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Abstract 
New design tools have enabled architects to explore complex geometries for building envelopes. Perforated Screens (PS) have gained 
popularity but their design is still intuitive, often focused on aesthetic and morphological criteria. Yet, there is a lack of guidelines or 
quantitative standards for designing optimal PS, in terms of their daylight provision, views outside, solar shading or energy performance. 
Since PS can greatly influence the interior conditions, it is essential to understand the effect of screen parameters, such as thickness, 
perforation percentage, separation distance, and others that are often manipulated by designers. This paper analyses the daylighting and 
shading performance of thick PS in office buildings. Five design parameters were simultaneously tested in terms of the annual daylight 
and solar irradiance contribution. Simulations were performed with DIVA-for-Grasshopper and the following metrics were accounted: 
useful daylight illuminance, actual daylight availability, and shading coefficients. Three orthogonal arrays allowed the selection of 64 
PS configurations as representatives. The overall average of every metric was used as an approach to select all factors having a mean 
significantly different. The mean values were then established as ‘Preferable’ targets. Finally, design guidelines to plan thick PS used 
in front of South, East, and West glazed façades, in a Mediterranean climate, were proposed. The results highlighted the importance of 
selecting appropriate values for every design parameter to enhance the integrated performance of thick PS. 

© 2019 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction
During the last decades, glazed façades have been predominant 
among office buildings in different latitudes and climates all over 
the world. Now, there are numerous examples of buildings, which 
have ignored their climatic conditions by extending the use of 
highly glazed façades. However, glazed buildings can produce 
excessive solar radiation, leading to thermal discomfort and rising 
demand for energy. Present concerns with energy conservation 
have induced to implement solar shadings to reduce yearly heat 
gains and to improve energy efficiency [1]. It should be pointed 
out that solar shadings also affect daylight provision at indoors and 
visual contact to outside. Evidence shows that daylight stimulates 
the visual and circadian systems [2]; it also produces a positive 
psychological effect on workers at office spaces [3]. Moreover, 
daylighting is a way to reduce the use of artificial lighting and 
active thermal conditioning systems [4]. 

 New design tools and advances in computer-aided programs 
have enabled architects to explore complex geometries and 

patterns for building envelopes. Consequently, semi-standardized 
shading devices such as louvers or overhangs have often been 
disregarded due to the difficulty of integration of these forms with 
contemporary building design [5]. Within this framework, 
Perforated Screens (PS) have gained popularity. PS are opaque 
lattices with perforations that vary in shape, size, number and 
distribution of holes. They can be thin or thick, depending on the 
construction material, which is usually metal, composite resins, 
ceramic or brick. PS are usually placed in front of windows or 
glazed façades, adopting a wide variety of designs to provide a 
contemporary look and to meet the expectations for the visual 
image of building envelopes. Moreover, these screens should be 
implemented not only for solar control but also to provide 
adequate daylight indoors. 

 
1.1. Background: solar screens study 
Previous research has addressed the performance of solar screens 
to take into account their influence on daylight and thermal 
performance from the initial building design process. The screens 
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were either located in front of, or integrated with window glazing. 
Aljofi [6] examined the potential of reflected sunlight from 
Egyptian screens: devices made of wood strips with different holes 
shapes were tested, concluding that for all screens shapes, the 
highest value of the daylight factor was experienced at the middle 
central zone of the tested space. From the same study, the daylight 
factor was lower in the case of rounded shapes than in the other 
tested shapes and the contributed reflected light was found higher 
in screens with large diameters than those with small ratios. 

Sherif et al. [7], studied the daylighting performance of screens 
used in front of windows, concluding that perforations with a 
shape ratio (vertical: horizontal) of 18:1 to North and 1:1 to South, 
can help obtain 200 lux on at least 70% of the working plane. The 
previous authors ran other several studies related to the daylight 
provision or the energy performance of screens used on windows 
of residential buildings located in extreme desert environments. In 
[8], different perforation ratios of quadrangular screens were 
tested, concluding that percentages of 40-90% were useful to 
obtain 200 lux during 50% of the yearly occupied hours, over at 
least 30% of the tested space. In [9], optimum ranges of 
perforation ratios were recommended to reduce air conditioning 
by 30%. These ratios were 80% to windows oriented towards West 
and North, and 90% to windows facing East and South. In [10], 
the horizontal axial rotation angle of screens was tested, 
concluding that the mean illuminance in the tested space was 
directly proportional to the rotation angle. 

In general, the previous works focused on studying 
quadrangular shaped holes of screens used on windows. Instead, 
Etman, Tolba and Ezzeldin [11] analysed the parametric design of 
an outer skin placed in front of a West façade. The aim was to 
maintain acceptable illumination levels within a prototypical 
office space. The authors concluded that perforated screens with 
small repetitive modules, assembled as an outer skin and 
developed from the traditional mashrabiya, improved the 
distribution of acceptable indoor illumination levels from 54% to 
78% during the occupied hours set from 9 am to 4 pm. 
Furthermore, Azadeh [5] assessed complex geometries to optimize 
the performance of indoor environments in terms of daylight and 
energy. It was concluded that the Daylight Autonomy (DA) of the 
screened space was significantly higher than the 30% Window-to-
Wall-Ratio spaces, almost as high as that of the un-shaded fully 
glazed space. Besides, the optimized screen reached a 35-40% 
reduction in annual energy use. 

As can be seen, the previous works focused on different screen 
characteristics, but every characteristic was addressed separately 
in different tests. Findings from this type of approach could be 
limited since they omit the combined effects of changing all 
parameters together. More recently, Chi, Moreno, Esquivias and 
Navarro [12] proposed an optimization method named Design 
through Orthogonal Arrays (DOA) to analyse the simultaneous 
influence of several design characteristics of thin PS on annual 
daylight conditions. Through the DOA method, it was concluded 
that perforation ratios, distribution, shape of holes and orientation 
must be addressed simultaneously to increase the daylit area by 33% 
and to reduce the overlit area by 35%. In [13], the DOA method 
was also applied to investigate the thermal performance of thin PS. 
Four design characteristics were simultaneously evaluated, 
concluding that thin screens can achieve a 55% reduction in the 
total annual energy use. It should be emphasized that the two 
previous studies addressed flat screens, assuming a zero thickness. 

Nevertheless, PS design parameters such as the distance 
between the glazing system and the inner face of the screen is also 
a prominent factor to enhance screen performance. A first 
overview [14] of the mentioned parameter showed that inter-
reflections within the PS-glazing system constituted a large 
portion of the total irradiation falling on the glazing when a thin 
PS was placed 60 cm from the glazing. From the previous work, it 
was also found that inter-reflections within the PS-glazing system 
accounted from 5% to 16% of the total annual irradiation, so they 
should not be ignored when analyzing the energy performance of 
thin screens. From the finding, it can be inferred that light inter-
reflections bouncing within the inner face of the screen holes as 
well as between the screen and glazing surface must not be 
disregarded. Yet, both distance and thickness are design 
parameters that remain as pending research tasks. 

In brief, the literature review showed the usefulness of using PS 
in enhancing daylighting performance and reducing energy 
consumption. However, a limited number of studies addressed 
several characteristics of perforated screens at the same time. 
Besides, most of them were focused on daylight provision or on 
thermal performance, and only a few of them investigated both 
domains. 

 
1.2. Metrics used for performance evaluation 
Different metrics and indicators have been used to evaluate the 
daylighting and energy performance of PS. As regards the daylight 
evaluation, Climate-based daylight metrics seem to be the more 
confident indicators since Radiance is a validated software, widely 
used nowadays. Regarding the thermal performance, lighting and 
cooling energy demand were used as the principal energy 
indicators. However, EnergyPlus cannot deal, at present, with 
complex geometries within its energy calculation engine [15]. 
This situation has widely limited the study of the energy 
performance of complex shading systems. 

Due to the fact that daylighting and solar radiation are largely 
related, both domains are often revised at the same time. As a 
result, solar shadings have also been evaluated in terms of their 
solar radiation transmission. This last indicator has been one of the 
most cited parameters driving shading control [16]. At present, 
there is a variety of parameters identified as primary to 
characterize the impact of choosing a given shading system and 
the related control pattern. The criteria were usually based on 
physical parameters, such as direct solar radiation, incident or 
transmitted solar radiation, global radiation, etc. [16,17]. A 
method to assess the solar shading performance was through the 
Shading Coefficient (SC), an index proposed by Garde [18]. This 
index allowed determination of the performance of the solar 
protection at glazing. In the end, SC was successfully linked to the 
solar radiation load inside the room. 

Other studies have also evaluated the shading performance of 
different architectural devices. Cheng, Liao and Chou [19] 
analysed the shading effect of a horizontal-shading device and 
showed a correlation based on the shading ratio and SC, via the 
simulation of shading variables. After that, optimal designs and 
strategy regulations were chosen to enable more suitable 
utilization and peak effectiveness of shading device systems for 
energy-savings buildings. Perez et al. [20] evaluated the solar 
efficiency of solar shadings and the illuminance level at different 
points within a space. The experiment was successful thanks to the 
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combination of the radiation models and the lighting raytracing 
method Radiance. Huang and Wu [21] used the SC index to 
investigate the daylighting and solar shading performance of 
splayed windows used in hot climates. Results from the cited study 
showed a strong positive correlation between the ratio of DA to 
SC and the incident solar radiation. 

David, Donn, Garde and Lenoir [22] assessed the SC along with 
the Useful Daylight Illuminance (UDI) metric, to investigate the 
thermal and visual efficacy of different solar shadings in non-
residential buildings. They concluded that all indices used in the 
investigation permit the comparison of the energy and the visual 
behavior of the case study under different sizing regimes of four 
types of solar shades. In the end, their comparison made obvious 
the choice and the sizing of specific solar shadings. Chi, Moreno 
and Navarro [23] showed that the UDI metric has a strong linear 
correlation with the total annual energy consumption, so UDI was 
considered a feasible metric and a proxy for overall building 
energy consumption. Furthermore, Mardaljevic, Andersen, Roy 

and Christoffersen [24], evaluated 8 European climates and 4 
building orientations and determined that the UDI metric could 
serve as a proxy for the probability of daylight glare. 

 
1.3. Objective of current research 
This work aims to investigate and estimate, based on results from 
annual daylight and solar irradiance simulations, the daylighting 
and shading performance of thick PS used in front of fully glazed 
façades in office buildings. Five design characteristics of thick PS, 
which are usually specified during the first stages of the building 
design process, are revised simultaneously through a multi-factor 
analysis. The objective is to understand the statistical significance 
and the influence of varying all design parameters together. It 
should be pointed out that, at present, these parameters have not 
been systematically reviewed due to the complexity of addressing 
these types of studies that are time-consuming. Design criteria are 
therefore proposed to plan and to specify thick PS in three main 
orientations at a Mediterranean Climate. 

 
Fig. 1. Plan and perspective views of the case study. The calculation planes are highlighted in red. 
 
Table 1. Characteristics of the case study. 

Components Characteristics Fixed Variable 

Room Width × Length × Height 7 m × 7 m × 3 m  

Window-to-Wall-Ratio 100%  

Glazed façade orientation  South, East, West 
Walls Visible reflectance 50%  

Solar reflectance 50%  
Floor Visible reflectance 20%  

Solar reflectance 20%  
Ceiling Visible reflectance 80%  

Solar reflectance 80%  
Glazing Visible Transmittance 78.1%  

Solar Transmittance 60.4%  
PS Length × Height 7 m × 3 m  

Orientation  South, East, West 

Perforation Percentage (PP)  70%, 60%, 50%, 40%, 30%, 20% 

Matrix (M)  12 × 28 holes, 6 × 14 holes, 3 × 7 holes 

Thickness (T)  5 cm, 7 cm, 10 cm 

Separation (S)  60 cm, 90 cm, 120 cm 

Visible reflectance 80%  

Solar reflectance 80%  
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2. Methodology 
The setting for the study and the design parameters explored are 
described in this section together with an overview of the 
simulation setup and the performance metrics assessed. 

 
2.1. Case building description 
The case study is an office space with 49 m2 and 3 m in height, as 
shown in Fig. 1. It has a fully glazed façade with double-clear 
glazing with a 78.1% visual transmittance and a 60.4% solar 
transmittance. Reflectance and other characteristics of the case 
study are summarized in Table 1. 

 
2.2. Parameters studied for perforated façade design 
A thick PS is externally mounted in front of the fully glazed façade. 
Its dimensions are 7 m in length and 3 m in height. Material 
reflectance and other PS characteristics are summarized in Table 
1. To understand the effect of thick PS design on both daylighting 
transmission and solar shading, certain parameters that are usually 
specified during the first stages of the building design process, are 
selected and examined in this study. 

First, orientation is considered as the prominent parameter since 
it influences the amount of solar radiation received by building 
surfaces, and consequently, it determines the distribution and 
collection of solar radiation through windows and glazed façades. 
Then, the perforation ratio is also planned as a key because it 
directly impacts the amount of daylight transmitted through all 
screen holes. Similarly, the organization and distribution of the 
holes in the opaque part of a screen are relevant because they filter 
out incident direct sunlight. Besides, the organization of the holes 
is perceived as one of the parameters most regularly changed by 
designers. Then, the shape of the screen holes is disregarded for 
this experiment, since previous studies reported that the most 
common shapes used in flat PS (rounded, quadrangular, hexagonal, 
etc.) produced barely significant changes in the provision of 
daylight [12], and no significant variations in the energy 
performance [13]. 

Lastly, thickness and distance (between the screen and the 
glazing system) are considered indispensable since they determine 
the character of thick screens. Besides, these two parameters have 
not been systematically evaluated in other works as the literature 
review showed. In this work, thickness values are based on the 
width of the materials most commonly used in the manufacture 
and sale of thick panels and lattices for modern architectural 
market (e.g. composite, resins and brick). Besides, distance values 
are based on designers’ personal experience, as well as on the 
widths of the glazing-screen cavity most commonly built in office 
buildings, which are generally used for cleaning purposes or even 
as hallways or balconies. 

In brief, the following five parameters for designing thick PS 
are evaluated, each taking different values: 
• Orientation (O) refers to the position of the glazed façade with 

respect to the sun. South (S), West (W), and East (E) 
orientations were evaluated. 

• Perforation Percentage (PP) represents the ratio of the total 
surface of the openings to the opaque surface. Six values were 
studied: 70%, 60%, 50%, 40%, 30%, and 20%. 

• Matrix (M) represents the distribution of the holes 
(vertical×horizontal) on the lattice. Three different matrices 
were tested: 12×28, 6×14 and 3×7. 

• Thickness (T) represents the width of the lattice. Three values 
were analysed: 10 cm, 7 cm and 3 cm. 

• Distance (D) represents the distance between the inside 
surface of the lattice and the outside surface of the glazing 
system. Three distances were studied: 60 cm, 90 cm and 120 
cm. 

The simulation experiment involves a transverse comparison of 
the design parameters with respect to the performance of 
daylighting and solar irradiation. The order of importance and the 
significance of the factors are the focus of the study. Therefore, an 
orthogonal experiment design is employed, which uses only a 
fraction of all possible factorial combinations and can significantly 
reduce the number of experimental runs while providing detailed 
information for each factor [25]. The orthogonal array follows two 
properties: on each column, the number of occurrences is the same 
for each factor on different levels; the combination of factor levels 
is complete and balanced on every row. Therefore, all 
combinations are uniformly dispersed and regularly comparable 

 
Fig. 2. Explanation of the orthogonal array design used in this study. 

 
Table 2. L18 (61)(33) orthogonal experimental design: Factors and levels. 

 Factors No. 
simulations PP M T D 

Le
ve

ls 

70% 12×28 3 cm 60 cm 1 

70% 6×14 7 cm 90 cm 2 

70% 3×7 10 cm 120 cm 3 

60% 12×28 3 cm 90 cm 4 

60% 6×14 7 cm 120 cm 5 

60% 3×7 10 cm 60 cm 6 

50% 12×28 7 cm 60 cm 7 

50% 6×14 10 cm 90 cm 8 

50% 3×7 3 cm 120 cm 9 

40% 12×28 10 cm 120 cm 10 

40% 6×14 3 cm 60 cm 11 

40% 3×7 7 cm 90 cm 12 

30% 12×28 7 cm 120 cm 13 

30% 6×14 10 cm 60 cm 14 

30% 3×7 3 cm 90 cm 15 

20% 12×28 10 cm 90 cm 16 

20% 6×14 3 cm 120 cm 17 

20% 3×7 7 cm 60 cm 18 
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[26]. In other words, any factor on any level is compared with all 
other factors on different levels. Here, it should be noticed that 
orthogonal arrays have been implemented in different 
investigations focused on optimizing window and building 
envelope design, passive strategies, construction processes, etc. 

These investigations concluded that orthogonal arrays are highly 
efficient in achieving the optimal combination of factor levels. 

Taguchi and Yokohama [27] tabulated many standard 
orthogonal arrays that can be applied directly in planning the 
simulation cases. Figure 2 and Table 2 explain the L18 (61)(33) 

 
Fig. 3. PS configurations derived from the orthogonal array L18(61)(33). The set of 18 PS is simulated three times, at: South (S), East (E) and West (W). Cursive red 
numbers represent every single configuration and the initial letter of the orientation will follow them, for example, 10E refers to the configuration number 10th facing 
towards East. 
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orthogonal array design selected for this experiment. It is used 
three times since three different orientations are tested in the 
experiment. PP, M, T and D are considered as experimental factors 
with different levels each: the first is assigned with six levels 
whereas the other parameters are ascribed with three levels each 
(refer to Fig. 2 and Table 2). Thus, from the full combination of 
factors and levels (that is to say, 6 PPlevels×3 Mlevels×3 Tlevels×3 
Dlevels=162 PS configurations), only 18 combinations are required 
to analyse each particular orientation. Other specifications for the 
selected PS are summarized in Fig. 3, where each PS configuration 
is named by a red number ranging from 1 to 18, followed by a red 
letter representing the orientation: S to South, E to East and W to 
West. To sum up, 64 PS configurations (that is to say, 18 
combinations from L18 (61)(33) × 3orientations) are required for the 
overall analysis and they effectively represent the all-486 possible 
combinations. 

Once the selected 64 PS have been modelled and simulated, 
their results can be tested through Analysis of Means (ANOM) 
tests. The ANOM is a graphical that tests the equality of 
population means and displays both each factor level mean and the 
overall mean. It provides a confidence interval that allows 
determining which factor level has a mean significantly different 
from the overall average of all the factor levels combined. In this 
study, the ANOM is used to select the optimal level of each factor 
according to particular targets of the performance metrics, which 
are described in the next section. For more detailed information 
about the considered methods and the use of orthogonal arrays in 
the building design process, please refer to a more extensive 
evaluation by Chi [28]. 

 
2.3. Performance assessment metrics 
Daylight quantity metrics, UDI and DAv, as well as shading 
performance metric, SC, which were obtained using dynamic 
annual simulations, are summarized below. Furthermore, an index 
proposed to evaluate the dual performance of perforated façades 
is also specified in this section. 

 
2.3.1. Useful daylight illuminance (UDI) 
UDI is founded on a measure of how often in the year daylight 
illuminances within a range are achieved. Thus, UDI expresses the 
percentage of the occupied hours when daylight levels on the 

horizontal working plane fall within certain ranges that define the 
UDI bins [29]. In this work, the following ranges are considered: 
• UDI<150 lx to represent the portion of time during which the 

illuminance is non-sufficient. 
• UDI 150-300 lx to show the transition time between non-

useful range and useful range. 
• UDI 300-3000 lx to define the portion in which the daylight 

is autonomous for the task.  
• UDI >3000 lx to represent the times in which the daylight 

might be excessive, causing overheating or glare problems 
[23,24]. 

 
2.3.2. Actual daylight availability (DAv) 
This metric divides the horizontal working plane into four areas lit 
exclusively with appropriate daylight illuminance levels, as it is  
expressed below: 
• Nondaylit area represents the portion of the working plane 

that accounts UDI<150 lx for at least 50% of the working year. 
• Actual partially daylit area shows the transition area between 

the nondaylit and fully daylit areas. It is also used to start 
accounting for the subjective nature of light evaluations of 
spaces [30]. In this study, it includes the illuminances within 
150-300 lx when they do not reach the time percentages for 
either the nondaylit or fully daylit areas. 

• Actual fully daylit area represents the portion of the working 
plane that meets UDI 300-3000 lx during at least 50% of the 
occupied hours plus UDI>3000 lx for less than 5%. 

• Overlit area shows the area that accounts UDI>3000 lx for at 
least 5% of the working year. 

 
2.3.3. Solar shading coefficient (SC) 
SC is used to represent the solar shading performance over a 
glazing. It is the ratio of the solar radiation that impacts the glazing 
with and without the use of solar shading; the closer the SC to 0, 
the more effective the solar protection is [18]. In this work, SC is 
calculated for every hour over the year and is the ratio of the solar 
radiation falling on the vertical grid with and without PS (refer to 
Fig. 1). Each hourly SC considers the mean across all sensors in 
the grid. Then, 8760 hourly SC are averaged to get an annual SC. 
 
2.3.4. Ratio of DAvfully to SC (RDAVfully/SC) 
The ratio of the actual fully daylit area (DAvfully) to the annual SC 
is proposed as an index of both solar shading and daylighting 
performance of thick perforated façades. Then, a high value of the 
actual fully daylit area corresponds to better daylighting 
performance, and a lower value of SC corresponds to better solar 
shading performance. Thus, high values of this index represent 
better integrated performance of solar shading and daylighting. 
 
2.4. Simulation setup 
The case study described in Fig. 1 and the PS configurations 
detailed in Fig. 3 are explicitly modelled in Rhinoceros. Then, 
daylight and irradiance simulations are performed in a 2-step 
process by using Radiance-based software DIVA-for Grasshopper. 
The workflow is summarized in Fig. 4 and explained in more 
detail below. 

 
Fig. 4. Workflow for predicting the daylighting and shading performance of 
thick PS. 
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1. First step involves annual daylight calculations on a 
horizontal plane placed 0.80 m above ground level, with 576 
sensors placed 0.25 m apart and 0.50 m from walls (refer to 
Fig. 1). The occupancy profile corresponds to working hours 
from 8:00 to 18:00 h with Daylight Saving Time (DST). 

Every PS configuration required a specific daylight 
simulation that gets its annual illuminance profile (*.xlsx) 
containing the hourly illuminances for all the sensors. This 
file is then processed mathematically to account for the four 
UDI bins (%) and the four DAv areas (%).   

2. Second step involves annual solar irradiation simulations with 
the DAYSIM-based hourly method, which is embedded in 
DIVA-for-Grasshopper. The irradiances are calculated on a 
vertical plane placed 0.05 m in front of the glazing system, 
with 2100 sensors placed 0.10 m apart (refer to Fig. 1). For 
every PS configuration, two irradiance simulations are 
required: the model with PS in place and the model without 
PS. The two resulting irradiance profiles (*.csv) are then 
processed mathematically to obtain the SC value, that is to say, 
the yearly average ratio of the irradiation falling on the 
vertical grid with and without PS. 

A convergence test, that is to say, a calibration of the Radiance 
ambient settings was previously run to define the ambient 
parameters used for the PS simulations: -aa .1 -ab 5 -ad 4096 -ar 
128 -as 256 -dr 2 -ds .2 -lr 12 -lw .004 -dj 0 -lr 6 -sj 1 -st 0.15. A 
general procedure to calibrate the Radiance parameters can be 
found in [31]. The weather file used is the EPW for Seville, Spain. 
 
3. Results 
This section presents the daylighting and shading performance 
metrics obtained from the simulations. First, the main effects of all 
design parameters are transversally evaluated through the three L18 
(61)(33) orthogonal arrays (Sections 3.1, 3.2, 3.3 and 3.4). Then, 
the effects of every design parameter are tested in relation to the 
case study with no PS, to understand their particular influence on 
PS performance (Section 3.5). The findings drawn from this 
analysis are presented in the following ‘Summary and Discussion’ 
section. 
 
3.1. Daylight during the occupancy time: UDI 
Figure 5 shows the simulation results for all UDI bins. As can be 
seen, most PS configurations achieve significant improvements 
over the case study with a fully glazed façade (R). For instance, 
South facing PS numbered from 1 to 9, 11 and 12 provide 
illuminances between 300 lx and 3000 lx during more than 70% 
of working hours, and illuminances over 3000 lx during less than 
20% of occupied hours. Similarly, East and West facing PS 
numbered from 1 to 6, and 9 achieve autonomous illuminances 
during more than 70% of the occupancy time. Furthermore, the 
mentioned East facing PS get less than 16% of working year with 
excessive illuminances while the cited West facing PS achieve less 
than 9%. 

To better understand the influence of every factor level in the 
improvement of daylight throughout the year, the ANOM of the 
L18 (61)(33) orthogonal arrays are performed below. Figure 6 
displays each factor level mean for all four UDI bins at South (a), 
East (b) and West (c). It also shows the overall mean of UDI 300-
3000 lx (with a red dashed line), that henceforth is established as 
the ‘occupancy target’ for the optimal factor levels at every 
orientation. For South and East facing PS, the overall means are 
65% and 59% of the occupied hours, respectively. Thus, the 
optimal factor levels for these two orientations are those that reach 
the reported mean percentages: PP 40-70%, M 3×7 and 6×14, T 3-
7 cm and D 60-90 cm. As regards the overall mean for West facing 

   
(a) 

     
(b) 

 
(c) 

Fig. 5. UDI results from daylight simulations (a) South, (b) East, and (c) West. 
All four bins are reported with different colour hues. Numbers in the vertical 
axis refer to the PS numeration in Fig. 3. R refers to the case study facing 
towards a specific orientation. 
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PS, it is 57% and the optimal factor levels are therefore the 
following: PP 50-70%, M 3×7 and 6×14, T 3-7 cm and D 60-90 
cm.  

 
3.2. Daylight on the working plane: DAv 
Figure 7 summarizes the simulation results for all four areas in the 
DAv metric. In comparison to the case study (R), some PS get 
better results due to the fully daylit area increase and the overlit 

area reduction. However, some specific PS get worst results since 
they considerably increase the nondaylit and partially daylit areas. 
Hence, the ANOM is helpful to understand each factor level effect 
on the DAv areas.  

The main effects of the ANOM of the L18(61)(33) are 
summarized below. Figure 8 displays each factor level mean for 
all four DAv areas at South (a), East (b) and West (c). It also shows 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Main effects plot for UDI means (a) South, (b) East, and (c) West. The 
red dashed line shows the overall mean of UDI 300-3000 lx at every orientation. 

 
(a) 

 
(a) 

 
(a) 

Fig. 7. DAv results from daylight simulations (a) South, (b) East, and (c) West. 
Numbers in the vertical axis refer to the PS numeration in Fig. 3. R refers to the 
case study facing towards a specific orientation. 
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the overall mean of the actual fully daylit area (with a long red 
dashed line), that henceforth is established as the ‘workplane 
target’ for the optimal factor levels at every orientation. For South 
facing PS, the overall mean is 48% of the working plane, so the 
optimal factor levels at South are those that exceed that percentage. 

From highest to lowest, the optimal PS at South are: PP 50%, 60%, 
40% and 70%; M 3×7 and 6×14; T 3 cm and 7 cm; D 90 cm. As 
regards East facing PS, the overall mean is 35% for the actual fully 
daylit area, so the optimal factor levels are those that exceed that 
percentage in the following order: PP 50%, 60% and 70%; M 3×7 
and 6×14; T 7 cm and 3 cm; D 90 cm.  Regarding the West facing 
PS, the overall mean for the target metric is 42%, so the optimal 
factor levels are sorted in descending order: PP 60%, 70% and 
50%; M 3×7 and 6×14; T 3 cm and 7 cm; D 60 cm and 90 cm. It 
should be noticed that the relationship between the fully daylit area 
and PP is curvilinear at the three orientations. Moreover, the 
relationships between the fully daylit area and M, T or D are weak 
negative at the three orientations. 

Figure 8 also displays the overall mean of the overlit area (with 
a short red dashed line), that is established as the ‘daylight limit’ 
on the working plane which should not be exceeded because an 
oversupply of daylight might lead to visual and/or thermal 
discomfort [24,32]. Accordingly, the optimal levels of every factor 
can be depicted. For South facing PS, the overall mean for the 
overlit area is 35%, thus the following levels below this percentage 
are considered as optimal: PP 20-30%, M 12×28, T 10 cm and D 
120-90 cm. Regarding East facing PS, the target limit is 36%, so 
the optimal factor levels are sorted as follows: PP 20-40%, M 6×14 
and 12×28, T 7-10 cm and D 120-90 cm. For West facing PS, the 
overall mean is 22%, thus factor levels under that limit are chosen 
as optimal: PP 20-40%, M 12×28, T 7-10 cm and D 120 cm. 

 
3.3. Shading performance 
To explore the shading performance through thick PS, SC for the 
64 PS configurations from the three L18 (61)(33) orthogonal arrays 
(each array for each orientation) are plotted on a radar chart, as 
shown in Fig. 9. As can be seen, South facing PS get the most 
effective solar protection since SC is closer to zero in all South 
cases. It is also observed that East and West facing PS have very 
close SC values between their corresponding PS. 

Furthermore, it is clear that some PS configurations get better 
performance. Hence, the ANOM in Fig. 10 displays the influence 
of each factor level on SC at every orientation. It also shows the 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Main effects plot for DAv means (a) South, (b) East, and (c) West. The 
long red dashed line shows the overall mean of the actual fully daylit area at 
every orientation. The short red dashed line shows the overall mean of the overlit 
area at every orientation. 

 

Fig. 9. Annual Shading Coefficient (SC) resulted from irradiance calculations at 
the vertical plane. All three orientations are reported with different colour hues. 
Numbers in the perimeter reference line refer to the PS numeration in Fig. 3. 
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overall mean of the annual SC (with a red dashed line), which is 
established as the ‘shading limit’ to select the optimal factor levels 
at every orientation. Therefore, all PS configurations that get less 
than this limit are considered optimal since low SC values 
represent better shading performance. For South facing PS, the 
overall mean for SC is 0.30 while the overall mean for both East 
and West facing PS is 0.33. Consequently, the optimal levels that 
do not exceed the shading limits are PP 20-40%, M 12×28, T 7-10 
cm and D 120 cm. 

3.4. Integrated performance: Ratio of DAvfully to SC 
To understand the integrated performance of PS in terms of 
daylighting and solar shading, RDAVfully/SC values for the 64 PS 
configurations are plotted in a radar chart, as shown in Fig. 11. 
Since high values of this ratio represent better integrated 
performance of thick PS, it is clear that some configurations are 
more suitable. 

The ANOM in Fig. 12 displays each factor level mean for 
RDAVfully/SC values at South (a), East (b) and West (c). Figure 12 
also shows the overall mean of RDAVfully/SC (with a red dashed line), 
that henceforth is established as the ‘integrated performance target’ 
for the optimal factor levels at the three orientations. In the case of 
South facing PS, the overall mean for the target is 177. Thus, levels 
rising this percentage can be considered optimal. From highest to 
lowest, the optimal PS at South are the following: PP 30%, 40%, 
20% and 50%; M 3×7; T 3 cm and 7 cm; D 120 cm and 90 cm.  
Regarding East facing PS, the overall mean is 108 for RDAVfully/SC, 
so the optimal factor levels are those that exceed that percentage 
in the following order: PP 50%, 30% and 40%; M 6×14 and 3×7; 
T 7 cm; D 90 cm. As regards West facing PS, the overall mean for 
the target metric is 118, so the optimal factor levels are sorted as 
follows: PP 50%, 60% and 40%; M 3×7 and 6×14; T 3 cm and 7 
cm; D 60 cm and 120 cm. 

 
3.5. Effects of matrix, distance and thickness on PS performance 
To understand the effect of every design factor in the daylighting 
and shading performance of PS, the factor levels are investigated 
relative to the case study without PS. It should be noticed that the 
PS arranged in Figs. 13, 14, and 15 resulted from the combinations 
selected through the orthogonal arrays (refer to Fig. 3). Thus, any 
factor on any level was compared with all other factors on different 
levels. This means that no factor was set fixed to test the influence 
of changing others. Notwithstanding, general findings can be 
inferred from the comparisons in Figs. 13, 14, and 15, which 
summarize the simulation results for specific metrics chosen as 
representative: UDI 300-3000 lx, actual fully daylit area, overlit 
area, SC and Ratio DAvfully/SC. Essentially, most PS 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Main effects plot for SC means (a) South, (b) East, and (c) West. The 
red dashed line shows the overall mean of annual SC at every orientation. 

 
Fig. 11. Ratio of DAvfully to SC. All three orientations are reported with different 
colour hues. Numbers in the perimeter reference line refer to the PS numeration 
in Fig. 3. 
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configurations get better performance than that of the case study 
(R). To clarify, the PS increase the fully daylit area and the UDI 
300-3000 lx. Besides, all PS reduce the overlit area and get better 
performance for the SC and Ratio indexes. A profound revision is 
described below. 

The main effects in previous sections pointed out that PP 
produced the most significant changes in PS performance. 
Therefore, this section presents the testing of the PP with each of 
the other three factors to comprehend their concurrent influence. 
The aim is to identify overall tendencies for the PS design 
parameters. First, the effects of the three different matrices are 
evaluated at every orientation. Figure 13 shows all PS grouped by 
their matrix and PP, in descending order. Hence, it is possible to 
notice that the fully daylit area increases with small hole density 

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Main effects plot for RDAVfully/SC (a) South, (b) East, and (c) West. The 
red dashed line shows the overall mean of RDAVfully/SC at every orientation. 

 
(a) 

 
(b) 

 
(c) 

Fig. 13. Comparison as a function of the matrix (M) and perforation percentage 
(PP), relative to the case study with no PS (R) (a) South, (b) East, and (c) West. 
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(small number, but large diameter holes: M 3×7), especially when 
using low perforation ratios (PP<50%). In contrast, SC decreases 
with big hole density (big number, but small diameter holes: M 
12×28) and low perforation ratios (PP<50%). Therefore, the best 
overall performance can be inferred from the ratio DAvfully/SC, so 
the matrices 3×7 and 6×14 can be categorized as the optimal levels. 

Then, a comparison among the thickness levels at the three 
orientations is presented in Fig. 14. All PS are grouped by their PP 
and thickness, in descending order. From the ratio at South, 
medium-thick screens (7 cm) appear better suited for high 
perforation ratios (PP>40%) whereas thin screens (3 cm) show 
better performance for PP<40%. The ratios at East and West show 
a seemingly random tendency. However, it can be attributed to the 
interaction of the thickness with the hole density. Hence, the anom 
results can better clarify the issue. 

Lastly, the effects of the three distances are evaluated at every 
orientation. Similar to the previous graphs, Fig. 15 shows all PS 

grouped by their distance and PP, in descending order. From the 
ratio results, it can be depicted that a longer distance (120 cm) is 
more useful for high perforation ratios. To be specific, PP>50% at 
South and East, and PP>40% at West. However, it is also clear 
that the distance parameter is strongly related to the hole density. 
Thus, the main effects show clearer findings for this factor. 
 
4. Summary and discussion 
Table 3 summarizes the overall assessments of each factor level 
under all metrics targets. Besides, it displays the design criteria 
proposed for optimal thick PS, which consist of two categories, 
‘Preferable’ and ‘Not recommendable’. The approach adopted 
here is to draw upon the mean overall PS performance to develop 
categories for each performance metric to allow easy comparison 
of all of the metrics. The criteria are applied in a ‘positive mode’ 
for the following performance metrics: UDI 300-300 lx, Actual 
daylit area and RDAVfully/SC. Hence, those factor levels that achieve 

        
(a)                 (b) 

 
(c) 

Fig. 14. Comparison as a function of the thickness (T) and perforation percentage (PP), relative to the case study with no PS (R) (a) South, (b) East, and (c) West. 
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a mean higher than the overall average of all the factor levels 
combined are set within the ‘Preferable’ category. In contrast, 
those factor levels that achieve a mean lower than the overall 
average are classified within the ‘Not recommendable’ category. 
In brief, the ‘positive mode’ aims to improve daylighting and the 
integrated performance of PS. 

In addition, the criteria are applied in a ‘negative mode’ for the 
following two performance metrics: overlit area and SC. Hence, 
those factor levels that get a mean lower than the overall average 
of all the factor levels combined are set within the ‘Preferable’ 
category. In contrast, those factor levels that achieve a mean 
higher than the overall average are set within the ‘Not 
recommendable’ category. Then, the ‘negative mode’ aims to 
avoid an oversupply of daylight and solar radiation. 

As expected, most factor levels classified as ‘Preferable’ in 
terms of daylight provision, exceeded the overall mean of both 
UDI 300-3000 lx and the actual fully daylit area. This result is 

understandable since both metrics accounted for the same range of 
autonomous illuminances, the first during the occupancy time 
while the second on the working plane. 

Examining the two categories resultant from both the overlit 
area and SC, most factor levels are found to be in good agreement 
with their classification, ‘Preferable’ or ‘Not recommendable’. It 
appears that the overlit area has a linear relationship with the 
shading performance metric. Therefore, it is feasible to 
recommend design guidelines that limit the overlit area to less than 
35% at South in order to improve the shading performance and to 
get an SC lower than 0.30. Similarly, confining the overlit area to 
less than 36% and 22% at East and West, respectively, could help 
improve the shading performance of thick PS at these two 
orientations and achieve an SC lower than 0.33. 

As regards the overall ranking based on RDAVfully/SC, it can be 
inferred that this ratio largely weights both daylight provision and 
solar shading performance simultaneously. In some cases, the 

 
(a)                 (b) 

 
(c) 

Fig. 15. Comparison as a function of the separation distance (D) and perforation percentage (PP), relative to the case study with no PS (R) (a) South, (b) East, and (c) 
West. 
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weight of the overlit area was higher than that of the fully daylit 
area, and vice versa. To sum up, the following design guidelines 
for thick PS are proposed: 
• Optimal PP: 20-50% at South, 30-50% at East, and 40-50% 

at West. Hence, it is observed that smaller perforation ratios 
should be specified at South, since they provide better solar 
protection and limit the oversupply of daylight. Differences 
between East and West recommended PP are attributed to the 
ten-hour working day that includes more daylight hours 
during morning than during afternoon, throughout year.  

• Optimal M: 3×7 at South, 3×7 and 6 × 14 at both East and 
West. From here, it is inferred that matrices with big holes and 
less number of them should be specified for thick PS since 
they are more suitable to balance daylighting with solar 
shading.  

• Optimal T: 3-7 cm at both South and West, and 7 cm at East. 
Hence, it is observed that thick screens should be designed 
with less than 7 cm thickness at the three orientations. It 
should be pointed out since PS with more centimeters 
thickness are very common nowadays, mainly due to the 
assumption that they look quite similar to thicker screens and 
because many designs are developed through a merely 
intuitive design process. However, the findings presented here 
show that thicker PS can reduce the autonomous illuminances 
below the overall mean performance. 

• Optimal D: 90-120 cm at South, 120 cm at East, and 60 cm 
and 120 cm at West. More generally, shorter distances 
contribute to enhance daylighting whereas longer distances 
help to improve solar shading. A balance must be reached. 

 
 

5. Conclusions 
This paper investigated the effect of simultaneously changing five 
design parameters for thick PS in terms of their daylight provision 
and solar shading performance. Orientation, perforation 
percentage, matrix, thickness and separation distance were all 
tested together through a multi-factor analysis based on orthogonal 
arrays. The last two listed variables were key design parameters to 
understand the effect of thick PS since they have not been 
systematically tested before.  

The following five performance targets were planned as an 
approach to understanding the behavior of thick PS: the occupancy 
target, the workplane target, a daylighting limit, a shading limit 
and the integrated target. All these targets aimed to provide a 
confidence interval that allows determining which factor level had 
a mean significantly different from the overall average of all the 
factor levels combined. Therefore, those factor levels arising the 
overall occupancy, the workplane and the integrated targets were 
chosen as ‘Preferable’. Besides, those factor levels reaching less 
than the overall overlit and shading limits were also classified as 
‘Preferable’. On the contrary, those factor levels that did not 
comply with the mentioned performance targets were set as ‘Not 
recommendable’. 

In brief, the statistical method and the ANOM test allowed the 
simultaneous comparison of every factor and the optimal level 
selection. Then, optimal or ‘preferable’ levels were summarized 
as design guidelines to plan thick PS used in front of South, East 
and West glazed façades, in a Mediterranean climate. In general, 
PP 20-50% were considered optimal; also, M 3×7 and 6 × 14, T 3-
7cm and D 90-120 cm. To close, all PS configurations derived 
from the combination of the optimal factor levels are expected to 
be optimal for daylighting and shading performance through thick 

Table 3. Design criteria for thick PS in terms of daylighting and solar shading performance. 
Factor level UDI 300-3000 lx  

(% occupancy year) 
Actual fully daylit 
area  
(% working plane) 

Overlit 
(% working plane) 

SC RDAVfully/SC 

S E W S E W S E W S E W S E W 
20%                
30%                
40%                
50%                
60%                
70%                
3×7                
6×14                
12×28                
3 cm                
7 cm                
10 cm                
60 cm                
90 cm                
120 cm                
Overall mean 65 59 57 48 35 42 35 36 22 0.30 0.33 0.33 177 108 118 

Key: Checkmark: ‘Preferable’; Cross-mark: ‘Not recommendable’; Light green fill: ‘positive mode’; Dark red fill: ‘negative mode’; Grey fill: Overall ranking. 
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PS. Therefore, it is expected that these guidelines could help 
architects to make early design-stage decisions when integrating 
thick PS in building projects. The method implemented here also 
could be applied to evaluate thick PS design in other localities and 
latitudes, saving time considerably when looking for optimal 
solutions. 

Furthermore, new relationships between metrics were depicted 
in this work. The statistical analysis showed that avoiding 
excessive illuminances had a significant and positive impact on 
shading performance. Therefore, it is feasible to recommend 
limiting the overlit area to less than 35% at South in order to 
improve the shading performance and to get an SC lower than 0.30. 
Similarly, confining the overlit area to less than 36% and 22% at 
East and West, respectively, could help improve the shading 
performance of thick PS at these two orientations and achieve an 
SC lower than 0.33. To sum up, complying with the performance 
targets for the overlit area or the SC index, can ensure a good 
daylighting and shading performance of PS.  

The investigation reported here is an extension to a much wider 
study into multi-factorial design and their influence on the interior 
office environments. The findings presented here reinforce the 
need for further research on the identification of best design 
alternatives for complex shading devices since they are widely 
implemented nowadays in building design. Considerations of heat 
loss through glazing façades and therefore the overall energy 
consumption need to be further explored to identify the optimal 
factors of the thick PS for the indoor environment. Influencing 
factors such as daylight glare and view quality should also be 
addressed in future studies to better understand the overall 
performance of PS. 
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