also suggests that the option to set a
general rule or a rule of thumbs regarding louver type and position for these orientations in a fixed
louver scenario is questionable and that the specific design needs to be examined comprehensively in
relation to the programmatic demands in order to decide on preferable louver type and position.

AUDI level
48.00
46.00
44.00
42.00
40.00
38.00
36.00
34.00
32.00

S S-E E N-E N N-W W S-W

M Horizontal M Vertical M Diagonal No Louvers

Louver angle \ orientation S S-E E N-E N N-W W S-W
Average yearly AUDI improvement (%)
No Louvers 37.55 35.68 38.02 37.56 37.55 37.67 33.55 35.03
Horizontal
Fixed louvers (%) 1896 (44.68) 2168 (43.42) 14.81 (43.65) 21.32 (4556) 24.02 (46.57) 21.00 (45.58) 31.80 (44.25) 26.14 (44.19)
Vertical
Fixed louvers (%) 6.53 (40.01) 17.93 (42.08) 14.79 (43.65) 18.47 (44.50) 19.34 (44.82) 16.94 (44.05) 29.61 (43.48) 14.34 (40.06)
i
Fixed louvers (%) 16.36 (43.70) 30.34 (46.51) 16.78 (44.40) 21.31 (45.56) 20.70 (45.33) 14.92 (43.29) 28.96 (43.27) 19.37 (41.82)

Figure 10. A comparison between average yearly AUDI levels between 09:00 and 15:00 of fixed louvers
for horizontal, vertical, diagonal and no louver scenarios.

5.2. Comparing the Performances of Various Louver Setups in the Seasonally Adjusted Louvers Scenario

The results show that the louver setup has an effect of up to between 2.18%-10.84% on the
AUDI levels in the north and northwest orientations and 13.51%-24.97% in the west and southwest
orientations. Horizontal louvers in these orientations perform better than all other geometries with a
difference of about 5% in from the vertical and diagonal louvers (see Figure 11).
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AUDI level
46.00
44.00
42.00
40.00
38.00
36.00
34.00
32.00
30.00
28.00

S S-E E N-E N N-W W S-W

W Horizontal mVertical m Diagonal No Louvers

Louver angle \ orientation S S-E E N-E N N-W w S-W
Average yearly AUDI improvement (%)
No Louvers 37.55 35.68 38.02 37.56 37.55 37.67 33.55 35.03
Horizontal
Seasonally adjusted louvres (%) -0.58 (37.34) -4.17 (34.19) -3.55 (36.67) 0.66 (37.81) 7.13 (40.23) 10.84 (41.76) 24.97 (41.93) 17.91 (41.31)
Vertical
Seasonally adjusted louvres (%) -0.94 (37.20) 0.53 (35.87) -3.14 (36.83) -0.93 (37.21) 2.89 (38.64) 7.62 (40.54) 15.78 (38.84) 13.51 (39.77)-
i
Seasonally adjusted louvres %) 16.53 (43.76) 27.43 (45.47) 10.58 (42.05) 3.94 (39.04) 2.18 (38.37) 5.48 (39.74) 22.32 (41.04) 13.51 (39.77)

Figure 11. A comparison between average yearly AUDI levels of seasonally adjusted louver scenarios
for all horizontal, vertical, diagonal and no louver scenarios.

In all other orientations diagonal louvers perform better, with an increase of the AUDI levels, which
range from 3.94% in the northeast up to 27.43% in the southeast in relation to the vertical/horizonal
louvers (see Figure 11).

5.3. Comparing the Performances of Various Louver Setups in the Dynamic Louvers Scenario

The results show that although the louvers in the dynamic scenario perform much better than in
no louver scenario (up to roughly 50% increase in AUDI), the difference in AUDI levels between all the
examined geometries stays within the limit of about 20%. It also shows that while in some orientations,
such as northwest, there is a small difference between the performance of the different geometries,
in other orientations, such as southeast, there is a significant difference between all three geometries
(see Figure 12).
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AUDI level
52.00
50.00
48.00
46.00 ‘
44.00
42.00
40.00
38.00
36.00
34.00
32.00

S S-E E N-E N N-W \W S-W

W Horizontal m Vertical m Diagonal No Louvers

Louver angle \ orientation S S-E E N-E N N-W Y S-w
Average yearly AUDI improvement (%)
No Louvers 37.55 35.68 38.02 37.56 37.55 37.67 33:55 35.03
Horizontal
Dynamically adjusted louvers (%) 16.14 (43.62) 20.41 (42.96) 9.62 (41.68) 11.33 (41.81) 13.66 (42.68) 19.92 (45.18) 51.44 (50.81) 39.83 (48.99).
Vertical
Dynamically adjusted louvers (%) 12.07 (42.09) 9.12 (38.94) 0.73 (38.30) 1.58 (38.15) 11.46 (41.86) 21.96 (45.94) 36.17 (45.68) 32.26 (46.34)
Diagonal
Dynamically adjusted louvers (%) 30.22 (48.90) 36.47 (48.70) 20.15 (45.68) 20.02 (45.08) 18.41 (44.47) 19.36 (44.97) 44.63 (48.52) 40.60 (49.26)

Figure 12. A comparison between the AUDI results of all the geometries in the dynamic louvers scenario.

6. Conclusions

The research examined dynamic measurements of daylighting in external shading considering
different geometries and both static and dynamic activation scenarios. The analysis was conducted on
a typical office space in a Mediterranean climate.

In terms of the activation scenarios the results show that dynamically adjusted louvers perform
significantly better than the other examined modes of operation (about 6%-34% better than the
other scenarios in the horizontal louvers; 2%-25% better than the other scenarios in the vertical
louvers and 9%—28% better than the other scenarios in the diagonal louvers). The AUDI level in the
comparison to the no louvers scenario was up to about 12% better in the east and northeast; about
24% better in the north, south and southeast; and up to about 51% better in the northwest, west and
southwest orientations.

In relation to the louver’s geometry the results show that amongst the examined louver types,
horizonal louvers perform better in the north, northwest, west and southwest. In these orientations,
diagonal louvers reach an AUDI level of up to about 5% lower than the horizontal louvers. Vertical
louvers reach much lower AUDI level—up to about 15% lower than the horizontal or vertical louvers.

Vertical louvers perform the best only in the northwest in the dynamically controlled scenario.

The results show that in the south, southeast, east and northeast orientations the best performing
geometry is diagonal louvers. In these orientations diagonal louver reaches AUDI level of up to about
28% higher than the horizontal louvers, which is, in almost all cases, the second place in terms of
AUDI level.

One of the most interesting insights that are raised by this research is related to the notion of rules
of thumb. Rules of thumb are a fast substitute to simulation that are usually used in the early stages of
the design process, or when conducting a simulation requires time and knowledge resources that are
beyond the scope of the design team. The research has shown that in some conditions the existing
rules of thumb fail to predict the most favorable design approach. It raises the question whether the



Buildings 2020, 10, 22 15 of 16

increasing availability and speed of current simulation tools calls for a re-evaluation of the need for
rules of thumb?

Due to our findings, we believe that several future research directions can be of importance to this
field. The first direction is to combine the methods presented in this paper with an energy model of
an office room in order to understand the integrated thermal-visual effect of the geometry and the
operation scenarios on the energy performance of offices in different climatic zones. Since there is a
close relationship between shading elements, direct solar radiation penetrating the space and available
daylight, the comparison between results presented here and those considering thermal aspects will
enrich the recommendations. This could be done by using existing energy tools, or, by developing an
integrative tool that works within the frame of the method that was developed for this research.

Additionally, we note that in the cases described by this research, an optimal louver operation
scenario is arrived at by simulating the louver behavior all throughout the year and then
pre-programming the louvers to adjust according to the simulation results. However, the optimality
of these results assumes that there are no obstructions in front of the windows, and that that the sky
is continuously clear. As this is clearly not the case, a second research direction could examine the
impact of obstructions, such as clouds, trees and adjacent buildings on the results and evaluate the
cost-effectiveness of autonomous modes of operation of rooms of individual louvers. A framework for
this research direction was suggested by Yekutiel Pankratov and Grobman [21].

The current results and the future research directions will contribute to development of sustainable
buildings by increasing the use of natural light in buildings and decreasing the energy consumption.
It is yet another step towards improving the understanding of the relationship between architectural
geometry and its influence on the building performance.
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