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Abstract  With the use of Perforated Solar Screen
(PSS), solar gains are controlled, cooling loads are reduced,
and comfort conditions can be achieved while using its
energy efficiently. Nowadays, the use of PSS is increased,
especially in large, glazed facades. The design of PSS
needs to develop and optimize for the temperate humid
climate. A new design proposal is presented by considering
the basic principles in terms of providing solar control by
PSS within the scope of the study. The optimization of the
design proposal has been carried out in terms of solar
radiation, Annual Sun Exposure (ASE), and View with the
use of Rhinoceros/Grasshopper by considering the design
variables (angle, perforation ratio, width, and distance, etc.)
of the PSS. An optimum design proposal has been
presented for the existing classroom (transparency ratio:
60%) on the southern facade. Thermal comfort and surface
temperature have been calculated. Design proposals can be
developed for the west and east facades by using the
method of this study.

Keywords Perforated Solar Screens, Design Proposal,
Solar Control, Parametric Design Optimization

1. Introduction

The building envelope separates us from environmental
conditions and creates a comfortable interior environment.
Especially transparent areas are one of the most important

factors affecting indoor comfort conditions because they
are the most effective building envelope components in
solar gains. The design of transparent areas (transparency
ratio, transmission coefficient, and use of solar control
devices) is important for the control of solar gains. Today,
large glass facades are typical of newly constructed
buildings. However, in these designs are not addressed
parameters related to visual comfort such as ensuring the
level of light, preventing glare and antiglare except for
establishing a wvisual connection with the external
environment [1-4]. The high transparency ratios affect
thermal and visual comfort conditions negatively.

Solar gain contributes to the cooling load and increases
energy consumption in summer [5]; in addition, it has a
positive effect in winter. Short wavelengths of solar
radiation passing through the glass turn into long waves as
a result of contact with the surfaces in the interior and long
wavelengths cannot pass through the glass. As a result of
these events, a greenhouse effect occurs, and indoor
temperature increases. Glazed facades facing west or south
(in the northern hemisphere) are particularly vulnerable to
overheating, increasing thermal discomfort [6]. Solar
radiation passes through the glass, warming the
environment and causing thermal discomfort, especially in
large, glazed facade buildings.

The amount of energy usage related to artificial light
could be reduced with daylight. However, the introduction
of daylight is accompanied by solar heat gain. The energy
efficiency must be evaluated while accounting for the
thermal environment [7]. Some studies carried out have
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shown that energy demanded by overheating has become a
recurring problem due to excessive solar gains [8-11] and
glare and direct solar gains affect the thermal and visual
comfort [3,11,12] in fully glazed facades. Performative
facade design can improve the thermal and visual and
comfort conditions [13] while reducing energy
consumption as the building’s skin have an important role
in controlling the solar radiation. Building envelope should
not be just designed for their aesthetic aspects but also as a
functioning element in the building [13]. Solar radiation
should be controlled before it gets to the inside of buildings
and it is possible with the use of shading devices [3].
Shading devices can block solar radiation before penetrates
through the glazing when they are designed on the exterior
[14].

The optimum shading devices can improve thermal and
visual comfort by controlling solar energy gain and reduce
energy consumption. A perforated shading device design is
presented in this research with the aim of balancing gains
solar radiation. There are several studies on perforated
solar screens in the existing literature. These studies related
to improving daylight, reduce glare [3,15], improve
thermal performance [3] and reduce energy consumption
[3,16].

The studies on shading devices are mostly related to
office buildings. Providing good environmental conditions
for educational buildings is important because of the
negative influence of thermal discomfort on students’ and
teachers’ learning/teaching performance and health. Their
health and wellbeing depend on an appropriate educational
environment [17,18]. Also, classrooms in schools are
generally large volumes with high occupant density and the
number of occupants change instantaneously. Therefore, it
is more important to provide comfort conditions in
classrooms. An existing classroom was determined as an
example with a large number of occupants, and a large
volume on the university campus.

The common programs used for analysis in perforated
screen studies are energy plus [15,19], Ecotect [20],
Grasshopper (Diva [13, 21] and Ladybug, Daysim [3]).
Galapagos is an evolutionary solver and is a Genetic
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Algorithms (GA) optimization tool used within the
platform of the grasshopper and was used to modify and
control the different parameters [13]. If there are a large
number of problems, GA is used to finding optimized
solutions and is a powerful method [3]. Genetic algorithms
have been widely used in the built environment research
[3,13].

Simulations were conducted using the
Rhinoceros/Grasshopper. The optimization of the shading
device was carried out with the use of Grasshopper
integrated evolutionary optimization tool based on GA.

Within the scope of the study, a new design has been
proposed for the use of PSS. The proposed design has been
optimized in terms of harmful and helpful solar radiation.
As a result of the optimization, the best PSS was optimized
again for maximizing view while minimizing annual sun
exposure (ASE). The studies in the literature have
generally evaluated the PSS in office buildings and in
simple terms. In this study, the PSS proposed with an
approach different from the previous studies was examined
specifically for the classrooms. The PSS proposed by
different methods has been optimized. In addition, thermal
comfort conditions and inner window surface temperatures
have been evaluated according to whether the optimum
PSS is used or not.

2. Methodology

Istanbul is the province with the highest number of
universities, students, and academicians in Turkey. The
classroom on the university campus in Istanbul (Lat. 41°
N and Long. 29° E) was selected for investigation.
Meteorological data are given in figure 1 for Istanbul
(IWEC, 170600) which has a temperate humid climate.
Meteorological data show that winters in Istanbul are cold
and wet, while summers are hot and humid. The mean
sunshine duration is 79,7 (1929-2017) [22] and the sun is
rarely seen in winter, while the sky is often cloudless in
summer.
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Figure 1.

The southern facade is the most effective facade in solar
gains, thermal and visual comfort. An optimum design
proposal has been calculated for the existing classroom on
the southern facade. The selected classroom is B 502 and is
located in the south (8 degrees from South to West,

mentioned as south) of the building on the 5th floor (Fig. 2).

There is no obstacle that prevents daylight from the south
in the existing classroom.

The classroom is a room is a rectangular plan and a
trapezoidal prism (11,7 x 8,8 x (3,1 - 4,37)) (Fig. 2). The
capacity of the classroom is 109 people. The air
conditioning system of the classrooms is natural ventilation
and artificial heating. The HVAC system consists of a gas
central heating system, Cast 2 iron radiator with open. The
window has double-glazed material and the transparency
Ratio (WWR — Window to Wall Ratio) is 60% on the south
fagcade. The light transmittance is determined as %76 by

Istanbul monthly Dry Bulb Temperature, Relative Humidity and Horizontal Radiation

measurement with Konica Minolta illuminance meter and
calculation. The U value of glass is determined as 1,84
W/m?K and the U-value of the exterior wall determined as
0,38 W/m?’K and interior wall 0,73 W/m’K by
measurement with Testo 635-2.

The volume dimensions, shapes, transparency ratio, and
location of transparent areas of these classrooms cause the
comfort conditions to be negatively affected. In our
previous studies, we determined that the effect of the
transparency ratio (WWR) of B-501, B-502, and B-503
classrooms on thermal and visual comfort conditions [4,23].
These classrooms were compared in terms of thermal and
visual comfort conditions with classrooms in the same
direction, nearly the same volume and shape but with
different transparency ratios. The high transparency ratio
of these classrooms with a south fagade negatively affects
the comfort conditions.
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Figure 2. (a) The Location, exterior and interior view of classroom. (b)The plan with measurement points and section of classroom B-502
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Figure 3. Methodology of the study

2.1. Simulation and Optimization Methodology

The existing classroom was modelled using Grasshopper
a plug-in for Rhino’s 3D modelling tool (Fig. 6). Only the
one wall facing south is exposed to the external
environment. The window, which is on the south facade, is
double-glazed with Air (U-value 1.98 W/m?K, SHGC 0,45,
VT 0,76). Simulations use EnergyPlus and Radiance,
interfaced with Grasshopper through Ladybug and
Honeybee plug-ins. Galapagos is a Genetic Algorithm (GA)
optimization tool used within the platform of Grasshopper

and was used to modify and control the different
parameters. The simulation and optimization methodology
of the study is given in figure 3.

It is important to have an optimum shading device to
reduce the solar radiation absorption that leads to an
overheated indoor environment and an increase in cooling
energy loads [24]. GA was used for optimizing the annual
solar radiation performance and sunlight hours and view
analysis. The helpful and harmful solar radiation
performance was calculated and optimized. The
optimizations were made by calculating the solar radiation
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coming to the window surface. The 6th month, the 21st
day, the harmful, the 12th month, the 21st day was taken
as helpful solar radiation. Optimization has been done so
that the harmful radiation is the least and the useful
radiation is the highest.

As a result of the solar radiation optimization, the best
PSS was optimized again for maximizing view while
minimizing annual sun exposure (ASE). The sunlight hours
and view optimizations were made for the whole year. The
following were determined for this optimization: 1000 Ix
daylight threshold, Horizontal 60-degree cone of vision.
Sunlight hours are calculated according to > 250 hours for
the calculation surface. The results have been optimized by
calculating the percentage according to the area of the
calculation surface (The calculation surface is 0.85 m high
from the ground).

The design determined by optimization was analysed in
terms of thermal comfort conditions and inner window
surface temperature. Measurement results were used to
verify the modelling and calculations in the program.
Thermal comfort and surface temperature calculations
were conducted between 9.00 and 19.00. The calculation
months are determined, December representing the winter,
July representing the classic summer days, and June and
September, when the training continues intensively in the
summer months. The existing situation and the optimum
situation have been compared in terms of thermal comfort.
PMV (Predicted Mean Vote) values obtained as a result of
the calculations were evaluated according to the limit
values in the ASHRAE 55 standard.

The following adjustments were made for thermal
comfort calculations (Fig. 3). The heating set-point
temperature is 24°C, and a natural ventilation setpoint is
26°C. The clothing insulation level was determined as 0.8
clo for the winter [25] and 0.5 clo for the summer period.
The activity level was determined as 1.1 met and the
measurement height was determined as 1.1 m according to
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the standards [26,27]. Internal heat gains of equipment
and lights are 10 W/m? and 15 W/m? respectively. An
occupancy rate of 0.01 people/m? for the unoccupied
situations.

2.2. Verification of the Calculations by Measurement

In order to determine the accuracy of the calculations
made in the program, measurements should be verified.
Measurements and calculations were made when the
classrooms were unoccupied for the existing situation.
Thermal comfort measurements were performed on
24.02.2021 with Testo 480 - Digital Temperature and
Humidity Meter [28]. While the field study was conducted,
the radiators (heating system) and the curtains were opened,
and doors were closed. Measurements were conducted
while windows were closed and opened. Measurements
were made in cloudy sky conditions at 16.00. Measurement
results of the outdoor weather conditions: Air Temperature
is 12.4°C, Relative Humidity is 65.4%, and Air Velocity is
1.92 m/s.

Measurement results were used to verify the modelling
and calculations in the program. The measurements were
conducted at three points in classrooms (Fig. 2) and
calculation results verified according to the average of the
values of these points. Measurements and calculations
were made at 1.1 m height, according to 0.8 clo, 1.1 met.
The measurements were carried out for 5 minutes at
10-second intervals at each point after the device was
installed and held for 5 minutes. The calculations were
made in accordance with the measurement hours, clothing
insulation level, activity level, and measurement height.
The verifying results are given in figure 4.
Measurements and calculations were made in unoccupied
conditions. Our previous study showed that discomfort
increased in the warm direction while occupied conditions
[23].
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Figure 4. The verification of the calculations by measurement
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Table 1. The Design Parameters

Variables Possible Values Units
Dimensions of Voronoi cells (a) 0-01-02-03-04-05-0,6-07-08-09 Rhino mOdGLg;‘IiS (radius with
Perforation ratio 0-1-4-9-16-25-36-49-64-81 Ratio (%)
Width and distance (b) 0,05-0,1-0,15-0,2-0,25-0,3 Meter (m)
Twist angle (c) 0-90-180-270— 360 — 450 — 540 — 630 - 720 Degree (°)
Rotation angle (d) (-90) - (-60) - (-30) - 0-30-60 - 90 Degree (°)

a:Dimensions of
Voronai Cells

Ib; Width and
distance

| c: Twist angle

(b)

a:Dimensions of
Voronoi Cells

b: Width and

distance

N d: Rotation angle

(c)

Figure 5. The model of classroom B-502 (a) and PSS geometries with design variables (Twisted PSS (b) - Rotated PSS (c)

2.3. Design Variables

A perforated solar screen (PSS) has been modelled at the
outside of windows for the optimization analysis.
Horizontal shadings were created with Voronoi cells in
Grasshopper 3d. The design variables are the dimensions
of the Voronoi cells, the width of the horizontal shading
devices, the distance between each other, and the twist
angle (Fig. 5b). The width of the horizontal geometries is
equal to the distance between each other so that they rotate
around the axis and do not intersect with each other. The
dimensions of the VVoronoi cells vary according to different
cell radius. Even if the width of the geometry changes, the
perforation ratio is the same when the cell dimensions are
the same. Different from the specified design variables, the
rotation angle was also optimized (Fig. 5¢). The rotation
angle was optimized for the best result after the first
optimization. The positive angles represent the rotating
horizontal geometry clockwise. The thickness of the

horizontal geometries is set at 0.001lm and is constant.
Figure 5 and Table 1 show the PSS and its variables
evaluated. Optimized PSS has been recommended
according to all-year use.

3. Results

The Twisted PSS has been optimized for helpful and
harmful solar radiation. As a result of the optimization,
the best PSS was optimized again for maximizing view
while minimizing annual sun exposure (ASE). In addition,
the best PSS was optimized for solar radiation according
to the angle of rotation design variable. The effect of
optimized shading devices on thermal comfort conditions
has been determined by calculation. In addition, the
changes in the inner surface temperature of the windows
were also determined.
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3.1. Optimization Results

The design variables are optimized according to helpful
and harmful solar radiation performance of geometry. The
solar radiation optimizations were made for the dates of
21st of June and 21st of December representing the whole
year. The sunlight hours and view optimizations were
made for the whole year.

3.1.1. Solar radiation optimization

First solar radiation optimization was done for twist
angle (c), dimensions of Voronoi cells (a), width, and
distance (b). Optimization was completed in 53
generations and an optimal solution was obtained in the
third generation. The horizontal geometries twisted

A New Design Proposal for Perforated Solar Screens and Optimization in terms of Solar Control

around its centroidal axis ranging from 0° to 720° with 90°
of step. The optimum results were obtained when the
twisted angle was 0° (Table 2). Then, optimization was
performed with the rotation angle (d) variable for these
geometries perpendicular to the facade. The rotation was
done same centroidal axis. 30° was determined as the best
angle as a result of optimization according to the rotation
angle variable. 30° represents the rotating horizontal
geometry 30 degrees clockwise. The dimensions of
Voronoi cells radius were determined as 0.4 and the width
and distance as 0.15 m for the best Twisted PSS. The
optimal solution has 902 kWh/m? harmful and 1625
kWh/m? helpful solar radiation. The PSS rotated 30
degrees clockwise has 1162 kWh/m? harmful and 1949
kWh/m? helpful solar radiation.

Table 2. The solar radiation on the window exterior surface of the existing and best 5 PSS as a result of optimization

Optimum PSS 1
Dimensions of VVoronoi cells (a): 0,4
Perforation ratio: %16
Width and distance (b): 0,15 m
Twist angle (d): 0

Case / Variables PSS Geometry Harmful (21 June) Helpful (21 December)
Existing 3674 kWh/m? 2544 kWh/m?
902 kWh/m? 1625 kWh/m?

Optimum PSS 2
Dimensions of Voronoi cells (a): 0,3
Perforation ratio: %9
Width and distance (b): 0,15 m
Twist angle (d): 0

R R T S—
L __x N K N

e ———— -

em e msmmw

Optimum PSS 3
Dimensions of Voronoi cells (a): 0
Perforation ratio: %0
Width and distance (b): 0,15 m
Twist angle (d): 0

Optimization with Twist angle

758 kWh/m? 1439 kWh/m?

 —

Optimum PSS 4
Dimensions of Voronoi cells (a): 0,5
Perforation ratio: %25
Width and distance (b): 0,25 m
Twist angle (d): 0

1037 kWh/m? 1682 kWh/m?

Optimum PSS 5
Dimensions of Voronoi cells (a): 0,4
Perforation ratio: %16
Width and distance (b): 0,25 m
Twist angle (d): 0
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3.1.2. Annual Sun Exposure (ASE) and View Optimization

As a result of the solar radiation optimization, view, and
annual sun exposure (ASE) optimizations were done for
best optimized PSS according to solar radiation. Twist
angle (c) was the design variable for this optimization. The
best PSS was optimized for maximum view while
minimizing annual sun exposure (ASE). The results have
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been optimized by calculating the percentage according to
the area of the calculation surface. The twist angle was
determined as 0° for the best Twisted PSS. According to
the result, the best PSS has sunlight over 250 hours on the
17% of the test area and view is achieved on the %84 of the
test area (Table 3).

Table 3. The Annual Sun Exposure (ASE) An View Factor of the existing and best 3 PSS as a result of optimization

Case / Variables PSS Geometry

Sunlight Hours View Factor

Existing

%27 %94

-

Optimum PSS 1A
Twist angle (d): 0

Optimum PSS B
Twist angle (d): 360

Perforation ratio: % 16 ; Width and distance (b): 0,15 m)

Optimization with Twist angle

Optimum PSS C
Twist angle (d): 180

(Dimensions of Voronoi cells (a): 0,4 ;

%14
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Solar radiation amounts were calculated for the best
three PSS determined according to Annual Sun Exposure
(ASE) and view optimization. When the twist angle
changes, a lower amount of solar radiation was calculated
in the summer as determined in the results.

3.2. Thermal Comfort Assessment of Optimized Model

Before the thermal comfort analysis, measurement
results were used to verify the modelling and calculations
in the program. Measurements and calculations were
made when the classrooms were unoccupied for the
existing situation. Thermal comfort and window inner

A New Design Proposal for Perforated Solar Screens and Optimization in terms of Solar Control

surface temperatures were determined monthly. The
change of indoor thermal comfort conditions was analysed
in the case of applying PSS optimized.

It has been calculated that the effect of the PSS, which
gives the best result determined by optimization, on
thermal comfort and internal surface temperatures. If the
determined PSS are used, the thermal comfort conditions
have changed positively in comparison with the existing
situation. The window inner surface temperatures
decreased with the use of PSS. The decrease in window
temperatures is higher in the summer months as in thermal
comfort (Fig. 6).

Table 4. The Solar radiation of the existing and best 3 PSS as a result of Annual Sun Exposure (ASE) And View Optimization

Case / Variables

Harmful (21 June)

Helpful (21 December)

Existing

3674 kWh/m?

2544 KWh/m?

902 kWh/m?

1625 kWh/m?

Optimum PSS 1A

Twist angle (d): 0

Optimization with

Twist angle
(Dimensions of
Voronoi cells (a):
0,4 ; Perforation
ratio: %16 ; Width
and distance (b):

Optimum PSS B
Twist angle (d): 360

0,15 m)
Optimum PSS C
Twist angle (d): 180
35 1,2
30 1
0,8
25
(5} 06
20
= >
E 0,4 E
% 15
7] 0,2
'_
10 o
5 -0,2
0 -0,4

June

July
mm window inner surface temperature Existing

=== P MV Existing

September

December February
s window inner surface temperature Optimum PSS 1A

e=@=P N\ Optimum PSS 1A

Figure 6. Thermal comfort and window inner surface temperature for situations of existing and with Optimum PSS
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4. Discussions and Conclusions

An investigation has been made on the use of PSS on
the fagade in different ways within the scope of the study.
The horizontal PSS geometries twisted and rotated around
its centroidal axis. These geometries optimized according
to design parameters which the dimensions of Voronoi
cells, the width of the horizontal shading devices, the
distance between each other, twist, and rotation angle.
Optimizations have been done for solar radiation, annual
sun exposure and view factor. The best PSS was analyzed
in terms of thermal comfort and inner surface temperature
after optimizations.

The twist angle was determined as 0° in optimum
results for solar radiation. The 0° represents the condition
that it is positioned perpendicular to the facade. When
optimized according to the rotation angle, it has been
observed that the best PSS is obtained by rotating the
horizontal geometry 30 degrees clockwise.

The solar radiation, view, and annual sun exposure
(ASE) optimizations were done for the best optimized
PSS. Consequently, it has been observed that the use of
0-degree horizontal geometries is the best for twist angle
design. The other optimum results for the twist angle have
been calculated again in terms of solar radiation. When
the twist angle changes, a lower amount of solar radiation
was calculated in the summer as determined in the results.
It has been determined in the thermal comfort calculation
results that when the best PSS is used, the thermal
comfort in summer has approached the range given in the
standards. Thermal comfort remained within the value
range given in the standard in winter.

The proposed PSS design is optimized according to
all-year use. The method of study can be developed by
making additional optimizations according to months as
can be seen from the results. It is possible to find and
apply optimum results according to months for the PSS
suggested in the study. Better results can be obtained if it
is designed as kinetic. The proposed designs allow kinetic
application. Design proposals can be developed for the
east and west facades by using the method of this study. It
is necessary to analyze and find the optimum result for the
proposed shading device designs to be used in existing or
new buildings. Otherwise, the designed shading devices
will not be able to perform their original functions.
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