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ABSTRACT

Skylights are widelytilized in buildings to improve daylighting conditions for
deep spaces. However, the majority of skylightkistorical spaceare not efficiently
designed taadapt to public reuse aridey uncover challenges satisfying daylight
requirementof potenial visitors This papelnvestigatesa case of an old historical
palace located in Cairo, Egypt, originally designed as a residence. The reuse purpose is
a public museunwhere daylight plays an important experiential dimenswhich
makesit more challenging to adjusb the new daylighting conditionsin this study,
adequacy of daylight is tested and verifigdh a developedomprehensive simulation
modelbased on Daysim, for investigating the daily illuminance levels for fixed points
on a 55 m grid. Comparative analysis performedbetween simulation results and
actual palacdux readings taken on the same created grid for the different skylight
affeced floor levels. Finally, the most significant skylight influential factors on the
daylight performance are discussed for further skylight redesign with optimum
performance.

KEYWORDS: Daylight analysis Experimental measurementsSkylight, Daily
simulation,Arid climate

1. INTRODUCTION

Adaptive reuse of historical buildings isy all meanscritical. Since the
originally intended design function is altered, retrofitting must consider adaptation
with minimum design interventions to maintain the originality of the building. It is
important to enhance efficient daylighting into these spader the economic
consequence of heritage values salvage, material hub rescue, utility costs savings, and
the environmental benefit of relying on a sustainable sour@n@fgy.The positive
physiological impact of utilizing daylight on occupants remairost significant for

being able to reflect the heritage beauty in a pleasant, healthy, and tranquillizing
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setting. However, few publications addressed the significance of dayligtutaited
museunspaces, and mostly focused on energy reduétiéd); nedectingthe fact that
occupantés visual comfort I's as fundamen:
[4].

Although successful heritage reuaad adapted museunm&ve been widely
adopted in many European countries, few addressed enhanced reugg imotcarid
climatic conditions.Daylighting design in desert climate is challenging for the high
possibility of nonuniform solar distributionand discomfortarising from daylight
intensity. Thus, daylight availability has negative consequermesisual comfort if
not efficiently integrated into design. A historical palace locate@airo, Egypt is
examined for adaptive reuse. The palace could be used as a museuifafcs amnd
thusdaylight designs more challenging5, 6]. A daylighting smulation studyfocuses
on the crumbled skylight of the palace, in which the skylight rebuild should fit the new
purpose and provide appropriate daylighting conditions for visitors.

Diva and Gasshopper software packageeutilized tovalidatesimulation and
experimentateadingghrougha comparative analysis betweeoth lux measurements
for the affected skylight floor zones, which contributes to evaluate the lux calibration
values to be generalized to similar palaces in arid clsndiee méhodology was
previously adopted in studies that focused on new buildings and small o@gshut,
few handled validation studies on deteriorated large historical spaces; which is the
focus of the studyThe second pardf the papelinvestigates the effient daylight
influential factors ér the palace skylight redesignh& impact of weldesigned
skylights in terms of daylight adequacy and visual comfort has been highlighted in
multiple studies [34, 6]. Figure 1 depicts diffeent identified skylight lsapeswhich
are utilized in buildings [P

It is worth noting that adapted museum design daylight aspects create an
additional challenge to minimize lux exposure values [5]. As such, this study provides
a comprehensive daylight analysis and guidance dapi@d reuse of similar adapted
museum cases located in arid climatic conditions with skylight openiingsstudy is

essential especially in the case of an old historical space in which anticipation of
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daylight performance may vary according to improper fitting and material translation

in the simulation software.
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Fig. 1. Different kylight shaped9].

The historical challengedimensionextends to the fact that meeting daylight

limits is critical to preservatio purposesZ3] and that historical interior beauty should

be reflected with charming daylight. Annual simulation uses a different daylight model
and requires time to calculate the varying input values along the varied annual sky
conditions. However, it guires abstraction of data but still they are able to reflect real

conditions in most cases [101].

2. LITERATURE REVIEW

Retrofitting of heritage buildings is a common goal when ongoing
refurbishment for efficienteuse.Retrofits were widely investigated by researchers
that solely target energy reductiongl2-14]. Historical retrofitting as a process
involves gathering relatechonphysicalinformation such as intended reuse purpose,
electricity consumptionand occupatiordensity before proceedingith any retrofit
interventionthat washighlightedas being preliminaryl5]. Also, heritage buildings
recommended for retrofihg should haveninimum fagade interventions to minimize
the impact on the physical appearance ansatve the originality of the buildind4,
15]. Dealing with heritage in Egypt has been challenging in terms of preservation,
restoration and enhancementiowever, the significant role of technologyhas
enhanced theefficiency of reutilization of heritagéuildings [1]. Environmental
performance in buildingbas beemecently assessed using reliable simulation methods

with the aid of technological advances, software, tools, and accurate BIM models
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creation This resulted irpprompt growth of the digitalizein assessing methadBhe
daylighting and solar gain in residential spas@sinvestigatedo perform an efficient
optimization strategy to assess the influence of different design factors on performance
in order toreachthe most effective combination of design parameters in terms of
maximum utilization of efficient daylighting and minimum solar gain poteiié].
An energy assessment techniguesadoptedo exploredesign variables an attempt
to validate experimeat measurements with simulated ones, emphasizing the higher
accuracy of daily simulation on annuaimulation The differences between
simulations results retrieved from different simulation softwaeee presented and it
was siggestedto consider social éhavioral differences between occupants in the
spaces ando identify the parameters thabntributedto reforming the performance
gap[17].

In a retrofit studythe significance oértifacts protectioms indicatedto provide
visual comfort at recommendalluminance levelsThe daylight performance of a flat
ceiling and a pitched roof ceitjpmodel of a historical museuwere compared and it
was found thabetter illuminance distributiomas obtained fothe pitched roof3].
The effect of differentskylight design parameters on building performances
studied using parametric method to provide 100 different design solutions and assess
those in Useful Daylight Illuminanc@DI) and Energy Use IntensifgUI) [18]. It
has beenacommendd thatthe dfective skylight to floor ratio(SFR) shouldrange
betweem-10% andenergy reductioneerevaried according to building type, glazing
type, climate and light control method19]. In a regular office ceiling, a skylight
opening with 7% skylight to flooratio (SFR)wasadded with a slated light welip
examine andgimulate the proposed design to enhance daylig#dp Glazing sizing
in atrium spacewerediscussedindicatingthatthe most difficult sized are those with
rectangular shage The relatimship between daylight performance and thsuai
comfort in building space/asrevealedo aid decision makef&1].

Experimental and simulation studies have been widely compared to evaluate the
accuracy of the utilized simulation softwaBmulation mehods to assess daylighting

in spaces usually provide higher illuminance values thieom experimental
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measurement$22]. The Kriging method was usedto provide effective daylight
prediction that saves annual simulation time. They compared diffef@ylight
simulation engines to the prediction method in different sky cover conditions of the
year[10]. Different daylight dynamic and statioetricswerecriticized and evaluated

in assessing human perceived daylight in classroom spawa® it was foud that

Spatial Daylight Aitonomy (sDA) and Annual Solar ExposureASE) are more
indicative [22]. Previous research indicated the significance of adjusted skylight in
increasing daylight adequacy in spaces, but those mostly lack information on
enhancing reused skylights in adapted conditions and daylight analysis has never been

thoroughlyanalyzed.

3. RESEARCH FRAMEWORK

This study is conducted to investigate the daylight performamcan arid
climate of the skylight of an Egyptian heritage palace. The methodology adopted is
depicted in Fig. 2. First, a validation model is generated to comiharelaly
simulation component tahe experimental component in a systematic procedure,
where the analysis of general daylight trends and daylight unruly issues is formulated

to provide guidance for simila@ases.
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Fig. 2. Methodology flowchart
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The annual simulation model ithen created to perform basase daylight
analysis, identify significant skylight variableand evaluate skylight influential
parameters. Those are considered finding keys to assist in any further configuration of

the noted sWight optimally in such climatic conditian

4. CASE STUDY: TOSSON PALACE

An Egyptianadaptedpalace located in Shubra, Cairo, Egypt is investigated for
possible reuse. Mvas built in the 19" century for Prince Omar Tossomhe malace
front facade and entrance are showfkign 3a. Thepalace incorporates a hugeken
skylight covering the main staase ad affecting thedaylight of adjacent hallsas
shown in Fig. 3b The palace structure is currently amcupied andhas been
abandonedfor years.The palacanterior encompasss a huge main hall with arched
marble columns and baffled wooden ceiling ashown in Fig.3c. Thefloor plans are
shown in Fig.3d in which the skylight areautilized for analysis in this studis
highlighted

4.1 Simulation Settings

The palace main hall is parametrically modeled using Grasshopper plugin for
the Rhinoceros software and simulated with radiance via-forv&hino using Cairo,
Egypt climae data. The mlace parameters are summead in Table 1lwhile the
radiance settings used in the simula@goagivenin Table 2, adopted frof23].

Table 1. Palace model parameters

Building size m 13Hx38Wx88L
Floor numbers 2
Internal surfaces materials and reflectance [9]

Walls medium colored internalalls 50%
Ceiling off-white colored ceiling 80%
Floor generic floor 20%

Table 2. Radiance simulation settingS]|

Al;)r:)]l?fcr:at Ambient division  Ambient sampling Ambient accuracy Ambient resolution
6 1000 20 0.1 300
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a.Palace Entrance

e £

c. Ground Main hall d. Ground andirst floor plans
Fig. 3. Tossonpalace dscription

4.2 Daylight Climatic Conditions

Connection with the nearest weather station of Cairo, Egiolyws accurate
simulation for the palace existing conditio®sgure 4 illustratesthe direct radiation
diffused radiation and sky cover condition for the selected location during the
different months of the yeaiThe hours of total darknessre shadedn black andthe
hours of dayight areshadedn light grey. Directradiation extensivelpccursin clear
sky conditions in which there are few blocking components forstheays As a
result there is high availability of unpleasant direct daylighting that usually cause
glare inside space3hatgives a broad image of the positive and negative aspects of
the available daylight condition§he sun path is analyzed for the palace on th& @1
December Fig. 5aand on the 2F' of June Fig. 5bat 9:00 am and at 4:00 pm

respectively to reveal the summer and winter sun angles.
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Fig. 4. Directanddiffused sunlight radiation scheduleCairo, Egypt

a. winter sun angles b. summer suangles

Fig. 5. Sun @mth diagram for the palace

5. EXPERIMENTAL STUDY PROCEDURE

This study compares the dailjux measurements with the simulated
measurements to validate the effectiveness of the software in providing accurate
daylight readings fosuch conditiongo be used asalibration valuesilt is significant
to avoid taking measurement®n days of unexpected weather conditions. Also
summer months are avoided where high lux readings might overpass timetkeix
limits (50,000 Ux) and providemislealing results.Real conditions are illustrated in

the softwardo ensure similamaterialconditions.

5.1 Daily Simulation

The simulation is performed on the clear sunny sky cover 12019 Cairo,
Egypt A grasshopper script is adjustadcording to the exact field measurements
conditiors, to reflect the same physical conditiofsky conditions, and time of the
day). Mat er i al s G@readjastetdmamuallyirv thet sgftware taccountfor the
old flooring and other surfaces indicated in Table 1, which is an attempt to translate

material effectivelyusing visual match with material d4&. As shown inFig. 6a the

1200



EXPERIMENTAL INVESTI GATI ON OF DAYLI GHT PERFORMANCE | N

script is previously connected with the model daily illuminance sinulation.
llluminance output is visualized on the three grids cotetto the three floor levels

and kased on the average dimensions of18%20 m agrid module5x5mis shown in

Fig. 6b and Fig. 6¢cFrom thecolor tones represented on the analyzed floor grids in
Fig. 6d, it is seenthat grid points located near the skylight have higher lux values
(Red) andpointsfurtheraway from the light sourcgecrease gradually in illumination
(Blue). Skylight affected flooizones are addressed in three separate distinct areas for
daylight analysis that covered the ground, first, and intermediate  fledrEh

included 28, 11, and 3 points respectively.

Skylight Area “e
I

15*15m?

c. Affectedstairs, hall, and floor levels d. Grid andlux points

Fig. 6. Simulationmodel
5.2 MeasurementProcedure

The illuminance measurements are taken on the same selected day for the
simulation,namely 24/04/2019A 5x5 mgrid is first created on the three floor levels
as shown in Fig. 7b and 7c (similar to that grid created by the parametric model) in a

maximumarea ofl15x30 nt. Increasing the grid or pointgill causetime lag. The grid
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center points are marked with a colored tape on the floor and numbered. A high stool
1:00 mhigh is moved on each floor mark, carrying the lux meter device-10X
Lutron) shown in Fig. 7aThis meterprovides instant lux readings at each identified
location position. The illuminance measured in lux is to be recaatiedervals 060
minutesbetweerB:30 to 14:30 during the day at the same marked points. After taking
lux readings for all the marked points in the three floors, another reading round

follows in the following hour and so on.

/ o i :"/Ground
IS/ &L Floor grid
> ~

First Floor
grid

Intermediate
Floor grid

a. Lux meter device b. grou’nd and ihtererdiategrids c. first floor grid

Fig. 7. Experimental tools

6. EXPERIMENTAL AND SIMULATION RESULTS

In the validation studya comparative analysis is performed between the
simulated and measured data for the illumination values of the affected poash
floor, markedpoints are givemumbers to identify their location within th@an as
indicated in the plan key provided in Big8-10 respectively. Thédirst-floor plan
simulated and measured readings are comp&igdre 9a shows the simulated values
and Fig. 9b shows the measureduesifor the 12 pointshatare assesseslery hour
duringasingle day. The overall trend of each single assessed point during the day, i.e.
from 8:30 to 16:30 is shown below Kig. 8a andFig. 8b. Each curve represesithe
lux journey of a single pointuting the day showing the peak hours at 11:30 and
12:30. The simulated ground floor resultsFiy. 8a are very close tthe measured
ground Floor resultshownin Fig. 8b. The highest simulatedoint at 12:30 pmwas
higher tharthe measured pointith 400 lux. Also, the measuredesults shovsteeper

curves at lower lux levels in the afternoon at 14:30 and at 1pr8Ghan the simulated
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results. Simulated resultsof the ntermediatefloor plan analysis of lux points is
graphcally represergd in Fig. 9a and the measured readingse shown in Fig. 9b
Both arerelatively similar in trend shapdhe assesse8 lux points are low at the
early morning peakat 10:30 and drop within an hour Bt:30then fluctuatesAlso,
thelargest differencen Fig. 9a an®b appeas in the simulategalue of (point 2with
500 lux higher than the measured valubst the measured values appear higher at

lower diffused daylight levels shown at 13:30 and 14:30 by almost a 100 lux variation.

w 3000 | Hluminance/lux L 3000 Illuminance/lux o5

=

Hundred

2000

Simulated points

1500

1000 /
>
N, 500 /
‘Time/h h

L L o - . o . 3
2:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 8:30 2:30 10:30 11:30 12:30 13:30 1430 1530 1630

—#—point @ —M—Point 1 =—i—Point 2 =—s=—Point 3 ——Point 4 Paint 5 —4#—Point 0 —M—Point1 =—dr—Point2 =3¢=Point3 =—w—Point4 —&—Point5

——Point & Point 7 ———Paint 8 —#="Point Point 10 Paint 11 —+—Foint 6 ——Point 7 Point 8 —#—Foint & —m—Foint 10 Point 11

a. Simulated Results b. Measured results
Fig. 8. First floor assessed results uxlon24/04/2019
2 1600 | Huminance/lux 2 1500 Illuminance/lux
g E
£ 1400 § 1400
* 1200 * Lo
1000 1000
800 200
600 600 :"_.‘-1 §
Zoz %‘ﬁme/h 200 Time/h
8:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 0 8:30 9:30 10:20 11:30 12:30 12:30 14:30 15:30 16:30
e POINt 0 === Point 1 Point 2 ——Point0 Point1 ——Point 2
a. Simulated Results Mbasured results

Fig. 9. Intermediate floor assessed resultauxdn24/04/2019

Theground floorplansimulated resultareshown in Fig. 10alt is seerthat the
peak lux occurs at 11:30 a.m. in all points. However, there are slight differences in the
overall shapdetweerthe simulated and the measuredults ashown in Fig. 10a and
Fig. 10b, respctively. The series of several points shows an error or a substantial
difference in the afternoon readings between the simulated and measured luxAsalues.
different trend in some simulated poirfiighlighted inred reflects the success of the

simulated afternoon sun angle from the skylight in reaching deeper points.
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When the sun succeeds in going deeper in the low sun angles of afteenoon
at 13:30, 14:30 and 15:30 in the simulation results, there is a smooth decrease in the
lux valueswhich reflect the graghl decrease of the sun angle. In tieasured points
however diffused daylight was blocked due unknown reasagure 10a andFig. 10b
show high differencesn the ground floorsimulated and measured values
accordingly it isrecommendd to relymainly on the other floor grids in further
simulations andgnore the ground floor simulations as they are not indicative for the
current case andre invalid. Also, some light managed to escape from-tightly
external windows and doors which resulted in higher lux fluctuation readings in both
the early morningnd afternoon with average 60 lux difference at early low sun angle
at 9:30a.m.and average 30 lux differenderingafternoon hours.

Comprehensivelythese lux values give an overall comparison and progress
image of the daylighting in the palace, busiagle hour is selected to provide closer
image on the daylight performancEhe assessed lux points @4/04/2019at 10:30
a.m.are taken as sample ofthe evaluated floors in the studyprovided infirst and
ground floorsin Figs. 11a and 11b, respectively In Figure 11a, the measured and
simuladed values of the tested points anghlighted in blue and red curves
respectively. The two lux peaks represent the points located near the skylight affected
area on the first floor (i.e. the area closest to the skylight), in which high differ@ences
valuesreach 26.6% and 16.5%pparently the simulated Maes are closely similar to

the measured values in all points that depentheramount ofliffused daylight from
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the skylight. The simulated points show relatively higher valieesaverage 10 lux

than the measured ones in most assessed points andféhendegap increase with

the increase of direct daylight on the assessedgwitit anaverageof 150 lux. Only

two peak points appeamn the represented first floor, which give an idea of the limited
number of pointdighly affected with the skylight daylight. The groufidor tested
pointsare shownn Fig. 11b thatreveast the lux level of each point in that specific
hour where obvious differences between the simulated and measured points appear
only at points closédo the skylight. Those points (14 and 18) vary with maximum lux
difference 49% and 24.7% respectively. The peak points reach maximum illuminance
with an average 24 (hundrellix). On the other handthere are two lower peak
illuminance values at 8 and IAundredlux) shown in poird 9 and 23, respectively
There is asubstantial increase in values of the measured powetthe simulated ones

and this indicates @ossible error oma different interfering factorHowever, in an
attempt to enhance materigdflectance translation into software values in Fig. 11,
Simulation 2is performed with lower wall reflectance (35%) and ceiling reflectance
(70%). The results indicate that pointsSimulation 2are slighty lower compared to
Simulation 1by almost 15% in most assessed points of the ground floor which makes
them of improved match with measured values except in points exposed to direct
sunlight. For more accurate material translation, multiple reflectivity measurements

are to be taken iafurther study to estimate the exact surface reflectance values
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Fig. 11. Simulated and measured values at 10:30 am
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7. ANNUAL DAYLIGHT ANALYSIS RESULTS

Annual daylight performance is analyzkxt the palace to explore the possible
capabilities of the current design and avoid the unpleasant daylight effect on occupants
and building overall performance. Recent daylight evaluatiegricsare utilized in
the studysuch asDA, ASE and UDI. Daylight glare probability DGP) describes the
vertical illuminance and is measured through a simplified daylight glare probability
index that range daylight quality. Influencing factors on enhancing daylight
performance of the skylight are explored. Those melthe skylight form, skylight to

floor ratio, and shading elements.

7.1 Influence of Skylight Form

Comparison for three main skylight shapes (Flat, Vault, and Pyramid) is applied
in terms of daylighting as shown in Fig. 12. The effect of the tdifterent proposed
shapes on performance is shown in Fig.Tl& performance is measured and assessed
in percentages of sDA, ASE, and UDi.is :enthat there are only ight differences
in performance. This is becaudiee effect of changing the skyliglshape is not
substantial and requs@dditional intervention. Neither the daylight quality (ASE) nor

the daylight quantity (sDA) is improved. Even the UDI indicates the same time

percentage of useful daylight in the year.

a. Base case b. Vault c. Pyramid

Fig. 12 Different proposed skylight shapes

7.2 Influence of Skylight to Floor Ratio

Comparing two skylight to floor ratios as shown in Fig. 14. The first, ibdlse
casewith 100% skylight to floor ratio (SFR), with skylight area is edivered in
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(translucent surface/Glazing material). While the second, consists ®fRof 30%

glazed and 70% opaque roofing.

40

percentage

20

l

BASE vault pyramid

Fig. 13 Effect of thrnesz[gk;/ﬁ;ﬂt.;a;es on performance
There is a significant influence of SFR on sDA, and ASEsYshown below in
Fig. 14, where a positive influence is attained on the daylight quality as a result of
reduction of glare indicated by the ASE reduced percentages, that illustrates the
significance of slicing and reducing the glazing area of the skyiligknhancing the
daylight performance.

120

100

BASE SLICED
WsDA (%] W ASE [%]

Fig. 14 Base case versukced ase of simulatedain hall.

7.3 Influence of Skylight Additional Shading Elements

Additional shading elements to the current skylight is used to enhance palace
overall daylight performance and block direct daylight in an attempt to enhance visual
comfort. A series of 23 shading element spaced at 600 mm, amikbpth 600m,
thickness 20 mm and 1500 mntong are situated across the skylight area as shown in
Fig. 15 The negative issue in the current daylight performance is high percentages of

ASE values thaindicate possibility of high glareoccurrencen the simulated space.

1207

é



A. H. MAHMOUD ET AL

To emphasizera illustrate the daylight problem indicated, annual glare analysis is
provided to identify the glare level and time of occurredaang the months of the

year. Theglare view inside the skylight coverage aigeaisualizedfor theannual glare

as shown irFig. 16a andFig. 16, respectively usinghe glare probability indexlt is
seenthat the glare level before the usage of shading elements is considered intolerable
with aDGP greater than 0.48 most months of the year shownhkig. 16. After the

usage of the shading elements the DGP is consideaaptableanging between 0.35

and 0.40 in most months of the year with higher concentsatioday and June

Ty

a. Without shading elements b. With shading elements

Fig. 15 Different skylight configurations

a. The palace current case

b. With additional shading elements

Fig. 16 Annual dare view angle and image for the skylight opening

The annual glare graph reveals the significance of the shading elements in

controlling and mininzing glare.However this only solves the glare issue and would
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