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Abstract

The desert climate is endowed by clear sky conditions, providing an excellent opportunity for optimum utilization of natural
light in daylighting building indoor spaces. However, the sunny conditions of the desert skies, in countries like Egypt and Saudi
Arabia, result in the admittance of direct solar radiation, which leads to thermal discomfort and the incidence of undesired glare.
One type of shading systems that is used to permit daylight while controlling solar penetration is “Solar Screens”. Very little
research work addressed different design aspects of external Solar Screens and their influence on daylighting performance, espe-
cially in desert conditions, although these screens proved their effectiveness in controlling solar radiation in traditional buildings
throughout history.

This paper reports on the outcomes of an investigation that studied the influence of perforation percentage of Solar Screens on
daylighting performance in a typical residential living room of a building in a desert location. The objective was to identify min-
imum perforation percentage of screen openings that provides adequate illuminance levels in design-specific cases and all-year-
round.

Research work was divided into three stages. Stage one focused on the analysis of daylighting illuminance levels in specific dates and
times, while the second stage was built on the results of the first stage, and addressed year round performance using Dynamic Daylight
Performance Metrics (DDPMs). The third stage addressed the possibility of incidence of glare in specific cases where illuminance levels
where found very high in some specific points during the analysis of first stage. The research examined the daylighting performance in an
indoor space with a number of assumed fixed experimentation parameters that were chosen to represent the principal features of a typical
residential living room located in a desert environment setting.

Stage one experiments demonstrated that the screens fulfilled the requirements of the majority of tested cases. Illuminance levels
in the examined residential space were satisfactory in 83% of the near zone cases and 53% in the mid-length zone, while the far zone
suites 40% of the cases. Screen influence on daylighting was found to be very much dependent on the orientation of the window and
time of the day.

In stage two, the percentage of annual “Daylight Availability” was very much related to screen perforation percentage. As perforation
percentage decreased, the percentage of Daylit and Over lit spaces decreased. At the same time, Partially Daylit areas of the space
increased with similar percentages irrespective of the orientation. As a result of the twofold research stages, it is recommended to utilize
a minimum of 80% perforation percentages for spaces similar to the tested case in the South orientation.

In stage three, an initial investigation suggests that the use of screens can significantly reduce the occurrence of glare phenomena.
Also, it is suggested to study the efficiency of designing Solar Screens that have non-uniform perforation ratios. These could prove useful
in improving the illuminance levels in the mid-length and far zones of the unsatisfactory cases.
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In conclusion, minimum perforation percentages for Solar Screens were presented for specific design cases that encompassed different
orientations, seasons and time of the day. In addition, a tool that could be used by architects for based on required annual “Daylit” areas
for the design of Solar Screens that effectively achieve functional needs was provided.
� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The desert climate is endowed by clear sky conditions,
providing an excellent opportunity for optimum utilization
of natural light in daylighting building indoor spaces.
However, the sunny conditions of the desert skies, in coun-
tries like Egypt and Saudi Arabia, result in the admittance
of direct solar radiation, which leads to thermal discomfort
and the incidence of undesired glare. One type of shading
systems that is used to permit daylight while controlling
solar penetration is “Solar Screens”. These are external
perforated panels that are fixed in front of windows
(Harris, 2006). They resemble a traditional solution named
“Mashrabeya” or “Rawshan”, which are made of wooden
lattice of cylinders connected with spherical joints (Fig. 1a).
These traditional screens were used as a shading device to
protect unglazed openings of Middle Eastern buildings
throughout history (Fig. 1b). An additional advantage of
these screens lies in their provision of privacy, which is a
Fig. 1a. Exterior detail, Mashrabeya bay window (Alden and Williams,
1977).
socio-cultural need present in the culture of communities
in the region (Belakehal et al., 2004 and Fathy, 1986).

A number of previous publications addressed the perfor-
mance of Solar Screens, similar to the ones concerned in
this study. These screens were either located in front of,
or integrated with window glazing. The study most related
to this work is a publication by Aljofi (2005), which exam-
ined the potentiality of reflected sunlight through “Raw-
shan” screens. These architectural devices made of a
combination of wood strips and screens were commonly
used for large external openings. They are exactly similar
to the “Masharabia” screens but the name differs from
one country to another due to historical reasons. It was
concluded that for all shapes of Solar Screen cell configura-
tions (Fig. 2), the highest value of reflected light contribu-
tion was experienced at the central zone of the tested space.
The daylight factor was ranging between 10% and 23% in
the center, while it was less than 12% on both sides. In
addition, light was lower in the case of rounded shapes
Fig. 1b. Interior photo of a house in old Cairo, Egypt (Bugarin, 2005).



Fig. 2. Rawshan screen panels of different shapes (Aljofi, 2005).

Fig. 3. Openings in paired screens align at different times as the incident
solar angle changes through the day (Lockyear, 2010).
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than in the other tested shapes. The contributed reflected
light was found to be more in the screen of large cell diam-
eter than the screen of the smaller diameter, due to the ratio
of openings to solid parts of the screen panels.

A more recent investigation by Lockyear (2010)
explored the use of algorithms in aiding the generation,
analysis and fabrication of Solar Screens. This was done
through placing two panels close together within the sun’s
path, and changing base materials from translucent to opa-
que along with interacting solids and voids (Fig. 3). The
study presented a variety of hourly and seasonally cast sha-
dow patterns, and desired screens were fabricated and ana-
lyzed. This paper amalgamates both Aljofi and Lockyears’s
approaches, by exploring the design of perforation percent-
ages in Solar Screens and its influence on Daylight
Availability.

In another study by one of the authors of this paper, the
thermal performance of external perforated Solar Screens
was investigated by modeling a typical residential space
in desert environment using Energy Plus simulation soft-
ware. It was found that the use of external perforated woo-
den screens significantly reduces cooling energy, especially
for screens fixed in front windows having south, west and
east orientations (Sherif et al., 2010a). The use of low den-
sity screens with a 90% perforation reduced cooling energy
by 25% on average. Use of more dense screens with only
10% perforation saved about 16% more of the cooling
energy, giving a total saving of 41% on average for the
above mentioned facades. However, savings due to the
use of Solar Screens were barely significant in windows fac-
ing north. Results of the study suggested that implementing
Solar Screen shading systems on the south, west and east
facades of buildings can allow larger window to wall ratios,
while containing the risk of overheating.

The utilization of Solar Screens in providing daylight-
ing, while maintaining the privacy levels desired in the cul-
tures of the Middle Eastern countries was addressed in a
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study by the authors of this paper (Sherif et al., 2010b).
Series of experiments were performed on wooden Solar
Screens using the Radiance software. Different screen per-
foration percentages were applied, and daylighting perfor-
mance was analyzed for a designed living room indoor
space. The resultant illuminance values of room daylight-
ing were investigated. It was suggested that a balance
between daylighting and visual privacy could be achieved
under certain conditions. Further research was oriented
towards investigating other screen parameters, such as
rotation angles (Sabry et al., 2011). It was concluded that
average room illuminance is directly proportional to screen
rotation angle, and a design tool for this aspect of the
screen was presented for each orientation. However, differ-
ent Solar Screen considerations combined with different
techniques such as use of light shelves, etc. should be inves-
tigated in order to achieve the visual privacy provided by
the screen, while at the same time maintain adequate illu-
minance levels at the specific situations that do not satisfy
required illuminance levels.

In a different approach to the research of Solar Screens
for controlling daylighting, a computer model was devel-
oped for predicting daylight performance in complex paral-
lel shading systems. These consisted of multiple slats that
excluded direct solar radiation whilst permitting daylight
penetration (Al-Shareef et al., 2001). In a related study, a
fast daylighting model suitable for embedded controllers
for a given room geometry, including position and tilt of
venetian blinds, and the sun’s position was introduced.
This model was validated on a Radiance software model,
and a “toy” controller that uses this model has been shown
capable of keeping the horizontal work plane illuminance
close to a given set point (Lindelöf, 2009). Also, a method-
ology for simulating illuminance distribution and light
dimming for a room with a controlled shading device was
initiated. It was composed of a double glazed window with
motorized highly reflective blinds between the two glazings.
This methodology validated lighting-daylighting numerical
simulation of an office space through monitoring of
an experimental measurement in an outdoor test-room
(Athienitis and Tzempelikos, 2002). These studies empha-
sized the need to understand the process of daylight trans-
mission through complex devices similar to Solar Screens
and presented the opportunity of developing automated
controlling of the behavior of shading systems.

Other research work addressed users’ response to the use
of screens. In a pilot study on the use of shading systems, it
appeared that office workers were consistent in the way
they used their installed shading devices. It was found that
remotely controlled black venetian blinds were used three
times more often than manually controlled fabric blinds.
In addition, users adjusted the tilt of the slats of the vene-
tian blinds downwards towards the external ground in
most of the time (Sutter et al., 2006). This explained the
importance of the external reflected daylighting component
on the behavior of users and the shading system used,
which add to the importance of the design of a Solar Screen
that is “aware” of its surroundings, and that the users were
conscious of its potential.

A detailed study by Tzempelikos (2008) discussed the
impact of venetian blind geometry and tilt angle on view,
direct light transmission and interior illuminance. An ana-
lytical method for calculating projected shaded and view
fractions on windows equipped with venetian blinds of
any shape was presented, and the impact of slat shape
and reflectance on window-blind system effective reflec-
tance was estimated. The analysis showed that window
effective reflectance could be significantly increased when
the blinds rotate, especially with curved slats. However, tilt
angle had a rather small impact on the inter-reflected com-
ponent, while blind reflectance was found to be a less
important factor (Tzempelikos, 2008). Although not
directly related, these developments introduce initial con-
cepts for different configurations of Solar Screens, setting
up possible combinations of changing screen surface reflec-
tance values with automated tilting angles.

The above literature review illustrates the fact that very
little research work addressed different design aspects of
external Solar Screens and their influence on daylighting
performance, especially in desert conditions, although
these screens proved their effectiveness in controlling solar
radiation in traditional buildings throughout history. It is
evident that in order to avoid future implementation of
these screens that is solely based on rules of thumb, rather
than real performance measures, a serious investigation
should be undertaken. Configuring Solar Screen parame-
ters that provide acceptable daylighting levels could pave
the way for their utilization in an effective manner that does
not only build on historical precedents, but also achieve the
performance goals of today’s modern buildings. Adoption
of the newly introduced daylighting analysis tools, such as
the Dynamic Daylight Performance Metrics, could prove
useful to this effect.

2. Objective

This paper reports on the outcomes of an investigation
that studied the influence of perforation percentage of
Solar Screens on daylighting performance in a typical res-
idential living room of a building in a desert location.
The objective was to identify minimum perforation per-
centage of screen openings that provide adequate illumi-
nance levels in design-specific cases and all-year-round.

This work represents the first phase of a larger undertak-
ing that addresses several aspects of the design of Solar
Screens. The final aim is to arrive at Solar Screen configu-
rations that provide adequate, and at the same time com-
fortable, daylighting performance.

3. Experimentation approach

Research work was divided in three stages. Stage one
focused on the analysis of daylighting illuminance levels
in specific dates and times. The second stage was built on
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the results of the first stage, and addressed year round per-
formance using Dynamic Daylight Performance Metrics.
The third stage addressed the possibility of incidence of
glare in specific cases where illuminance levels were found
very high in some specific points during the analysis of
stage one.

In each stage, full geometry of the room and tested Solar
Screens were modeled. The simulated living space and
tested Solar Screen are presented in Fig. 4. Solar Screens
used in the experimentation process were rectangular in
shape. Perforations had geometrical square aspects, and
the grid used in distributing them was 0.05 m apart, which
created 1104 perforations in one screen. The percentage of
increase/decrease of perforation was calculated in rele-
vance to the constant grid dimensions on a planar level,
and was concentric with each grid module (Fig. 5).

The research examined the daylighting performance in a
typical indoor space with a number of assumed fixed
Fig. 4. Assumed design parameters o

Fig. 5. Example Solar Screen 30% p
experimentation parameters. The architectural design
parameters (Table 1) were chosen to represent the principal
features of a typical residential living room. Geographic
locations were chosen to suite the typical properties of a
desert environment, especially the clear sky conditions with
minimum cloud cover, where global horizontal illuminance
could reach up to 100,000 lx (Moore, 1985).

The reference plane on which daylighting performance
was simulated contained 252 measuring points in a grid
of 0.3 m � 0.3 m at a working plane of height 1 m. Three
zones were analyzed in the tested indoor space. These zones
were related to the working plane grid, and each represents
one-third of the space. The first zone is located near the
window: the “near zone”, second zone at mid length of
the indoor space: the “mid-length zone” and third zone is
near the rear wall: “the far zone”. The simulated living
space and tested Solar Screen are presented in Figs. 4
and 5. Measurements that were found equal or higher than
f the analyzed living room space.

erforation elevation and section.



Table 1
Architectural design parameters for the tested space and Solar Screen with
attached sun breaker.

Indoor space parameters

Floor level Zero level
Dimensions 4.20 m � 5.40 m � 3.30 m

Internal surfaces

Walls Reflectance 68%
Material Medium off-white color

paint
Ceiling Reflectance 85.7%

Material White color paint
Floor Reflectance 31.7%

Material Medium colored wooden
floor

Window parameters

Dimensions 2.30 m � 1.20 m
VLT 85%

Solar Screen and sun breaker parameters

Screen dimensions 2.8 m � 1.8 m
Sun breaker dimensions 2.8 m � 0.40 m
Sun breaker

perforation%
10%

Reflectance 68%
Material Wood medium off-white color paint
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200 lx were identified as the satisfactory minimum illumi-
nance value for the functionality of a living room space,
and were considered “adequate” according to Philips
(2000).
4. Stage one: illuminance analysis

The aim of stage one was to define minimum perforation
percentages appropriate for different zones at each orienta-
tion, season and time that provide suitable performance for
the function of the tested living room. The city of Al-Sadat
(N30.22, E30.29), Egypt was chosen as the geographic
location to be investigated. Comparative analysis was
drawn to identify various potentials and limitations.
4.1. Methodology of stage one

In this stage, experimentation was conducted using the
simulation software Radiance, which has been validated
by different researchers (Mardaljevic, 1995; Reinhart and
Herkel, 2003). Simulation parameters are represented in
Table 2. Due to the special nature of the screens tested in
this research in which run time was very high and the num-
ber of runs was very large, some simplified parameters were
Table 2
Radiance simulation parameters.

Ambient
bounces

Ambient
divisions

Ambient
sampling

Ambient
accuracy

Ambient
resolution

Direct
threshold

3 1000 20 0.1 300 0
assumed. An ambient division of 1000 was used, since
screens do not result in high brightness variation. Ambient
accuracy was chosen to be 0.1, which was adequate for the
nature of the screens tested in this research, in which the
scenes were rather limited in size (5.4 m) and the smallest
opening was not less than 0.005 m. Also, ambient bounces
were selected to be three in order to reduce the extraordi-
nary long processing time that resulted from the complica-
tion of screen configurations. The effect of this assumption
on the accuracy of the results was tested, where the devia-
tion of results from the commonly assumed bounces
(ab = 6) was measured. Two case-studies were chosen for
this testing: a screen with an 80% perforation for windows
facing West and South orientations at 15:00 and at
12:00 Noon respectively in the winter season. Deviation
in both cases were very limited (Fig. 6). Deviation of illumi-
nance values was only 10–16% in the near and mid zones
respectively. It reached 22% in the far zone. The effect of
this deviation on research conclusions was considered
unimportant in comparison with the processing time saved.

The effect of changing Solar Screen perforation percent-
ages on illuminance values was tabulated according to the
relationship between perforation percentage (10–90%), and
orientations (N, NE, E, SE, S, SW, W and NW) and differ-
ent seasons (spring, summer, autumn and winter) with dif-
ferent times (9:00, 12:00 Noon, and 15:00). The average of
each of the three zones was calculated, excluding the values
of direct sun penetration points that were having illumi-
nance levels higher than 5000 lx. Their inclusion in the cal-
culations would have biased the average illuminance values
Fig. 6. Comparison between the result of two simulation cases in winter
season (West 15:00 and South 12:00 Noon) with two ambient bounces
(ab = 3 and ab = 6).
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of the space. Although they represented only 0.4% of all
points, their values were reaching up to 30,000 lx in some
cases.

4.2. Results of stage one

Overall, it was found that illuminance values were
directly proportional to the perforation percentages of
the Solar Screens. The following is a discussion of the
results in relation to the three tested zones and screen
orientation.

4.2.1. Performance in tested zones

Response to changing the perforation percentage varied
between the different zones. Although they all shared a lin-
ear relationship, a more significant response was observed
in the near zone. Furthermore, the linear performance
slope values varied depending on orientation and time of
the day. The near zone always had a higher slope with
higher illuminance values. Perforation percentages that sat-
isfy required illuminance in the near zone start from as low
as 10%, mid-length zone from 40% and the far zone from
50% in different settings. Fig. 7 demonstrates two examples
of the linear performance response to changing the perfora-
tion ratio; one representing a case of direct solar exposure
onto the screen (East-Winter-9:00), while and the other
represents a case of natural light with no direct sun pene-
tration (North-Spring/Autumn-12:00 Noon).
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Fig. 7. Solar Screen perforation percentage against illuminance values
showing linear performance (R2 > 0.98). Two examples, one representing
direct solar penetration (East-Winter-9:00) and the other representing
diffused/reflected natural light (North-Spring/Autumn-12:00 Noon).
4.2.2. Performance of different screen orientations

Each orientation had a different daylighting perfor-
mance depending on the time of day and the season. This
was strongly related to the clear sky conditions of the des-
ert. Certain orientations had effective and adequate behav-
ior in certain perforation percentages (e.g. NW, W, SW, in
summer at 15:00). However, some other orientations had a
different almost similar daylighting performance that was
often found inadequate (e.g. all orientations except E, SE
and S in winter at 9:00).

In the South orientation, daylighting performance was
found adequate in all seasons at the near zone, starting
from 20% perforation. At the mid zone, the 50% perfora-
tion was the minimum value that achieved the required illu-
minance. As for the far zone, daylighting performance was
found inadequate in all seasons except in winter, where illu-
minance values were found acceptable starting from 60%
perforation. In the summer season, at 9:00 and 15:00, the
values were found inadequate for all perforations. How-
ever, in the North orientation, there was a significant
decrease in illuminance values (e.g. 50% perforation in win-
ter gives an average of 60% less illuminance in the three
tested zones in comparison to the South orientation at
the same conditions). Consequently, daylighting perfor-
mance was found inadequate in almost all seasons in the
mid-length and far zones. Conversely, the near zone needed
high perforation percentages to provide minimal daylight-
ing needs, not less than 80% in winter, spring and autumn,
and 60% in summer. On the other hand, in the East and
West orientations, change in daylighting performance was
considerably affected by the time of the day. For screens
oriented towards East at 9:00 and West at 15:00, illumi-
nance values were found adequate in the near zone starting
from 20% perforation in all seasons. As for the mid and far
zones adequacy was achieved starting from 60% to 80%
perforations respectively. However, at other times perfor-
mance was found inadequate in all tested cases, except at
12:00 Noon at the near zone where 50% was the minimum
acceptable perforation, (Table 3).

4.2.3. Recommended minimum perforation percentages

Illuminance values were investigated in each of the pre-
viously mentioned cases and recommendations for mini-
mum screen perforation ratios were derived. Table 4
illustrates the minimum acceptable screen perforations
for screens fixed facing different orientations in all three
zones with regards to season and time of the day. This min-
imum percentage could be as low as 10% (e.g. Spring/
Autumn – 9:00 – S at the near zone), and could reach
90% with no other lower percentages suitable for adequate
performance (e.g. Spring/Autumn – 12:00 Noon – SE at
the far zone). Dark shaded cells in the table, which do
not contain numbers, indicate that no Solar Screen perfo-
ration can provide adequate illuminance levels. The solu-
tion in these cases could be to eliminate the use of
screens altogether in order to achieve suitable illuminance.
However, this solution would not be effective in 83% of the



Table 3
Illuminance values of South and East orientations. The highlighted cells represent the cases that achieved adequacy (P200 lx).

9 12 15 9 12 15 9 12 15 9 12 15 9 12 15 9 12 15
10 166 97 47 158 112 71 149 124 81 10 140 156 159 200 141 234 99 151 106
20 208 109 57 132 132 85 217 148 96 20 196 243 203 226 192 261 112 181 122
30 276 128 72 327 154 104 313 182 116 30 281 337 273 269 259 300 133 220 142
40 339 148 87 420 182 124 397 217 138 40 325 403 345 305 324 359 156 263 164
50 398 170 103 507 211 145 504 259 161 50 410 523 415 388 423 399 182 310 190
60 471 191 119 596 235 165 583 295 183 60 484 604 485 433 483 444 205 350 212
70 571 217 138 728 264 188 710 342 207 70 558 742 589 503 589 503 233 403 239
80 659 245 157 845 297 214 811 390 235 80 620 872 669 557 668 586 262 459 273
90 769 269 173 806 332 235 909 432 257 90 670 969 773 585 744 661 286 520 297
10 79 33 16 69 39 26 67 44 30 10 75 75 74 103 58 102 39 59 37
20 100 40 22 54 54 34 104 59 39 20 103 119 96 118 91 123 47 78 47
30 135 53 33 158 67 48 160 83 55 30 154 177 131 150 138 142 63 103 62
40 166 65 42 207 86 60 203 103 68 40 192 231 168 168 163 172 76 132 76
50 197 76 49 249 103 72 252 123 81 50 234 290 205 209 206 199 89 154 89
60 237 89 58 302 118 85 292 145 96 60 267 344 246 226 236 222 103 175 103
70 289 103 68 365 133 98 365 169 110 70 301 427 288 257 288 257 120 201 119
80 332 120 79 430 155 115 422 199 130 80 344 513 338 291 335 302 138 239 141
90 384 134 88 489 180 129 471 226 145 90 379 574 394 324 378 343 153 285 154
10 55 20 10 47 22 14 43 24 17 10 54 49 52 64 37 59 23 32 21
20 71 26 14 35 35 23 77 39 26 20 68 84 70 77 64 81 32 49 31
30 91 38 21 106 47 33 108 56 37 30 101 119 91 95 108 90 42 67 43
40 109 46 31 136 61 43 136 72 49 40 125 157 111 109 110 113 53 90 55
50 131 55 36 165 72 54 172 87 61 50 153 208 135 137 151 129 65 106 63
60 163 63 44 204 89 63 207 105 75 60 178 245 165 151 164 144 75 126 80
70 193 75 50 246 99 72 252 122 82 70 203 310 204 168 204 168 92 144 86
80 219 86 56 287 117 85 293 147 98 80 234 378 223 196 238 199 104 172 104
90 256 103 63 333 139 98 327 166 119 90 257 425 264 223 263 228 112 214 115
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far zone, and 33% of the mid-length zone cases, where elim-
ination of the screen did not provide the required level.

In order to utilize the table in designing Solar Screens
for suitable performance in all three zones, perforation per-
centages that satisfy requirements of adequacy in the far
zone should be used (e.g. Summer – 15PM – NW, 70% Per-
foration). Alternatively, the mid zone could be used as a
datum, since it represents the average illuminance perfor-
mance level within the space.
5. Stage two: Daylight Availability analysis

The aim of stage two was to evaluate the effect of chang-
ing the Solar Screen perforation percentages in terms of
annual performance and to conclude minimum perforation
percentages based on these annual studies. Year round per-
formance was addressed in this stage by using a Dynamic
Daylight Performance Metrics (DDPMs): “Daylight Avail-
ability”. Recently proposed (DDPM) offered an excellent
chance to evaluate the daylighting performance on year
round basis. The method quantified the amount of daylight
available in a space based on annual illuminance profiles.
These values were generated from a weather file and were
utilized through hours of occupancy. These metrics
included a “Daylight Autonomy” (DA) index, defined as:
“the percentage of the occupied hours of the year when a
minimum illuminance threshold is met by daylight alone”

(Reinhart and Walkenhorst, 2001). It also included “Useful
Daylight Illuminance” (UDI), which used lower and upper
thresholds of 100 lx and 2000 lx to determine illuminance
within a useful range (Nabil and Mardaljevic, 2006). Other
metrics proposed by Rogers (2006) were “Continuous Day-
light Autonomy” (DAcon) which gives partial count to
times when daylighting illuminance at a given point lie
below the tasknambient lighting criterion, and “Maximum
Daylight Autonomy” (DAMax) which uses a maximum illu-
minance bound instead of minimum, and suggests a thresh-
old that is typically 10 times the required illuminance.
Finally, the “Daylight Availability” metric was developed
to combine DA and UDI. The metric presents three evalu-
ation criteria: “Daylit” areas, similar to DA, for spaces that
receive at least half the time sufficient daylight compared to
an outside point, “Partially Daylit” areas, which are below
useful illuminance and “Over lit” areas that provide warn-
ing when an oversupply of daylight (10 times target illumi-
nance) is reached for at least 5% of the working year
(Reinhart and Weinhold, 2011).
5.1. Methodology of stage two

In this stage, Daylight Availability studies were per-
formed for screens identified in stage one as having



Table 4
Minimum screen perforation percentage in all three zones in regards to orientation, season and time. Darker shade indicates a low perforation percentage,
and lighter shades indicate a high perforation percentage.

A. Sherif et al. / Solar Energy 86 (2012) 1929–1940 1937
perforation percentages producing adequate daylighting in
the mid-length zone. These were compared to a base case
without any Solar Screen. The mid-length zone was consid-
ered as the functional sitting area of the room, and was
thus the primary focus of this stage. Simulation was run
for the South and East orientations. The minimum perfora-
tion percentage identified in stage one ranged between 40%
and 90%, and consequently, the series of tested perfora-
tions in this stage were conducted in this range.

Diva-for-Rhino, a plug-in for Rhinoceros modeling
software was used to interface Radiance and Daysim for
annual simulations (Reinhart, 2011). Since the weather file
of the stage one geographic location is not available,
another geographic location having almost similar condi-
tions (desert clear sky environment) was chosen for stage
two analysis. It was for the city of El-Kharga City
(N25.27, E30.31) also in the Sahara of Egypt. The time step
of the climatic file was at every hour. Occupancy time for a
domestic dwelling was assumed to start from 8:00 to 22:00.

At the time of conducting this research, the development
of recommendations for DDPM criteria to evaluate day-
lighting performance was not present. Several subcommit-
tees were formed by the Illuminating Engineering Society
of North America (IESNA) and the International Commis-
sion on Illumination (CIE) to define and make authorita-
tive practice of DDPM (Mardaljevic and Heschong,
2009). Since this is an on-going development, analysis cri-
teria for Daylight Availability adopted in this paper were
assumed as follows:

– Change in performance was considered “Significant” if
values of change in Daylight Availability were more
than 5%.

– “Daylit” areas, which reached more than or equal 30%
of the space, were considered “acceptable”, as this is a
family living room where the number of users who need
the 200 lx level of illumination were not expected to
occupy more than 30% of the space.

5.2. Results of stage two

Fig. 8 demonstrates the simulated results through Day-
light Availability metric for the tested space. The analysis
illustrated confirms the linear performance explained
earlier in the three areas, with gradual decrease in the



Fig. 8. Daylight Availability against perforation percentages. It can be
used as a design guideline for suitable perforation percentages according
to “Daylit” areas.
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“Partially Daylit” area, and increase in the “Daylit” and
“Over lit” areas. Significant change in performance was
noticed with the increase of intervals of the 20% perfora-
tion percentage of the screen.

In the South orientation, the base case had a 24% “Over
lit” area. This area was significantly decreased to 16% upon
adding the 90% perforated Solar Screen, and then gradu-
ally decreased to reach 3% with 40% perforation. This con-
firmed the notion that Solar Screens reduce overheating
due to control of direct solar penetration. Also, with 40%
Fig. 9. Daylight Availability distribution in the base case and using different S
zones.
perforation, the “Daylit” area was 13% and then
approached acceptability by 70% perforation. However, it
was found that the 80% perforation provided acceptable
annual performance (34%), although there was a significant
decrease in the “Daylit” area and increase in “Partially
Daylit” area in comparison with the base case. Neverthe-
less, the performance was considered satisfactory in this
orientation, and was expected to change with change in
direction. Fig. 9 illustrates the plan view of Daylight Avail-
ability distribution with change in perforation percentages
in the South. It is worth mentioning that the 80% perfora-
tion identified as acceptable has most of the “Daylit” areas
situated in the mid-length zone. In the East, the base case
barely reached acceptability with 35% “Daylit” space.
The addition of the Solar Screen decreased this perfor-
mance to be below the threshold, but performance trends
were similar to the South in all aspects.
6. Stage three: glare analysis

The aim of stage three was to test the effect of Solar
Screens on vertical illuminance and visual comfort. This
was achieved by investigating the possibility of incidence
of glare in some specific limited cases. These cases were
chosen where a reasonable number of highly illuminated
points were present and high level of contrast was expected.
The percentage points having 5000 or more lx level that
were identified in stage one were used for this purpose.
6.1. Methodology of stage three

Simulation was conducted using Evalglare for analyzing
Radiance based fish-eye renderings of glare situations using
the Daylight Glare Probability (DGP), which is a simplified
method presented by Weinold (2010). In this method the
glare was divided into four categories: intolerable glare
(DGP P 45%), disturbing glare (45% > DGP P 40%),
perceptible glare (40% > DGP P 35%), and imperceptible
(DGP < 35%).

Glare analysis was carried out for two positions in two
selected case studies with where glare phenomena was
expected to occur (illuminance levels higher than 5000 lx).
In each case, the results were compared to a window with
no screen in front of it. The first position was located at
the end of the space looking at a window facing South
olar Screen perforation percentages with its relationship to the three tested



Fig. 10. Sample Radiance rendered fish-eye camera views with corresponding DGP of two 80% perforation cases (West 15:00 and South 12:00 Noon in
winter season).
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orientation at 12:00 Noon. The second one was situated at
one side of the room looking towards a window facing
West orientation at 15:00. Both cases were studied in the
winter season and they have 80% perforation percentage.

6.2. Results of stage three

In both cases, the effect of glare phenomena was signif-
icantly reduced due to the use of the Solar Screens. In the
South orientation, the perceptible glare that was present in
the “no screen” case (DGP = 39%) became imperceptible
(DGP = 32%) when an 80% perforation screen was used.
While in the West orientation, DGP was imperceptible in
both tested cases (no screen = 34% – with screen = 20%)
(Fig. 10).

7. Discussion and conclusion

Simulations conducted on the perforation percentages
of the Solar Screens in stage one demonstrated that the
screens fulfilled the requirements of the majority of tested
cases. Illuminance levels in the examined residential space
were satisfactory in 83% of the near zone cases and 53%
in the mid-length zone, while the far zone suites 40% of
the cases. In order to achieve better illumination levels in
the mid-length and far zones, higher perforation percent-
ages were required. This suggests considering a non-uni-
form distribution of perforations within the screen itself
or the integration of light shelves within the screen config-
uration in future research work.

Screen influence on daylighting was found to be very
much dependent on the orientation of the window and time
of the day. In the South orientation, East at 9:00 and West
at 15:00, illuminance values were adequate in most cases.
This provided evidence that in these orientations, the
screens could prove useful in providing sufficient daylight
and at the same time creating opportunities for thermal
comfort needs, as solar radiation can be controlled at min-
imal perforation percentages. However, in the North orien-
tation, there was a significant decrease in illuminance
values due to the use of these screens. This could be attrib-
uted to the absence of direct solar exposure onto the screen,
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which made the screen act as a dimming device, rather than
a tool for solar control.

In stage two, the percentage of annual “Daylight Avail-
ability” was very much related to screen perforation per-
centage. As perforation percentage decreased, the
percentage of Daylit and Over lit spaces decreased. At
the same time, Partially Daylit areas of the space increased
with similar percentages irrespective of the orientation. As
a result of the twofold research stages, it is recommended
to utilize a minimum of 80% perforation percentages for
spaces similar to the tested case in the South orientation.

In conclusion, minimum perforation percentages for
Solar Screens were presented for specific design cases in
Table 4 that encompassed different orientations, seasons
and time of the day. In addition, Fig. 8 provides a tool that
could be used by architects for based on required annual
“Daylit” areas for the design of Solar Screens that effec-
tively achieve functional needs.

In stage three, an initial investigation suggests that the
use of screens can significantly reduce the occurrence of
glare phenomena. Also, it is suggested to study the effi-
ciency of designing Solar Screens that have non-uniform
perforation ratios. These could prove useful in improving
the illuminance levels in the mid-length and far zones of
the unsatisfactory cases.
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Lindelöf, D., 2009. A fast daylight model suitable for embedded
controllers. Solar Energy 83, 57–68.

Lockyear, B., 2010. Generative Design and Analysis of Solar Screens. In:
Proceedings of SOLAR 2010 Conference, Phoenix, Arizona, The
United States of America.

Mardaljevic, J., 1995. Validation of a lighting simulation program under
real sky conditions. Lighting Research and Technology 27 (4), 181–
188.

Mardaljevic, J., Heschong, L., 2009. Daylight metrics and energy savings.
Lighting Research and Technology 41, 261–283.

Moore, F., 1985. Concepts and Practice of Architectural Daylighting. Van
Nostrand Reinhold Company Inc., New York.

Nabil, A., Mardaljevic, J., 2006. Useful daylight illuminances: a replace-
ment for daylight factors. Energy and Buildings 38, 905–913.

Philips, D., 2000. Lighting Modern Buildings. Architectural Press, Oxford;
Boston, pp. 10.

Reinhart, CF, 2011. Diva-for-Rhino version 1.1. <http://www.diva-for-
rhino.com/> (accessed 04.11).

Reinhart, C.F., Herkel, S., 2003. The simulation of annual daylight
distributions – a state-of-the-art comparison of six radiance-based
methods. Energy and Buildings 32, 167–187.

Reinhart, C.F., Walkenhorst, O., 2001. Dynamic RADIANCE-based
daylight simulations for a full-scale test office with outer venetian
blinds. Energy and Buildings 33 (7), 683–697.

Reinhart, C.F., Weinhold, J., 2011. The daylighting dashboard – a
simulation-based design analysis for daylit spaces. Building and
Environment 46, 386–396.

Rogers, Z., 2006. Daylighting Metric Development Using Daylight
Autonomy Calculations In the Sensor Placement Optimization Tool,
Boulder, Colorado, USA: Architectural Energy Corporation. <http://
www.archenergy.com/SPOT/download.html>.

Sabry, H., Sherif, A., Rakha, T., 2011. Daylighting efficiency of external
perforated solar screens: effect of screen axial rotation under clear
skies. In: Proceedings of the International Conference on Sustainable
Design and Construction, Kansas City, The United States of America.

Sherif, A., Faggal, A., Arafa, R., 2010a. External perforated solar screens
for thermal control in desert environments: the effect of perforation
percentage on energy loads. In: Proceedings of Renewable Energy 2010
Conference, Yokohama, Japan.

Sherif, A., Sabry, H., Rakha, T., 2010b. Daylighting for privacy:
evaluating external perforated solar screens in desert clear sky
conditions. In: Proceedings of Renewable Energy 2010 Conference,
Yokohama, Japan.

Sutter, Y., Dumortier, D., Fontoynont, M., 2006. The use of shading
systems in VDU task offices: a pilot study. Energy and Buildings 28,
780–789.

Tzempelikos, A., 2008. The impact of venetian blind geometry and tilt
angle on view, direct light transmission and interior illuminance. Solar
Energy 82, 1172–1191.

Weinold, J., 2010. Daylight Glare in Offices. Doctoral dissertation,
Fraunhofer-Institut fur Solare Energiesysteme.

http://archnet.org/
http://www.deviantart.com/
http://www.diva-for-rhino.com/
http://www.diva-for-rhino.com/
http://www.archenergy.com/SPOT/download.html
http://www.archenergy.com/SPOT/download.html

	External perforated Solar Screens for daylighting in residential  desert buildings: Identification of minimum perforation percentages
	1 Introduction
	2 Objective
	3 Experimentation approach
	4 Stage one: illuminance analysis
	4.1 Methodology of stage one
	4.2 Results of stage one
	4.2.1 Performance in tested zones
	4.2.2 Performance of different screen orientations
	4.2.3 Recommended minimum perforation percentages


	5 Stage two: Daylight Availability analysis
	5.1 Methodology of stage two
	5.2 Results of stage two

	6 Stage three: glare analysis
	6.1 Methodology of stage three
	6.2 Results of stage three

	7 Discussion and conclusion
	Acknowledgements
	References


