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Abstract

Abstract

The historical low energy costs funded by high subsidies have influenceda8dudes to thermal
comfort. Ciizens who for years were exposed to the rigours of a harsh climate understandably were
willing to pay a high energy cost achieve comfort. However, changes in the Saudi economy and
reduced buying power linked to higher ergy prices have made the codt @omfort an issue for
societies and governmentsBuildings with optimal indoor air conditioning and low fuel
consumption produce less carbon dioxide emissions and thus cause less environmental pollution
There are signifiagd demands on the building indtry in Saudi Arabia, primarily relating to the
extensive energy demands during the hotter parts of the year for air conditioning purposes and the
use ofpoor-quality building materials. Throughout the country, electricityneamption increases
bymorethanR2 dz6 f S Ay GKS &dzYYSNI Y2y (i Kad hPBSNI pmr 2
residential buildings. Moreover, 70% of existing buildings arditietl with resistive insulation

Given thissituation, this studyexplores the indoor environment of rediential buildings in Saudi
Arabia with a particular focus on the thermal environméfite study selectetbur housedocated

in four different climatic regionas case studied he features of the existing houses were assess
including their design critga, forms, materials and surrounding conditions. The investigation of
these four case studies will largely aid in determining the current status of residential buildings and
highlighting the indoor features that require fimer improvementsThermal retrditting of existing
buildings may be an effective solution to enhancing the environmental performance of the building
industry.

The two primary methods uset assess the thermal indoor conditioirsthe studyare physical
measurements and computer modielg. Instruments were used to monitor the houses during both
the summer and winter months. Aftaollection, the data wer@resented and visualised in Excel
and subsequently analysed. Thermal Analysis Software\(BAR) was used to thermally model
the houses for two purposes. Firstly, to determine the current thermal performance of buildings
and secondly, to identify areas which improvements could be made using proposed alternate
materials.

Through field monitoring and thermal simulaf, it was clea that the most significant factor
increasingA/C use was the loss/gain of heat through the building materials. Different parts of the
building (including the roof, walls, ground floors amehdows) were simulated using different fabric
comhbinations to ackeve the optimum cooling reduction. The findings suggest that cooling
reduction of up to 79.5 % is possible. Consequently, the intensity of the proposed annual cooling
for the four chosemousegsanges between 12.4 kwh/m2/y and 83 kwh/m2Moreover, buildngs
located in the same climatic regions should also adopt similar approaaitthe methods used

can betransferredto other buildings in different areafkecommendations can then be made
regarding how to improve the situatiohastly, caclusions weranade in the research and areas
that require further research were identified.

Mosaab Alaboud PhD thesis, 221 [



Acknowledgment

ACKNOWLEDGMENT

In the name of Allah, the Most Gracious and the Most Merciful
All praises to Allah and His blessing for the completion of this research.

Many people have helped ake the development of this thesis possible and | should like to express
my profound gratitude to all those who helped madlise this research.

| would like to sincerely thank my research supervisor, Associate Professor Dr. Mohamed Gadi, for
his guidance understanding, patience, and constructive advice. His helpful contributions and
practical suggestions enabled this thesiassume its current form.

| would lile to express my deepest appreciation to my employers, the Ministry of Education, for
granting the opportunity to continue my studies to a higher level. Special thanks are due to my
sponsor, Taibah University, for their financial support. The cooperativk flxible approach
adopted by both the Ministry of Education and Taibah University have kd@ectly instrumental

in bringing this project to fruition.

| am deeply indebted to the residents of the houses upon which this study is based. Without their
generous cooperation, this research could not have been completed.

Throughout every stage imis research, as in all other areas of my life, | have been guided by the
wisdom and unparalleled support of my beloved parents. | should like to take this opportunity to
thank them.

The completion of my work would not have been possible without the stipgod nurturing
assistance of my siblings. In particular, the reassurance and encouragement offer by my older
brother, Dr Naif, was invaluable.

Many people have played a decisive role in this research, not least of whom are the any
professionals who havgenerously shared their collective knowledge and experienitk me,
particularly at the data collection stage. | cannot begin to express my thanks to each of them for
the role they have played in my successful conclusion of this project and for enalgitgypursue

my work in such a positive and flexible workimygonment

| would also like toxtend my gratitude to the staff at the University of Nottingham.

To conclude, | must gratefully acknowledge thenerous assistance of all the organizationd tha
provided me with not only the data upon which must of this work is based, but also with their
unwavering cooperation.

Mosaab Alaboud202L

Mosaab Alaboud PhD thesis, 221 il



List of Publications

Listof Publications

Alaboud, M, & Gadi, M. (2019). Indoor environmental monitoring of residential buildirgssuidi
Arabia, Makkah: a case studdP Conference Series: Materials Science and Engineering
609(4), 042044. https://doi.org/10.1088/175899X/609/4/042044

Alaboud,Mosaab, & Gadi, M. (2020a). The effect of thermal insulation on cooling load in
residental buildings in Makkah, Saudi Arabkuture Cities and Environmeré(1), 4.
https://doi.org/10.5334/fce.87

Alaboud, Mosaab, & Gadi, M. (2020b). Thermal performaweduation of residential buildings
in Makkah, Saudi Arabia. In S. RIFFAT, Y. SU, NL|SMAIIDAYU AHMAD (Edthg 18th
International Conference on Sustainable Energy TechnolPgoks2, pp. 418421). Kuala
Lumpur: SET 2019. Retrieved from httgsottingham-
repository.worktribe.com/output/3936800

Mosaab Alaboud PhD thesis, 221 ii



List of contents

List of Contents

F Y 2 S ¥\ O PR |
ACKNOWLEDGMENT.......ettiiiie ittt e ettt et e e e e e ettt e e e e e e sabbe e e e e et e e e e annbeeeeaaeesannbereeeaeameeeanns Il
LIST OF PUBLICATIQNS. ... cetetiiittteite e et ettt e e ettt e e e e e s sme sttt e e e e s e asabeeeeaeeesasanassbeeeaeesaanstbeeeaeessannsense [
LIST OF CONTENTS. ...t e ettt ettt ettt e e s ettt e e e e e bbb e et e e e s e s ma s b b be e e e e e s e bnbe e et e e s e ansbmnsnree s v
LIST OF FIGURES.......c oottt rm et e oo e a bt e e e e s m b e et e e e e e anbbbn e e e e e e s nbbmnrnneeeee s VI
LIST OF TABLES ...ttt ettt et et et e e e e b e e et e e a4 e m b bbbt e e e e e s abbbe e et e e e s s bmnsbneeeeeeaans X
1. INTRODUGCTION. ...ttt ittt ettt e e e s ettt e e et e e s e s a b et e e e e e e aannbeeeeeeeame e e snbeeeeeaeessnssrneeaessameans 2
1.1. BACKGROUNDDIVERVIEI. ......tttteeeeteaeeeeesaaeaiitbeteeeeeaaaeeesssanasesbbasteeeeaaaeaesassannsasbseeaeaeeaaaeeeasaannsnnes 2
1.2. STATEMENTS OF THE RESEARCH PROBLEMS.....euuuiiiiiaaae e e e e e eeeaeteteeeeeeeeeestensassin s aa s e e s e e aaaaaeaaeans 2
1.3. RESEARCAIM ANDOBIECTIVES. ....ttttttteeetttiaiiittesse et e taeeesasaasbsbbse et eeeeeaaeesaesanbbbbeaeeeeeaeaaeeeaesannnnnes 4
1.4. RESEARCECOPE ANDIMITATIONS. .. cttetetetiiiitttteeeteeeaeeeeeeaaaibbbbe s et e eaeaeseesssaannnbbeeeeeeeeeeseesaaaannnnnnnees 5
1.4. IMETHODOLOGY. ... ceetttettttttititiiaaas e e e e e e e eeaeteteeeeeeeeeeeseas s s asaa s e e e e e e e e eeeeeeaeeeeneessssbnbnbnnnnn i n e e e e eees 6
o I @ 0 11T V7= 1 (o] 1< ST PP P PT PP PP PPRPPP 6
1.4.2. Physical measurements (INStrUMENLS).......ccciiuriiieiiiiiieiee ittt reaneee s 7
1.4.3. Computer MOEIING .......uueieiiiiiiiie ettt iree e e srree e e e s snreeeeesnennil
B Y oo U= gl D T | - PSRRI 7

1.5. STRUCTURE OF TREESEARCH. ...ttt s s et e s e e e e e ee ettt eeeeeeesessssbsbsbsss s s e s e e e e e e aeeaeseneeeeeeesnnnnsnnnnnnnnnn s 8

2. SAUDI ARABIA: OVERVIEMD CASE STUDIES........cooiiiiiiiit ettt 11
2.1 HISTORICAL BACKGROUNBADBIARABIA.......ccttttititiiae s s e e e e e e eeeeeeeeeeeeeeesssssnbsnnaaaa s s e s e s aaeaaeeeeaeeas 11
2.2. ENERGY USAGE ...ttt e e e e e et ettt e ettt ee e ettt et s e s e e e e e e e e e e e e e e e e eeteeeeesssnnsebnbnbnnn s a e e e es 14
2.3. RESIDENTIAL BUILDINGS DEVELOPMENT DESIGN AND PROTOTYPE ....uuvrriiiirieeeeeeseeiinennrneeeeeeaeanens 21
24, ANALYSING THE CASE STUDLES ... eettttttineeetettiaeeeaeesntaaaeeseestnaasasesssaaaeteessna e eeesesnaaseeesenrennnnss 26
2.4.1. Architectural drawings of the case study building in Makkah..............cccccoceiinien 26
2.4.2. Architecturaldrawings of the case study building in Jeddah..............cccoiiiiiiiniinnnn. 27
2.4.3. Architectural drawings of the case study building in Riyadh..................c.oooonns 28
2.4.4. Architectural drawings of the case study building in Taif..................orrrircccc, 28
2.4.5. Construction element tables.............oooiiiiiii e 29

3.  CLIMATIC CHARACTERISTICS OF SAUDI.AARABIA.......co et 33
3.1 HOT CLIMATEELIMATIC ZONES. ... utttteeeiitieee e e eitteee e e e ettt e e s sttt e e e e sinbe e e e e s aab bt e e e e abbe e e e e e nanbeeeeeeannreas 33
0 I R 1Y =14 oS PEUR 36

0 I 1 [ - | o S 39
0 I R = 4117 To | o F TP OO PPPPPP P 924
T I S I | PO PP UP PP PPPPPPPP 45

3.2. THERMAL COMPORT. ...1ttttttttiaa s s e s s e eeeeeeteeeeeeeeeesasssess b s aa s s e e e e e e eaeeeaeeeseeennnsssnnsnnnnsnnnnnnnn i a s A8
3.2.1. Predict mean vote (PMV) MOEL........c.ueiiiiiii s 49
3.2.2. Adaptive thermal comfort (ATC) MOAeL.........ueeiiiiiiiiiiii e 50
3.2.3. Comparison between PMV and ATC MQAELS...........eeiiiiiiiiiiiiiiiiiieeieeee e 51
3.2.4.  PSYCNIOMELNC CRAIS. . ..ottt 52

4, THERMAL PERFORMANCE OF BUILDINGS AND ARCHITECTURAL DESIGN STRATEGIES F&#R HOT REGIC

4.1. THERMAL COMPONENTS OF BUILDUNGS ...ceuuiituueiittieeiteeietiaeeetteesetnesssaaeestneessnnaesssnaeessnaaesnnsees 58
4.2. ARCHITECTURAL DESIGN APPROACHES FOR HOT.CLIMATES ......ciituieeiieeeeieeeeeieeeeteee e e eeaeeeees 59
4.2. 1. Orientation and fOIM.......oooiiiii e e e e e e e e e e e e e e e enban e e e eearand 60
N I 1= ¢ 0 F= LT YT U] = 1o N 62
2 T VAV g To [ LT V) (=] o o TP 64
4.2.4.  ShAING HEVICES....ccci ittt et e e bt e e e et e e e e e anbee e e e e nneees 65
4.2.5.  NatUral VENTIATION. ...... it e et e e e e e e aab e e e eeereas 65
4.3. RESEARCH ON ENERGY EFFICIENCY MEASURES.......ccituiiii et ee e et eeee e et e et e e eateeeenn e e d 6.7

Mosaab Alaboud PhD thesis, 221 Y



List of contents

5. RESEARCH METHODOLOGY....cttiiiiitttiitaae ettt e e e e aitbe e e e e e s s samasestbeeaa e e s s asnbseeaaaessasamsnbeeaaaessannes 72
5.1. INTRODUCTION AND RESEARCH.ELOW. ¢..eetttiiiitttteeeeeteeeeeeeesaassisssseeeeeeaeeaesessssnnnnnbeneeeeaaaaaaeesass 72
5.2. RESEARCH DESIGN METHODOLOGY. ....tttttttteeeaasiaaasunrsrneeeeeteeaesssannsnnsssneseeeeseeesssssnssnsssssneeeeeeeesed 2
5.3. SFLECTION OF THE CASE STIUDIES. ....uuttttttettttaaaeeeaiaaaittsineeeeeaeeesaesaaaaannsssrseeeeeeeeessssannnnsssnneeees 73
5.4. TIME OF CONDUCTING THE FIELDWORK AND PRERARATION ......uuuvririierrieeeeassasiirrnneeeeeeeeaaseessannneed O
5.5. MONITORING BUILDING PERFORMANCE .....ccettttttttttttuaasaaaaaaaaaaeaaeaaaaaaateseeessssssssnsssnnnnnnnnnaaaaeess 76
5.6. MONITORING EQUIPMENIT.....ueiitneeiiieeeetieeeetiaeeeetneesettaeessteesanneessnnaesetnaeesstnsesssnesessneeeesnseesssneessd O

5.6.1. Temperature Data [0gger...........cueiiiiiiiiiiiiiieee et snnee e D
5.6.2. Infrared Thermometer TEMPEIALUIE.........oooiiiiiiiaiiiiiiee ettt 80
G TRC R 1 (o] « S I o =T g L] 4= (= o PRSP 80
5.6.4.  HOt WIir€ ANEMOMELEL.....ciuiiiiie ittt ettt e e s sttt e e st e s st e e e s s bt e e e e s sasbeeeeeenees 81
oI O T Y r= T g o]0 0[] (=] S PRSP 82
5.7. ENERGY MODELLING SIMULATION. .....ttttttttutututuuaaeaeaeeeaeaaaaaaateeeteeesesnssssnnnnnaaaaaaaaasaaaaaaaeeeeeeeees 82
5.7.1. Criteria of energ modelling Simulation t00l.............eviiiiiiiii e 84
5.8. SUMMARY. ¢ttt e e oo e e e e e ettt ettt ettt te e b e bbb o oo oo oo e e e e e e eeeeee ettt anebe b et abana e e e e e e e e e e e e e aeees 85

6. ENVIRONMENTAL INTERNAL CONDITION (MONITORED).......cccciiiiiimiiiieee e 87
6.1. INTRODUCTIQN .. ctetttetetutntuntuninsaaaseeeeeeeeeeeteteeeeeeessssasnsassasaaaaaaeaeaeeeeaeeeneeesssnnsnrnsnnnnnnnn i anaeeeas 87
6.2. MICROCLIMATE OF THE HOUBEARKAH. ......ceeiiiiiiiiiet et ettt e e e e e e e e e e e eeeeeeeennnsnnnnnnnnnnnnas 88

6.2.1. Indoor air temperature (CONINUOUS TESL).......ciiiiiiiiieieiiiiiiireses e s e e e e e e e e e e e e e eeeeeeeeeanenenees 38
6.2.2. Environmental variables (Spot MeasuremMEenLS)...........uuuuuiiiiiieieeeeeeeeeieeeeeeeeeeeeee s 90
6.3. MICROCLIMATE OF THE HOUJEDINAH. ......utuuieeieetiieeeeeette s e e e teetiie s e e e e e eeti s e e s eeba s e e aeeennn s eeeeeesnns 94
6.3.1. Indoor air temperature (CONLINUOUS tESL)......uuuiiiiiiiiiiiee it 94
6.3.2. Environmental variables (SPOt MEASUIEMEILS).....cccoiiurrieeiiiiiieee et eirree e 96
6.4. MICROCLIMATE OF THE HOUBEYADH.......cevvutttuttinniiiaaaaaseeeeeeeeeaeteeeeeeeeeeessssnsnnnnnnsnaassasasaeeaeeeens 99
6.4.1. Indoor air temperature (CONINUOUS ESL).......vviiiiiiiiiiiiiiiiieie i e e e e e e e e eeer ! 99
6.4.2. Environmental variables (Spot MeasuremMents)............uuuciiiiieeeeeeeeeieeeeeeeeeeeeeveeveaenens 102
6.5. MICROCLIMATE OF THE HOUS I ...ttt s s e s e e e e e e e e et e eeeeeeeeeeeessssnnsnnnssansaeaeneeaeeeeaeens 105
6.5.1 Indoor air temperature (CONLINUOUS tESL).......uuuiiiiiiiiiiee it 105
6.5.2. Environmental variables (SPOt MEASUIEMEILS) ......cceiiurrieiiiiiiieeeeeiiieeee et e e e rreeeeee e 107
6.6. SUMMARY. ¢4ttt e e e e oo e e e e e ettt ettt e ettt ettt e b e e e e e oo e e e e e e e eeee ettt et aeabe b et n b nn e e e e e e e e e eeaas 111

7. ENVIRONMENTAL INTERNAL CONDITION UBERMAL ANALYSIS SOFTWARE................... 113

7.1. THE HOUSE IMAKKAH. ... ettt ettt e e e e e e e e e e e e e e e et et eeeeebebebbbs s s s e s e s e s e e e eeaeaeeeeeeneeeenne 114
% O S B TV o 10|« JE (=T g o L=] = L0 = 114
7.1.2. Heat conduction through fabriCS.........cccooiiiiiiiii e, 116

7.2. THE HOUSE BEDDAH. ... eeeeeetti e e ettt e e ettt e ettt s e e e ettt e e e e e et e e e e e ees b e e e e e eeean e e eeeeenban e eeaees 122
7.2.1.  Dry DUID tEMPEIATUIE. .....cii ittt e et e st e e e s e sibeeeeesaaes 122
7.2.2.  Heat conduction through fabriCS. ..........oiiiiiiiiiiiii e 124

7.3. THE HOUSE BRYADH. ...ttt e ettt ettt s e e ettt e e ettt et e e e e et es b e e e e e eeean e s eeeeanban e aeaees 127
A 70 S B TV o 10| o IR (=T g o L=] = L0 = 127
7.3.2. Heat conduction through fabriCS.........cccooiiiiiiiii e 129

7.4. CALIBRATION OF THE HOUSBIFL. ... ittt ee et eeeeee e e et et eeeeeeeeeteeb et s s e e e e e e e e e e e eeeeeeeeeeeenennnnnnannnns 133
741, Dry DUID tEMPEIATUIE. .....eii ittt e et e et e e e e s s sibreeeeaaaes 133
7.4.2. Heat conduction through fabriCS. .........eoiiiiiiiiiiii e 135

7.5. COMPARISON OF THE COOLING LOAD BENCHBRBRBIARABIA . ......euueenunnnaaaaaaeaeeeaeaaaeeeeeeeeeeeeeenennee 139

7.6. I Y 1 7 TSP 143

8. SUGGESTED BUILDING ENVELOPE IMPROVEMENT USING THERBIBISONAWARE........... 145
8.1. INTRODUCTIQN ... cttttttttttttttttutitaaaaeeeeeeeaeaeaeteeseeeeeessasasssaas s s s e e aeeaaaeaeaeaaaseeesesssnsnssbbnbnnnnnnnns 145
8.2. THE HOUSE IMAKKAH. ... ttetttttetetettttttt s s s e e e e e e e e e e e e e e e e e e e eteeeasbebebbbbbss e s e s e e e e aeeeeeaeaeeeeneenenees 145

8.2.1. Proposed construction layers of external walls................cuviiiiiieee 145
8.2.2. Propogd construction layers of ROOf.........cuuiiiiiiiiiii e 148
8.2.3. Proposed construction layers Of fla0r.........c.ueiiiiiiii 151
8.2.4. Proposed construction layers of window and shading.........cccccccevveeeviiiiiiicciiieieceee e 153
8.2.5. Proposed combination of bdihg fabriCs............ciiiiiiiii e 155

Mosaab Alaboud PhD thesis, 221 Y,



List of contents

8.3. THE HOUSE DEDDAHL. ..ttt et et et e e e e e e e ee e e eeeeeetetetb bbb a s e o2 e e e e e e aaaeeeee et eeeesssbsbnbsn e e e e e e e e aaaeaaeaeas 159
8.3.1. Proposed construction layers of external walls..............cccccvvviieeiiiie e 159
8.3.2. Proposed construction layers of RQQf...........ccccciieiiiiiiii i 162
8.3.3. Proposed construction layers of FIOOr. ... 165
8.3.4. Proposed construction layers of window and shading..........cccccceeveeiviiiiiiiciiiiiiecece e, 168
8.3.5. Proposed combinationfduilding fabriC.............ccccooiiiiiiiiii e 170

8.4. THE HOUSE RYADH. ...ttt ettt e e e e e e e e e e et e e e et e ee e e et beba b s e e e e e e e e e e e eaeaeas 174
8.4.1. Proposed construction layers of external Wall.............cccoooiieiriiiiii e 174
8.4.2. Proposed construction layers 0f RQQT............cooiiiiiiiiiiiii e 177
8.4.3. Proposed construction layers of FIOOrK. ... 180
8.4.4. Proposed construction layers of window and shading..........cccccceeveeiviiiiiiiciiiiieineeee e, 183
8.4.5. Proposed combination of building fabriCs..........cccceeeiiiiiiiiiie e 184

8.5. THE HOUSE TRRIF. ..ottt ettt ettt e e e e e e e e e et et e et e et e e e e e bebe b e e e e e e e e e e e e aaeaaaaaaas 188
8.5.1. Proposed construction layers of external Wall.............cccooovieiriiiii e 188
8.5.2. Proposed construction layers 0f RQQT............cooiiiiiiiiiiiiic e 191
8.5.3.  Proposed construction 1ayers Of FIOOL............coiiiiiiiiiiiiie e 194
8.5.4. Proposed construction layers of window and shading.........ccccccceeveeiviiiiiiiciiiienececeeeen 196
8.5.5. Proposed combination of building fabrics............ccccor i 198

8.6. SUMMARY. ¢ e e e e e e et ettt ettt et e et e e n b et e e e e e e e e e e e e eete ettt e e nnnRaEEEnE R n e e e e e eeeees 202

9. CONCLUSION AND RECOMMENDATLIONS......cutteiiiieeeiimieteesieeeesnieeeesssaeeessmsseeessssenesssneesenens 204

9.1. INTRODUCTION ..+t tettttteeeeeettiis e eaeettua e e eeeeest s e e eeeee e e e eeees b s e e e eee bbb s e e e een bt eeeeeebnnaaeeeeennnnnnns 204

9.2. RESEARCH CONCLUSION ...ttt e ettt e e aeetti s e e e e eetsts s e e et eetesaeseeeesan s e e e e eebaa e e eaeeannaaeeeeenbannaaaees 204

9.3. CONTRIBUTION TOIOWLEDGE ......cciiitiiieieieeeetteututatai s as s s e s e s e s eeeeeeaaeeeaeeeseassessebnbsbnsnnnnnneaeeeeeeas 206

9.4. CONCLUSION FROM FIELD MONITORING AND THERMAL.ANALYSIS....cccetireiirerniniiinananeneeeeeeeeeens 207
9.4.1. Microclimate of the house in MakKah..............ccooiiiii e 207
9.4.2. Microclimate of the house in Jeddah...............cccuiiiii e 207
9.4.3. Microclimate of the house in Riyadh..............ooovrmiiiiiiiiii e, 208
9.4.4. Microclimate of the hoUSE IN Taf...........uuuiiiiiiiiiiie e 209

9.5. CONCLUSION BASED ON THERMAL MODELLING OF PROPOSED.FABRICS .....ccvvtvutuiiaaaeieiaeeeaeaeens 209

9.6. RECOMMENDATIONS FOR FURTREESEARCH. ...ttt eetetitie e e ettt e e et et e e e e e eebe s e s e eebnnn s e e e e ennannaeas 210

L o L i ST 212
F e o | e SRR 224

Mosaab Alaboud PhD thesis, 221 Vi



List of figures

List ofFigures

FHGUREL.1.OUTLINE OF THRESEARCEBIRUCTURE. .....uutititieteieeeeeeeteeteeeeeiettbebabsaai s s s e s e e e e eaeaeaaeaeeeeeesesnsnsnnnnnnnnd 8
HGURR.1.MAP OF THESAGOOGLEIAPS2020).....ceceiureeeeeiiitieieesiaurteeeeesaiteeeeessbseeeessamnneeeesssnnneeeesannneeeesaans 11
HGURR.2. THE THIRTEEN ADMINISTRATIVE REGISNSIMRABIADERBYSHIRED19).....cciiivieieeiiiicee e 12
HGURR.3.GEOGRAPHIC ANDPOGRAPHIC MAP 8¥DIARABA, SHOWINA 3DISTRICTS AR METEOROLOGICAL STATIONS
(ALBAKRY ET.ARO10CITED INENESRABU-ZREIG& ALAZBA2010)....0uuieeieeeeeeeesiiiiiineeeeeeeeeeeessesnnsnvnneeees 13
HGURR.4.0IL BALANCE IN TKSAF TRENDS REMAIN ON THEIR CURRENT TRAIBERERSTEVENR011).......cc....e. 14
HGURR.5. THEKSAELETRICITY CONSUMPTION BETR@EDE: 2017(GRAPH COMPILED WITH INFORMATION OBTAINED FROM
SEC2015;ECRAZ020) ... teeeeeiieeeeeiee ettt et e e e e e et e e st et eeeeaeeaaeeseeaaaaa e beeeeeeeaaaaaeeaeaaananbrraeaaaaaaeans 15
HGURR.6.THE DRECT CONSUMPTION OF OIL FOR THE GENERATION OF ELKSARROM2B09T02014(ABOVE. THE DIRECT
CONSUMPTION OF OIL FOR THE GENERATION OF ELEGSHEROMRO132018(BELOW. ..covvvvveeeeiiiee e 17
FHGURR.7. SAUDIARABIADLIMATEZONES. ...t tttettteeeeeaaaauttineesseeeeeeaeessasaasssbbsseeeeeeeaaeeeaesaasnssbnnneeeeeaaaeeesasannnnnen 24
HGURR.8.ARCHITECTURAL DRAWINGS OF THE CASE STUDY BMIBRKYELIN. .....ceeeeeiiiiiiiirinieeeeeeeeeeeeesninineeneees 27
HGURR.9.ARCHITECTURAL DRAWINGS OF THE CASE STUDY BIADDING IN.......ccctiiieeiiiiiininiiiiieeeeeeeeesnesannnes 27
HGURE2.10.ARCHITECTURAL DRAWINGS OF THE CASE STUDY BRINAIMG. IN.......ccciriiiiiiiiieiiniaaaaaaeeeaeaeaaaaaaans 28
HAGURR.11.ARCHITECTURAL DRAWINGS OF THE CASE STUDY BUNBING.IN.......ccittiiiiiiiininininiiaaaeaae e aeeaeeeaas 29
HGURB.1.THE HOT CLIMATE ZONES IN THE \MGRLDDING THE DRY AND HUMID HOT CLIMATE........cccccvvvvrrrunnnnns 34
FHGURB.2.ILLUSTRATING THE AVERAGE AIR TEMPERATURE OF A TYPICAL DAY FOR THE HOT DRY CLIMATE ZONE DURING SUMMER
WWINTER 1 ttttttttttttttttit s s s e e e e e e e ee e e et eeeeeeee e aessessa e s o e 4 a4 e o2 e e e e e eeeeeeeneensese s se s e s nRan s a st e e e eeeeaeeeeeeneennnnns 35
FHGURE.3.THE CLIMATIC ZONESMDIARABIA REPRESENTEBD@YIE$AEED ET A2003CITED IMLRASHED& ASIF 2015).
..................................................................................................................................................... 36
HGURE.4. MAKKAH LOCATIQBBIOOGLE MAROZ20).......ceeieeiiitiieeiiiteiteee sttt e e et e st a e e st e e s e nbne e e e e ennneas 37
FHGURE.5.AVERAGE MONTHLY TEMPERATUREAORHAUTHOR GENERATED FIRABTEONORM.0).......cvvvveeereennn. 37
HGURE.6.AVERAGE MONTHLY SOLAR RADIATIOHMHGRHAUTHOR GENERATED FIABTEONORM.0)......couvveeeene 38
FHGURE.7.AVERAGE MONTHLY RELATIVE HUMIRRTAARBAHAUTHOR GENERATED FRABIEONORM.O).................. 38
FHGURE.8.AVERAGE MONTHLY WIND VELOCITM AKRAHAUTHOR GENERATED FRABIEORRMT7.0).......cvvvvvvvnnnnnnn. 39
FHGURE.9.JEDDAH LOCATIQBIOOGLE MAROZ20) ... ..ei i e e ee ettt s s s s e s e s e e e e e e e e e e e e e e e aeseareenenrnnannnnns 40
FHGURE.10.AVERAGE MONTHLY TEMPERATUREBOR{AUTHOR GENERATED FRABIEONORM.O)........cevvvvvvnnnnnnn. 40
FGURE.11.AVERAGE MONTHLY SOLAR RADIATIGEID®(AUTHOR GENERATED FRABTEONORM.0)...........evvveeen 41
FGURE.12.AVERAGE MONTHLY RELATIVE HUMIDIJCEPR(AUTHOR GENERATED FIREBIEONORM.0).................. 41
HGURE.13.AVERAGE MONTHLY WIND VELOCITEBDR{AUTHOR GENERATED FRABTEONORM.0).......ccvvveeennnes 42
HGURE.14.RYADH LOCATIGEOOGLEIAP, 2020)......ccuureeieiiirieiesiiiieeeeessiineeessninieeesssnnneeeesennneeessnnnneeesenenn 43
FHGURE.15.AVERAGE MONTHLY TEMPERAHORRYADHAUTHOR GENERATED FIRABTEONORM.O).......cvvvvvviennnnnn. 43
FHGURE.16.AVERAGE MONTHLY SOLAR RADIATIGAYRDR(AUTHOR GENERATED FRABTEONORM.O)....................44
FHGURE.17.AVERAGE MONTHLY RELTIVE HUMIDIRYROR(AUTHOR GENERATED FREBIEONORM.0)...................4 A4
FGURE.18.AVERAGE MONTHLY WIND VELOCITREIR{AUTHOR GENERATED FIABTEONORM.O)........ccevvnnnnees 45
HGURE.19.TAIF LOCATIQGOOGLE MARD20).. .. ceeieiiitiiieeiitiiieeeeeiieeee e s sttt e e e sttt e e s s ssbeee e e s sabbeeeessbbeeeeeaaanes 46
HGURE.20.AVERAGE MONTHLY TEMPERATURBAFRRUTHOR GENERATED FIRABTEONORM.0).......cveiiiiiireen 46
FGURE.21.AVERAGE MONTHLY SOLAR RADIATIARIFGRITHOR GENERATED FRABTEONORM.O)........evvevrrereennn. a7
FHGURE.22. AVERAGE MONTHLY RELTIVE HUMIDITAIFORITHOR GENERATED FIRABTEONORM.0).......ccvvvvvvnnnnnnn. 47
FHGURE.23.AVERAGE MONTHLY WIND VELOORMAF(AUTHOR GENERATED FIRABTEONORM.O)..........ovvvvvininnnnnnn 48
HGUREB.12.PSYCHROMETRIC CHARTH ENVIRONMENTAL STRATEGIES OVERMXISKABR. .......vvvvvereiiiiiiniaeeeennns 53
HGURB.13.PSYCHROMETRIC CHART WITH ENVIRONMENTAL STRATEGIES O¥PRIMY.S FOR ....ceeeeeeeeeererieeeninns 54
HGURE.14.PSYCHROMETRIC CHART WITH ENVIRONMENTAL STRATEGIES ORFRDAW.S. FOR......ccvvvririirnrnannnn 55
HGURE.15.PSYCHROMETRIC CHART WITH ENVIRONMENTAL STRATEGIES OVERLAYS.EQR.......ccvvveeerrrvnnnnnnnnns 56
FHGURES.1.OUTLINE OF THRESEARCEIRUCTURE. .....uuitititteteeeeeeeeeeeeeeeeeeeeietetataeea s s s s e s e e e eeeeaeaeeeeeeeeeeeeeensannnnnn 72
HGURES.2.MONTHLY AVERAGE CLIMATE CONDITION OF THE FOUR CHOSsBWairmEsB. EDDAHC.RYADKANDD. TAIR
..................................................................................................................................................... 74
HGURE.3.ILLUSTRATED DRAWINGS FOR CHOSEN ROOMS FOR THEIAIKISE IN.......ceieeeeeeeeeeeieieeeeiieieeiiiieiienens 4
HGURE.4.ILLUSTRATED DRAWINGS FOR CHOSEN ROOMS FOR THIEEBIDRIBE IN......ccctvrriririninrnnanaaaeaeeeaeaeeeenns 75
HGURE.5.ILLUSTRATED DRAWINGS FOR CHOSENARBBOME HOUSERNMADH.......cciviieieeeeeiieieieinnnaeneeeeeeeeeeeeeeeaas 75
HGURBE.6.ILLLIBTRATED DRAWINGS FOR CHOSEN ROOMS FOR THEMBUSE.IN.....uuiieaieeeieeereeereeeeeeeeeeeeeeeeneneens 75
FGURED. 7. INSTRUMENTS USED. .....ettttutuuuuuuusaaeeeeeeeeaeeeeeeseeeeeseesansnnnnnaaaaasasesaeaeeeeeeserennemssmnnsnsnsnnnnnnnnnansnses 78
HGURE.8.ELITECWRCHEMPERATURE ARBTA LOGGER.......ciiiiiiieeeeiiieiniuneaasaaaaeseseeeeeeaaeaeaeseneesesnnssnnnnnnnnnnnn 80
FAGURE.9. ANGGO INFRARFEHERMOMETEREMPERATURE .....cttttititiiitttttitiuaaaeaaaeeeeaeeaeaaaaeaaeeseeesssssnnsnnnnnnnnnnns 80
FAGURE.10.EXTECH T3OHEATSTRESBVB G TMETER. ....ettttttiuiiiaaaaa e e e e e e e e e eeeeeeeeeeeeeeesensbebebs s s e s e e e e e e e eaaaaeaaaead 31

Mosaab Alaboud PhD thesis, 221 Vii



List of figures

HGURB.11. TECPEAVM714HOTWIREANEMOMETER......uuiiiitieiiieeeeteeeet e eeteeeeataeaeetaeessanesetneeestnasanneeesad a1

FHGURB.12.MP-100: PYRANOMETHRTEGRABENSOR WITHANDHELIMETER. .. . e iieviiiieeeeeeeeiiieeeeeetnie e e e e envennes 82

FHGURE.2. TEMPERATURE DATA LOGGERATION SET UP OF THE HOUBEKKAH. ... ..cccvvvviiiieeeeeeiniieeeeeeviieeeeeeeanns 88

FHGURE.2.1:OUTDOOR AND INDOOR AEMPERATURE OF THE SELECTED ROOMS OF THMIAKX/SE INWINTER RECORDED BY
[ 7T @ T ] = < ) 389

HGURES.2.2:OUTDOOR AND INDOOR AIR TEMPERATURE OF THE SELECTED ROOMS ORVIARKABIUSSUIWIMER RECORDED BY
(3N VKol cTe] =l < O NPT PP PO P P PUPPPPPPPPPPPPP 89

HGURE.2.3 INDOOROUTDOOR AIR TEMPERATBREORROOF INDOOR SURFACE TEMPERGLOBE TEMPERATURE READINGS
RECORDED IN TYPICAL WINTER 6mYFEBRUARZO18)AND TYPICAL SUMMER (A¥HSEPTEMBERD18)0 6 [..09®
HGURES.2.4.INNER SURFACE TEMPERATURE OF THE EXTERNAL WALLS OF THE GUEST ROOM AND THE BEDROOM IN WINTER AND

YUY LY== T SO €T > R 93
FHGURE.2.5. HIGHLIGHTED EXTERNAL WALLS ORIENTATION OF THEVHBIBE IN.......cuuiieereeriiiieeeeeeriinneeeeennnnnnns 93
HGURE.3. TEMPERATURE DATA LOGGERATION SET UP OF THE HOUWBBIMMH. .....cuuuiiiiieeiiieeeeieeeeieeeeiieeeeeinanas 94
HGURE.3.1:0UTDOOR AND INDOOR AIR TEMPERATURE OF THE SELECTED ROOMS ORHBIEAHINSEINTER RECORDED BY

(BN Kol cTe] =l < O PP PO PP PP UUPPPPPPPPPPPPPE. 95
HGURE.3.2:0UTDOOR AND INDOOR AIR TEMPERATURE OF THE SELECTED ROOMS ORHBIEAHINSHEJMMER RECORDED BY

[ 7T @ e ] = < ) SRR 95

HGURE.3.3.INDOOROUTDOOR AIR TEMPERATBIREORROOF INDOOR SURFACE TEMPERGLORE TEMPERATURE READINGS
RECORDED IN TYPICAL WINTERABYFEBRUARX018)AND TYPICAUMMER DABTHEPTEMBER018)0 6 /..109P
HGURES.3.4.INNER SURFACE TEMPERATURE OF THE EXTERNAL WALLS OF THE GUEST ROQI@MNID VWNETERDRND

LYY 1Y == o T = AR <> TR 98
HGURE.3.5. HIGHLIGHTED EXTERNAL WALLS ORIENTATION OF THEEBIASBE. IN........uueeeirnieeiieeeeieeeerieeeeeaneeens Q9
HGURE.4. TEMPERATURE DATA LOGGERATION SET UP OF THE BANFBYADH......ccvvnieiiieeiiieeeeeiiee e e 100
HGURE.4.1:0UTDOOR AND INDOOR AIR TEMPERATURE OF THE SELECTED ROOMS ORMPHONSANNER RECORDED BY

[y o T ] =1 2 ) PRSP 100
HGURE.4.2:O0UTDOOR AND INDOOR AIR TEMPERATURE OF THE SELECTED ROOMS ORMPHONSEMMVER RECORDED B

() 7 o T ] =1 2 ) PRSP 101

HGURE.4.3.INDOOROUTDOOR AIR TEMPERATBREORROOF INDOOR SURFACE TEMPERGLOBE TEMPERATURE READINGS
RECORDED IN TYPICAL WINTER I8FEBRUARR018)AND TYPICAL SUMMER (ISTSEPTEMBERO18)0 ¢ /..[1GR
HGURE.4.4.INNER SURFACE TEMPERATURE OF THE EXTERNAL WASTSADEPNIEGUEST ROOMS IN WINTER AND SUMMER

(o T O T <> R 104
HGURE.4.5.HIGHLIGHTED EXTERNAL WALLS ORIENTATION OF THERM@DSE. IN.......cuueeiiiiieeiiiieeeieeeeiieeeennnas 104
HGURE.5. TEMPERATURE DATA LOGGERATION SET UP OF THE HOUBEAN. .....ccuuuiiirieeeeiieeeeneeeeieeeeieeeennnnnas 105
HGURE.5.1:0UTDOOR AND INDOOR AIR TEMPERAFURIE GELECTED ROOMS OF THE HOAMSENNVINTER RECORDED BY

3y e cTe] = < O PRSPPI 106
HGURE.5.2 OUTDOOR AND INDOOR AIR TEMPERATURE OF THE SELECTED ROOMS OAAHHEMSUBKER RECORDED BY

3y Ko cTe] = < O PSPPSR 106

FGURE.5.3. INDOOROUTDOOR AIR TEMPERATBIREORROOF INDOOR SURFACE TEMPERGLORE TEMPERATURE READINGS
RECORDED IN TYPICAL WINTER BAYFEBRUARZO18)AND TYPICAL SUMMER (BRDSEPTEMBERO18)0 ¢ .[..108
FGURE.5.4.INNER SURFACE TEMPERATURE OF THE EXTERNAL WASTSADNEPNHEBEDROOMS IN WINTER AND SUMMER 0 &

................................................................................................................................................... 109
HGURES.2.5.HIGHLIGHTED EXTERNAL WALLS ORIENTATION OF THEHABUSE.IN.....ccvniieeieiiieeeiieeeeeiieeeeeaenaas 110
HGURE .1.SNAPSHOT OF THE HOBBEODEL INAS . ..... ettt ieie ettt e et e et e e e s e e st s ean s saeeansaenaas 114

RGURH.1.1.MEASURED AND SIMULADBYTEMPERATURE OF THE HOUZBKKAI® SELECTED ROOMS IN WIBITERL 1
RGURE.1.2.MEASURED AND SIMULADBYTEMPERATURE OF THE HOUZBKKAI® SELECTED ROOMS IN SUMMER16)
FHGURH.1.3.HEAT CONDUCTION THROUGH BUILDING HRBRISROOF AND EXTERNAL WANLBHE GUEST ROOM AND

BEDROOM IN WINTER AND SUMIMER. ........uuuttuuitiiisisieieeeeeeeeeteteieeeseeesessasssssssesasaeaeaeaaaaeaaseesssnnssnsnnes 117
FHGURE.1.4.EXTERNA SOLAR GAIN ON FARRIGQFOF THE BEDROOM IN WINTER AND SUMMER ......cccoeevrrerennnn.. 118
HGURH.1.5.HEAT CONDUCTION THROUGH FABRIC$IN THE GUESTROOM AND BEDROOM IN VN ER.............. 119
HGURH.1.6:HEAT CONDUCNOHROUGH FABRYZALLEIN THE GUESTROOM AND BEDROOM IN SYMMER............. 120
FGURH.1.7.THE SUN PATH DIAGRAMVDRKKAHAUTHOR GENERATERIDM GRASSHOPPER SOF){@GRESSHOPRE20)120
HGURE.1.8.EXTERNAL SOLAR GAIN ON FABRIQ $IN THE GUESTROOM AND BEDREO®KNTERW)......ccevrvreerennns 121
FHGURH.1.9.EXTERNAL SOLAR GAINFGBRIGWALL¥IN THE GUESTROOM AND BEDROOM IN SYMRIER................. 121
FAGURE .2.SNAPSHOT OF THE HOBBIODEL INAS ... ..ttt e e e e e e e e e e eeeeeeeenenees 122

FHGURH.2.1.MEASURED ANDMULATEDBTTEMPERATURE OF THE HOUEPDWI® SELECTED ROOMS IN WIRTEH. 123
FHGURH.2.2.MEASURED ANDIMULATEDBTTEMPERATURE OF THE HOUEPDDMIS SELECTED ROOMS SUMMER...1123

Mosaab Alaboud PhD thesis, 221 viii



List of figures

FGURE.2.3.HEAT CONDUCTION THROUGH BUILDING HABRIISROOF AND EXTERNAL WANLEHE GUEST ROOM AND

BEDROOM IN WINTER AND SUMIMER. .......uuiiiiiiiieieeesisiiiineieieeeeeeeeeessssnsssssasseeereeseeessssnnsnssssnnnneeesees 125
AGURE .2.4.HEAT CONDUCTION THROUGH FABRILSIN THE GUESTROOM AND BEDROOM IN VWNTER.............. 126
AGURE.2.5.HEAT CONDUCTION THROUGH FABRILIN THE GUESTROOM AND BEDROOM IN SUMRIER.............. 126
AGURE .3. NAPSHOT OF THE HOBBIMODEL INTAS ... ..oiiiiieeiiieeitieesteeeesteeesieeeessteeesnaeeesnsaneesneeesnsaneesneneans 127

RGURH.3.1.MEASURED ANDMULATEDBTTEMPERATURE OF THE HOURK ADIS SELECTED ROOMS IN WIBITER. 128D
FRGURH.3.2.MEASURED ANDMULATEDBTTEMPERATURE OF THE HOUREARI® SELECTED ROOMS IN SUMMERLAB ®
HGURK.3.3.HEAT CONDUCTION THROUGH BUILDING RRBFOIBROOF AND EXTERNAL WANLEHELST AN2ND GUEST
ROOMS IN WINTER AND SUMBMERR. ......ceeeiittieeee ittt e es ittt ettt ettt e e st e s e e e e s enbnn e e e e s annneeae s 130
FGURH .3.4.HEAT CONDUCTION THROUGH FARBCIFIN 1ST ANI2ND GUEST ROOMS IN WINTER AND SUMVER....131
FGURH.3.5.HEAT CONDUCTION THROUGH FABRICIN 1ST ANIZND GEST ROOMS IN WINTER AND SUNWBR....132
FGURH.3.6.THE SUN PATH DIAGRAMRDRADHAUTHOR GENERATED FROM GRASSHOPPER SAERWSRIDPPER020)132
HGURE .4.SNAPSHOT OF THE HOBBMODEL INTAS ... .oue et e et eeaanns 133
FGURH .4.1.MEASURED ANDMULATEDBTTEMPERATURE OF THE HOUBERR SELECTED ROOMS IN WIBITEH.. 0.1®4
FGURH .4.2.MEASURED ANDMULATEDBTTEMPERATURE OF THE HOUBERR SELECTED ROOMS IN SUMMER.. 1131
HGURH .4.3.HEAT CONDUCTION THROUGH BUILDING HRBRIIZROOF AND EXTERNAL WANBHELST AN2ND BEDROOMS IN

WINTER AND SUMMEI ).....eeeieeeeeeieiiiiieiee e eeeeeeeeeeeessasaatteaseeeeeeaaaaeassssasstesbeeaeeeaeeeaaessssannssntannnereaaaeens 135
FHGURH .4.4.HEAT CONDUCTION THROUGH FABRLL¥IN THELST ANI2ND BEDROOMS IN WINTE.........cvvvvnnnnnnn 137
HGURH .4.5.HEAT CONDUCTION THROUGH FABRLL¥IN THELST ANIZND BEDROOMS IN SUMMPR).................... 137
FHGURH .4.6.THE SUN PATH DIAGRAMIAF(AUTHOR GENERATED FROM GRASSHOPPER S@ERABRHOPRE®20) 138
HGURK .4.7 . EXTERNAL SOLAR GAIN ON FABRIC FIN THELST ANL2ND BEDROOMS IN WINTEWR.........oeveviirieeeens 138
HGURK .4.8.EXTERNAL SOLAR GAIN ON FABRIC 3IN THELST ANL2ZND BEDROOMS IN SUMMBW).........cvvveeernnne. 139
HGURK.5.1.THE CURRENT ANNUAL COOLING LOAD FOR THE CHOSEN HOUSES IN THR/@UROINIES.............. 140
FHGURK.5.2.THE PROPOSED ANNWOOLING LOAD FOR THE CHOSEN HOESERMANRYADHKWH/ M2/Y)............ 141
FHGURE.5.3.THE PROPOSED ANNUAL COOLING LOAD FOR TNEIOHSES IN THE FOUR ARWAF/ M2/Y) ................. 142
FAGURB.2.1.HIGHLIGHTED EXISTING EXTERNAL WALLS OF THEMHERIGEN. .....ccvvvviririrrinniiiise e e e e e e e e 146
FHGURE.2.1.1:ANNUAL COOLING LOAD FOR PROPOSEL{RMAHAB2/Y). .....ccvvvvvrriiiiiiiriiiiiiieeeeeeeeeaeaeseseesesenannnns 148
HGURE.2.2.1:ANNUAL COOLING LOAD FOR PROPOSE{HRMIAMEZ/Y). .....evveiiiiiiieeiiiiieeesaiiieee et 150
HGURE.2.3.1:ANNUAL COOLING LOAD FOR PROPOSED GROUNGKIUIBRZRY). ....coeivvrrieeiiiiiiee s e 152
HGURE.2.4.1:ANNUAL COOLING LOAD FOR PROPOSED WIKIMMB2/Y)......ceeeiiiiiiieiiiiie et 154
FHGURE.2.5:ANNUAL COOLING LOAD FOR PROPOSED®ZBREISATIOKWH/M2/Y)....ccooiiviiiiiiiiice e 156
FHGURE.2.5.1:ANNUAL COOLING LOAD BERT CASE AND THE PROPOSED VENTILATION @VRATERTY). ............... 157
FHGURE.2.5.2:ANNUAL COOLING LOAD FOR BEST CASE AND THE PROMEFRIDSHAT POINT OFAKEKWH M2/Y) 158
FAGURE.3.1.HIGHLIGHTED EXISTING EXTERNAL WALLS OF THEJEIDMISHE IN. .....eeveeieieaa e eeeeeeeeeeeeeeeeeeeeeeennnnnes 159
HGURE.3.1.1:ANNUAL COOLING LOAD FOR PROPOSEL{RMAIB2/Y). ......ceeiiiiiiieiiiiiiee et 161
HGURE.3.2.1:ANNUAL COOLING LOAD FOR PROPOSE{HMIAMEZ/Y). .....eveeiiiiiiieeiiiiiee e s 164
HGURE.3.3.1:ANNUAL COOLING LOAD FOR PROPOSED GROUNGKIIGRZRY). ....ccoiuvriiieiiiiiieeesiieeeee e 167
HGURE.3.4.1:ANNUAL COOLING LOAD FOR PROPOSED WIKIMBMB2/Y)......ceeeiiiiiiieiiiiie et 169
FHGUREB.3.5:ANNUAL COOLING LOAD FOR @BBEP FABREIOMBINATIOKWH/ M2/Y)...cooeiviiiiiiiiiieice e 171
FHGURE.3.5.1:ANNUAL COOLING LOAD FOR BEST CASE AND THE PROPOSED VENTILA{KIHEVRADEGY........... 172
FHGUREB.3.5.2:ANNUAL OOLING LOAD FOR BEST CASE AND THE PROPOSED SET THERMOSTAAGIHWIGMPAE.173
HGURE.4.1.HIGHLIGHTED EXISTING EXTERNALS OF THE HOUSRYNDH. .....uviiiiiiiieeeeiiiiieeeeeeiiee e e eiieee e 174
HGURE.4.1.1:ANNUAL COOLING LOAD FOR PROPOSEL{RMAIB2/Y). .....cceiiiiiiiiiiiiiiiie e 176
HGURE.4.2.1:ANNUAL COOLING LOAD FOR PROPOSE{HRMIAMEZ/Y). ....eevieiiiiiiieeiiiiiee e siieeee s 179
HGURE.4.3.1:ANNUAL COOLING LOAD FOR PROPOSED GROUNGKIIGRZRY). ....ccoivvrriieiiiiiieeesiieeeee e 182
FHGURE.4.4.1:ANNUAL COOLING LOAD FOR PROPOSED WIIKIMBAB2/Y)........cceeiiiiiiiiieeeeeie e 184
FHGURE.4.5:ANNUAL COOLING LOAD FOR PROPOSED®ZBREISATIOKWH/M2/Y)....ccooiiviiiiiiiiiee e 185
FHGURE.4.5.1:ANNUAL COOLING LOAD FOR BEST CASE AND THE PROPOSED VENTILA{KIHEVRAVEGY........... 186
HGURE.4.5.2:ANNUAL COOLIN®AD FOR BEST CASE AND THE PROPOSED SET THERMOSTAT AGOG(RS\BEMREY).187
FGURE.3.1.HIGHLIGHTED EXISTEYGERNAL WALLS OF THE HOUBEEIN........coiiiiiiirriieeeieeeee e e e e ninnnneeeeeeae e e 188
HGURE.5.1.1:ANNUAL COOLING LOAD FOR PROPOSEL{RMAIB2/Y). .....cceiiiiiiiieeiiiiieee i 190
HGURE.5.2. 1:ANNUAL COOLING LOAD FOR PROPOSEHMIAMEZ/Y) .......vvveeeiiiiiiie ettt 193
HGURE.5.3.1:ANNUAL COOLING LOAD FOR PROPOSED GROUNGKIUIGRZRY). ....coeivvrvireiiiiiiee s 196
FHGURE.4.4.1:ANNUAL COOLING LOAD FOR PROPOSED WIIMAIB2/Y).....ccoiiiiiiiiiiieiie e 198
FHGURE.5.5:ANNUAL COOLING LOAD FOR PROPOSED @2@RESBRTIONKWH/ M2/Y). ..ccviiiiiiiiiiiiiiiieeiiee e 199
FHGURHE.5.5.1:ANNUAL COOLING LOAD FOR BEST CASE AND THE PROPOSED VENTILA(KIMHEVRADEGY........... 200

HGURE.5.5.2:ANNUAL COOLING LOAD FOR BEST CASE AND THE PROPOSED SET THERMOSTA/E(MIig m2/mi201

Mosaab Alaboud PhD thesis, 221 IX



List oftables

List of Tables
TABLEL.1. HISTORICAL WEATHER DATA SOURCES FOR THE SIMULATION. ....eevttuteerertinieeeeeriiieeseeesesrnnseesessnnnnnns 8
TABLE2.1.THE ELECTRIC ENERGY TARIFF FOR THE RESIDEN{TABSEGEDERATED BY THE AUTHOR BASED ON HISTORICAL

INFORMATION FRABCRAZ020).....cceeiuetietee ittt e e ettt ettt ettt e s st e e ettt e e s e bt e e e e e ennbe e e e e annnas 16
TABLE2.2. THE THERMAL TRANSMITTANE¥ALUEBREQUIREMENTS FOR tRIBE RESIDENTIAL BUILDINGSIAORI BUILDING

ENVELOPES DEPENDING ON CLIMATIC. ZONES. ... .eetttttuuieeeettttieeeeeeestniesesessntaseessssinneressssstneeessnnns 24
TABLE2.3.GENERAAUTHORITY FERATISTIGSHEKSAGENERAL AUTHORITY FOR STATRIIES...........cc e, 25
TABLE2.4.DETAILS OF THIESESTUDIES. ..uuuueettttttuneeeteststaeessssstanaeesestnnnaeessntnneeessstmnaeeesesteeeesrnnaeerenn 26
TABLE2.5.BUILDING FABRICS FOR THE HOUBREKKMHFL . ....eevvvuiteeeiiiiiieeeeeettiaeseeseestanaeeeesssstnnseeseestnnnasessssssnnnnns 29
TABLE2.6.BUILDING FABRICS FOR THE HOUBEIDMNEL .....ccevtniiiii et e e et e e et e e ete e e et eeeet e e saneeesta e eesaneesannneeees 30
TABLE2.7.BUILDING FABRICS FOR THE HOURIZBIIN. .......ouuiiiiieiiiieeeitiee et eeeete e e et eeeetn e e sanneeestaeeeesaneessnnneeees 30
TABLE2.8.BUILDING FABRICS FOR THE HOUBHEB.IN.......cuuiiiiiieeiiie e it e et ee et e e et eeeate e e et eeesteesean e setaneessnnns 31
TABLEL.1.EXAMPLES OF ENERGY EFFICIENT MEASURES USED IN OTHER.STUDIES. .....covviiiiieieiiieeeeieeeeenee e, 68
TABLED. L INSTRUMENTS DATA 11ttt eetiettuteeeeesennaeeesesttnnaeeessastanaeeeessnnaressssstnneeesessstanreesesstnnieeeesesstonaeeerens 79
TABLE6.2.1:SPOT MEASUREMENTS OF ENVIRONMENTAL VARIABLES OF OUTDOOR.CONDITIQNS.....ccuuveevnnnnnnnn. 91
TABLE6.3.1:SPOT MEASUREMENTS OF ENVIRONMENTAL VARIABLES OF OUTDOOR.CONDITIQNS.....ccuuveevnnnnnnnn. 97
TABIE6.4.1:S2OT MEASUREMENTS OF ENVIRONMENTAL VARIABLES OF OUTDOOR.CONDITIONS.........evvvvnne.es 103
TABLES.5.1:S20T MEASUREMENTS OF ENVIRONMENTAL VARIABLES OF OUTDOOR.CONDITIONS.........ovevvnne.es 108
TABLE7.1.1.CALCULATED TRBOT MEAN SQUARE ERRMSEPERENTAGE AND NORMALIEEAN BIAS ERRARMBE)

PERCENTAGE USING TWO METHODS. .....eituutittieteteeeetateeesteesstaeeetaessanesstaeesstaeeesnaesesnaeestaaeesennaees 116
TABLE/.1.2.THE ALTITUDE ANGLES FOR ALL THE SINIMERAH. .......coouiiiiiiieeeiii e ei e eeiieeeenn e e senneeeereeeannaeens 118
TABLE7.2.1.CALCULATED TRBOT MEAN SQUARE ERfRMSEPERCENTAGE AND NORMAINIEAN BIAS ERRERMBE)

PERCENTAGSING TWO METHQDIS ... .etuiiittneiitieeeenaeeetaesestneesatnaeestasaeeanseestnnaesstnaeresnseessnnsessnseerennrers 124
TABLE.3.1.CALCULATED TRBOT MEAN SQUARE ERfRMSEPERCENTAGE AND NORMAINIEAN BIAS ERRERMBE)

PERCENTAGE USING TWO METHODS. ... ttuiitteitettitetieettieetaeetnessnaestaesssetessneesnesteetnsesnaesansenneesnsesnnns 129
TABLE/.3.2.THE ALTITUDE ANGLES FOR ALL THE SIX RIMEISHN ......ccuutiiiiieeiiteeeetneeeeneeeerieeeestneeeerneesnneeeeness 131
TABLEY.4.1.CALCULATED TRBOT MEAN SQUARE ERRIMSEPERCETAGE AND NORMALIZZEAN BIAS ERRRMBE)

PERCENTAGE USING TWO METHODS. .. . etttuiitttetetaeestneseetneesatnaeestnseeeanesstnnsesstnaeessneessnaeessnseerennrees 135
TABLE/.4.2. THE ALTITUDE ANGLES FOR ALL THE SIMTRIIES. L. . ciituieiiieee et e e e e e et e e eat e e e e e e st e eeanseeeenneeenen 136
TABLEB.2.1:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED MWALLS.....ccivvieeieeeeeiieeeeee e eeae e 146
TABLEB.2.1.1.PERCENTAGE OF REDUCTION INNANDMROLING LOAD FOR PROPOSED WALLS COMPARED WITH A BASE CASE OF EXISTIN

TN I 147
TABLEB.2.2:CHARACTERISTICS OF EXISTING ANSEPRORPEULATED ROOE. .. .ciitieeiiiieeeeiieeeeieeeeeeeeeeae e s eeeennss 149
TABLEB.2.2.1 PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED ROOFS COMPARED WNTFHEXISTING ROOF |

27N = o] =Y 150
TABLEB.2.3:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED GROUND.FLQQR.......ccceeeiivineennnnn. 151
TABLEB.2.3.1.PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED GROUND FLOORS COMPARED WITH EXISTIN

FLOOR IN THE BASE CASE .t iituuieiitt i eeeteet et e e ettt e e eeta e s et eeetaaeeaaaaestanasstanaeestnsaesanaaestnaaeesneeesnnaerenn 152
TABLEB.2.4:CHARACTERISTICS OF EXISTING AND PROPOSED MWINDOWS. ....uiiirneiteneeeeieeeereeeerneeeerneeennneees 153
TABLEB.2.4.1 PERCENTAGE OF REDUCTION IN ANNUAL COOLNIR PRDPOSED WINDOWS COMPARED WITH EXISTING WINDOWS

AND SHADING IN THE BASE CASE ...uuniiitieeeti e ettt e ettt e e e ee e et eeeeet e e et e e eat e e e et e e et e e s saeerstnaeesanaeeerans 154
TABLEB.2.5:CHARACTERISTICS OF EXISTING ARDSEROCOMBINATIONS OF FABRICS....uuiiveeeeiieeeeeeeeeveeeeeinnn 155
TABLEB.2.5.1:DESCRIPTION OF THE BEST CASE AND THE PROPOSED VENTILATION.STRATEGY.......cccccvvuneennnn. 156
TABLEB.2.5.2:DESCRIPTION OF THE BEST CASE AND THE PROPOSED SET THERMOSTARKDINTS.OF THE......... 157
TABLEB.3.1:CHARACTERISTICS OFTBMESAND PROPOSED INSULATED MIALLS.....uuiiiiieeeiiieeeieeeeeie e e et e e eenneeeea 160
TABLEB.3.1.1.PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED WALLS CXISTPARENAVITHIE THE

2N = o X =PSRN 161
TABLEB.3.2:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED. ROQE ... ..ccuiiiereeeirieeeeneeeereeeeennss 163
TABLEB.3.2.1.PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED ROOFS COMPARED WITH EXISTING ROOF IN

2] NS = o X = PRSP 164
TABLEB.3.3:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED GROUND.FLQQR.......ccceuveiivineennnn.. 166
TABLEB.3.3.1.PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED GROUND FLOORS COMPARED WITH EXISTIN

FLOOR IN THE BASE CASE ... uiituuieiiti i eetteee e eeett e e eet e et et ee et aeeaa e estanaestanaeestnsaesanaeestnaaeetneeesnnaarenn 167
TABLEB.3.4:CHARACTERISTICS OF EXISTING AND PROPOSED MWINDOWS. ....uiiienieeeneeeeteeeeeteeeraeeeerneeennnaeens 168

Mosaab Alaboud PhD thesis, 221 X



List of tables

TABLE3.3.4.1 PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED WINDOWS COMPARING WITH EXISTING WIN

AND SHADING IN THE BASE CCASE ¢ttt eettttttueeesrttuteseessastuaeeseetnnnaeseestntaeereetaeerraanaaeeresnnaaaen 169
TABLEB.3.5:CHARACTERISTICS OF EXISTING AND PROPOSED COMBINATIONS.QE FABRICS......ccvveieeeeeiniinnnnn. 170
TABLEB.3.5.1:DESCRIPTION OF THE BEST CASE AND THE PROPOSED VENTILATION. STRATEGY.......ceveevrerrnnnnn. 171
TABLEB.3.5.2:DESCRIPTION OF THE BEST CASE AND THE PROPOSED SET THERMOSTARKDINTS.OF THE......... 172
TABLEB.4.1:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED MWALLS. ....ciivveeeieeeiiieeeeeie e 175
TABLEB.4.1.1. PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED WALLS COMPARED WITH EXISTING BASE C/

LT PP 176
TABLEB.42: CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED.ROQE ......ccuieiiieeeiiieeeiieeeiiieeeannn. 178
TABLEB.4.2.1 PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOADEEB RROPS COMPARED WITH EXISTING ROOF IN THE

2] 0] =P 179
TABLEB.4.3:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED GROUND.FLQQR.......cueeeerrernnnnnnnnn. 181
TABLEB.4.3.1. PERCENTAGE OF REDUCTION IN ANNUAL COOLING PR@PESED GROUND FLOORS COMPARED WITH EXISTING

FLOOR IN THE BASE CASE .. iittiitiiiii et e it et e et et e et e et e e et e een e aa e et e aa e et e eantansasneetaesnaesnsarnnastnaenn 182
TABLEB.4.4:CHARACTERIES OF EXISTING AND PROPOSED WINDOMS. .. .ccvtueiitneerneeeiieeeerteeeesnneesetneaennnaaees 183
TABLEB.4.4.1 PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED WINDGVBHIONMFPAREIVINDOWS

AND SHADING IN THE BASE CASE. ... ettttttuiteeeeetttateeeeesttaaaeeeesstunseseesteeeeresteeeerrnaraeeesesrinnaaeeees 183
TABLEB.4.5:CHARACTERISTICS OF EXISTING AND PROPOSED COMBINATIONS.QE FABRICS......cccvvveiiiieeeennnnn. 185
TABLEB.4.5.1:DESCRIPTION OF THE BEST CASE AND THE PROPOSED VENTILATION.STRATEGY.......ccecvvvnnennnn. 186
TABLEB.4.5.2:DESCRIPTION OF THE BEST CASE AND THE PROPOSED SET THERMOSTARKDINTS.OF THE......... 187
TABLEB.5.1:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED MWALLS. ....civvvieerieeeeieeeeereeeeeie e 189
TABLEB.5.1.1.PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED WALLS COMPARED WITH EXISTING WALLS |

2] i X = PP 190
TABLEB.5.2:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED. ROQE ... ..ccuiieiieeeeineeennneeranneeennnns 192
TABLEB.5.2.1. PERCENTAGE OF REDUCTION IN ANRICRING LOAD FOR PROPOSED ROOFS COMPARING WITH EXISTING ROOF IN THE

2 = 193
TABLEB.5.3:CHARACTERISTICS OF EXISTING AND PROPOSED INSULATED GROUND.FLQQR.......ccvvueiiiineeennnnn. 194
TABLEB.5.3.1.PERCENTAGE OF REDUCTION IN ANNUANGQOAD FOR PROPOSED GROUND FLOORS COMPARED WITH THE BASE CASE

EXISTING FLOOR. 1. eeettieeetteesete e ettt eeett e eetaeeset e e e e st se st aee st aaesaaesesan s saneesatnesssneeetaeerstnseranneessnns 195
TABLEB.5.4:CHARACTERISTICS OF EXISTING ANCSEROPRIDOWS ......cievueeirieeeernerrnneeretneeeerteesrnneeseteeesnaeees 197
TABLEB.5.4.1 PERCENTAGE OF REDUCTION IN ANNUAL COOLING LOAD FOR PROPOSED WINDOWS COMPARING WITH EXISTING WIN

ANDSHADING IN THE BASE CASE . .utuuiiiitiieiti ettt eeetteesana e eesta e e eataeeetanaeeataaeatneeetanaeraaaeennnaersnnaeeernns 197
TABLEB.5.5:DESCRIPTION OF EXISTING AND PROPOSED COMBINATIONS.OF.FABRICS.......uiieeiiiieeiiieeciieeeeeenn 199
TABLEB.5.5.1:DESCRIPTION OF THE BEST CASE AND TMEEPREMNTILATION STRATEGY...uuciivieeeeiieeeeneeeeneeeeenns 200

TABLES.5.5.2:DESCRIPTION OF THE BEST CASE AND THE PROPOSED SET THERMOSTARAMRDINTS.OF THE......... 201

Mosaab Alaboud PhD thesis, 221 Xi



Chapter 1

Introduction



CH 1: Introduction

1. Introduction
1.1. Background (overview)

This clapter introduces the research including the objectives, aims, research problems and
guestions. Additionally, the researdtope, structure and limitations will also be discussed in this
chapter.

At present, the status of residential buildings in Saudi Axrad unsustainable despite the efforts
being made to lower the extensive energy use in houses. More work is requireffetdively
address the issue. By modifying buildings in line with prevailing climatic conditions, energy
consumption will be significdly reduced, thereby maintaining acceptable indoor conditions. As a
result, household occupants will be more satisfiedhwtheir homes. For instance, temperature
changes will be minimised, meaning that residents will be less dependent on air condisgsiem

to achieve thermal comfort.

| 2dzaSa Ay TF2dzNJ 2F (GKS O2dzy i NEB QA& 0 hs@hre &aninedA G A S
The purpose is to address problems with the designs of existing buildings and to identify methods
for enhancing theithermal performance and reducing their energy consumption.

In the study, two key aspects are focused on, namely thesassent of the thermal performance

in the chosen buildings during summer and winter, and the effects that improving building fabrics
will have on cooling the property. During the latter stage, modification using external envelope
materials will be considerk

1.2. Statements of the research problems

Despite the enthusiasm and welesigned strategies which character current Saudi approatthes
sustainability, there remain insufficient sustainability practices in the Saudi maskatrasult of
limited returnson investment, the comparatively elevated cost environm#éigndly products, and

the overall absence of public awareness of the neetdé more energy efficier(Nachet & Aoun,
2015). Residential buildings are very important and thus are worthy of thefdessible care and
attention. Saudi Arabia consumes more energy than any other Arab country and is also one of the
highest electriciticonsumers in the world. Every year, the national demand for electricity increases
by 7%, in line with the increasing paption, heightened speating power, increased general
gSIHEGKEZ YR OSNE 26 SySNH& LINA O 8rietbyhmegidntilp =z
buildings (SEEC, 2020)During the summer months, the demand for electricity increases
signficantly due to an increased domestic demand for air conditioning.

For all residential homes in all climates, wall and roof insulas@trongly recommended. The lack

of uniform standrds, erratically enforced regulations for saving energy in residdnifdings and

the absence of economic incentives has resulted in poorly insulated housing stock. Insulating the
building envelope camibutes to lowering peak loads and generally reshg energy consumption
(AFHomoud, 2004a)
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Many factors impact cooling loads (the anmbof heat energy that would need to be removedrfro

a space to maintain an acceptable temperature range), the mostfisigni of which are
technological factors. Such factors are mainly associated with the thermal quality of buildings
relevant to their pecific cooling loads. The cost of electricity thghout KSA is low, meaning that
residents are happy to extensively use conditioning systems.

The prototype of residential building issue

The inadequate quality of the buildings create the most deaped energy wastage problem
(Nicol et al., 2012)As described in Chapter two, contemporary buildings lack essential architectural
elements used in the vernaculdesert architecture to control climate. Design feges have ceased

to be employed in the wake of the modern constructisoom @Alrashed et al., 2017According to
Kharseh and AKhawaja (2016have reported that most structures built in member states of the
Cooperation Council for the Argtates of the Gulf were construction at thermal standards below
the requirements stated in igulations, as exemplified bthe persistent use of singlglazing
windows. Moreover, the addition of insulation to external envelopes in building remains a seldom
used practice.

Nicol et al, (2012) explain how poor quality of materials and building design is the fundamental
factor causing energ waste. Contemporary buildings do not have the fundamental passive
features, described in Section 2.3, which blended\beacular desert architecture with climate
conditions. During the construction boom over the past decades, such desitymes are o longer

in use Alrashed et al., 2017However, the three tenets of Muslim culture reflected in the design
of modest tradiional homes- privacy, modesty, and hospitalitycontinue to be incorporated into
Saudi design, albeit in a more lavesid modern styldOthman et al., 2015)

Kharseh and AKhawaja (2016explain that a majority of buildings constructed in the Gulf
Cooperation Council region fad meet the official requirements in terms of thermal performance.

For instance, singlgh T SR gAYy R2ga | N8B & lofefinsulatiof i rate® R & @
implemented in the external envelopes of buildings.

Moreover, household appliances have pooeeyy performance, and this is alsopactingenergy
efficiency. The State Minister of Energy Affairs, Abdulaziz Bin Salman, sta@tbithat 70% of
buildings did not have thermal insulatid®ASO, 2015)n 2010, the first attempt to resolve this
issue took place. A royal decree was implementedctvimandated the use of thermal insulation.
However,not until 2014, thisvasapplied toonly new buildings.

Cheap Electricity Costs

Although the high subsidies which have kept energy prices low are now under review, their residual
effect has been to dourage investment in energy efficiency rsaees(Nachet & Aoun, 2015)

The government hareduced subsidies and has plans to connect energy and water prices to the
international market by 2025In 2012, energy subsidies totaled $80 billion, accounting for 11% of
GDP in Saudi Arabia, indicating that ois@ane, and diesel remain the most highly sulssidiareas.

This is closely followed by electricity and natural @arrakh et al., 2020Nonetheless, families
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from low and middleclass backgrounds will continue teceive support as part of citizen account
from £120 to £240 per month as a result to deal with remgwsubsidies.

In 2010, the government set up the Saudi Energy Efficiency Centre in response to domestic oil
consumption. Altogethe28% of all energy sl in the country is consumed by the builgisector,
making it the secondhighest energyconsumingsector after industry. Collaborativelythe two
sectors (buildings and industrglong with transportation use 96% of the total energy usderms

of eledrical energy demand, buildings are the biggest consumers, with approximasébyof total

power demaml generated by this sector. Moreover, 70% of this demand is for air conditioning
specificall(SEEC, 2020)

GCC countries are oveooled by mebanicalsystems to reach as low as 18°C and this is another
significant contributor to the problem (Knseh and AKhawaja, 2016). What's more, research
carried out in the UAE capital city of Abu Dhabi (where the weather is similar to Saudi Arabia)
involving 20 d@r-conditioned buildings has revealed that air conditioning in buildings reaches
unnecessary lv levels. Many people involved in the study (80%) reported that they find the indoor
temperature to be too coldTodorova, 2012)

Harshness of Environment

The harsh climate is an unchanging but predictddd¢orinfluencing the high level of consumption.
Around 80% of the energy consumed in buildings ledah hot areas is used for air conditioning
systems (KociNielsen, 2002). The climate in such areas is very difficult to live with and thus
achieving themal canfort is vital. In such areas, more attention is required when designing
buildings.

Lack of Pblished Research on Existing Residential Buildings in Saudi Arabia

Although many studies have researched the design of residential buildings anarttigiecture,
few have focused on evaluating the indoor thermal performance of existing homes, everhthoug
most are modern recently built homes.

1.3. Research Aim and Objectives

Themainaim of theresearchis to assess the indoor thermal performance of hemmeSaudi Arabia

and make recommendations for improvements. The primary focus is on lowering the demende

on mechanical cooling systems. The design strategies and building materials used in the
construction of houses is reviewed to identify those mastable for the different climate zones in

the country. The research objectives presented below have lsmreloped to achieve these
research aims.

1. Analyseaspectscausingthe highcooling loadin residential buildings and the chosen case
studies includig details about buildings age, location, architectural drawings, envelopes
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materials used and their chacteristics, as well as the forms they take and the surrounding
conditions.

2. Investigate the climatic parameters of Saudi Arabia and how they impacigsign of houses.
This can be achieved with a thorough knowledge and understanding of the outdoor
environmental conditions. Successful environmental design is inextricably linked to an
understanding of the external climate and its influence on humanuiregents. This
understanding plays a large part in determining which thermal properties are esserntia in
external building envelope.

3. Review aangeof energy efficientlesignstrategies angroposeappropriateones forreducing
the highcoolingusein residential buildings. Moreoveemploy appropriate instruments and
simulation software tool to evalua, validate and improve the residential buildings thermal
performance in a hot climate.

4. Evaluate the internal environmental conditions of the chosese studies. This can be achieved
by monitoring selected thermal environmental variables using instmisieand computer
model during winter and summer.

5. Valdiatethe findings between the physical measurements and computedelling results.

6. Identify ways to modify building materials teetrofit energy efficient homesBy using the most
suitable buildingnaterials, energy efficient houses can be created. Thasarch uses Thermal
Analysis Software (TAS) to identify the most suitable materials for bgitdimes in hot regions.
The findings may be used as a guide for building enreffigient roofs, wallsfloors and glazing
in residential homes.

1.4. Research Scope and Limitations

This research assesses the indoor thermal performance of residential lggildiriour climatic
zones in Saudi ArabiBased on this analysis, recommendations for improvemergsvaade. Time
and efficiency limitations madéimpossible toevaluate and predicall internalthermal conditions
of all the chosen buildings

Moreover,the case studies of this research are limited to one residential building per climatic zone.
The outcane of this study could be applied to similawuses or also other residential prototypes
such as apartments buildings and traditional houses in the sdimatic zones.

The fieldwork was conducted in winter and summer periods which cover the extreme aintles
year. As each chosen house is inféedent city and the distance between them is quite far. It was
not possible to conduct a longéerm physichmeasurementThus, as the study involves the effect
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of the climate, and the fieldwork were conductéal only two seasons, it would be better tio a
physical measurement covering the whole year in order to get a richer picture.

One of the most challengg aspects of the research was to identify houses that allow for two
accesses during winter and summ&he main reason is privacy as owners oftthases call it. So,
each house chosen was typical in design and materials to the targeted prototype. Hothemerof

of the Taif house were made of different building material compared to the other threeechos
houses.

Also, arrangements for my visirqve difficult as a male guardian must be attended during the
fieldtrips for each house. For this reasonyés not possible to choose specific rooms in each house.

In addition, only two rooms are chosen foradahouse and this is because of the numbethaf
instruments available to the researcher and also to focus more on the chosen réamaly,the

air corditioning in the house located in Riyadh was in constant use and thus the second guest room
(GR3) watargely dependent upon the cooling syst&wen in winter.

1.4. Methodology

After discussing the research scope and objectives, it is important to adopitable research
methodology to decide upon the methods used. Several different research methodselected

for use to achieve different aspects of the study. The two pnnmaethods employed were physical
measurements and computer modeling. The secopdaethods include observations used to
supplement the findings. These methods aided in determinimgitidloor thermal performance of

the houses and the effects that differefiuilding materials can have. However, there are
advantages and disadvantagesewery method. Moreover, the use of a mudtiethod approach

can safeguard against the possible limipas of any single chosen approach and allow for findings
to be cross vatiated. Thus, using a variety of methods may generate a more accurate outcome
(Gillham, 2008)The methods employed in the present research are discussed below.

1.4.1. Observations

Observation is a data collection method whereby a researcher watches and records the phenomena
under investigation without contact with the participants. Observation is usethis research to
obtain a firsthand insight into the key features of exigtiesidential buildinggn Saudi Arabiand

the problems caused by aspects such as building mategatsjomic considerations and social
issues. The data collected allowed tlesearcher to narrow down and define the research problem

in detail. Moreoverthe observed data creates a clear picture of the change induced by applying
different permutations ofthe building envelope and was crucial in identifying effective and viable
solutions to the problem.
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1.4.2. Physical measurements (Instruments)

The physical mesurements were taken in both the summer and winter months of 2018. To do so,
instruments were usedo monitor air temperature and air velocity, globe temperature, surface
temperature and solar radiation. These were the primary physicahbkas for eacltase study. As

all of the included houses had aonditioning systems in all of the rooms, neailyn@onitoring was
carried out in rooms with the A/C switched off. This aided in calibrating the findings from the field
tests and the compwr models. Ultnately, it generated a clear picture of the thermal activity in
the rooms. In each house, Elitech C&Rdataloggers, with errors of £0.5°C were installed to
measure air temperature. Dat@ggers must not be positioned near a heat sourcenyf kand. The

tool should be set up to collect measurement data atmihute intervals. Also, other tools were
usedto collect spot measurements for the other environmental variables.

1.4.3. Computer Modelling

Computer simulation or computer modelling refesthe use of computer software to simulate a
model of a specific system. To quantify the performance of the hosisalating the internal
thermal performance is vital. This also helps with determining the energy used for cooling purposes
and to identify vable alternatves to enhance indoor thermal performance. In the present research,
TAS (Thermal Analysis Softwamap used to simulate the chosen houses. The simulation was based
on the features of the houses and the required outputs. Several variabéesarsidered irthe
investigation, including heat conduction, energy consumption for cooling purposes and dry bulb
temperature.

TAS was used at two stages in the research. Firstly, it was used to supplement the findings revealed
by the physical measuremes This enabl@é accurate comparisons to be made between the two

sets of results and arrive at conclusions. SecpnAS was used to determine the potential energy
savings that could be made regarding cooling systems if alternative building materialseakr¢o
constrwct the exterior envelopes of the houses. This enabled the most suitable ones to be selected.

1.4.4. Weathe Data

Two online sources can be used to find out historical weather data, namely ERkiggwhich only
displays historical weather datarf Riyadh) andieteonorm (which offers weather data for many
areas of Saudi Arabi&ee table 1.1)To use Meteonan, a license must be obtained. Nonetheless,
this resource was used in the present research as it offers more comprehensive data for tee chos
cities.
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Tabk 1.1. historical weather data sources for the simulation.

Historical Weather Dat&ource Desciption

EnergyPlus EnergyPluincludes weather data for more than 2100 areas. The data af
usable EPW format. Over 1100 of the locations included are iV8% and
Canada, with the remaining 1000 locations being situated throughout

world (EnergyPlus, d.)

Meteonorm The data proided by Meteonorm can be saved in over 35 formats. It hg
over 8300 weather stations across the wofieteotest, 2020)

1.5. Structure of the Research

The thesis divides into two nrasections. The first section is the Literature Review and the second
is the Primary Research@@n. There are three chaptsiin part one, in which the background of
the topic is discussed to develop a theoretical framework. Moreover, the processegianiples
relevant to the investigation are discussed in this section. It is crucial to experesues involved

so that he collected data can be effectively analysed. Subsequently, in part two, there are four
chapters representing the main body ofetihesearch. Here, aspects include methodology, physical
measurements, the computer model calilin and recommendations fohermal improvements.

Figure 1.1 maps the structure of the two sections. The chapters of the research are summarised
below:

Literature review —— CH1: Introduction —_— Primary research work

) )

CH2: An Overview of the residential

CH®6: Fieldwork findings
buildings in Saudi Arabia

A 4 W
: CH5: The selected case studies and CH7:Analysis of case studies using
CH3: Hot climate ﬂ
research methodology TAS
WV L 4
CHA4: Thermal performance of buildings CH8: Suggested building envelope
and Architectural design strategies improvement using TAS

CH9: Conclusion and

recommendation

Figure 1.1. Outline of the Research Structure
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Chapter 2An Overview of residential buildings iausli Arabia: In this chapter, the current thermal
adlddza 2F K2dzaSa Ay {ldzZRA ! N} 6Al A& aaSaasSRd
overall energ situation in Saudi Arabia are investigated in terofisavailable energy sources,
consumptionand prices. The designs and types of houses, as well as the building materials used to
construct them, are considered.

Chapter 3: Hot climate: In this chaptehe different climatic conditions will be discussedeT
O2dzy i NEQa K20 1 & SintgThé kiy factSraliihctingdherindd ©&mfdrt in these
hot climate areas is highlighted to identify the available options for improvement. The thermal
comfort conditions that residents of hot climates preferll also be outlined.

Chapter 4: Thanal performance of buildings and architectural design strategies for hot regions: In
this chapter, the factors causing heat loss/gain in residential buildinjdevinvestigated, after
which the most important themal models for residential homes is assed. Subsequently, the
different types of thermal insulation are discussed. The glazing properties that impact heat transfer
are also discussed alongside thettas that impact the thermal efficiency of windowsn&lly, the
materials most appropriate foachieving thermal comfort in hot climates is discussed.

Chapter 5: The methodology used to study the residential buildings and fieldwork: In this chapter,
the houses used in the research will be described in tesfiteeir conditions and physical featuse

After this, the fieldwork processes carried out are described and the key challenges with the
fieldwork are addressed. At this point, instruments and a tharmodelling computer program are
selected based on sgific criteria. The features of the hoes are discussed in greater depth
because they have a significant impact on the selection process.

Chapter 6: Monitored Internal Environmental Conditions (Melrk findings): In this chapter, the
houses are evahted for the first time through the usef@specific tools. The data was collected
during the winter and summer months of 2018. Subsequently, the thermal efficiency of each house
was evaluated and compaons made. The most significant factors impactingoor thermal
efficiency are also discusséere.

Chapter 7: Analysis of case studies using TAS: the second stage of evaluating the houses will take
place in this chapter. At this stage, thermmbdelling software (TAS V9.4.2) has been used. The
thermal eficiency of each house was evaluated, aftdich comparisons were made. Comparisons

will also be made between the physical measurements and computetelling results.

Chapter 8: Recommendations for pmovements to building envelopes using TAS: this abrapt
discusses the strategies for improvitige thermal efficiency of houses. Here, the results of the
thermal simulation of proposed houses' components (such as walls, roofs, floors and windows) is
presented and recommendations are made for potential measfsenhancing the thermal
environment byapplying each element separately and in combinations.

Chapter 9: Conclusion and Recommendations: this chapter sets out the conclusions and
recommendations fofuture studies are made.
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2. Saudi Arabia: overvieand case studies
2.1. Historical background of Saudi Arabia

This chapter is divided into two sections. Section 1 is a synopsisdif/ASabia. This section initially
sets out the context of the research by providing a brietdrisal synopsis of the country, and it
examines the background, primary issues, andentrfactors that have impacted the state of the
present housing conditias in the country. In section 2, the selected case studies are analysed.

Situated in the Aralain Peninsula, the Kingdom of Saudi Arabia lies at the intersection of Europe,
Asia, andAfricaand occupies approximately 80% of th@nd mass making it the lagest Arab
country in Asigfigure 2.1).It is flanked by two seas; the Arabian Gulf to the easi the Red Sea

to the west. It is bordered by eight nations, which are (to the notthy, Jordan, (to the south)
Yemen, (to the east, it shares the Arabiamf®vith smaller nations of Bahrain, Qatar, Kuwait, the
United Arab Emirates, and to the soutst, Oman. The area of the KSA is circa 2.25 million km2
(GASME, 2016)nd its approximate coordates lie between north latitudes 17 and 31 and east
longitudes 37 and 56Alkolibi, 2002)

» Arabian Gulf -

Bahrain
»
Qatar.
y Of Oman

UnitedfATabiEs
[Emirates
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Figure 2.1. Map of the KS{&oogle Maps, 2020)
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The population was estimated approximately 27 million in 2010 (last statisti@Seneral autbrity

for statistics, 2010and is estimated to be in excess of 34 million in 20@&6neral Authority for
Statistics, 2019)Makkah province and the Aliyadh province each account for 25% of all Saudi
households; the two provinces enmpass 50% of the entire populationThere are 13
administrative provinces in the natiqfigure2.2).

JAWF e ' NORTHERN,
[ BORDERS
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Figure 2.2 The thirteen administrative regions of Saudi ArabiBebyshire, 2019)

The coastlines of the Red Sea and the Arabian Gulf run for circa 1,760tkélerfie100 miles) and

560 kilometres (350 miles), respectivéligure 2.3).The Tihama narrow plains are situated on the

Red Sea coast, with the Hijaz and Asgiuntain range$ocated to the east. At their peaks, they are

over 2,000 metres high. Furtherast towards the centre are deserts and rocky plateaus that
SyO2YLJ) aa o 2F GKS G20t FNBF® ¢KS ! f b dzF dzf
north and south, repectively. Further east, wide coastal plains are situated along the Arabitin G
coastline.

¢tKS O2dzy iNBEQa 6ARS SELIyaSs KFazs yR 02yiAydz
and climate change impacts. Consequently, it hegreed and uniquéopography and terrain, filled
with high mountains, uplands and plateaus, dadunes, plains, and valleys. The aforementioned

coastal plains of Tihama are approximatellOQ kilometres long and 60 kilometres wide. Their
widest point is tahe south, wherea they narrow as they approach the Gulf of Agaba in the north.
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Figure 2.3Geographic and Topographic map of Saudi Arabia, showing 13 districts and 29 meteorological stations
(Albakry et al., 2010 cited iElnesr, AbtZreig, & Alazba, 2010)

The high altitude Sarawat mountain chain (west of Saudi Arabia) lies to the east of the Tihama
plains; in the 8uth they reach aproximately 9,000 feet and this height gradually decreases in the
north to aheight of 3,000 fee{Ministry of Eduction, 2019)

¢CKS Y{! Aa FTNBIdzSyife NBRSMNMNER diS2a O>a GUKIAKGK [ NS
and Medina. The Makkah Holy Mosque includes Qaaba, and Muslims throughout the world pray in
its direction five times per da whereas the Meitha Holy Mosque is the prophet mosq(@ASME,

2016) The economy is ranked 18th in the world, making it the largest economy in the Middle East.
{AYyOS (GKS wmdsbhepreénfindnt YR Y B2 f KK ¢ & tf JR RAJTE KINE RA &
is second in the world for peleum reserves and is the leading exporter. The economy is heavily
reliant on the petroleum industry. Approximately 63% and 67% of budget revenues and export
earnings, respect8f 8 3 I NS RSNAGYSR FTNBY (UKS 2Af Aa/Rdzal
primary economic concern. As oil prices have fallen in recent years, the KSA introduced VAT on
consumer goods and has signed up to the OECD initiative whetiicte Transfer cing. The KSA

and the majority of European countries share similar coslisiof; in the global cost of living index,

Saudi Arabia is placed 62nd (of 136). Conversely, accommodation costs are typically higher than
those in Europe. Meer's City Livintndex ranks how fluctuations in the prices of goods and services
impact purclasing power. In this, Riyadh is 35th and Jeddah is 100th (of{RD®@jpin, 2019)
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2.2. Energy usage

As previously mentioned, the KSA holds the 2nd largéstserves globally, and the majoritytbe
YEGA2yaQ NBOSydzS Aa 3ISYSNIGSR FTNRBY 2Af ® CdzNI K
gas reserve§GASME, 2016)

The energy condibn, and in particular the energy consungat ongoing in the KSA is untenable.
Domestic consumption accounts for approximateb@@of the total oil and gas prodtion (SEEC,
2020and Fawkes, 2014)f the status quo continues, it is anticipated that by 2038, the &Gh#d
becomea net oil importer (Figure 2.4Lahn & Stevens, 2011)

Oil consumption
18 1 Saudi crude and NGL production
16 4 e Oil exports

mb/d
N & O ®
L 1 1 1

b & &
| PR L G

Figure2.4. QOil balance in the KSA if trends remain onitheurrent trajectory(Lahn & Stevens, 2011)

Globally, the KSA is one of the leading consumers of electricity. In fact, annually heré%
increase in electricity demand, which can be attributed to the growing population,grepending
power, higher overall wealthand very lowcost energy (Fawkes, 2014)round 80% of the
electricity generated is consumed by buildings amdre than 50% ofthis electricity use is
consuned by the residential sector (SEEC, 203&C, 2035ECRA, 2030Although its use has
doubled since 2009y 2015, 2016 and 2017, the residential use of electricity tattened out at
about 145 GWh, indicating higher price elasticity (Figure 2.5).
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Electricity consumption in Saudi Arabia
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Figure2.5. The KSA electricity consumption between 2000 & 2017 (Graph compiled with information obtained from
SEC, 201%ECRA, 2020

Cheap electricity tariffs have contributéo high consumption in residential buildingsiriffs have

been historically low becaus®audi Arabia subsidizes electricity to ensure that energy products
reach consumers at loprices.(Alshehry & Belloumi, 2015From 2000 to 2015, the electricity tariff

for residential buildings remained unchanged. However, Janudr§ 8aw thebeginning of a policy
change; a progressive modification was applied to the tariff for a-year period. The first two
monthly consumption categories{2000 and 2004000 kWh), which make up 87% of the monthly
residential consumption bills waéd less tlan SR300, remained untouchéBCRA, 2020)The
change in tariff would affect only high consumers using more than 4000 kWh/month. In January
2018, a more radical reduction of subsidies set a new tariff which increased the cost by 72.3% and
44.5% for the first and second residential consumptioregaties (Table 2.1). The rise in electricity
costs is part ofin energy price reform policy to eparage rational consumption by the gradual
removal of energy subsidies to arrive at market prices by 2025, while restructuring the social safety
net to suppot eligible citizens and familig&iscal Balance Pnagn, 2019) In the fifteen years to
January 2016, the electricity tariff for households starged.05 Saudi Arabian Riyals per kWh for
the first 2MWh per month, and progressively increased to@SAR per kWh for every unit used
beyond 10MWh per morth. The negligible rates arguab&ncouraged profligate use of a finite
resource (Matar 2017). THact thatratesdo not vary throughoua twenty-four-hour periodmeans

there is no incentive for load shifting during peak hours. In parts of Europe ankd Nimrricatime-

of-use pricing incentivises households to postpone the use of appliances (washhines etc) to
off-peak hours when demand is low. That residential consumption of electricity ceased its annual
increase of approx. 4% and flattened outeaafthe 2016 and 2018 price rises supports this view and
indicates an element of price elasticitywé that progressive pricing policies can help reduce
consumption. The consequence of government interference in the free market was that consumers
were engagdig in wasteful behaviouEssentials like electricity and petrol are generally considered
price irelastic commodities because usage is considered to be fixed and indispensable, and
therefore unresponsive to price rises but the expectation that Saudis wemritinue as before and
merely spend more as prices rose has proved unfounded. Households canddspprice changes
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by altering theithermostatsetpoint of air conditioning or increasing thesdretionary use of
appliances, restricting their use to only a few roofiatar, 2017)

Table 2.1. The electric energy tariff for the residential sacftable generated by the author based on
historical information from(ECRA, 2020)

From 27 October 200031 From 1 Januarg016¢ 31 Decembe .
December 2015 2017 From 1 January 2038intil now
Monthly Price per Monthly Price per Monthly Price per
consumption consumption| consumption consumption consumption consumption
categories (kWh) | (SR/kWh) | categories (Kwh (SR/Kwh) categories (Kwh) (SRKwh)
1 to 2000 0.05 1 to 2000 0.05 1 to 6000 0.18
2001-4000 0.1 2001-4000 0.1 More than 6000 0.3
4001-6000 0.12 4001-6000 0.2
6001-7000 0.15 More than 6000 0.3
7001-8000 0.2
8001-9000 0.22
9001-10000 0.24
More than 10000 0.26

The demand for electricity in residential buildings grew in 2013, 2014, and 2015 at 4.7%, 7.6%, and
5.7% respectivelfECRA, 2020Amongthe reasons for this expansive growdle constant annual
population growth rising wealth, historically low energy prices, antban and commercial
development (Alshehry & Belloumi, 2015awkes, 2014). However, in 2016 and 2017, the
consumption of electricity in residential properties ceased its annual increase and held steady or
even decreasetly 0.6% and 0.2%, respectivé§CRA, 2020The modification to energy prices on

1 January 2016 checked the growth of electricity usth@residential sector, but the effect of the
January 2018 electricity tariff on residential consumption has yet to be seen. As significant as the

I OGdzZl € AyAGALffe Y2RSad GINAFF AyONBlFasSa ol &
energy subsigs. Saudi Arabia relies on crude oil and other fossil fuels, such as petroleum products
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and natural gas, for power generation. During the summer, the rate of electricity usage rises due to

the additional demand for air conditioning in domestic residences.

In July 2014, 900,000 barrels of crude oil were burned daily figeee 2.6). As per the Joint
Organisations Data Initiative, this was the most ever recorded in July and the highest since the
previous peak in August 201Bloreover, in the period 2002013, Saudi Arabia used an average

0.7 million b/d of crude oil for power generation @asummerGeorge, 2014Y | dzR A

NI oAl

based pwer generation is higher than in any other country. Direct crude oil burn reached its zenith
in the summer of 2015, averaging 0.9 million b/d from June to August that year. However, it had
fallen considerably by the summer of Z)1being 41% lower at O.&illion b/d. Moreover, the
annualaverageof 2018had fallen © 0.4 million b/d, the lowest amount since at least 2009, the
earliest year that data are available (JO@#gorge & Sandys, 2019his reduction may be linked

to raising the cost of domestic electricity closer to the tariff charged in the global market &s of 1

January 2018.
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Figure 2.6.The direct consumption of oil for the generation of electricity in KSA from 2009 to Z8bé\we). The

direct consumption of oil for the generation of electricity in KSA from 2213 8(Below).
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The cooling load represents 70% of the electrical energy consumption in residential buildings (SEEC,
2020;ECRA, 2020¥/ 22t Ay3 f 21 RQ NBFTSNBR (G2 GKS SySNH& N
that is comfortable for the occupants (Nicol et al., 2D1

As prevously mentioned, cooling is a primary contributor to the overall level of electrical
consumption, particularly in residential structures. To decrease consumption, energy efficiency in
buildings must be improved. Doing so may entail retrofits susltha installation of thermal
insulation, and the use of shading devices to lessen cooling loads. A primary cause of the increasing
electricity consumption is the prevalence of air conditioners, used to alleviate discomfort from the
YIEGA2Y Q&  témpedddred:, Wadtisufuyy iuring the summer monttiBaleb & Sharples,

2011)

Research caucted by Krarti et al., (2017) analysed both economic and the environmental
implication of energy efficiency strategies in relation to new and existing housing stock in Saudi
Arabia. Their finding revealed that extensive retrofitting programmes aimedistireg residential

stock not only have the power to diminish energy expenditure and carbon emissions, but also have
the potential to generate employmentt is estimated that 100,000 GWh of electrical energy
consumption by KSA residential housing can benieated per annum, equating to a carbon
emission reduction of 76 million tons. Moreover, the retrofitting programme could create up to
247,000 new jobs per year over a decddeg implementation period, representing 2,470,0004job
years. In addition, theretrofitting programme would be extremely cosftfective since it is
estimated that a basic household retrofit would pay for itself in under one year, even when reduced
electricity costs are taken into consideration.

A range of climatic, demographic, eamic, policy, and technological aspects affeooling loads.
For instancetechnological factors refeto how the thermal quality of buildings affects their
particular cooling load. Ineffectively designed buildings typically have substantially highiggcool
requirements than buildings demonstiag a high thermal performance.

Other aspects that impact the demand for cooling and air conditioning are financial and economic
parameters such as the level of family income, the cost of air conditioning equi@andrihe price
of electricity(Santamouris2016)

Krarti et al., (2017¢oncluded that existing KSA energy efficiency regulations be rigorously applied
to any new builds, supplemented bizd gradual application of the energy efficiency code to all
extant building stock. This strateghould be accompanied by a progressive increase in electricity
prices, designed to promote energy efficienérom an economic perspective, given the low
electricity prices, it makes little sense for homeowners to invest in energy efficiency. However, a
consideation of the wider assessment of benefits accruing from reduced fuel consumption and the
concomitant reduction in national electricity generation capgcinakes energy efficiency
investments cost effective, especially for residential buildifflgimban et al., 2019)

In 2012, new minimum energy performance standards (MEPS) were intrddaceefrigerators,

freezers and washing machin@garti et al., 2017)Since 2014, the Saudi government has required

the mandatory installation of thermal insulation in walls and roofs fbrn@w buildings as a
condition for connection to the electricity griHowever, low energy pres haveprevented
consumers and the private sector from prioritising investment in energy efficiency leading to lax
enforcement of these regulation@sif, 2016) A price of electricity at $0.0479/kWh conceals the

cost of subsidies and ostructing and running power plant¢. KS W2 LILI2 NI dzy A& O2 &
the price is the huge economic and environmental cost of investing in new power plants
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Krarti et al., (2017¢alculate the market cost of electricity at $0.1678/kWh kdhsa international
LINAOS&ad | 26SOSNE (KA& O2yOSLII 2F GKS WiNXzSQ
example, only 32% of the UK bill reflects thieolesale market cost. Twentyne percent of the bill

goes on environmental and social obligai$y 17%goes on operating costs, twentiiree percent

on network costs, and five percent goes on VAT. Saudi consumers are accommodating to change.
Instead of subidising profligate use, government policy will force consumers to meet their
environmental andsocialz 6 f A3 A2y a (2 O2yaSNIBS FAYAOGS yI i
L1201 SUQ /KFENBAY3a bPnodmt LISNI {2 K ¢ 2 dgheRprofild adS (K
sustainable energy. Consumers would be motivated to pay closer attention to ttiesimostat

settings at a tariff of $0.17 per kWlkelimban et al (2019) refer to how consumer behaviour
influences consumption; the cultural aspects of extedéemilies offering generous hospitality and

user preferences for a room temperature of below 2 I 8zA NB& a Yl daA @S | Y2dz
However, sacrificing comfort is not necessary to save endrgtsaving energy can help save
money- it has been esmated that turning off AC systems when rooms are unoccupied can save up

to 40% ofend-usecoding energy in a typical dwellif@lshahrani & Boait, 2018)Vhen consumers

respond toincreasedtariffs, everybody wins ¢ not just the government becausereduced
consumptionat home meansnore oil and gas to sell abroad and an excess to hold in reserve
OPEGs a means of regulating tlodl supplyand setting favourable world prices veh beneft the

country (Safi, 2019) / dzida Ay Sy SNBe& dzal 3S gAftf o0SYySTAG i
specifically, its air qualitfSarrakh et al., 2020Public information campgns and the certainty of

G NATT AYONBlasSa KI & NJghtmpr®S YA WS INI & 2 || NERS/ BRRS f
SYSNHe& S(Felimbénietay, Q@ ayhe need for increased public awareness is clear when

the size of state subsidies faken io account. Foinstance,in 2015, the International Monetary

Fund (IMF) estimated that the total energy subsidies amounted to $128.9 billion, or an imposing
136 percentof Saudi GD 2013 including electricity subsidies of $19.1 billion (JMB15) If the

price and therefore the revenue from oil declines, the price of electricity will go up as subsides
become unaffordable.

Air conditioning demand is deternmad by climatic factors including the solar radiation and ambient
air temperature. Wam climaticareas demonstrate a significantly higher demand for cooling and
have greater air conditioning sales than cooler climatic zones.

A study examining the potentidevelopment of energy consumption for future heating and cooling

in the residentiakector found that the global cooling demand will rise by approximately 72% by the
turn of the century, which is due to climate changgaac& van Vuuren, 2009)t is anticipated that

the future energy consumption levelsrfooolingresidential buildings will rise by up to 75% from
2010 levels. In the face of unsustainable levels of demand and the concomitant burning of fossil
fuels, the buding sector, with government support, is tasked with using building design and
materials to reduce domestic energy consumption. One measure that is advisable to prioritise is
the energy retrofitting of existing structureS&ntamouris ,2016Krarti et al (20203uggest that a
rigorous retrofitting programme could half annual egg consumption in the residential sector,
thereby reducing simultaneously carbon emissiand electricity generation capacitieBhis claim

is outlined in Section 2.3&nd retrofitting is discussed briefly in Sectior84
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9 Vision 2030
aw! ff NGBS 3380 1aNIi2 6 A GK || @AaArAz2ys |yR adz00Saat¥c
Mohammad Bin Salman Bin AbdulazizSaud

In April 2016, the government introduced Vision 208@rogram of change management for
sustaindle growth and diversified sociecanomic development on a national levéd.is a broad

plan for decreasing the cquli N2 Q& NBf Al yOS 2y 2Afd +AAA2Y HAC
commitment to becoming a leading power in global investment. Thoantry has significant
investment @pabilities, which the government intends to use to promote the economy and open
other streams of revenue. The solution to economic sustainability is diversification; whilst oil and
gas remain vital to the economy, eftsthave commenced to expand investmiginto new sectors.

The government is focused on diversifying revenue stremmadapt to 2% century economic
circumstances.

The changing global energy market Y ONB I 8 SR RSYIl YR T2 NJ-Baddiiieh A y I 0
a policy of diversificationvaay from an economy based on natural resources towards a digitally
enabled econmy based on trade, tourism and investment, theyaimlocking the human potential

of a predominantly young population.

Vision 2030 includes 96 strategic objectives. To accsmpliem, the Council of Economic and
Development AffairannouncedL3 Vision Rdesation Programmes. One of these, the Fiscad i3z
Program, assesses the existing capital expenditures, their approval process, and their return on
investment. It also evahtes pertinent regulations and oversees expenditures. As a result, there
was a 8% rise in nowil revenues in 2019. The intentigs to continue on this path and implement

new measures to increase the proportion of noihexports in GDP from 16% to 5086.trade and
logistical flows improve, the economy will benefit from a risean-oil revenues, thereby ensuring
greater diverdy and balance. The target is to grow noih government revenue from SAR 163
billion to SAR 1 trilliofVision 2030, 2016)

Over the last four years, several reform measures have included the limited introdoENGRT and
energy price reform. Their contribution to increasing and diversifyevenue will be evident in a
change in attitué and expectations over the coming years. Furthermore, the government plans to
establish structural ongoing revenue improvemgnd finance expenditures (primarily those with

high social effect), and to rede the budget deficit. It was estimated that i1, the oil revenues,

which encompass the fiscal impact of the energy price reforms, were SAR 662 billion, which is an
increage of 9% from the 2018 level of SAR 607 million. By 2021, it is projected thagvibnues
(including oil revenues) will reach B840 billion. The energy price reform initiative is an important
aspect of economic policy. Its aim is to promote consumptionrmoderation by progressively
decreasing energy subsidies, so that by 2025 rétierence price or market price of electricityiliw

be levied. The-iscal Balance Prograin the mediumterm, will support vulnerable citizens whilst

the social safety net ieestructured(Fiscal Balance Program, 2018)pA Y| NB | AY 2 F Wi )
is to decrease oil usage locally in the three keytascof building, transport, and industry, to a
degree that equates to approximately 1.5 million barrels per (8EC, 2020)
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2.3. Residential buildings development dgsiand prototype

For hundreds ofyears, and throughtrial and error traditional architecture hasdeveloped
aesthetically pleasing characteristics and demonstrated climate appropriateness and economic
viability while satisfying social and cultural needs hot dry climates,several vernacular
architectural approaches have employ&a improve the thermal capagitof structures and the
comfort levels for residentsThe achitectural features which blended with climatic conditions
include courtyards, thickwalls, wind and cooling towers, domes, wall ponds, roof ponds,
Mushrabiyahs or Rowshans- projecting bay windws enclosed with elegant carved wood
latticework- and solar chimney#\{p, 1990. Generally contemporary structures do not include the
aesthetic features described belowthat contributed to enhanced thermal performancelhe
characteristics of the traditional home in terms of the organization of space and indoor domestic
behavioursreflected cultural and religious values. Design accommodated the need for yarivac
modesty, and hospitality aheach of these principles can be linked to aspects of the homes. For
example, windows were small and placed at Hig¥els, entrance doors wereaefully situated,
building heights and balconies were set not to invade privaicpeighbours and micralimae
courtyards and gendered spaces also satisfied social and family (@&usanet al., 2015) In
contrast contemporary hoges typically have thinner roofs and walls, and are chiefly constructed
from reinforced concrete and hollow block§hese masgproduced concrete locks made
connection to power and water utilities much easier but they lackesl thermal masof heaver
denser traditionalmaterials However, builders were not overly concerned that their materials were
not made tomoderate the extremes of desert tempstures because they relied uporVAC
systems thatost very little even if thegid consumemassive gantities of energyAlrashed et al.,
2017)

The covered bazaars and narrow, bustling streets famtitiavisitors to the aler parts of many
Middle Eastern cities conceal how their builders adapted expertly to the harsh demands of a hot,
dry climate. Few of the constructiomipciples they applied have been revived in a modern context.
These old citiesra worthy of our attenton because they successfully melded the environmental
demands of the desert with cultural and religious values that balanced the requirement for family
privacy with the characteristic urge to offer hospitality. This architecture bwth physical and

socal human needs; thick walls and roofs gave protection from daytime heat and the cool night.
The narrow streets and tall buildings gave shelter from thve'sheat. The builders of these cities
used a familiar aspect of the desertnciite- temperature diferences between night and day known

as diurnal swings to their advantageThe phenomenon of night cooling occurs in countries such
as Saudi Arabia duto the low humidiy of desert air(Moisture in the air retains heat
Consequently, building in this region favour thick walls and small windows in order to reduce solar
heat gain Builders harness the advantages of thermal mass, wherein the ability o hdanse
materiak to absorb and store heat is exploited. Stone and earth absorb solar energy during the day.
Their extensive thermal mass means that when stone and earth are used to build walls and roofs,
they enable to accumulation of heat during theyd@ be employedd keep interiors warm when
exterior temperatures begin to fall in the evening. By morning, the thermal mass has cooled, which
allows interior to remain cool during the day wherternaltemperatures ris¢Turkustani, 2008)

The merchard of Jeddah modified #ir dwellings to make them as comfortable as possible under
humid conditionsThe following description of the passive construction strategies used in Jeddah
long before electricity is revealing. The basic principles of thermal cdniiave remained
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uncharged. Despite its loiNd Ay FI £ £ = WSRRIKQ&a LINPEAYAGE (2
humidity. 18 and 19 century merchants adjusted their buildings to dedth humid conditions.

With limited nighttime cooling, continuous veifation became theanswer to achieving comfort.

Well ventilated houses, some up to seven stories tall, were built to protect residents from solar
heat. At the same time, enough spacasymaintained between buildings so as not to interfere with

the flow ofair. More widely, valls with high thermal mass serve a dual purpose of storing heat for
O2f R RIFIeda YR WAad2NAy3a 022ftySaaqQ T2N oSy Al
placed windows also keep a dwelling comfortable. Streets and alleylsept narrow, with leaves

them mostly shaded an important criterion in Middle Eastern urban desidohnson, 1995 he

densely built environment helped protect homes; by sharing as many as three walls ,they shaded
each other throughat the day from the sun's heglmehrej, 2015 | dzZRA ! Ndle@homi@ & NI
growth was first manifest in #gnmid-1950s and coincided with the discovery of oil. The consequent
dramatic rise in wealth had enormous implication for the lives of the Saudi p€Bpleammam,

1998)

As expained above, the traditional form of the Arab town was dictated by theired environment

and the sociecultural needs of its people. As modernisation became the order of the day,
l'w! a/ hQa FNOKAGSOGA FyYyR Sy3AaySSNhavilastyls hdudSsR Ay
This new pattern of urban development was used il RiyK Q\ialaZ distict where it became a
standard pattern for the urban development of the staf8aleh, 2001)Planning regulations
required ventilation and natural lighting to theaces in the buildig and wide access for emergency

services.

Government assistancdree plots of land and interest free loansnade it possible to build more

and bigger houseBahammam, 2011Planning became regulated, building heights were restricted

to eight metres; a building footprint of not more than 60% of the site; andramum of two metres
setback on all sides of the building. The state sgpently adopted trs modern grid pattern and

villa style for development in all Saudi citié&Said, 2003) The traditional enclosed private
courtyardwas supplanted by a building surrounded by space, exposed to the climdtesble to
passes-by. Although robust and adaptable modern materials were an advance on clay bricks, some
aspects of common sense in traditional house design were lost; theitgithvelope became
magnified and the aspect of shade and protection fritve elements was argably sacrificed to the
prestige of owning a large home set in a private plot.

In terms of the already built residential houses, no vielided government backesheasures have
been taken to examine the possibility of reducing theirgyyeconsumption. Wi the construction
industry awaits the mandating and enforcement of common standards for insulation in new
buildings, the achievement of low carbon emissiongha building sector remains reliant on
retrofitting existing buildings. S buildings have aanticipated life span of several generations.
(Lucon et al., 2014)t is essential that lortived structures underg major renovationgyclically,

set at a minimum of once every thirty years. Doing so has the potential to decrease energy
consumption levels by 50% or mo(elarvey, 2009Krarti et al., (2020argue that energy efficiency
measuresshould take accountf housing type (large villa, small apartment etc) and when and
where they were built. They use a variety of methods to rate the -effgictiveness of various
measures and reported a wide variation in retrofit costs depending on housiog, vintage, and
location; they estimated a cost of $200 for a new apartment unit in in the generally mild climate of
Abha to over $23,00@0or an old villa in Jeddah.
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This prohilitive cost ofretrofitting makes other more easily implemented energy sgypolicies

more attractive; one that is easily implemented is tariff adjustmeuding time-of-use pricing to
incentivise households to plaor deferthe use of appliances to effeak hours when demand is

low. Another effective policy ito weatherise eisting structures aginst heat. For instances a
02y aSljdzsSy0S 2F GUKS wmdT awhthedzatbryassistincepkoframmdvad S & >
introduced by the Department of Engy in America. This programme helped {owome families

to make energy #iciency investmerg thatwould otherwise havebeen uraffordable. According to

the USDepartment of Energy, this has significantly decreased the energy demand nationally, and
expresed as barrels of oil per annum, the savings equate to 24.1 million baaeh yearln the

wake of successfiutvestmentpoliciesin energy efficient building several recommendations have
been putto the government(Lahn & Stevens, 2011Firstly, the government could decrease its
costs by watherising existing structures against heat, which would allow it to raise social welfare
beneifts. Secondly, introducing regulations for building standards could dexteleghe rise in
energy demand.

So to curtail future energy usage in existing houséss, critical that the Ministry of Municipality

should monitor, conserve, and managethe eh@& O2y adzYLJGA 2y 2F S Y{ ! ¢
the establishment of arnergy usage code for residential building is advigdédigssary et al., 201).

the enforcement of regulations and energy efficient technologies is advidsd 201§. It is
important that the decreased energy usage could be aided by several factors recommended by
(Aldossary, 2015kuch as the ftdwing:

w Building materials efficiently designed.
w Architectural design

w Onsite renewablenergy implementation
w Public awareness

Potentially, substantial energyavings can be made by upgrading the components of residential
& G NHzO (i dzNXB avelopes ddkifirddd & KrartS Y015)Energy efficiencynhancements to
residential buildings are advantageous to both the government and the home®themselves.
The government can reap significant savings in annual gneocgts (reduced subsidies) by
determinedly encouraging energy efficiency programmes Hew and existing structures via
incentives and investments.

Towards late 2010, the govement began to focus on this issue with the establishment of the Saudi
Enegy Efficiency Centre (SEEC). Their 2012 programme specified that their objectileNSIdR dzO S
energy consumption and improve energy efficiency to achieve the lowest possible energy
AyiSyarteé¢d ¢KS LlzN1I2AS 2F (GKS LINBoAddMNeSSn A &
three particular sectors, one of which is buildings. The aim snsure that national codes and
standards are comparable to those in other eneocgyscious natins (Fawkes, 2014).

The Saudi Energy Efficiency Centre attributes thb hates of electricity consumption to lew
efficiency appliances, andyore convincinty to the low proportion of residential buildings with
thermal insulation only 30% (SEEC, 2020 he high electricity use in the residential seattakes

is aitical that sustainable energy policies in residential homes are devel@deashed et al., 2017)
Also, optimum reductins in energy consumption can be achieved by targeting existing buildings
(Thomas, 2010)
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Setting building standards in Saudi Arabia can considerably conttilngtasnsumption reduction in
the household sectofNachet & Aoun, 2015Recently, a consequence of the huge buildinci@e
growth is an energy consumption crisis due to the massive usage levels. In 2018, executive
regulations forthe building codes and the classification of violations were issuetidyational
Committee for the Saudi Building Co®BC)In the energy @nservation category (SBC 602), the
purpose of the building regulatians to specify the minimum requirementsrf designing and
constructing energy efficient lowse residential bildings. Of particular focus are the maximum
thermal transmittance Walues for residential building envelopes, including roofs, external walls,
ground floors and type of glazing depengdion climatic conditionéSBC, 201&)able 2.2) Buildings

are categorised undethtee climatic zones depending on their geographical location as shown
Figure 2.7.

Table 2.2. The thermal transmittance {Walues) requiremets for low-rise / residential buildings for Saudi
building envelopes depending on climatic zones.

Climatic zones U-value (W/nt.K) SHGC
Walls | Roof | Floor | Windows | Door | Glazing
Zone 1 0.342 | 0.202 | 0.496 2.668 2.839 | 0.25
Zone 2 0.397 | 0.238 | 0.496 2.668 2.839 | 0.25
Zone 3 0.453 | 0.273 | 0.496 2.668 2.839| 0.25

Zone lincludes:Riyadh Makkah (excluding Al Taif), Al Sharkiyya, Al Madina, Najran, Gizan, Bisha
regions Zone 2includes: Gassintjail, Tabuk, Al Jouf, the Northern boraegions(excluding Tarif

and Guiat), Assirregion (excluding Abha, Khamis, Moshet, and BisA&a) aifand Al Bharegion.

Zone 3that includes: Abha, Khamis Moshet, Guriat, and Tarif.

-Jouft

f
isha  Wadl Al-Dswssser
1 1
A ¥ %ham
=P

Najran

D Zone 1 l: Zone Z D Zone 3

Figure 2.7. Saudi Arad Climate Zones
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From July 2018, the building code was applied to spalgadation aspects of building design by the
municipalities. From theslof Janary 2021, it will be mandatory for builders of small residential
buildings to submit applications exdvance to ensure compliance with basic insulation standards.
According toDr Saad AQasabi, the Head of the National Committee for the Saudi Building,Cod
0KS a4dza3SadSR FLIINRIFOK FT2NJ 0KS O2RSaQ I LyJx AO!I
the private sector. In addition, he discussed the creation of a groumaaitor innovations in
contemporary construction methods, led by the MinistryHfusing. The group would first evaluate

the methods and the feasibility of their implementation, asabsequently adjust them to fit the
O2RSaQ NB(halah GeBettes 01083

There are may kinds of residences in the KSA, including traditional hoysghouses, villas,
apartments, and duplex villas. Table 2.3 below presents the diverse range of dwellings in the
country, and their prevalence.

Table 2.3. General Authority for Statistiche KSAGeneral authority for statistics, 2010)

Breakdown of housing types
Villa 36.3%
Apartments 34.2%
Traditional House 28.0%
Other 1.2%

As depicted above, villas are the most popular type of home, housing 36.3% of the population and
because of this, this resedr is chosen villa typology as a case stuldye aim is to ascertain the
impad of building fabrics on indoor thermal performanead also on the use of cooling in four
climatic zones in Saudi Arabia.
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2.4. Analysing the case studies

This section dcuses on the foudwellingstypes selected as case studies for this egsh. It
encompasses the architectural drawings, glazing type, orientation, location, cooling system, and
construction materials utilised in each house.

Four currently occupied housegere chosen from four diffient cities: Makkah, Jeddah, Riyadh,
and Taif These cities are located in two regions of the country that accommodate 50% of the
population. Table 2.4 presents the details for each house.

The details are as follows:

1 Makkah: Hose constructed in 2008, lotad in theAlsharaya district in the east dakkah

1 Jeddah: House constructed in early 2000s, located iretts# Sulaymaniyah district in the
east of Jeddah

1 Riyadh: House constructed in 2010, located in At@unsiyah districtn the northeast of
Riyadh

1 Taif: House constructed in 2015, located irethlsayl Alsaghir district in the north of Taif

Table 2.4. Details of the Case Studies

Property location Total site area rh Total built area A Number of Number of Stoes
occupants

Makkah 436 563 7 3

Jeddah 580 882 13 3

Riyadh 208 213 5 2

Taif 518 231 4 1

2.4.1. Architectural drawings of the case study building in Makkah

The architectural drawings for the house in Makkah show two entrances on the ground floor; a
rarely used guest entrance to the front, andraquently usedoccupant entance to the side. The
ground floor plans also include a male guest bathroom, a femadstdpathroom, two dining rooms,
oneoccupant bathrooms, one bedroom, one kitchen, and one gfenaom. This is a typical house
layout in the KSA. The firlbor plansencompass a master bedroom with -enite, four further
bedrooms, a storage room, two are bathrooms, and a family seating area in the centre. The
a4SO02yR Ff 22N KI &dooin, batoon, Srid Bushddsrddin QvhiohS®&vers less than
30% of the floorarea. The other 70%+ of the second floor does not have defined rooms, as KSA
regulations state that houses may only have two buifi floors (i.e. ground and first floors) with
onlya few third floor (i.e. second floor) rooms (Figure 2.8).
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Figure 2.8. Achitectural drawings of the case study building in Makkah

2.4.2. Architecturaldrawings of the case study building in Jeddah

Similar to the house in Makkah, the plans for the ground fliofothe house in Jeddah show two
entrances, one to the side used frequgnby the occupants, and the other front entrance used
sporadically by gusts. The ground floor plans also show three guest bedrooms (two are for male
visitors and one for females)wb dining rooms, one other bedroom, four bathrooms, a kitchen,
and a stoage room. On the first floor, there are five bedrooms, four bathrooms, duwest rooms,

a storage room, and a family seating area in the centre. Again, the second floor has a hbdSeKde &
bedroom, bathroom, laundry room, and storage room, which covesstlesn 30% of the floor area.
The other 70%+ is not set as rooms due te éibovementioned regulations (Figure 2.9).

Bedroom Bedroom
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[ ] J
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L |
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/4 - Loung g0
towg w.e
I Bedroom ) "\
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I— as —I I— e

Ground floor plan First floor plan

Second floor plan

Figure 2.9. Architectural drawings of the case study buildingleddah.
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2.4.3. Architectural drawings of the case study building in Riyadh

As with the architectural design of the houses in Makkah and Jeddalyrdlad floor plan for the
Riyadh house shows two entrances used in the same fashion as those in Makkalddaid Jée
ground floor also includesvo guestrooms ne for male visites and one for females}wo
bathrooms,a dining room, and doungeroom. On the first floor, there are two bedroomsyo
bathrooms, aseating area rooma kitchen and a centrally lcatedlounge(Figure 2.10).

I— — I— — -
Dining room Seating area

I I - Kitchen Meighbors

W.Ch \,

il

Lounge Neighbors we b I —
——

Lounge Meighbors 4

GR3

Guestroom o '—__\
~ Guestroom Neighbors Bedroom Neighbors
g Bedroom . -
el oo 0 L a1 L,
IDriverroom. ———
:-_ 01 23 45
Ground floor plan First floor plan

Figure 2.10. Architectural drawings of thease study building in Riyadh.

2.4.4. Architectural drawings of the case studyilting in Taif

The house in Taif differs from the three previously discussed as it is-store house.tlhas the
same two entrances (rarely used front and frequently used dmteguests and occupants,
respectively). Additionally, there are two guestoms (one for male visitors and the other for
females), three bathrooms, a living room, and a kitchen.lgh this is a smaller house, the style
is also prevalent in the KSA (g 2.11).
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Figure 2.11. Architectural drawings of the case stualyilding in Taif.

2.4.5. Construction element tables

All four houses examined in this research utilised the same cortgirumaterials. The tables 2.5,
2.6, 2.7 and 2.8 below depict these ma#ds as per the official construction plans.

Table 2.5. Building fabrics for the houses in Makkah

Element

Descriion U-value Conductance
0OKYUqOPKYY Og

External wall
(main devation)

40 mm limestone (outside)
20 mm external rendering 1.49 1.995
200 mm redhollow cone. block
20 mm internal plaster

white paint (inside)

Other walls

Paige painfoutside)
20 mm external rendering 1.549 2.102
200 mm red hollow cone. block
20 mm internalplaster

white paint (inside)

Roof

20 mm terrazzo tilesotside)
150 mm sand and cement mortar 0.901 1.111
300 mm reinforced concrete slap

50 mm gypsum board and internal plaster
white paint (inside)

Ground floor

20 mm terrazzo tiledr{side) 0.933 1.153
150 mm sand and cement mortar
300 mm reinforced concrete slap
150mm soll

Windows

Single glazing 5.5
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Table2.6. Building fabrics for the houses ifreddah

Element

Description

U-value
06K Yu(

Conductance
06KYuUuDg

External wall
(main elevation)

30 mm marble stone (outside)
30 mm external rendering
200mm cone. block

20 mm internal plaster

white paint(inside)

2.955

5.936

Other walls

Paige paint (outside)

30 mm external rendering
200 mm cone. block

20 mm internal plaster
white paint (inside)

6.412

Roof

20 mm terrazzo tiles (outside)

100 mm sand@ment mortar

300 mm reinforced concrete slap

20 mm gypsum board and internal plaster
white paint (inside)

1.395

1.972

Ground floor

20 mm terrazzo tile (inside)

100 mm sand and ceent mortar
300 mm reinforced concrete slap
100 mm saoll

1.683

2.201

Windows

Single glazing

5.5

Table2.7. Building fabrics for the houses Riyadh

Element

Description

U-value
00 KYuU(

Conductance
0GKYY dg

External wall
(main elevation)

30 mm limesbne (outside)
30 mm external rendering
200 mm cone. block

20 mm internalplaster
white paint(inside)

2.897

5.708

Other walls

Paige paint (outside)

30 mm external rendering
200 mm cone. block

20 mm internal plaster
white paint (inside)

6.412

Roof

20 mm terrazzo tiles (outside)

100 mm sand cement mortar

300 mm reinfored concrete slap

20 mm gypsum board and internal plaster
white paint (inside)

1.395

1.972

Ground floor

20 mm terrazzo tile (inside)

100 mm sand and cement mortar
300 mm reinforcedconcrete slap
100 mm saoll

1.683

2.201

Windows

Single glazing

55
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Table 2.8. Building fabrics for the houses ifaif

Element

Description

U-value
06K Yu(

Conductance
06KYuUuDg

All walls

Paige paint (outside)

30 mm external rendering
200 mm cone. lock

20 mm internal plaster
white paint (inside)

3

6.412

Roof

red pairt (outside)

3.17 mm metal deck

1000 mm loft space

9.5 mm plasterboard (inside)

3.795

Ground floor

20 mm terrazzo tile (inside)

100 mm sand and cement mortar
300 mm reinforced carrete slap
100 mm soil

1.683

2.201

Windows

Single glazing

55
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3. Climatic characteristics of Saudi Arabia
3.1. Hot climate (climatic zones)

Under the bioclimatic design approadhe given climate should be assessed and understood in
relation to humanneeds (Szokolay, 2014, p.57). T®f A Y GAOF ft € & | RI LJAAGBSQ
with intelligent building, where passive conditions are incorporated into the architectural design to
offer thermal comfort without requiring high energy usage. Thus, a buldiarchitectural design

should t&e account of topography, orientation, wirdirection and other local conditions in
general. Using compact natural materials with low surface toreluatios for those materials are

basic aspects of passive cool{figzion et al., 1997)

As described iChapter two, for hundreds of years, the physical and cultural princgfldgermal

comfort were based on passive thermal control within compact buildings, and these strategies had
G2N] SR ¢Sttt F2N YIye &SI Ndodofiayily anfeSintotliesub@Es > G K
was funded by oil revenues and designed by US taatisiworking for Aramac{Saleh, 2001)The
AYLRZNIGFGAZ2Y 2F |y | Y SNie @bust sijigity foff base Saudi &duses. | 6 |
Homes had been extensions of one anotheowlever, closely packed dwellings with compact
micro-climate courtyards and overhanging balconies were replaced by detached houses set in large
plots of land sometimesocated far fromi KS W2f R (246y Qd ¢KS&AS OKI y.
progress but, inthe(R 8K (2 06S Y2RSNYy:I a2YS 02YY2y &Syac
unnecessarily discarded. Howevéately, the wheel had come full circle as the utility of paes

features is leing reassessed and green energy sources are complementing naturaloesous it
becomes increasingly financially viable, Saudi Aralpetentially- has the inexhaustible resource

of solar power. The country has tripled its renewableergy target ad has successfully tendered

for largescale projects in wind and solarengy(Safj 2019) Meantime, consumers will adapt their
consumption patterns in the face of more expensive electricity and look for passive strategies to
save money., and pedps, in additiormake a small contribution to slowing global warming on the
planet(Haase & Aato, 2009)

Initially, the country is split into architecturally meagful climatic zones, to make appropriate
decisions about the passive solar (climate) design strategy. A number of subtypes can be
established, which in certain lodahs will overlapor display unique localisation characteristics. A
specific area's climatwill be examined from its unique perspective, providing information on
passive solar climate design response types and then the control zone will be chosen., In turn
suitable passi solar (climate) control strategies can be selected regardless ofdabklssification

of the climate in questiorfRabdn, 2005) In the context of building design, four unique climates
exist. Firstly, therare cold climates, where the issue is limited heat. Secondly, temperate climates
change from one season to the next in under heating and overheating. Thirdly -dnholimates,

the key issue is overheating, with dry air and significant diurnal tempegathange. Lastly, warm
humid climates have less overheating that ay regions, but the high humidity and less diurnal
temperature difference is an additional dutem.

Specificall, climatological properties must be taken into account when planningimgoof
buildings, and also when designing single structures. Buildings must be shielded as much as possible
from powerful winds, and strong solar radiation (partialyfan hot countres), and they must use

the sun's radiation in winter for passive heatjnganipulate landscape architecture to boost
microclimate, employ sufficient building and insulation materials, as well as other elements that

Mosaab Alaboud PhD thesis, 22m 33



CH 3: Climate characteristics®dudi Arabia

can make a substantidifference to inaor climate. In turn, energy sources will be used to a much
lesser extenffor heating and cooling. It should be noted that when air conditioning is used less,
energy is saved, and air pollution is reduced, but also human comfort and eatth lsan benefit
(Bitan, 192).

Solar radhation, air temperature, wind, humidity and precipitation are the prommhelimate
elements which effect building desigdonya, 1980Gut & Ackerknecht, 1993A climate consists

of the energyused for heating or cooling, as well as how much energy is employed for lighting
(Haase & Amato, 2009phown in Figure 3.1, the hot dry climate is positioned around 15° and 30°
North and South of the equator. Key characteristics includeeextly hot summes, and cooler
winters, with a significant daily variation in temperatute.the hot season, dry bulb temperature
averages a maximum of more than 40°C, and a mean minimum of roughly 20°C. On the other hand,
the average maximum in winter reughly 30°C, buat night it averages between 10 and 20 °C,
depicted in Figure 3.2. Wheh comes to radiation, the daytime temperature shows high solar
radiation, with a predominantly clear sky. With regards to humidity, relative humidity is fairly
limited, ranging froml0% to 55%. Precipitation only occurs sporadically, but daytime wieds a
powerful with the potential to cause sand storrfGut& Ackerknecht, 1993)

A ) g e e

H | | | | Hot-arld zone % Temperate, monsoon and upland zone

N wam-tumidzons 00 - ———— Annual mean temperatura 2000
AN

Figure 3.1. The hot climate zones in the world, including the dry and humid hot climate.
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Figure 3.2. lllustrating the average aiemperature of a typicalday for the hot dry climate zone during summer and
winter.

Saudi Arabidas a dry zone climate, despite the rainfall in the north and throughout the western
mountain ranges. This is particularly the case in the southwest, whestp@sed to monsoon rains

in the summer. In addition, rain can appear in other regions as weth, tive potential to bring
substantial flooding. These conditions are seen in Riyadh, where the air and prevailing winds are
extremely dry. The mixed terrain drthe unique characterigs of the region produce a varied
climate throughout the nation's diffent areas. While the Kingdom's terrain can be impacted by
tropical high pressure events, there is a continental climate in general, with hot summers and cold
winters with moderate ranfall. A more moderate climate is seen in the western and soughtern
heights, with hot dry summers and cold dry winters in the central areas. During the rainfalls of the
winter and spring, the temperature and humidity rises Ire tcoastal regions. Rais seasonal is
summer but heavier the rest of the year in the sowtlestern region, but overall rainfall is still
limited across the majority of the kingdom's areas. The majority of the time sees a relative rise in
humidity acrossthe western coasts anddights, with the opposite towards the centre of the
kingdom(Ministry of Education, 2019)

On the other handAlrasheda & Asif (20)5tate that this sirplification of the regionalized Saudi
climate as dry is not a fair degafion, since it masks the substantial climatic deviation throughout
the different regions. Saudi Arabia is a vast nation, between 32°N and 17°N latitude d@hdrib

28°E longitude, #h variance in its elevation between 0 and 3,000 meters above the seh Tehere

are numerous characteristic climatic properties across its various areas, which are evident in day to
day life. Saeed et al (2003) have divided toeintry into five inhalied climatic zones and one
uninhabited zoneseen in Figure 3.3 and desxd below:

Zone 1 is a hot and dry maritime subzone.

Zone 2 is cold and dry, with a desert subzone.

Zone 3 is hot and dry, with a desert subzone.

Zone 4 is hot and dry, with a mame desert subzone.

Zone 5 is subtropical, with a Mediterranean subzane a mountainous subtype.

Zone 6 iwvery hot and very dryAl-Ruba AKhalideser), which is not ihabited (Almisnid,2017)
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Figure 3.3 The climatic zones in Saudi Arabia representecbhijties (Saeed et al., 2003 cited in Alrasheda & Asif,
2015).

It should be noted that, in the aforeemtioned study, a total of 20 cities/towns were used for
analysis. In Zone 1, tleéimate was established through a single city, while Zone 5 did neid@acl
Makkah, despite its climate disparity from the cities of this zone. In addition, the Zone 5\@ties
more than 1100m above sea level, whereas Makkah is only 300m above dedltevever, Makkah
is positioned within a valley with mountains all arauih In 2015, a different classification of Saudi
climate zones was completed, where Makkah andware split into separate climatic zonESASO,
2015).

This study uses four different climatic zones: Makkah, Jeddah, Taif gadhR Makkah is
characterised by extremely hot summers and warm wintdegjdah by hot summer and warm
winter, Riyadh by extremely hot summers and cold winters, and Taifobysdmmers and cold
winters. This decision is based on their climatic differerared the fact that these are the four
largest cities in Saudi Arabia, te@ed in the Makkah and Riyadh regions, accounting for half of
the population(Generalauthority for statistics, 2010)Researching the climate is vital irder for
structural energy performance to be improved. The following section presents related cligiate d
in graph form.

3.1.1. Makkah

Located in Saudi Arabia's Western Province, Makkames under the region of Alijaz, shown in
Figure 3.4. It is considerdldat Makkah is the holiest of all Islamic cities, for Makkah is the birthplace
of Muhammad the Prophgt. 57@632). Kaaba, the most sacred Islamic shrine is located there and
extendsan annual welcome to visiting Muslim pilgrims. Across the world, deMaostims pray five
times each day, bowing down towards Makkah. Each Muslim must complete a hajj(adgiito
Makkah, once in their life. Makkah is 300 meters aboveleeal, positoned roughly 45 miles east

of the Red Seport of Jeddah. With a latitudef 21.48° N and longitude of 39.83° E, the city is
located within a valley, surrounded by the Sarwéduntains(Encyclopedia, 2020Figure 3.5to
3.8present related climate data in graph form.
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Figure 3.4 Makkah location (google map, 2020).
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Figure 3.5Average monthly temperaturdor Makkah (author generated from Meteonorm 7.0)

Across the year, temperature ranges betweifCand42°C. The hot season lasts May to
September, and the winter season from December to February, wittrage monthly
temperatures of 36C and 25°C respectively for the two seas.
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Figure 36. Average monthly solar radiatiorior Makkah (author generated from Meteonorm 7.0)

The year's seasons have substantial variation in averageideitience of solar radiation, with an
average daily solar radiation pegquare meter betwee@.3 ¢ 8 kWh/m2 during the summer and
between 4.7- 5.4 kWh/m2 in winter. A day lasts 11 to 13 hours in Mecca, varying throughout the
year(Weather $ark, n.d.)
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Fgure 37. Average monthly relative humiditfor Makkah (author generated from Meteonorm 7.0)
The average monthly relative humidity in winter is roughly%@&nd 40% in summer.
Precipitation

Precipitation does not occur frequéy, but when it does occun winter, it has a maximum of 22
mm. The annual average is 101n{iational centre of Meteorology, 2021)
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Figure 38. Average monthly wind velocityor Makkah (author generaed from Meteonorm 7.0)
alb11FrKQa t20FGA2y Ay F Y2dzyilAy OFttdSe IAPSa
1.1to 1.6 m/s.
3.1.2. Jeddah

Located in the western part of Saudi Arabia, on the Red Sea, Jeddalkiisgtierrs second largest

city after Riyadh, as illustrated in Figuréa3lt is found at a latitude of 21.68°N and longitude of
39.15°E and stands as the country's largest port on the Red Sea. It is the main entrance point at
which the majority of pilgrimarrivein Saudi Arabia, byiraor by sea, to undertake Umrah, Haj or

to visit the two holy mosques. It has all the features of a modern city, as well as the characteristic
features, such as squares and courtyards, of a late medieval trading centres &saatindustrial

and activecommercial center, and also attracts a large number of tourists, with an elglotyeter-

long corniche on the Red Sea coast. Within Jeddah, the King Abdul Aziz University, King Abdul Aziz
International Airport and Jeddah Istec Pot can be foundThe Saudi Network, n.dFigure 3.10

to 3.13present related climate data in graph form.
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Figure 39. Jeddah location (google map, 2020).
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Figure 310. Average monthly temperaturdor Jeddah (author generated from Meteonorm 7.0)

Across the year, temperature is between/@@&nd 384C, with the hot season lasting from May to
September, and the winter season lasting from December tacklaThe average monih
temperature is 34C in July and August, over 30 °C in June and September, falling to around 25°C
in winter.
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Figure 311. Average monthly solar radiatiorfor Jeddah (author generated from Meteonorm 7.0)

Thereare substantial diffeences in average daily incidence of solar radiation across the seasons.
The average daily solar radiation per square met@rg 8 KWh/mz2 in the summer, and this can fall
to less than 5 kWh/m2 in winter. Across the year, days |4g0113 hours in Jedde
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Figure 312. Average monthly relative humiditfor Jeddah (author generated from Meteonorm 7.0)

Across the gar, relative humidity is around 60%, remaining consistently above 50% in the summer
and no higher than 70% autumn.

Precipitation

A maximum of 25 mm precipitation falls in winter, on rare occasi®hs. annual average is 55.3
mm (National centre of Meteorology, 2021)
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Figure 313. Average monthly wind velocityor Jeddah (auhor generated from Meteonorm 7.0)

Wind speed is an average of 31h/s for ten months of the year, but in October and November it
is roughly 3 m/s.

3.1.3. Riyadh

Based on geographical location, Riyadh, the capital of the Kingdom of Saudi &rpbstionedn

0KS YARRES 2F GKS ¢ 2NI RQAa14 @ asyfdirddyn3he céntfe of the a K 2
Kingdom, in the eastern section of the Arabian Peninsula, at latitude 24.71° N and longitude 46.73°
E, and sit$00m above sea levéThe Saudi Network, n.dFigure 3.15 to 3.18present related

climate data in graph form.
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Figure 314. Riyadh location (google map, 2020).
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Figure 315. Average monthly temperaturdor Riyadh (author generated from Meteonorm 7.0)

Across the year, temperature ranges fromATro 44 AC. From May to September, there iive-
month hot season, when the temperature is an average&5°C or aboven winter (December to
February), the average monthly temperature is under 20 °C.
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Figure 316. Average monthly solar radiatiorior Riyadh(author generated from Meteonorm 7.0)

There is a substantial level of seasoraiation acros the year when it comes to average daily solar
radiation. The average daily incidence of solar radiation per square meter is 7 to 8 kWh/m2 in the
summer, but 45 kWh/m2 in winter. In addition, days last 11 to 13 hours in Riyadh.
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Figure 317. Average monthly reltive humidityfor Riyadh(author generated from Meteonorm 7.0)

Humidity is extremely limited on an annual relative basis, with less than 20% humidity in summer
and 4050% in winter.

Precipitation

It can rain in most ofite year's monthswith the most falling in February and June at 20 mm
maximum precipitationTheannual average is 105.5 miNational centre of Meteorology, 2021)
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Figure 318. Average monthly wind velocityor Riyadh (author generated from Meteonorm 7.0)
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Wind speed remains 8 4 m/s during most of the year.

3.1.4. Taif

Taif lies East of Jeddah and Makkah, roughly 1400 meters above sea level withirStrawét
Mountains, as seen in Figure 9.1At latitude 21.873° N ad longitude 40.5127° E, it is south of

the Medina region and north of the Leith and Maysan provinces. Moyeh, Trubah and Maysan
provinces lie to the east, while Alkamel province lies to the west. After Jeddah and Makkah, it is the
third most populaed govenorate (Taif municipality, n.d)Figures 3.20 to 3.23present related
climate data in graph form.
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Figure 3.B. Taif location (gpogle ma, 2020).
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Figure 320. Average monthly temperaturdor Taif (author generated from Meteonorm 7.0)

Ranging between 18Cto 35 AC, air temperature varies throughout the year. In the hot season
June, July and Augustthe averagemonthly temperature is roughly 30C. In winter,from
November to March, the average temperature is 18°C.
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Figure 321. Average monthly solar radiatiorior Taif (author generated from Meteonorm 7.0)

Throughout the year, the average ijaincicence of solar radiation can vargubstantially,
between7 and more than 8 kWh/m2 in the summer (with the exception of cloudy days, where it is
lower), and staying at roughly 4 kWh/m2 in winter. The length of the day in Taif varies from around
11 to 13 hous over the course of the year.
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Figure 322. Average monthly reltive humidityfor Taif (author generated from Meteonorm 7.0)
In the summer, humidity ranges from 20 to 30%, while in winter it i§G%.
Precipitation

Rain falls in mst months with May having the highest mawum precipitation at 35Smnirhe annual
average is 171 mrgNational centre of Meteorology, 2021)
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Figure 323. Average monthly wind velocityor Taif (author generated from Meteonorm 7.0)
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Wind speed is-3m/s in the first five months of the year, rising tebi/s in summer, and falling to
3 m/s in winter.

3.2. Thermal comfort

Under ASHRAE 55 (American Society of Heating, Refrigerating and ditioBmy Engineers),
thermal comfort is described where the thermal environment is satisfactory, and is evaluated
subjectively.Two models; the predicted mean vote (PMV) and the adaptive model are commonly
employed, and generally respectédjamila, 2017)PMV monitors thermal comfort by measuring
skin temperature and perspiration leveisspecifically sweat secretiolf. thesetwo factors come

within predetermined ranges of acceptability, conditions are deemed comfortable. Thermal
comfort as experienced by individuals is a subjective category and cannot be comprehensively
expressed solely in degrees. Although it is espeal experience influenced by several criteria, it is
socially determined and defined by social norms and expectations. Notions of comfort change over
time, place and seasdiNicol & Roaf, 2017)t is open to the government to educatensumes to

adjust their concept of thermal comfort and thereby change social norms by changing public
expectations of thermal comfort and encourage consumers to become more frugal.

The availability of global standards for measuring thermal comfort anthéappraisal of thermal
environments makes it possible to trust and uphold standards; these are set out in 1ISQGU0
ASHRAE 53013and EN 15252007 (Rupp et al., 2015)Frontczak & Wargoclsarried out a
literature survey tonvestigae how human comfort is impacted by a building's indoor environment.
The study concluded that thermal comfort is the most vital element when it comes to overall
satisfaction relating to indoor environmental quality, when compared with visual aodstic
comfort or even indoor air quality (2011). Since people spend an increasing amount of time indoors,
this aspect is important, and it is necessary to take into account the fact that people sp&d@0
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of their days inside buildings when plans aréngemadeto boost the user's environmental comfort

through architectural design or engineering effo(Bupp et al., 2015)

CKSNXIf SlidzAf AONAdzZY A& al AR (2 radGetiohi©iKhat& R & K
with their heat loss. Thermal comfort is influenced internally by physical activity and clothing
insulation, and externally by the thermal environment. The ability to find different temperatures
acceptable depends on the access t@portunities to modify conditions(Nicol & Roaf,

2017) .Given that thermal comfort is defined asanditionof the mind , it is unsurprising that

when house dwdlers have the freedom to control indoor temperature by for example, adjusting
natural ventilation using windows, it helps reduce their reliance on air conditioning

The variables which impact thermal comfort include environmental factors suchtasgierature,

air movement, humidity and radiation, and personal factors such as metabolic rate, clothing, health
and acclimatization. Additionally, secondary factors such as food and drink consumed, body shape,
subcutaneous fat, age and gender can al$éaym rde. Under thermal comfort standards, key
variables have been established. Firstly, air temperature is the leading environmental factor, since
it determines convective heat dissipation. Second is air movement, which speeds up convection,
causing a pysiologcal cooling effect due to greater skin evaporation. Thirdly, there is medium
relative humidity (3665% being acceptable), as this level would not impact thermal comfort to a
great extent. Fourthly, radiation exchange, which is decided by the teatpe= of the nearby
surfaces based on mean radiant temperature (MRT). This cannot be calculated directly, and can
only be measured using a black glove thermometer evaluating glove temperature reacting to
radiant heat inputs together with air temperaturkn situdions where air velocity is zero, MRT=GT,

but- 24 ' 4p c&vU ® ¢ 2.35*DBT o can be used to correct for air movement. The
impact of MRT is also related to clothing, and is considered twice as important as DBT. For comfort,
itis necessary that DBand MRT should not have more of a difference than 3K. filn&dly variable

is metabolic rate related to activity level, using the Met unit. Lastly, the sixth main variable is

Of 20 KAY3IX FOGAYy3a a GKSNX¥If Aysildshduld ds? e ndtedNJ G K
that acclimatization and habit hav&gnificant physical as well as mental effects (Szokolay, 2014,
p.17).

3.2.1. Predict mean vote (PMV) model

The PMV model was first developed by Fanger, wad intended for use in temperate climate
zones. This model has since become a recognised internastaralard in ISO 773fhd ASHRAE

55. The PMV model was created using the fundamentals of thermal heat balance combined with
the physiology of thermoredation. The PMV model is able to accurately forecast comfort
temperatures within a controlled environmeérparticularly in cold conditiond®jamila, 2017)PMV

is an index that predicts the mean value of the responsesgbup of house dwellers on a seven
point thermal sensation scal®jamila, 2017)

Comfort in reality is a much momaultidimensional system than is assumed in the stestdye
PM\ttype indices. The development of the science of comfort from its 20th century origsisca

from the needs of the heating, ventilation and -aonditioning (HVAC) industry is revealing. The
modern concept of comfort was reformulated to make it responsive to the solutions offered by the
ventilation and airconditioning industries; if engieN&E O2dzf R Ay LJdzi & dF NBS
| +! / S| dzA LIY Sy Gainforialfleor Beatnalervigormént for any group, they could
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establish a causal connection between HVAC and achieving thermal comfort, thereby making their
product indispensable. ltwas Fangergs K2 FANRG AGNBLIRAAGAZ2YSBR |y
aproductd 2 f R 0 @& ( KS (Fanger,/197a{iepdmpéctid® around comfort had changed:;
GKS 1 !/ AYRdzZAGNE GKSNBEF2NBX ySSRSR (2 RSTAYS
to manipuation using the HVAC system. The emphasis of the definition was on achieving a thermal
balance betweenthe environment and the typical consumer. An obvious weakness was the
assumption that this thermal environment is constant. Another weakness is its rsiaded
psychological or social dimension perhaps related to measurement of PMV data in climate

chambergand not in a livedn home) (Nicol and Roaf 2017).

The ASHRAE Standard 55 and Standard 1ISO 7730 are two prominent standards. Firstly, the ASHRAE
Standard 55 suggests comfort ranges@20¢24 °C for winter clothing (1 clo) arip23.5¢27 °C for

summer clothing (0.5 clo), at 1.1 met and énis air velocity(Mishraet al., 2016) Secondly,
Standard 1SO 780 offers the indices predicted ean vote (PMV) and predicted percentage
dissatisfied (PPD) to forecast the mean thermal sensation and satisfaction related to thermal
conditions within a group of people. This methodology of appraising thermal conditeessheat
exchange of the human bgdand its surrounding environment as its foundati@frontczak &
Wargocki, 2011)

Once the PMV is calculated, the PPD, or inthext establishes a quantitative ediction of the
percentage of people who feel too warm or too ceatherwise known as thermally dissatisfied

can be determined. The predicted percentage of dissatisfied calculates the percentage of people
predicted tofeel local discomfort. Although P¥itherefore predicts the thermal sensation of a
population, it does not portray the level of thermal comfort of occupants in a place. Fanger
therefore developed an equation to relate the PMV to the predicted percentaggisshatisfied
occupants. On the o#r hand, optimal thermal sensation is neutral according to the PMV model
(Van Hoof etl., 2010)

3.2.2. Adaptive thermal comfort (ATC) model

The adaptive model is another methodology used when researching thermal comfort. It is based on
the theory of a causal link between outdoor climate and indoammnfort because people can adapt

to different temperatures in the course of the seasons. The adaptive model applies to situations
where people actively respond to thermal conditions, whereas the PMV ni®deblied to passive
responses to the thermal environment. ©fiundamental difference betweerhe two models is

that PMV can be used with atonditioned buildings but the adaptive model can only be applied to
buildings with passive thermal systems. Simply put,Rhedicted Mean Vote calculates a comfort
score ranghg fromcold [3] through neutral[0] to hot [3] for mechanically ventilated buildings,
whereas for naturally ventilated buildings, thédaptive thermal comfort model calculates
anindoor design temperature, around which a range is definecbasfortablefor 80% or even 90%

of people

Theadaptive model uses a number of different field studies, which allowed for linear regressions
on indoor operative temperatures (acceptable ranges) and prevailing outdoor air temperatures to
be determined. In relation todnger's theory, this was a sigedint chang€Rupp et al., 2015 hree

key aspects of the adaptive model are not accounted for by the predicted mean vote and the
predicted percentage of dissatisfie(PMV\PPD). These aspects are gisylogical (e.g. comfort
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expectation and habituation with regards to indoor and outdoor climate), behavioural (e.g. opening
windows and the use of blinds, fans and doors) ahgslogical (e.g. acclimatizatiofNguyen et

al., 2012) Numerous adaptive comfort models exist, such &HRAE 53004 and EN15251
(Nguyen et al., 2012Yhe adapve model continues to be reliable and accurate for use in naturally
ventilated as well as atonditioned modes of operation in mixed mode building environments
(Manu et al., 2016)

3.2.3. Comparison between PMV and ATC models

In 1972, Nicol and Humphreys put forward a carrargument to the heat balance comfort theory.
They suggested the phenomenon of adaptation by the occupant, and felt that the steady state
comfort theory was limited in its application to built environmer{Nguyen et al., 2012)For
naturally ventilated structures, comfort temperatures are clearly a#ectby behavioural,
physiological, and psychol@gi adaptive processes, but these aspects are not taken into account
under the PMV model. Adaptation occurs when occupants interact with their environment, as they
are not static beings. Also, the differencg=en in the subjects’ mental state is overlodkea the

tax Y2RSt I ¢ KA {efnataptatinds S8antt adcaiyfedl ®Mihder the Fanger model.
(Djamila, 2017; Nguyen et al., 2012he adaptive comfort concept unlike the steady state PMV
model, accounts for shifts in the range of temperatures considered acceptable. This reassessment
of expectations of what constitutes comfort extends teenperature range in which occupants feel
comfortable and encourages consumers to reflect upon their A/C settings to conserve what is, after
all, a finite resource. On the other hand, there might be loAgem sustainability problems, related

to the themal range of building occupants being maximiseder the adaptive approactiHalawa

& van Hoof, 2012)

The difference between the two approaches goes beyond their different experirhappaoaches;

there is a subtle difference offadzS& o6 S0 6SSy (GKS (62 | LILINRI OKSac
role of thermal comfort as the constructor of comfortable environments, but the adaptive approach
extends choice to building occupants by encaing them to explore the range of conditions the

would like. PMV uses the climate chamber to accurately measure a range of four physical variables
YR (G662 WLISNB2YIEQ OINAFIofSad | 26SOSNE 230 KSNJ
measured ad recorded. These include climate, season, souitural influences and even
variations in age or gender. None of these factors can be excluded from how people experience,
interpret and interact with the environmeniRaw & Oseland, 1994)

To concludethe adaptive approach is a more dynamic interpretatiothafrmal comfort. It is based

on the assumptioni K & 200dzLJr yida GF1S 0O02yalOiazdza I OlAz2y
physiological responses (sweating, shivering etc) to achieve thermal cofi@iadaptive model

is suitable when trying to reducenergy usage in hot climatic conditions. The ailagpmodel has

become popular because it is considered to be more straightforward andfusedly than the

PMV model. Also, outdoor air temperature values are the only requirements needed to estimate
the comfort range(Djamila, 2017)

Comfort is a much more multidimensional system than is assumed in the sstaigyPMWype
indices. The criteria associated with contienal comfort theories based on the PMV model are
more appropriate to controlled buildings. However, these criteria fail to account for the adaptive
behaviour of the occupants to enhance the thermal comadis they actually experience. The
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continual senery feedback received by the thermoregulatory system contributes to the creation of
ASOSNIf 2LWGAYFE adlradSasz FyR y2i -refafetifhysial ehg S & A
L& & OK 2 f 2 3 A DOdatoid he wast&Sut usé af emergy and to achigrermal comfort, the
European Energy Performance of Buildings Directive (EPBD) stated that officially recommended
indoor temperatures should be displayed alongside the actual measured temperature to digeoura

the unnecessary use of aonditioningand 8 y G A £ I G A Nifol & Ragdlidns, Y0dBlowever,

this discussion pivots on the chosen definition of thermal comfort. In 2005, the International
Standard EN 1SO 7730 was revised to recognisatipeitance of adaptation mechanisms: clothing,
02Re& LIaGd2NB FyR RSONBIFIASR OGAGAGE I NB RATTFA
KATIKSNI AYR22NJ GSYLISNI GdzNBa¢ d

There is a large comfortable temperature range under adaptive thermal comforthimg&nergy

usage from the cooling and heating system can be lowered effectiivishra et al., 2016)
However, the heat balance model is suggested when it comes to mechanical system buildings. Also

it should be noted that the occupants' comfort level in buildings with air dosrdng is often
underestimated under the static model of thermal comfort.

3.2.4. Psychrometric charts

A central tenet of energy efficient design is that building must be construction in harmitmtheir
specific environments. Hence, architects, contractarsy homeowners must all appreciate how
local climates influence the optimal designs for hougMdne et al.,2010) The initial stage of the
biodimatic design methodology involves an investigation of the chosen climate talimiatic
conditions to human needs. This can be achievedgugie psychometric chart which displays the
comfort zone in diagram form, together with the climate at hand k8fay, 2014, p.57)he unique
climatic traits of any given regiaan be discerned from bioclimatic charts. Moreover, psychometric
charts can ged to ascertain the combined impact of temperature and humidity at any chiosen
These charts can be utilized to assist in the determination of construction guidelinesett$wm
optimise interior comfort in the absence dir conditioning. The chart®cus on the sealled
human comfort zone. This comprises the range of climatic variation within which most humans
experience no thermal discomfofGivoni,1992).

To support indoor comfort conditions, design strategies are necessary for regulation. ddrese
include passive or mechanical measures. The software program useddoge the psychometric
chart was Climate Consultant 6.0 developed by UCLA depattmof architecture and build
environment(Climate Consultanf020) Climde consultan typically emplog psychometric chart

in accordance with the work of Givoni and Milf@voni, 1976Cowan, 199,1Givoni, 1994¢ivoni,
1998 Milne et al., 201D The chartcontairs multiple dots, each one denoting the combined
temperature and humidity of the 8760 hours in each year. Furthermore, the chpecifically
indicates the interior and exterior air conditions and their impact on human comfort levels. This
allows the relationship between temperature and humidity to be illustratedpgreally so that
climate data and human comfort conditions can bewaately appreciatedEach of the sixteen
zones inthis chart correlates with different design strategies. Thus, the most beneficial passive
heating and cooling strategies can be detarad by the number of hours the fall within each zone.
The psychometriclata produced by climate consultant analysis enables a bespoke list of design
guidelines to be established for every locativilne, 2017) as shown in Figures 3.12 to 3.15. A
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sustainable building design must, in the eathges of the design, take into accowartergy efficient
design strategies. Unfortunately, many architects still rely siomplified analysis and visually
attractive design techniques. This analysis was deemed to be particularly significant as it indicated
the amount of time that a building cadibe run with/without the input of a mechanical ventilation

system

1 Makkah

Thraugh the analysis of Makkah climate data, it was shown that when passive approaches were
taken into account, the most effective desigmagegies were sun shading of windows (34.3 % of
the year), two stage evaporative cooling (16.1 % of the year) amdifgen ventilation cooling

(15.3 % of the year) for passive interventions. In addition, natural ventilation would manage 10.4 %
of the hous of the year and high thermal mass with night time ventilation would manage 9.9 %.

PSYCHROMETRIC CHART LOCATION: MAKKAH/MECCA, -, -
California Energy Code Latitude/Longitude: 21.48° North, 39.83° East, Time Zone from Greenwich 3
Data Source: MN7 410300 WMO Station Number, Elevation 310 m
RELATIVE HUMIDITY 100% 80%
LEGEND
DESIGN STRATEGIES: JANUARY through DECEMBER
DRY-BULB TEMP (degrees C) 3% 1 Comfort{731 hrs) -
o 0 <0 34.3% 2 Sun Shading of Windows{3005 hrs) 1
M o - 2
0 20 - 24
69% M 24 - 38 9.0% 5 Direct Evaporative Cooling(790 hrs) 024
17% W >38 16.1% 6 Two-Stage Evaporative Cooling(1413 hrs)
10.4% 7 Natural Ventilation Cooling{908 hrs) WET-BULB
15.3% 8 Fan-Forced Ventilation Cooling(1339 hrs) TEMPERATURE /
2.7% 9 Internal Heat Gain(239 hrs) g 4020
0.0% 10 Passive Solar Direct Gain Low Mass(0 hrs) @ oo
1.5% 11 Passive Solar Direct Gain High Mass(135 hrs)
0.0% 12 Wind Protection of Qutdoor Spaces{0 hrs)
0.0% 13 Humidification Only{0 hrs) o
S i o 1.016 E
pLOT: [DRY-BULB TEMP |+ 3.1% 14 Dehumidification Only{275 hrs) H
61.4% 15 Cooling, add Dehumidfication if needed(5379 hrs) E
®) Hourly Daily Min/Max 0.0% 16 Heating, add Humidification if needed(0 hrs) =]
=
®) All Hours Select Hours 100.0% Comfortable Hours using Selected Strategies 012 E
1a.m through 12 3. {8760 out of 8760 hrs)
‘®) All Months Select Months
JAN through ~ DEC .008
1Month JAN
1 Day
1 H 1 -
jour  1a.m i L — | o
TEMPERATURE RANGE: = - e =~ 1
. ' - . 5
® -10to40°C Fit to Data I "‘—:5— 10
~ ~
\ ~.
| Display Design Strategies
| - 0 25 30 35 40
Show Best set of Design Strategi.. DRY-BULE TEMPERATURE. DEG. C

Figure 3.12 Psychrometrichart with environmental strategies overlays for Makkah
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M1 Jeddah

In the case of Jeddah, the analysis of climate data showed that gshpassive interventions, the
most effective strategies for extending the comfort range were sun shading of windovwa9434.
hours of the year), natural ventilation (23.5% hours of the yead fandriven ventilation (22.2%
hours of the year). High thermaldass with night time ventilation and high thermal mass alone were
recommended for 9.3 % and 6.7 % hours of the yeapeetvely.

PSYCHROMETRIC CHART
California Energy Code

LOCATION: Jeddah, -, -

Latitude/Longitude: 21.683° North, 39.15° East, Time Zone from Greenwich 3

Data Source:

MN7 410240 WMO Station Number, Elevation 4 m

LEGEND
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0 20 - 24
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®) -10to40°C Fit to Data
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4.3% 5 Direct Evaporative Cooling{375 hrs)

7.3% 6 Two-Stage Evaporative Cooling(640 hrs)

23.5% 7 Natural Ventilation Cooling{2061 hrs)

22.2% Fan-Forced Ventilation Cooling(1946 hrs)
4.8% 9 Internal Heat Gain{421 hrs)

0.0% 10 Passive Solar Direct Gain Low Mass(0 hrs)
2.9% 11 Passive Solar Direct Gain High Mass(255 hrs)
0.0% 12 Wind Protection of Outdoor Spaces(0 hrs)
0.0% 13 Humidification Only{0 hrs)
7.9% 14 Dehumidification Only{693 hrs)

58.8% 15 Cooling, add Dehumidfication if needed{5147 hrs)

0.0% 16 Heating, add Humidification if needed{0 hrs)

100.0% Comfortable Hours using Selected Strategies
(8760 out of 8760 hrs)

WET-BULB
TEMPERATURE /

Hor | 024

DRY-BULE TEMPERATURE, DEG. C

HUMIDITY RATIO

=012

-_.INM-

Figure 3.13Psychrometric chart with environmentatrategies overlays for Jeddah.

1 Riyadh

In the case of the Riyadhirdate data, when passive approaches were taken, the most effective
design strategies for extending the comfort range wisve stage evaporative cooling (60.1 % hours

of the year), direct evaporative cooling (46.2 % hours ofytbar) and sun shading of vdaws

(30.5 % hours of the year). In winter, internal heat gain was put forward for 18.7 % of the year, and
solar gain wih high thermal mass was suggested for 12.7 % of the year.
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PSYCHROMETRIC CHART LOCATION: Riyadh Old, -, -
California Energy Code Latitude/Longitude: 24.717° North, 46.733° East, Time Zone from Greenwich 3
Data Source: MN7 404380 WMO Station Number, Elevation 620 m
LEGEND RELATIVE HUMIDITY 100% 80%
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/
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Figure 3.14Psychrometric chart with enviramental strategies overlaysdr Riyadh

M Taif

In the case of the Taif climate data, when passive approaches were taken, the most effective design
strategies were two stage evaporative cooling (48.5 % hours of the year), direct evaporative cooling
(47.5 % hars of the year) and sun stimg of windows (30.1 % hours of the year); these were
potentially the most advantageous passive interventions in theresibn of the comfort range.

High thermal mass with night time ventilation and high thermal mass by @se#red 20.5 % and

14.6 % hars of the year, respectively. In winter, internal heat gain accounted for 24.7 % and solar
gain with high thermal masg 46.7 %.
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PSYCHROMETRIC CHART
California Energy Code

LOCATION: Taif, -, -

Latitude/Longitude: 21.483° North, 40.55° East, Time Zone from Greenwich 3
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Figure 3.15Psychrometric chart with environmental strategies overlays for Taif.

The air condions can be easily observéarough the psychometrichart,sincethey are linked with
the climate in question and the thermal comfort of occupaméso, the environmental design
strategies used to achieve thermal comfort are portrayétbwever, the degn strategies
represented inthe Psychrometric chast above are preliminary strategies to gain an idea before
planning the designing phase and thesquire further analysis to determine their applicability.
Moreover, t is concluded that mechanical coolisgstems could be replaced levaporative cooling

in many cases, particularly in climates such as that of Riyadh and Taif. However, this appro&ch is

presented in the current research as a design option, as Saudi Arabia does not have natural water
features, as groundwater and watdrom desalination plants are the country's two sources of
water. Indeed, desalination uses vast amounts of energyjakdS NS
groundwater is a finite resource with a limited lifespan of morenhBk3 years. In turn, an

evaporative cooling strategy is considered to potentially offer benefits throughout Taif and Riyadh.

I NB 02y OSSNy &

However, this is not ugde in the current context due to the lack of water in the Gulf region and
especially Saudi Arab{&heffield, 2016)
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4. Thermal performance of buildings and architeatulesign strategies
for hot regions

One of the primary reasons for the significant use of electrical energy in kgsldinross the
Kingdom isidentified as mechanical cooling systems. To this end, a reduction in consumption
through design is seen as®wof the most effective strategies, and one that could go a long way to
enhancing the thermal performance of residentoalildings.

4.1. Thermal compoents of buildings

The numerous heat inputs and outputs in a building are components of its thermal system. Th
system can be described as below (Szokolay, 2014):

kS=Q()+Q(c)+Q(s)}R(v)+Q(e)

2 KSNBT k{ T OKI yhaKuilding. QR Sihtéal heal gaiNJOR) =Acghduction heat
gain/loss, Q(s) = solar heat gain, Q(v) = ventilation heat gain/lodQé) = evaporative heat loss.

In cases where the sum of these heat flows is zero, the system is sgid to be in thatamale. On
the otherhaR>X 6KSyYy k{ Aa Y2NB OGKFIy T SNRB>X GKS &idNMzO
reads less than zerthen the building temperature is dropping (Szokolay, 2014).

Two major external climatic forcesair temperature and salr radiation- heavily iffluence heat
flow of a building. . Givoni states that reducing a building's cooling load through architetgsrgh
is to limit solar and envelope heat gain (1994).

Solar heat gain is affected by various elements, such as the of a surface (opaquero
transparent), shape, and building orientation. When it comes to passive regulation, window size,
material, $rading equipment and direction are the most influential variables (Szokolay, 2014).

Conversely, conductive heat gain dam affected by other vaables, including building shape and
2dz0f AYyST GKS NI GA2 2F adz2NFIFOSiliy2 @2fdzvySsz I yR

Furthermore, ventilation heat gain can impact heat flow, and in turn this variable is based on
openings, their aentation in relation towind, methods of closing, and how airtight the envelope

is (Szokolay, 2014As it can be seen in such sevelienate as in Saudi Arabia, the most significant
energy input into a building is solar radiation (Szokolay, 2014, piBg&yefore reducing the solar

and envelope heat gain in residential buildings will reduce the coolingddhd amount of heat
energythat needs to be dissipated to maintain an acceptable temperature
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4.2. Architectural design approaches for hot climates

Chapter two describes how traditional Saudi architecture is based upon a sophisticated response to
climate that employs passive technigs for the cooling and heating of urban spaces and buildings
(St Clair2009) The preindustrial build environment was dictated by natural climatic conditions
and sociecultural needs. Indeed, the scientiforinciples applied in the modern passs@ar house

are in the tradgtion of the construction principles used for dwets by Jeddah merchant®hnson,

1995) In naturaly ventilated buildings where the mechanical option was not available , the
relationship between indoor and outdoor temperature was mginlecided by the form and
materials of the building in which the occamts used clothing and other features to passiajust

to the building in contrast to using A/C to adjust building temperatukécol & Roaf, 2017)

Chapter two eplains the transition from the traditional houses in older Saudi towmghe
suburban sprawl and decentralization of dern cities. The transformation in the course of 40 years
which moved Saudi citizens from clagick houses with basic amenities to ljuhirconditioned
suburban homes linked by new transport infrastru@wras in many ways impressive. But in the

M b p nh@tanayhave seemed to be simple decisions about density, shading, zoning and the use of
space lacked lonterm vision and understandg of the dwellings being created. In place of
funnelled breezes througharrow alleyways and compact floor plans whicimt@oned perimeter
courtyards and balcony indents, the modern iteration restricted the building footprint to 60% of
the site, mandated aninimum of two metres setback on all sides of the building and linbtetiling

heights to eight metres. The effect was create an unnecessarily large and energy inefficient
envelope (AfSaid, 2003). Too often therefore, the outcome was a decentrasipeslvl of detached
homes exposed to harsh sunlight. The newfound wealtf G KS mMdbpnQa 61 & dza S
detached lomes because nctraditional western building materials and methods were being
imported for the first time and air conditioning was ardispensable part of the desigMubarak,

2004) Subsequent excessive demand and profligate use -@oaiditioning driven by its negligible

cost has create a need for the design of energy efficient buildings. Air conditioniag new and

soon became indispensable. Why wodddilding design incur the cost of incorporating passive
cooling into their plans when air conditioning was almost free to use?

Buildng energy performance is determined by building envelope desigrgoaditioning and
lighting system design, occupancgtierns, operating schedules, and meteorological conditions
(Ahmad, 2004) The building envelope in particular has a significant impact on the energy
performance of residential buildingshmad,2004;Melo et al, 2015. Heatflow is affectedby the
characteristics of the buildingbrics wherein appropriate building design lessens thatimey and
cooling requirement(Melo et al., 2015) Efficiently designed envelopesnhance thermal
performancegreatly, particularlyfor envelope load dominated buildingnvelope load dominated
buildingsare the opposite of the compact closely packed traditional dwellings of one hundeed y
ago. Their lv thermal mass made them vulndsie to outdoor conditions. Another influence on
energy requirements is wall and roof insulation and orientation and placenp@Rtomoud,
2004b)

Mechanical cooling systems can have their-tinme or size changed through climabased desig
approaches. By stablishing a suitable coolindgrategy for specific structures in the schematic
design stage means that three key elements must be clear, namely : climate, building type and
pattern of operation(Kwok & Grondzik, 2007%olar and heat control, heat amortization and heat
dissipation are passive cang methods usedni different situations. Modulatin of heat gain
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manages thermal storage capacity of buildings , whereas heat dissipation methods are related to
the ability of a building to dispose of excess heat to an environmental sink of a lower tetuEer

such as theground, water, and ambient aior sky (Santamouris& Kolokotsa, 2013)Passive
strategies boost the occupants' comfort levels, while limiting energy usage. Low energy buildings
are established by making specific choices regarding a passive design apiprdiaehwith the
climate at hand, to provide thimtended indoor comfor{Etzion et al., 1997Akande, 2010Rabah,

2005)

Through supgor thermal perfomance, a building could requirkess extensive use of air
conditioning. This can be achieved through different strategies, inclugidgced glazed areas,
greater levels of thermal mass and naturally ventilated buildihgsteover, other architectural
features influencinginterior environmentand energy consumption, includingxternal shading
devices, double skin faced, glazingtype, resistive insulation, green roof systems, arttie
orientation of thebuilding(Chan, 2012)Furthermore,TuhusDubrow & Krarti (2010argue that a
number of design properties impact a building envelope's energy efficiency, such as building shape,
wall and roof construction, foundation type, irlation levels, window type and area, thermal mass,
and shading. Certain strategies like mayienough controlled thermal mass in line with the
insulation, window design and analysis of overall building permit sizing of building features can be
beneficial n this respect. These can be implemented through choosing efficient external system
options,such as windows and doors to use natural daylighting and ventilation. These changes can
boost building design and provide greater indoor comfort and lower runoosgs(Rabah, 2005)
Harvey (2009%tates that external insulation togethewith improved thermal mass and night
ventilation are especially efficient for halry climates. A building's thermal performance is affected

by numerous elementsncludng design parameters (shapdabric - fenestration- ventilation),
material properties (heat capacity heat densityc reflectance- absorbance; emittance), weather

data (air temperature; solar radiationg humidity ¢ wind ¢ participation) and theactivity inside the
structure (Szokolay, 2014).

4.2.1. Orientation and form

Optimal orientation $ a vital early design step for reducing energy consumption, while also being
the most straightforward passive solar design asgbtdrrisseyet al.,2011andElghamry & Azmy,
2017) Building orientation igdefined as the position a building takes on a site, and where its
windows, rooflines, and other features are placed. Ideal orientation will rotate the structure to
makebest use of the sun and wind energy around it, while limiting energy loads in cuoldllaas

hot climates.(Yeshwanth & Siddhartha, 201Briess & Rakhshan, 2017 aktihamry & Azmy,
2017). Latitude and the high solar radiation level experienced in the Gulf Region generate maximum
solar radiation exposure on west facing walls during the sumpeeiod, whereas the maximum
exposure during the winter monthis on south facing walls.h&refore, the optimum building
orientation is for the main facades and glazed area to have a north south orien{&tic@iair, 2009)

The directionality of solar radiation aaciing to the path of the sun denotes that east and west
facing walls in summaewill have greater exposure to the sun through the glazing of a building with
that orientation, therefore raising solar heat gafRriess & Rakhshan, 201 Bolar gain linked to
orientation will be based on adlibnal factors, including the shade provided by the proximity of
nearby buildngs ortrees. In cases where ideal orientation is implemented, energy requirements
will fall, meaning that energy costs and greenhouse gas emissions will both be lower. Irtarder
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achieve effective solar orientation, the sun's paths related to the pdercsite must be clearly
comprehended, for all periods of the yegfeshwanth & Siddhartha, 2015)

Apart from the structure's fundamental properties, there are many variables impacting afglgdi
thermal performance as mentioned, such as climatological factors, builgiagpe and the
surrounding urban environmergEriess & Rakhshan, 201The essential laws governing building
orientation requires horizontal surfaces to be exposed to optimal solar radiation. estidaces

on the east receive the most solar radiation in the morning, whilst thosgce¢ surfaces facing
west receive the maximum solar radiation in the afternoon. North and south facing vertical surfaces
receive far less solar radiatiqiKochNielsen 2002).Orientation becomes increasingly important
based on the quantity of glass attte glazing system used, and whether large solar heat gains can
be achievedHaase & Amato, 2009)

In the work ofAboulNagaet a., (2000) the value of urban patterns are denoted with regards to
building orientation, for the reduction of energy use. Their study compared the energy consumption
of four detached two storey villas with different orientations in hot dry climate caadg (AfAin

in UAE). Their work found that window location at different elevasi@ould boost the energy
necessary for cooling. In turn, they found that carefully posed windows in to two building
elevations, energy use could be lowered by roughB655

In Yeshwanth & Siddhartha's (2015) study, a-nsd four floor office buildingn Bangalore is the
focal point. This structure is modelled with different geographmaentations, and simulations
allow the ideal building orientation to be establishedhere cooling and ventilation energy
expenditures are the lowest they can be. Thstudy concludes that buildings cannot achieve their
optimal energy efficiency levelsiless they match orientation to prevailing geographic conditions.
For example, , nohtsouth orientation is considered suitable for most climates, with the long facade
facing the equator and reducing facade areas which face east and(Weste & Amato, 2009)n

the work byElghamry & Azm{2017), optimal orientation for maximum energy saving in a hot
dry climate is investated, using Cairo, Egypt as a case study. They saw that a wstemgfacade
has the highest yearly energy consumption, which is 26% greater than a southern facaddwo
facade building, nortfsouth orientation is shown to have the least energynsomption.
Furthermore,Elhadad, Baranyai, &yergyak (2018valuate a New Minia City building's energy
performance (again indypt), using various different orientations. In cases where the building
would fae north, energy consumption has the potential to drop by 5.8%. The best and worst
building orientations are north and south respectively, and they showed a 7.5% differesicerigy
consumption between them.

There is no consensus opinion when it comeldw effective building orientation is in the current
context. The majority of researcreconclude that, putting aside the important variable of location,
orientation has agbstantial effect on buildings. Nonethelesssearch conducted by Taleb (2015)
sought to determine whether modifying the orientation of the villa in the study would lessen the
interior mean temperature and cooling load. The results found that there werdifferences in
either the mean émperature or the cooling load. Specifically, the wind circulation projections
generated by the CFD simulation indicated that, whilst changing wind direction within the spaces
related to the location and orientation of thieuilding this was not enough teignificantly change

the interior temperatures. It was suggested that this finding could be attributed to the layout of the
building. For example, irrespective of whether the building had a north or reat orientation,
there was insufficient wind flowvithin the interior of thebuilding Specifically, warm air cannot be
directed from the interior to the exterior when roonee not open to each other since this does
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not allow for crosssentilation. Moreover, there were my minimal differences in windpsed
between the two orientations examined in the studgd loth orientations permitted warm air to
enter the building. Thus, both orientations ultimately resulted in comparable air temperatures.

It is also considered thagjeometrical forms can reduce energy use in buildirg@iegdmaret al.,

2014) Makingthe envelope surface area smaller for specific enclosed volumes or floor area should
be a priority when trying to maxirse a building's energy efficiency. A geometric relationship exists
between a structure's envelope surface aa its internal volumen turn, certain building forms
have greater intrinsic efficiency than others, without taking into account the masauisgd. On the
other hand, certain other aspects of a building envelapguch as passive strategies for natura
ventilation or loweringcooling loads- clearly impact energy consumption and general building
sustainabilityp 5 Q! YA O2 ,2019)2 YLI2 Yy A

5Q! YAO2 9 t 2exdiihgdihaw eduelope duiface and indopases of buildings are
related to define the forms with greater inherent sustainability. Envelope surface (walls plus roof)
are taken as the majgroperty which establishes a building's shape and is also the key variable for
thermal transfer with the outdors, which produces eneygdemand and carbon emissions. In
addition, there is a need for plenty of materials created using finite natural ressyiand these
scarce resources are renewed numerous times in the building's service 5if@ ! YA 02 3 t 2Y
2019) Along thesame linesSteadman, Hamilton, & Evans (20tdhducted an empirical study to
showthat there was a robustik between exposed building surface area and gas/electricity use. In
the work ofRashdi & Embi (2016he relationship of optimum building form was examined in the
context of redwing cooling load. Theimidings stated that that the selection of compact materials
and low ratios of building surface to volume offer a passeduction in cooling load.

AlAnzietal.,(2009undeNJi 2 21 I &aAYLI AFASR lyltfteara G2 F2NB
shape and yearly energy output. They slealwthat building shape impacts the overall building
energy consumption based on three key elements; relativeactness, the windovto-wall ratio,

and glazing type defined by its solar heat gain coefficient. Furthern@ueghiet al., (2007)
undertook a simplifiedinalysis method to forecast the effect office building shape has on its annual
cooling, and overall, energysa. Their analysis showedrobust link between shape and energy
consumption in commercial structures.

4.2.2. Thermal insulation

The building envelopis defined as the connection of the interior of the building with its outdoor
environment. Components of the envelope can be wallsframd foundations. The building
envelope is vital as a thermal barrier in controlling interior peratures, establising how much
energy is necessary for maintaining a consistent level of thermal comfort. Limiting the building
envelope's heat transfer iequired to make the building space's heating and cooling more efficient.
For colder conditionshie building envelopes able to limit how much energy is needed for heating,
whereas hot climates can benefit by lowering the energy needs for cooling. Hml energy is
released, or held, through walls and roofs is affected by the design and matewxalsed. The
locationof windows and doors is dictated primarily by the size and design of the building, which all
impact energy use and can help limit loss€boosing the most suitable material is a complex task,
as the overall wall's energy propertiesesampacted by the dggn. Crucially, material choice and
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wall insulation substantially affect a building's thermal characterigtt@shwanth & Siddhartha,
2015)

Insulatedbuilding walls are components of the building envelope, and they shield the space inside
them from various weather contibns, and limit wide variance in temperature. In most cases, this

is achieved by raising the envelope's thermal resistancealf®e), ad subsequently lowering
transmission loads. In turn, the inclusion of thermal insulation is considered vital, ebpacakeas

which have extreme climateAFSaea, Zedan, & AHussain, 2012)Szokolay asserts that the
envelope's thermal insulation is a critical means of control, particularly in environments where
heating or cooling is necessary (2014, P.B@arseh, AKhawaja, & Hassani (201&amine the

effect of using thermal insulation when it comes to the lower cooling load of residential structures
in Qatar.Their findings denote that, when implementing undesr of polyurethane to the external
walls, cooling requirements can fall by as much as 27%. Alisoad 2004)compares the energy
consumption of a typical house built with different types of masonry materials using analysis
program DOR.1E. The model house investigated in this study is located in Dhahran, Saudi Arabia.
It was found that insulating (walsnd roof)the best case of the house with 50 mm of extruded
polystyrene causes a significant 42% reduction of the annual electrical energy consumption when
compared to the base case without insulation. The best case has 153 kWh/m2 of total annual energy
consumptionand 109 kWh/m2 of it is from the cooling load. On the other haekearch bielo

et al., ( 2015)examined enggy performance in commercidduildings in accordance with the
thermal insulation material employed in building envelopes, in three cities in BragilkeBearch
revealed that the potential of the application of insulating materiabtolding surfacego increase
annual cooling loads depended upon prevailing weather conditions. Thus, isolated surfaces
impeded the dissemination of interior gains to thgterior, leading to an increased need for air
conditioning.However, this study is for commercial buildings where internal gains are high due to
the equipment, lighting and people.

A building envelope's thermal insulation thicknessl placenent are the nost critical elements
taken into account in this regard. When it comes to insulation locafMshaikh & Roaf (2016)ate

that the mass should be insulated extally forbest performance, but this is not practised in Saudi
Arabia. In line with thisDzel (2014)rgues that ideal thermal performance is achieved when
insulation is exterior to avall, according b their analys of insulation location impact and thickness.
Their study examined a building wall's heat transfer properties and optimization of insulation
GKAOlYySaaz Ay aiGdSIFIReée LISNARA2RAO O2yRA THesindigs S YL
highlightedthe fact that minimum temperature fluctuations at the inner surface of a wall occur in
instances where insulation is on the exterior of walowever, AlSanea and Zesan (2001)
investigated the way insulation location affected a building's wall with respect to heat transfer
characteristics. On average, heat transmission oftairditioning ogration inwalls with irside
insulation was roughly onthird of that with outside insulation. Thus, it is suggested that spaces
requiring airconditioning systems (used intermittently) should have inside insulation. Howaker,
Sanea and Zedan (20XT&kearched optimum thickness and placement of a thermal insulation layer
(s) under steady periodic conditions using climatic data from Riyladheir study, a wall with three
identical layers of insulaibn on the outside, middle and inside had the best performance, and
performed better than one layer of inside insulatiofhe precise thickness required farall and

roof insulations in order to lessen heat transfer is determined by building orientatidriygre,the
efficiency ofair conditioningand many others buin particularis the climatic conditions of the
building(Melo et al., 2015)Al-Sanea and Zedan (201d3amined the ideal thickness and position
of the thermal insillation layer (s), with steady periodic conditions using climatic data from Riyadh.
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It was found that ideal total insulation thickness wasah@ AlsoOzel (2014¢xamined the impact

of insuldion positioning and thickness on heat transfer in building walls, and optimization of
AyadzZ I A2y GKAOlYyS&aa dzyRSNJ AGSFRé& LISNA2RAO 02
concluded that ideal insulation thickness was &2 Hea&transmision load is lower without a limit

when insulation thickness is greater, but the rate of this decrease drops rapidly as the thickness
increases. It is suggested that the designer chooses an insulation material which has the smallest
potential thermal condutivity with the greatest thickness that is within the owner's budget. On the
other hand, insulation costs rise according to its thickness, and there is a level that all insulation
materials reach where the additional cost of the material is ootinteredby reduced energy
consumption.

The work ofYeshwanth & Siddhartha (201&)d Shafighet al.,(2018)agree that thermal mass is a
structure's capacity to maintain anabsorb heat for an extended timeframe, before releasing it,
according to the nature of the material used in its construction. The distinct feature of thermal mass
buildings is their graduanergy absorption and ability to maintain and store this eneayyidng
periods of time, meaning that the structure does not require as much cooling or heating, and has
more consistent indoor temperatures. Thermal mass efficiency is considered adeghate w
diurnal variation ofambient temperatures is more than 10K.ikug the location of the case study
houses, weather conditions varied more than 10k in their monthly mean maximum and minimum
temperature, across the year. In cases where traresignificantdiurnal temperature changes, the
excess heat can be stored thigiuheat input control and timing systems, before releasing it when
necessary Szokolay (2014) echoed this sentiment, stating that mass effect is a critical passive
control approach for hot athdry climates experiencing substantial diurnal temperature déffiees.

This allows indoor conditions to remain consistently comfortable in the day when temperatures are
potentially too high for occupants, with no requirement for mechanical cooling system

Weather conditions in Saudi Arabia show monthly mean tempeestwhich exceed the recognized
thermal comfort levels. Monthly mean outdoor temperatures in Makkah, Jeddah, Riyadh and Taif
are more than 25C forll, 10, 7 and 5 months of the year respeety, in excess of the agreed
thermostatsettingfor air conditioning as recommended by the Saudi code for residential buildings.
Thermal mass is not suggested for all building fabrics in the current study, as the new Saudi building
code standards recomend the use of low Walue external building fabrics. This meahst
resistive thermal insulation is a more suitable choice in place of capacitive insulation. Additionally,
thermal mass affects the area and speciousness of rooms and also because rakmielalings in

Saudi Arabia are air conditioned most of the time

4.2.3. Window system

Some consider the window to be the house envelope's weakest part, and is affected by many
variables including the glazing, frame material (e.g. metal, wood), thickne$e ahaterial, and
exposure. Szokolay (2014) states that a clodeuble glazingcomponent, with a coating on the
interior, could help limit thermal transfer to a large degree, and filling it with-pressure inert
gases including krypton and argon coulthigrabout lower conductive transfer.

Numerous studies have attemgd to find the ideal glazing type. Alaidroos and Krarti (2015) found
that the most suitable glazing type for lowering energy usage in hot climates is-Allgdrdouble
pane and colored lovglazing made up of loBolar Heat Gain Coefficient (SHGC) andlukes. It
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was shown that low SHGC glazing could substantially limit radiant heat increases and is considered
essential in hot areas of the world. On the other hand, theliogpload becomesess through
smaller Uvalues, as a result of their benefit to hdeansfer through windowsin Saudi Araila, the

most extreme solar radiation is experienced on the east and west fa¢gadé@swinter, this occurs

on the south walls. Therefore, windows should ideally be oriented to the north and the south.

4.2.4. Shading deves

In order to avad solar input, shading design is undertaken, which is georetsgd. Compared to
internal devices, the external shading device is considered to be a more effective option, due to the
fact that the internal device takes in solar heatdadissipates it tdhe interior (Kim et al., 2012)

There are three categories of dees, which argertical, horizontal, and eggate (Szokolay, 204

Firstly, vertical devices have a horizontal shadow angle (HAS) and are most effective when the
window and sun are unidirectional. Secondly, horizontal shading has vertical shadow &8#¢s (

and performs at its best when the shadedhaow is facing aaitherly direction. Lastly, eggrate
devices have features from the other two categories, as they are unable to be specific through one
particular angle.

Passive shading systems reduce ddmg's heat gain , thereby diminishing thead for cooling
sygems (Pacheco et al 2012) A suitable external shading approach to lowering solar heat gains
provides substantial energy saving capabili(iésess et al., 2012p5hading systems are crucial
for the prevention of solaaccess to a building, and should be posiidrexternally to ntigate

heat within that spacéBrotas & Nicol, 2016INeighbouring builthgs can produce additional shade.
Nikoofard et al., (201Xpund that nearby structurs, or even tree foliage can impact annual heating
and cooling energy needs in Canadian houses by as much as 10% and 90%, respectively.

On the other hand, as the glazing size of Hdose buldings is smaller than in their higise
equivalents, the windowto-wall ratio must be maintained at its lowest possible value. Shading
devices have greater efficiency with larger windows compared to smaller windows (Alaidroos&
Krarti, 2015).

4.2.5. Natural vatilation

Employing natural ventilation in istctures allows fothe less frequent use of mechanical cooling
systems (Stavroula et al., 2016). During the natural ventilation system's planning, the direction and
velocity of the wind must be taken into amant, as well as temperature differences (Taléb14).
Szokolay4014) showed that the three key aims of natural ventilation are to boost fresh air supply,
extract internal heat when the temperature inside)(iE higher than the temperatureutside (),

and, lastly, to increase the dissipation ofrskeat.

Buildingdesign is critical when encouraging natural (ward/en) ventilation (Stavroula et al., 2016;
Brotas& Nicol, 2016; Szokolag014). Specifically, building design is able to bring about sandgel
or cross ventilation, due to varyingind pressures bem caused through the wind, or buoyancy
driven ventilation as a result of temperature differences. This, in turn, producestiaat flow of
air through atriums, chimney or stairwells (Stavroula et al., 2016). On the other Beotds & Nicol
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(2016)put forward thenotion that winddriven ventilation in Saudi Arabia would not be effective,
since the outdoor dry bulb temperatures are in excess of the théoomfort ranges, especially in
the summer.

On the other hand, nightime ventilation could bear significant pential for energysavings
(Artmann, Manz, & Heiselberg, 2008yighttime thermal comfdris maintained though night
cooling with a thermally medium to heavy weight building and without mechanical cooling,
according to the work oBrotas and Nicol (2016)here has been growing interest imght
ventilationas adesign strateg. Night ventiation comprises a passive @mi-passive approach to
cooling that harnesses the external temperature swing andrtted masof the buildingto pre-cool
the building via increased external nigiimne airflow. At night, when the outdoor air temperature
is lower than theindoor temperature, the increased airflow cools down the massting it to
release the heat stored during the previous day. Duringrteet day, the cwler massoperatesas
a heat sink to absorand storethe heatin the space from solar aridternal loadgLandsmaret al.,
2018;Artmannet al.,2008) However, the potential of thieightventilation approachis dependent
upon air flow rates, the thermal capacity of the building, andrilgat mixture of the thermal mass
and the air flow(Santamourist al.,2010)

Due to aerage daily temperatures surpassing standarantart limits in some regions, night
ventilation can assist with heat dissipation. On the other hand, this requires nighttime temperature
variance of roughly 10°C, as denoted by Szokolay (2014) aodi Gi994. Stavroula et al. (2016)
state that night vefilation is able to assist in lowering indoor diurnal air temperature by2l(8C,
regardless of air temperature fluctuations (even up to 8.4°C difference). From this perspective,
Stavroula et al putorward the notion that night ventilation is preferabl® daytime ventilation

due to the fact that opening windows and atriums at night substantially boosts air change rate and
indoor diurnal temperature variance. In turn, this brings about higher cothve hed loss from

mass elements, adding to heat dasiion. Night ventilation can successfully reduce interior
temperatures and extract heat in medium mass buildings in hot humid climates. However, this
strategy alone was not enough satisfyhuman comfortneeds(Landsman et al., 2018)

The performance ofiight ventilation systems can be tested using simulations controlling different
parameters. Research Bytmann et al.(2008)concluded that the most substantial impaugnight
ventilationmethodare climatic conditionsand theair flow. Research byaleb (2015)evealed that
active cooling systems combined with natural passive ventilation aetelivthe mostdesirable
results wheein temperatures were reduced, cooling loads were managed, and energy costs for
residents were alleviatedsantamouriset a., (2010)examined enegy data pertaining to 214 air
conditioned residential uts in whichnight ventilation systems wereised The building in the
study encompassed a range of cooling requirementsragtt air flow rates, with the study data
being homogenized for comparabdématic and operational conditions. The rétsundicatedthat
night ventilation had the potential to reduceooling loads bfOkWh/m2/y, although the average
reduction was 12kWh/m2/y.
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4.3. Research on energy efficiency measures

In Saudi, enormous benefg can be delivered byenergy efficiency measuresrearly energy
expenditure coud be decreasedsubstantially assumingelectricity production costsemain
unchangedwith the majorityof the savingsnadeby residentialbuildings(Nachet & Aoun, 2015)

Aldossary, Rezgui, & Kwan (20&uygested 3 lovearbon prototype houses, which involved Saudi

I N} 0AF Qad OdzNNBy G | NOKAGSOGdzZNF £ RSaA3alys NByYySsl
researclers hal initialy evaluated the energy consumption definition standard related to Saudi
Arabian residences. Aldossary and colleagues felt that their suggested prototypes could lower
energy consumption by 71.6%. Also, it was seen that the energy usage aiidgsted prdotypes

ranged from 77 kwh/m2 to 98 kWh/m2l'heyput forward the idea that ideal yearly energy usage

for their prototypes could reach 77 kWh/mzar, while different papers such ag\boutNaga, Al

Sallal, & Diasty (2000)dicated thatan average residential house's energy usage would potentially

fall to 60kWh/m2/ year. fis denotes that the aforementioned prototypes were unable to reach

ideal energy usage levels.

However, prototype house number 1, which had the mostceffit energy cosumption per floor

area of 77 kwh/m2/year, used the most energy of all three prototypesbably because the house
prototype is larger than the other twhouses and this way it was able to portray a typical Saudi
house more realistidy than its cainterparts. Conversely, prototype house no. 2 was not as large
as the traditional Saudi hoas Lastly, prototype 3 did not take into account the sewidtural
aspects of Saudi housing design, as it is instead showed western culture chatiasté/Vhilethe

three prototypes showed slightly greater energy uses than the ideal values for residauitdings,

they had shown a substantial positive development over those of the authors' previous study
(Aldossary, Repii, & Kwan2014a) In that study, energy consumption for a typical house in Riyadh
was roughly 127.6\Wh/m2/year.

Aldossary, Rezgui, & Kwan (201#&e a multiple case study approach to investigate trends in
energy usage across a number of traahial buildingsin Riyadh (hot and dry climate location).
Aldossary and colleagues pinpointed six dwellingsluding three typical flats and three typical
houses, and then examined the average domestic energy consumption of each, using monthly
utility bills. Followinghis, IES/E simulation software was used to imitate user behavior to highlight
the housingdesign's weak points and define regionally replicable energy retrofitting choices. The
study's findings indicated that efficient glazing, utilizat@hon-site rerewable energy, shading
devices and various retrofitting approaches brought about é84% errgy reduction. Along the
same lines, these authors used this methodological approach again in a different study, this time
examining the context adeddah. They td that using retrofitting solutions helped lower energy
usage by 28B7% (Aldossary et al., 2014bYeble 4.1 illustrates examples of energy efficient
measures used in other studies
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Table4.1. Examples of energy efficient measures used in ogtedies

Baharna, 1996)

computer program

Author(s) Description Measures Result
(Aldossary et al.| Low rise residentiall Architectural design| Energy consumption fell b
2017) buildings in Riyadl fabric and onrsite | 40%

using IES/E renewable energy
strategies
(AboultNaga et al.| Typical low risg Orientation and window| Energy consumption wa
2000) detached houses in A| placement 55% lower when windows
Ain in UAE usin were not exposed totwo
ENERFACE af orientations
electricity bill
(Aldossary et al.| Three houses and thre¢ Shading devices, onsif Energy use was 34% lower
2014a) flats in Riyadlusing IES| renewable energy|
VE, electricity bills an¢ sources and  more
user behaviour efficient glazing
(Aldossary et al.| Three houses and thre( Shading devices, onsi{ Energy consumption wal
2014b) flats in Jeddah usin&S | renewable enegy | lowered by 37%
VE, electricity bills an¢ sources and  more
user behaviour efficient glazing
(Akbari, Morsy, & Al| Nine residentiall Energy  efficient  aif Residential electricity
Baharna, 1996) buildings in Babhrair| conditioners, insulating consumption was reduced b
using DOE2 camputer | houses, improved 32%
program infiltration,  increasing
thermostat settings for|
space cooling, efficien
refrigerators and
freezers, efficient watel
heaters, efficient clothes
washers, and compag
fluorescentlights
Morsy and Al | Nine  airconditioned | Improving building| Air  condition  electricity
Baharra (1995) cited| residential buildings ir| insulation, reducing consumption fell by 67%
Akbari, Morsy, & Al| Bahrain using DQE2 | infiltration rate, using

double glazed reflective
windows, aml increasing

thermostat cooling
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sepoint from 22.2"C to
25.6"C

(Kharseh et al., 2015

Typical house in Qatg
using Hourly analysi

program (HAP).

Changes to Walwe of

the external walls,

lighting efficacy ang
higher indoor set point

temperature.

Cooling needs were reduce
by 46%

(Khaseh &
Khawaja, 2016)

Al

Typical house in Qatg
using Hourly analysi

program (HAP)

Changes to Walue of
the externalwalls, higher
indoor settemperature,
lighting efficacy, externa
walls colour, and window

quality

Cooling needs were 534

lower.

(Taleb, 2014)

Typical house in Duba

using IES software

Using natural ventilatior
and redwcing heat gain
together with the use of
efficient shading device

and double glazing

Annual energy use fell b
23.6%

(Alaidroos & Krarti

Typical house in Riyad

Wall and roofinsulation,

Energy reductions of 47.39

2015) Jeddah, Dhahran window area and type| 41.5%, 43.19%, 41.1% al
Tabuk, Abha usin¢ shading, and therma 26% were see in the five
Energy Plus mass cities respectively
A typical house i Changes to therma Energy consumption fell b
(Taleb & Sharpleg Jeddah using IE| insulation of the external| roughly 32.4%.
2011) software walls and roofs, morg
efficient glazing, using
external shading device
and fitting energy
efficient fluorescent
lighting
(AFRagom, 2003) Typical two storeys| Roof & walls insulation| Energy usage was lowered Q
house in Kuwait using upgrade the glazing typ( 46%
DOE2.1E buildingl and reducing window
simulation area
program

Mosaab Alaboud PhD thesis, 22m

69



CH 4Thermal performance of buildings and architectural design strategies for hot regions

(P. H. Saleh, 2015)

Two flats in one cas
study  building in

Lebanon using TAS

Increase external walls

external shading the
walls and increase th
thermostat set point of
the A/C from 24°C tq

26°C.

Cooling needs were lowere

by 48%

(Heravi & Qaemi,
2014)

Typical official building
in Tehran using Desig
Builder

Roof thermalinsulation,

Materials Thermal
Specifications, wall
thermal insulation,

external walls thicknessg

story height and window

type

Reductions of 13.809
13.03%, 12.16%, 11.60¢
11.38% and 9.97% were se¢

in energy usag

(Hatamipour,
Mabhiyar, & Taheri,
2007)

Field study and
computer program
(BLC) in Iran

(nonresidential)

Double glazed windows
change colour of exterio
walls and roofs, externg
screen shading and wa

insulation

Cooling nedswere 40% less
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5. Research methodology
5.1. Introduction and research flow

This section sets out the aim of the fieldwork undertaken in four climatic zones, which is to generate
useful data on the evaluation of indoor thermpkrformance andeduce energy consumption in
residential buildings. The methodologies used included fietohitoring and computer modelling.

The choice of location is explained, and the case study is presdrasty, the equipment and a
computer model used to examine the houses in question is describddpth (See figure 5.1).

Literature review —— CH1: Introduction —_— Primary research work
CH2: An Overview of the residential CH6: Fieldwork findings
buildings in Saudi Arabia
A 4 W
; CH5: The selected case studies and CH7:Analysis of case studies using
CH3: Hot climate é
research methodology TAS
WV W
CH4: Thermal performance of buildings CH8: Suggested building envelope
and Architectural design strategies improvement using TAS

CH9: Conclusion and

recommendation

Figure 5.1. Outline othe Research Structure

5.2. Research design methodology

To address the principal research aimthis study, the esearch is divided into six stages, each of
which necessitates a slightly difént strategy

First, the determinantsffectingenergy consumption musbe identified in the buildingsectorin

Saudi Arabiand alsocase studiesre chosen Hence, a literatre is required in conjunction with

site visits. Secondly, the physical factionpactingenergy consumption iresidentiabuildingsmust

be explored, usig case studies focusing on different climatic zones within Saudi Arabia. Hence, a
Meteonorm softwarewas requiredo studythe climatic conditions of several Saudi cities. This also
required a site visit inmler to inspect thearchitectural plans and materials linked to the buildings
chosen as case studiebhirdly, the moseffectivedesign techniquesmployed in relation to Saudi

I N> 0AFQa OfAYI UGS Ydzad 06S S@IF t dzl (i SeRtingZok rhultiple £ A G S
instruments.Fourth, it is essential tononitor the interior environmental conditions in thease
studies buildings This goal an be reaked through the measuring of selected thermal
environmentalvariablesduring two majorfieldworks using instruments ad computermodelling

for both summer and winteperiods Fifth, the physical measurements and computesdelling
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results must ke verified using the calculatadot mean square errofRMSE) and normalizedean
bias erro(NMBE) methog wherein the results should lie between +30% and +li@%gspect of
a model with hourly figures as per ASHRAE guide{h®BIRAE, 2014)he sixth stage requires the
identification of approabesto improve buildingQfabricsfor the purposes of energy efficient
residental buildings. The current study employs Thermal Analysis Software (TA8gmtify the
most appropriate residential building materials for hot dites.

5.3. Selection of the case studies

Saudi Arabia has been selected for a numbeeasons. Firstly, theew pgpers published regarding
indoor thermal performance of residential buildings was a key motivation for the current study.
Indeed, there is a general lack of related studies across any Gulf countries with a similar climate,
not only Saudi Arabia. In ddion, Saudi Arabia was the source of the research's funding, with the
intention of the aforementioned problems being overcome. This study Madskah, Jeddah, Taif,

and Riyadh as its four different climatic zones (Figure 5.2)fotinesities vary in thi climate to an
extent, with extremely hot summers and warm winters in Makkah, hot summers and warm winters
in Jeddah, extremely hot summers and cold winters in Riyadh, and hot summers and cold winters
in Taif. The specific locatierwere selected becaus# their climate variation, and their status as

four of the biggest cities in Saudi Arabia across the Malk&tyadh regions, where half the
population of Saudi Arabia residéSeneral authority for statistics, 2010)

A number of research papers have investigated indoor thermal performance to discover solutions
which can reduce cooling load in Saudi residential buildings, with surveysocamguter models

often being used. On the other hand, this research is innovative due to its use of physical
measurements in lowise residential buildings, to provide an accurate portrayal of indoor thermal
performance and the impact of building fabricglwregards to coolingpad. A computer model is

used to process these measurements. The generated findings can be used throughout Saudi Arabian
cities, as well as any other cities worldwide which have similar climates
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Figure 5.2. Monthly average climia condition of the fou chosen cities: A. Makkah, B. Jeddah, C. Riyadh, and D.
Taif.

The houses chosen were the common type of residential houses in Saudi Arabia (villas), and their
indoor thermal performance was examined with field monitoring using imsgnts and thermal
analsis sftware. Following this, the impact of different improvements to lower the cooling
requirements of these buildings was evaluated.

There were certain differences in the four villas examined, namely the number of floors and types
of dwelling. As a redyy a contrast can be established amongst all the residential buildings with
regards to varying indoor thermal performance. The two buildings in Makkah and Jeddah are three
floor buildings, while the building in Riyadhweo floorsbuilding and the Taifduse € a onefloor
structure. The Makkah, Jeddah and Taif buildings are detached, with the Riyadh home being semi
detached. In each house, two specific rooms are monitored. Figures 5.3, 5.4, 5.5 and 5.6, display
illustrated drawinggor the chosen roomsofr eat house.
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Figure 5.3. lllustrated drawings for chosen rooms for the house in Makkah
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Figure 5.4. lllustrated drawings for chosen rooms for the house in Jeddah
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5.4. Time of conducting the fieldwork and preparation

This study attempted to produce useful research findings across winter and summer in the specified
areas, which could provide a clear picturetbe extreme weather of Saudi Arabia. Firstly, the
literature on thermal performance and energy use in residaruildings was reviewed, exposing

the existing research gap. Next, initial fieldwork was undertaken relating tdotlnecase studies

used, ompleted tKk NBS Y2y diKa | FGSNI GKS NBaASHNOKSNRa Syl
the Ministry of Munici@l and Rural Affairs was contacted to obtain the architectural plans and
information on the building materials used in the houses under ingatitn. Photos of the
structures were also obtained, and short interviews were held, to deepen existing knowledge
regarding indoor thermal performance and the energy consumed during cooling processes. Once
the 18t year interim assessment is completed, théfieldwork can start through an identification

and gathering of the necessary tools, with a visit to Saudi Arabia thereafter to complete a pilot
study, in October 2017. The pilot study would then be analysed and conducted a second time, in
order to impove on the mistakes found in the initial pilot study. NotabMaboud & Gadi (2019)
include the published pilot studyJpon completion of these steps, all remainiiggtruments were
purchased by the end of 2017, with an examination of the case studies afterwards. The occupants
of the houses in question were contacted, in order to organise the first major fieldwork indgbru
2018. This initial fieldwork was conducted betwe@®"-28" February 2018, with the second
fieldwork between 3& August- 9" September 2018An analysis of the gathered data followed,
with calibration and improvement achieved through TAS. Finatlgnterence paper was produced

in August 2019 as part of the of the 18th International Conference on Sustainable Energy
Technologies (SET 2019) in Kuala Lumpur, Mal@siboud & Gadi, 2@b).

Permission to complete the required fieldwork was gained from every house involved, and data
collection was completed during the monitoring phase, prior to this for the architectural drawings.
It should be noted that the researcher received a warmomae and plenty of cooperation from

the house owners, who happily gave permission for their houses to be part of this study in the
summer and winter of 2018.

5.5. Monitoring building performance

A number of different appraisal methods exist for assessingrbemal performance of buildings.
Olivia & Christopher (201%)escribeseveraldifferent processes involved in monitoring building
performance. An example diisis the iruse monitoring (internal) method, used during a building's
operation to pinpoint potential areas where performance could be boosted. For practical settings,
this is the most widely used monitoring approach, as it offers swift advantagethéomal
performance. To raise the performance of a building, the circumstances must be examined, and its
operation must be addressedhe end goal andhumber of resources at hand will dictate the
duration of a building's appraisal be it short or long tefmthe case of seasonal monitoring, either
short or longterm contexts are applicable, as shaerm procedures can be conducted in every
season, while longerm monitoring of data can be split across the seasons. Also, a humber of
different methods existor data gathering during the monitoring of a building's performance. By
employing the appropriate methods, a building can be most effectively eval@&eeérraSantin &
Tweed, 2015)For the currenstudy, shortterm measurements are used for building appraisal over
the course of a specific timeframe.
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Modelling and measuring are two approache®d for examining the thermal performance of a
structure. Dynamic thermal modelling research is beneficial, but they are conducted using certain
preconceptions regarding the full extent of the complexity of réalildings and involve
simplifications. Othe other hand, direct observations can be achieved when estimating the indoor
temperature of a buildingJones et al., 2016)Though the shortcomings of modelling can be
overcome by calculating indoor temperatures, this is costly and time consuming to complete, and
therefore is rarely use@Beizaee et al., 2013When calculating human health risk and thermal
comfort, indoor tempeatures must be estimated. Also, this is a necessary step due to its relation
to energy consumption within the created environméAsumaduSakyi et al., 201%lagalhaes et

al., 2016)

The work of Magalhdes et al. Q26) examined indoor temperature properties of residential
buildings in northern Portugal. They conducted monitoring to evaluate the indoor temperatures of
141 households, at 30 minutentervals, throughout winter 2012014, across four unique
geographicalocaions and found that building properties had a strong impact on indoor room
temperatureslLee & Lee (2015tudied residential thermal conditions for twigpes of residences
across 12 months. Their setting was Seoul, Korea, which has distinctive seasonal differences in its
weather. Indoor temperature was evaluated over 12-month period, together with three
additional variables, to establish indoor thernwndtions in 14 residences. Their findings were
that indoor thermal conditions could be beneficial when it comes to comprehending personal
thermal exposure. The study MWright et al., (2005examined internal temperatures in the UK
using nine dwellings throughout the August 2003 heat wave. Their calculations provided beneficial
data regarding internal conditions during a heat wave, for a number of differenstgpewelling

and locationsMartinezMolina et al., (2018)nvestigated thermal environment problems within
historic museum builehgs In their study, a PosDccupancy Evaluation methodology was used,
which included both quantitative and qualitative methods to collect data, with indoor microclimate
parameter meagrement and visitor questionnaires respectively. In their study, a cdady
building was examined acrossl&2-month timeframe. The thermal properties of the building's
Indoor Environmental Quality (IEQ@ere evaluated in the quantitative methodology, ita
detailed environmental monitoring campaign conducted using indaoteanperature and relative
humidity, together with external environmental characteristics. In the worlvaing et al., (2018)
indoor environment quality was investitgal using a passive residential building in order to
ascertain whether the German passive house concept could be used successfully in the coldest
areas of China. A pestccupancy appraal of indoor environmental quality was used to establish
the physicaproperties of the indoor thermal environment and its air quality, alongside a subjective
occupant survey. A number of thermal environmental parameters were involved, which were
indoor/outdoor airtemperature, indoor/outdoorelative humidity gldbal temperature, air velocity

and inner envelopasurface temperaturesf external wall.
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5.6. Monitoring equipment

To choose the most appropriate tools from the wide range of options available, specific criteria
were applied to make the best choice. These criteria include resolution, price anssaces at

hand. A number of sites linked to different firms were mwaed, and a number of these were based

on the UK or overseas. It was the intention to use those based in the UK market, in order to not
incur any customs, or extensive delivery timegy&dless, two of the products were from overseas,
due to their lack bavailability in the UK: the anemometer and Pyranometer measuring tools. The
specific tools involved various elements, including reputation, cost, availability, features, accuracy
and piovided accessorig$See figure 5.7 and table 5.1 for the instrumeunssd and their data).

EXTECH

Figure5.7. Instruments used
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Table 5.1: Instruments data

Name Type Parameter Range Accuracy Note
Temperature Elitech URC5 Indoor air -30 °C to 0.5 °{ Continuous
Data logger temperature +70°C 203 ~+4Q3 ); test
others, +13

Infrared ANGGO Surface -50°C to +1.5°C Site test
Thermometer temperature +420°C
Temperature
Globe Extech HT30 Indoor air 0to 50°Cand | £1.0°C and (x2°C] Ste test
Thermometer temperature (0 to 80°C)

and (globe

temperature)
Hot Wire Tecpel AVM 714| Air velocity 0.2 ~20.0 Site test
Anemometer m/s + 3% + digit
Pyranometer MP-100 Apogee | Solar radiation | Less than 1 %4 directional errors | Site test

up to 1750 W
m2

less than + 5 % at

a sola zenith
angle of 75

5.6.1. Temperature Data logger

Using the temperature data logger seen in figure 5.8, temperature values can be collected
efficiently and without difficulty, across large timeframes. The tool used provides a large array of
Ay adNdzySyal
up to 3200 readings held for six months, with the record interval set at 15 minutes. The current
study used the 15 minute recording interval, so the measurement® weken four times every

hour, end the analysis used the average of each hour. Data management software is included in the
data logger, data is easily downloaded through a USB port. The software offers data analysis
through tables and graphs which can egported as images. The data dae searched, stored,
printed and exported in Word/Excel/TXT/PDF formats. Furthermore, the software offers the ability
NEO2NRQ Ay idSNIDI
fieldwork, four of these tools were uset monitor the buildings simultaneously, with two data
loggers in each building. This allowed freedom of use for the required 48 hours of monitoring
(Elitech, 2015)For more information see appendix

potential temperatures, fromo n ¢ / T i@/ bo A 1K §

g2
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®

Elitech

Figure 5.8Elitech URC%emperature and Data logger

5.6.2. Infrared Thermometer Temperature

The small infrared thermometer shown in Figure 5.9 uses a dual laser, and offers rapid and reliable
non-contact measurementgacross a wide range of surface temperatures. This is beneficial when it
comes to surfaces that cannot be read, and measures temperatures betpeers / (12 bnH 6.
FE M®Ppc/ AYaldNHzYSydlrf SNNBNXP CdzNRKESE NICDHNAS | ¥ 84N3
are quick, and are available to the user within 500 millisecdAdggo, 2020)For more information

see appendiB.

Figure 5.9 Anggo hfrared Thermometer Temperature

5.6.3. Globe Thermometer

This tool is used to measure globe temperature (radiant temperatamnel)it monitors theimpact

of direct solar radiation on exposed surfa¢@égure 5.10a S a dzZNBYSy Ga OFy 65 Y
and can beused for indoor and outdoor conditions. It offers an In/Out function for use in either
environment, which means the tester can be used witr without, direct sun exposure.
Temperatures measuredrange®o ne/ (G2 byne/ I ¢ A G(Extegh, 2009For A y a (i |
more information see appendiZ.
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]

L2\

EXTECH

Figure 5.10Extech HT30 Heat Stress WBGT Meter

5.6.4. Ha Wire Anemometer

With the hot wire anemometer, used for extrenydbw air velocity measurements, the RS 232 PC
serial interface is used, and can measure air flow in m/s, km/h, ft/min, knots, and mile/h (Figure
5.11). The portable anemometer offers relialveadings quickly, while being especially convenient
due to itsseparate remote probe. Both hot wire and standard thermistors are provided, offering
accurate readings even with low air velocity. This tool has a large LCD and dual function meter
display,allowing both temperature and velocity to be read simultaneouglgditional functions
include the ability to record max and min readings, a recall function, auto power off to save battery
life, and optional PC softwa@ECPEL, 202For more information see appendix

Figure 5.11Tecpel AVM 714 Hot Wire Anemometer
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5.6.5. Pyranometer

With both a log and sample mode, this tool can recorddegrated daily teal (Figure 5.12). Sample
mode allows a maximum &9 manual measurements, while log mode switches the meterrmh a

off to measure values every half a minute. The meter will create an average of sixty 30 second
measurements every half drour andsave thee averaged values to its memory. In turn, the meter
canstore a maximum of 99 such values, and once it exceegdsitimber, the oldest measurements

are replaced with the new input&or this study, a integrated daily total will be recorded from the

48 aveaged measuremeniswhich constitutes a24-hour timeframe The sample and log
measurementgaken are shown througits LCD display, or through a computer once the data is
downloaded. Notablythe integrated daily totals exclusively readable on a comput{&pogee,

2020) For more information see appendtx

(¢

Figure 5.12MP-100: Pyranometer Integral Sensor with Handheld Meter

5.7. Energy modelling simulation

A structure's thermal performase is affected by few elements, incluthg design parameters,
material characteristics, weather and inside activity. All these variablebeaxaminedusing a
variety of analysis tools. Thermal modelling programs can be found in the market, inclunlpbersi
approaches involving steaehtate calculations and morecomplicated offerings employing
advanced calculation methods for dynamic thermal response.

After the measurements were collected, the house simulations were analysed. This was done to
validate he validity of the simulation and relatemeasurement outcomesut also to pinpoint
problems in current residential buildings. Additionally, this could boost the thermal performance of
buildings, by recommending a number of energy efficiency changes.

EDSITAS version 9.4.2 was the thermal asasoftware used to odel the buildings of the current
study. This software was produced by Environmental Design Solutions Limited, providing thermal
analysis software for buildings and can be used to simulate takparformance. Primarily, the
software offers evaluations oénvironmental performance and energy consumption. To simulate
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the thermal performance of a structure, TAS employs a fundamental approach closely tied with
dynamic simulation. This way, the build's thermal state is followed acroseveral hourly
snapshos, offering the user an idepth view of the structure's performance throughout an average
12-month period. In turn, the modelling process is clarified as the user comprehends the building
models different thermal processes. Thereeaghree modules in th& ASoftware:the 3D modeller,

the building simulator and the results viewer. Firstly, the 3D modeller produces building models for
the building simulator module, where the model can be simediathrough an evaluation of the
impactsof conduction, convedbn, advection, longvave radiation, solar radiation, casual gains and
plants with radiative and convection portions. The outcomes of this simulation are analysed
through the results viewer, awhich point the usesselected set of prperties, using any aeeor
surface can be shown and contrasted against results in other sections. Following this, the findings
can be exported for use in thisplarty programmes such as Microsoft Excel, which allowddeper
userdefined analysi$EDSITAS, 2020)

The EBL TAS software is used to configure the thermal simulation, and allow the physical
measurements of the fieldwork to be authenticated. In order for the simulated energy model to
accept the calclatedroot mean square errofRMSE) and normalisedean bias erro(NMBE), they

should be within £30% and +10%, respectively, for a model involved with hourly figsires u
ASHRAE guidelin8SHRAE, 2014)hisresearchused hourly temperature readings, estimating
RMSE as well as NMBE. The recorded data was categorised under winter or summer, and the values
of the entire monitoed temperature range were calculated fitre monitored hours.

Numerous research papers have been published regarding measurement and simulation result
calibration. In the work oBaleh (2015)thermal performance in two apartments within a siag
building in Lebanon was analysed,wiioncurrent monitoriig of indoor air temperature using data
loggers. The EDSL Tse@ware was used to configure the thermal simulation, before the author
began parametric studies.

Alves et al.,Z016)appraised thermal performance ambmfort within residetial buildings within
certain climate change contexts in Sao Paulo. A total of three case study buildings were monitored,
and then the measurements were compared with a computer simulation ected with EDSL TAS.

The intention of tlis monitoring was to aibrate the computational model in order to fit with the

local climate conditions. In the case of the empirical environmental data, the environmental
variables measured were air temperaturelative humidity, globe temperature andravelocity. In

the case of the external database, the IAGGP meteorological station was used to collect
meteorological data. The air temperature, mean radiant temperature and relative humidity were
used in the modkcalibration, then contrasted againgi¢ same period's meased data.

Additionally, an irdepth appraisal of a University of Reading library is presentedaong and Essah
(2017) Insitu measurements and building simulation modelling were the methods employed, with
the former intending to gather IEQ parameter daand outdoor conditins. Temperature and
relative humidity (RH) were measured internally and externally, such as air velocity and noise.
Experimental results and the monitored yearly energy use were used to authémand configure

the simulated results
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5.7.1. Criteria of energ modelling simulation tool

The wide range of energy modelling simulation tools available means that matching tool selection

to the context at handrequires prior investigation. The software ablable includes simplified
solutions, and more complicatedfefings. For steadgtate type calculations, simple programs are

dzZa SRX 6KSNBlFa | RFIYyOSR OK2AO0S&a dzaS WFHRYAGGLIl y
response. Certain criteria have beeutlined below to choose tha&leal computer modelling tool.

Accuracy of tool

Accuracy is of great importance in this type of research, and the results collected in the current
study would need to be Hlepth and reliable. An energy modelling simulati@oltwas not used
independenty, and an additional method wased to produce similar results of a different type.

The accuracy of the tools in questiorasconstantly evaluated, pinpointing the thermal analysis
calculation method that the tool was builtng and taking into accountavious disadvantages.
Certain softvare employs simple approaches, which produce unreliable resultsh could then

be used in other studies where accuracy was not critical. In addition, the amount of modelling detall
required by the tool in its input dat was an element requiring evalua as well Without
exception, input data is required in order to generate an outpntturn, with less input, there is a
smaller amount of output. On this note, input depth would dictatedtsuracy, and for specific
tools, their input data is eitheniXed or not visible by the user. In the current research, the key
thermal elementf the construction materialssedmust beaccessibléo the researcher so that
updates and corrections care controlled and editedisingthe data input interface.

Depth d software and seHlearning access

Technological tools are only as good as the data they h@the@ng and inputting compk data
into simulation programss atime-consuming processlhelearning curvefor unfamiliar digital
tools, especiallgnergy smulation tools is steep How easily the curve is negotiated depends on
the quality of the user manual, usétiendly input proceduresand an easily accesseipport
systemto solve teething psblemsand answeiquestions

All four case studies requiredmsulation, and it was considered that the computer programme
would need to be saightforwardenoughto ensureease of use for the intended purposeshile
maintaining devel of detail and easaf use is extremely diffictdo obtain in the context of builing
thermal simulation. Eventually, TAS was considersditablebalance between data accuracy, the
level of detailand the ease of use.
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Required outputs

The required outputs are the mbsaluable element when it comes to deciding the optimal tool.
Currently, a large number of tools undenergy modelling simulation programesist The critical
variable when decidingthermal modelling tool is the abilityre tool has to manage the appdtion

in question andgenerate the required outputs. For thmirrent study, the selected tool needed to
be able to predictinternal conditionssuch astemperatures andheat conduction.In addition,
cooling loadmust be calalable, and he performance of kernative constructions leading to
superior indoor thermal evironments and lower cooling consumption should be analyzable within.

5.8. Summary

The wide variety afools availablenakes theselecton of the idealtool difficult. Thechoiceis made

from a shatlist of highly developed and widely applied reliable todlke simulation in question

will dictate the selection, and since the current studyreliant on the accuracy oésults, a large
amount of software couldmmediately be excluded. TAS was coesid capable ofundertakng

the intended simulation with dicient accuracy, antb be able to produce output with sufficient
quality, especially when it comes todependentlycalculating theheat loss/gain bevery part of

the building Also, TAS usescalculation method considered to have greater accuracy thther
software andthe construction database providesin-RSLJG K RI GF @ hy GKS 20K
processes are complicated and time consumingoAt does not offer a free student licemshoice,
meaning that the researcher is obliged to buy ariee on a yearly basis. Overall, TAS was
considered the ideal choice for this study despite its shortcomings, due to its depth, accuracy, and
its ability to simulate the thermal performance of Bdings through a fundamental approach using
dynamic calculaon in line with the response factor method. TAS and Meteonorm licenses were
purchasel for the simulation, where the latteallows for historical weathedata to be collected

from the fourcitiesinvolved in the study.
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6. Environmentalinternalcondition(Monitored)
6.1. Introduction

This chapter providga description of eacHuildingsselected. It will highlight severaariables
including indoor and outdoor dry bulb temperatyrfoor, roof and external walls surface inner
temperatures, outdoor solar heat gaand air velocity All these variablekave beenmonitored
using equipmentritroduced in the previous chaptefir temperaturein particularis considered as
the most sigrficant ambient factor affecting thermal comfort levels, l&agl to the use of air
conditioning to control indoor climate condition8his part will take into aesideration the internal
environmertal condition as itsandisillustrated with the results otained from the measurement
during thefield study.

Employing tools to calculate environmental properties is an approach used throughout the current
study. Thesite monitoring data was analyséa rate current building design strategies establish
indoor thermal performanceMost of the data collected was made up of indoor air temperature
values, through data loggers recording every 15 minutes, acrvgs-day period (minimum), in all
buildings, for both winter and summeil.he loggers were positioned atheight of 1m to 2m from

the floor surface level and in locations away from direct solar radiation and other heat solinees.
aim of this analysis was to astain how indoor air temperature elates to building fabric
properties. The intention was tovestigatethe thermal performance of the four houses, across the
different climate zones described with8audi Arabia, and so two rooms in each residentidting

were investigated during wietr and summer seasons in 2018. The monitoring period of BST/4,

57, 50 and 51 consecutive hours respectively for the houses in Makkah, Jeddah, Riyadh and Taif in
winter 2018. For the summer period, the monitoring petiof IAT was 71, 49, 46 and 97 seautive
hours respectively for the houses in Makkah, Jed&ayadh and Taif. For every house, two loggers
were placed in the two rooms, for concurrent data collection, to allow for simultaneous recording
of IAT in thedur case study homes. However, ofdyr data loggers were used in total, and as the
buildings vere in different cities, it was not possible to collect all measurements simultaneously. As
a result, it was decided that data loggers would complete a minirotid8 hours of monitoring in
each gason. This would allow for prevailing patterns to emergd@absence of an AC system for
the two rooms in each building. For the Riyadh building, only 46 hours of data was collected during
the summer season. Also, t#dC was used during various pergith the Riyadh building, across
both seasons.

When this moiitoring was taking place, specific environmentatiableswere being recorded on
site. oot measurements of indoor air temperatuf@AT) outdoor air temperatue (OAT) globe
temperature(TG) surface temperature of internal floaiFIST,)surface temperatre ofinternalroof
(RISTaNd internal surface temperature of external wal$STEW)outdoor solar radiation and
outdoor air velocity were takemt particular areas relative to the case stubwildings. Certain
rooms were selected in each building faherence, for one day in winter and one day summer,
with three main intervals for mesurement: 9:00 am, 12:00 pm and 3:00 pm. It was intended that
by wsing these specific times, minimum and maxim temperatures could be recorded, thus
denoting the extreme®f the outdoor conditions and how the internal conditions were affected.
Building envelope properties were analysed through this spot data, in relatothe thermal
performance of the building Finally, neasuringthe surface temperature of internal flor (FIST)
and surface temperature ofnternal roof (RIST) aréwo of the methods which can predict the
amount of conducted heat through thground floa and roof respectivelyl2 spotswere measued

Mosaab Alaboud PhD thesis, 22m 87



CH6: Environmetal internal condition (Monitored)

then an average takefor each surface for three chosemtesfor the chosen rooms in the case

studies buildings.

6.2. Microclimate of the house in Makkah

6.2.1. Indoor air temperaturécontinuous test)

All the rooms monitored are free running during the monitag allowing time for the surfaces to
act freely and naturajl, and the two rooms have no internal heat gain. The ground floor guest room
(GR) has a floor area of 23.2 m2, while fin&t-floor bedroom (BR) is slightly larger with a floor area
of 26.8 n2. Thebedroom is directly above the guest room and both havetile external walls
orientated southand west. The bedroom is exposed to the outdoor from the roof. There are two
single glazed windown each room with external shutters which blocked solartlggan during the
entire time of monitoring. Using world wela¢r online, external temperature data were obtained
from the nearest weather station, a small airport east of Makkah (OK&t)d weather online,
2020) Two locations in thebuilding were identified for the positioning of temperature dédggers

to enable the data collectioprocess figure6.2).

Seating area
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Figure 6.2. Temperature data loggers Locatieet up of the house in Makkah
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Figure 62.2. Oudoor and indoor air temperature of the selected rooms of the houseMakkah insummer
recorded by Datdogger CC)

An analysis bair temperature monitored data is presented with respect to the indoor thermal
conditions of the case study buildimgMaklah. A summary of the main recorded data is presented
in figure 62.1 for winter days and iniure 62.2 for summer days.

In winter, areview of the recorded data indicated that the outdoor air temperature (OAdnged
between 21 °C and 33°C. Typically, OAT peaked in the afternoon (11:00 to 16:00), with the lower
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extremesrecorded during the early morning period (2:00 to 8:0Q)rnal OAT¢ the difference
between daily maximum and minimutemperatures- ranged from 9 to 10°C. Indoors the
temperatures for the two rooms ranged between 27.5°C and 29°C and the differengedrethem

is minor (1 °C). The lowest indoor air temperat{i&T) was recorded in thHeedroom (BR)n the

late morning and early afternoon of &b February and in the early morning of tA6February
whereas the highest IAT was recorded in tgest room (®)from around sunset until after
midnight of 24h and 23h of February. Unlike the significant temperature fluctuations recorded
outdoors, steag conditions were observed in both rooms which had diurnal temperature swings
of around 1°C.

In summer,a revew of the recorded data indicated that OAT ranged between 30 ' YR nn
Typically, OAT peaked in the afternoon (11:00 to 17:00), with therlexteemes recorded during

the early morning period (12:00 to 9:00). Furthermpidiurnal OATwas y /| © ,the/ R2 2 N.
GSYLISNI GdzNBa F2NJ GKS (g2 opeya NI VABRIBSIRSESS
GKSY A& Y AhtDNIstondodrmir temeraturé (IAT) was recorded ihe bedroom (BR)

in the late morning period of 6th September, whereas the higih&$ was recorded ithhe bedroom

(BR)on 7th September fromafter sunset until midnight. Unlike the significant temperature
fluctuations recordd outdoors, steady conditions were observed in both rooms, which had diurnal

GSYLISNI GdzNB agAy3aa 2F | NRdzyR m [/ @

Overall,the variation of IAT was limited and constant. Tisisattributed to the harsh climate
conditions This can be considered ase ofthe main reasongor not achieving lower IATFinally

internal temperaturesin both summer and winteare overthe upper temperature limit of thermal
comfort level required bysBC.

6.2.2.Environmental variables (spot measurements)

Spot indoor/outdoor air temperatre, floor/roof indoor surface temperatureand globe
temperature readings were recorded (see figure 6.2.3). it\althlly, outdoor observation and
measurements were taken e table 6.2.1). The main aim was to establish the impact of the
building envelope ltaracteristics on the variation of temperature indoors.
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Figure 6.2.3. Indoor/outdoor air temperature, floéroof indoor surface temperature, globe temperature readings
recorded in typical winter day (26th February 2018) and typical summer day {7&LJi SYO SN Hamy 0 06

Table 6.2.1Spot measurements of environmental variables of outdoor conditions

Typical winter day (26February 2018)

Time Sky condition Solar radiation | Air velocity
(WIm2) (m/s)

9:00 Clear 509 0.9

12:00 Scattered cloud | 990 0.32.5m/s

15:00 Partly cloudy 369 0.32 m/s

Typical summer day {7September 2018)

Time Sky condition Solar radiation | Air velocity
(W/m2) (m/s)

9:00 Partly cloudy 567 0.2-0.6

12:00 Clear 813 0.30.8

15:00 Clear 446 0.1-0.2

In winter, the oudoor air temperature rises at 12:00 midday by more than 4 °C compared to the
first measurement taken and drops around 15:00 to 31 °C due to the partly cloudy sky conditions
later in the afternoon. Indoor air temperature (IAT) for the guestim (GR) showes consistent level

at around 30.5 °C in the ground floor room at 9:00 and 12:00 while at 15:00 IAT drops by 1 °C
consistent with the drop in OAT. Globe temperature (TG) has a strong correlation with IAT but it is
around 1 °C less than IAh€lfloor and oof internal surface temperatures (FIRIST) have identical
figures at all the times; at 9:00 and 12:00 (27.8°C) and they both rise by 1.2 °C at 15:00. FIST and
RIST are more than 3 °C lower than IAT at 9:00 and 12:00 but at 15:00 alistegancluchg TG

have the same temperature (29 °C). For the bedroom (BR), IAT follows the same pattern as OAT as
it rises from 28 °C in the morning to 29.5°C in the afternoon, then drops to 29 °C later in the
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afternoon. Globe temperature follows the TAut it is aound 1 °C less than IAT. The floor and roof
internal surface temperature have identical figures for all the times; at 9:00 (27.5°C) and 12:00
(27°C) and they both rises by 1 °C at 15:00. FIST and RIST are 3 °C lower than IAT at 12:00 but at
9:00 and 15:0Q@hey are slightly lower than IAT.

In summer there is a noticeable variation in the temperatures compared to winter. This is
comprehensible owing to the OAT swiipe outdoor air temperature rises at 12:00 and 15:00 by

P /[ 02 YLI NBR { 2nttak&nSduehditiEafternoos High ideeldsi 30&r radiation.

The two rooms had quite similar patternsal the variablesThe single most striking observation

to emerge from the data comparisonisKk S wL{ ¢ 2F GKS o0SRNR2Y gl &
9am and the same as OAT then continue #éohigher than the other indoor variables during the
whole time of monitoringand this is due to theverticalposition of the sunThe RIST of the bedroom

was higher at 9am compared to the other two times in theeafoon due tothe effect of thermal

mass @ the roof construction where it absorbs and stores heat during the day then release it later
on when it becomes cooler.

In summary,the bedroom has a slight decrease in all the variables compared to the guest roo
probably because roomadjacent tothe guest room are free running while the corridor armbms

close tothe bedroom are air conditioned. FIST and RIST starts to increase later in the afternoon in
the two rooms regardless of the indoor and outdoor temaierres due to the massive amount of
heat beng transferred during thelaytimethrough the two external walls in both rooms and from

the roof in the bedroom.

Measuring thenner surface temperature of external waflSTEWis one of the methods which can
predict the amount of conducted heat throughe external wall (opaque element). Four levels and
12 points for each wall were selected with appropriate attention. Then, the avdoaigarery hour

is takenin figure 6.2.4. Four external walls for the two setted roomswere identified for the
surfacetemperature measurementso enable the data collection procedsgure6.2.5).
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Figue 6.2.5. Highlighted external wallsrientation of the house in Makkah

South Facing
South Facing

In winter, the inside wall surface temperature for tigeiest room (GR)pseby about 1.5°C for both
walls between measurements taken at 9:00 compared to 15:00. The rise in insideswdace
temperature is expected asutdoor air temperature, whictrshowed bigincrease from early
morning due to the high imnsity of solar radiation, were always higher than the indoor surface
temperature. There are similarities in the way both waksfprm as both have the same trend at
an average of 27.5 °C, 27.5 °C and 2@ for the times 9:00, 12:00 and 15:00 respedyivMeor the
bedroom (BR), the inside wall surface temperature rises by more tli@nf@r the south facing wall
and aboutl °C fo the west facing wall from the firsheasurements taken at 9:00 compared to
15:00. There are similarities in the way both wagberform as both have the same trend at an
average of 26 °C, 26 °C and 28 °C for the times 9:00, 12:00 and 15:00 respeatithedystouth
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facing wall while the west facing walhasan average 026.5°C,26.5°C and 2& °C for the times
9:00, 12:00 ad 15:00 respectively.

In summer,there are similarities in the way both walls perform at the two rooms&8:00, the
ISTEW isimilar to the measurements taken &5:0Q but at 12:00, the temperature dipby 2°C.
ISTEW is always higher than the otBevironmentalvariables discussed earlier and that due to the
walls being exposed to high intensity of solar radiation.

6.3. Microclmate of the house in Jeddah
6.3.1. Indoor ar temperature(continuous test)

Over the monitoring period, dl the roomswere free runnng during the monitoring time the
surfacescould act freely and naturallyNeither of thetwo rooms haveinternal heat gain. The
ground floor guest room (GRhpsa floor area of45 m2 whilethe first-floor bedroom (BR1)s
smaller witha floorarea of 20n2. Theguest roomhas double external walls (fiagy east and north)
and four windows (twmn eachwall surface) while thddedroomhas only one external wall (fag
west) and one window. Thigvo rooms arenot exposed to the outdoor from the roofhe windavs
are selfshaded by a horizontaverhangof the facade (abovand side othe windows) All of them
are single glazedith internal curtains External temperature data were obtaineflom Weather
Underground every hour from the nearest weather statiogated in King AbdeAziz airport in
Jeddah(Weather Underground, 2020aJwo locations in thebuilding were identified for the
positioning of temperature datébggersto enable the data collection proce$sgure6.3).
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| Bedroom Bodroom Guesiroom Bedroom | Laundry room
- - GR1
Dining room | Guostroem ! ® I i i i
Guestroom al IR AW
|
/ p vie
| we ¥ 1 | L
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, o N Lounge P I N
| | - | -
Lounge we P v | {
| tore oo Bedroom | "\l Stare
\ room |
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™ Sealing area
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Figure 6.3. Temperature data loggers Location set up of lloeise h Jeddah
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Figure 6.3.1: Outdoor and indoor air temperature of the selected rooms of the house in Jeddah in winter recorded
by Data-logger (°C)
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Figure 63.2 Outdoor and indoor air temperature of the selected rooms of the housddddahin summe recorded
by Datalogger (C)

An analysis of air temperature data is presented with respect to the indoor thermal conditions of
the case study buildingh JeddahA summary of the main recorded data is presentefigure 63.1

for winter days and inigure 6.3.2 for summer daysln winter, a review of the recorded data
indicates that the outdoor air temperature (OAT) ranged betwe8C and35°C. Typically, OAT
peaked in the afternoon (11:00 to310), with the lower extremes recorded during the early
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morning pe&iod (3:00 to 7:00). Furthermore, diurnal OAT rardyérom 8 to 9 °C.Indoors the
temperatures for the two rooms ranged betwe@5.8 °C and 27.5°C and the difference between
them is minor (1 °C)The lowest indoor air temperature (IAT) was recordethe bedroom (BR1)

in the early morning of the first day of recording whereas the highest IAT was recordedjundsie
room (GR1¥rom around sunset until after midnight of #4 and 23h of February. Unlike the
significant temperature fluctuations reocded oudoors, steady conditions were observed in both
rooms which had diurnal temperature swings of around 1°C.

In summer,a reviewof the recorded data indicagl K & h! ¢ NI}Iy3ISR 06Sis6SS
Typically, OAT peaked in the afternoon (11:00 to 15:0Qh thie lower extremes recorded during

the early morning period (2:00 to 7:00piurnal OAT rangd betweenp (2 ¢ /| ® LYR
temperatures forthetworgd Ya NI} yYy3ISR 06S06SSy o vndtgbledifferedce/ R 0 p
between them was up to 3.2 °C. The lowest indoor air temperature (IAT) was recordieel in
bedroom (BR1jor the first three hours of monitoring on 6th September, whereas the highest IAT
wasrecorded in theguest room (GR1Qn 6th September from after sunset until midnight. Unlike

the significant temperature fluctuations recorded outdoors, steady conditions were observed in
020K NR2Yas> 46KAOK KFER RAdzNYIf GSYLISNI GdzZNBE agA

Oveunll, the IAT was found to be constafdr the two rooms The bedroom had lower indoor
temperature by 1 and 2C in winter and summer, respectively. This might be a consequence of the
differencein floor sizeas the guest room is more than double the sizé¢h® bedroom and also
because of théargerarea exposedto the outdoorsas the guest room has two walls. Another reason

is that the corridor and rooms ne#lre bedroom were air conditioned during the monitoring period.
Finally internal temperatursin both summer and winteare overthe upper temperature limit of
thermal comfort set by the SBC.

6.3.2. Environmental variables (spot measurements)

Spot indoor/outdoor air temperature, floor/roof indoor surface temperature, globe temperature
readings wereecordeal (see figure 6.3.3). Additionally, observation and measurements were taken
outdoor (see table 6.3.1). The main aim of this was to establish the impact of the building envelope
characteristics on the variation of temperature indoors.
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Figure 6.3.3Indoor/outdoor air temperature, floor/roof indoor surface temperature, globe temperature readings
recorded intypical winter day (24th February 2018)nd typical summer day (8th September 2018)s / 0 ®

Table 6.3.1Spot measurements aénvironmental variables obutdoor conditions

Typical winter day (24February 2018)

Time Sky condition Solar radiation | Air velocity
(WIm2) (m/s)

9:00 Partly cloudy 505 0.6-3.2

12:00 Mostly cloudy 350 0.7-1

15:00 Mostly cloudy 170 1-2

Typical summer day {8September2018)

Time Sky condition Solar radiation | Air velocity
(W/m2) (m/s)

9:00 Clear 516 0.2

12:00 Clear 843 0.82.2

15:00 Clear 481 0.6-1.5

In winter, the outdoor air temperature rises at 12:00 by about 4 °C compared to the first
measurement takenhen drop at 15:00 to the lowest OAT due to the mostly cloudy sky condition
and a little rainThe guest room (GR1) had quite similar pattern in all the bkesarhe single most
striking observation to emerge from the data is thatloor air temperaturglAT) for GR1 shows a
gradual increase from 27.5 °C early in the morning to 29 °C later in the afternoon. For the bedroom
(BR1)JAT follows the pattern as QAwhen it rises from 27 °C in the morning to 30 °C at 12:00 and
then it dropped for the last timéhe measurements taken to 29 °C. Globe temperature has identical
figures with the IAT. The floor and roof internal surface temperature are mostly connectéd to

but not as fluctuated and with lower temperature and both have the same temperature ahtiee t

times the measurements were taken at an average of 27 °C.

Mosaab Alaboud PhD thesis, 22m 97



CH6: Environmetal internal condition (Monitored)

Insummer,i KS 2dziR22NJ I ANJ 6§ SYLISNI G§dz2NBE NA&aSa +id mMHY
Gr1Sy +FtyR A0 RNRBLA G4 mpYnn (2 oc /| ® CaNI (KSE
F dSNI 3S 2F on | ® Df 26 S ( SY LIS NiighedzNaB IAT & 12X00.6 &4 0
The floor and roof internal surface temperature had similar patterns all the times in which RIST was

M / KAIKSNI GKFy GKS CL{¢ FTYyR F2NJ o20K @ NAKIof
15:00. Moreover, both FISahd RIST at 15:00 are not only higher than |IATabaialso higher than

OAT. For the bedroom (BR1), Globe temperature follows the IAT but it is slightly higher than IAT
(from 0.4n ®c /[ 0d ¢KS FE22NI FyR NRB2TF Ayl aNBetinie a dzNJF
whenwL{ ¢ 41 & | NRdzyR m / KAIKSNI G dYnn YR I
G NAFofSas GKS& RNRL) at A3kKdfte G muynn o0ST2NB

In summarythe bedroomhas aslight decreasen all the variables compared to the guest room and
that isprobably because rooms nearby the guest room are free runmhde for the bedroom, the
corridor and nearby rooms are air conditioned.

Measuring thanner surface temperature of external waflSTEWis one of the methods which can
predict the amount of conducted heat through the external wall (opaque element). Four levels and
12 points for each wall were selected. Then, the avenageling for every houis takenin figure
6.3.4.Threeexternal walls for the two selected roonvgere identified for thesurface temperature
measurementdo enable the data collection proced3sgure6.3.5).
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Figure 6.3.4. Inner surface temperature of the external walls of the guest room and the bedroom in wantér
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Figure 63.5. Highlighted external walls orientation of the house deddah

In winter, the inside wall surface temperatures were at constant level for all the sploete are
similarities in the way both walls perform as both have shene trend at an average of 28 °C, 29 °C
and 28 °C for the times 9:00, 12:00 and 15:00 respectively for both rooms.

In summer there is no significant difference betwedahe two rooms & at 9:00 and 12:00 buat
15:00, the ISTEW rises by about@ Theise in inside wall surface temperatureasticipated
because it correlates to risirytdoor air temperature whiclexceedsndoor surface temperature
Theincrease innside wall suidce temperatureeflectsthe IAT for the two rooms. Thealls in the
guest roons areup to 3°Chigher than the west wall in the bedroom.

6.4. Microclimate of the house in Riyadh
6.4.1. Indoor air temperaturécontinuous test)

The two rooms are free running durimgost of the monitoring time for the surfaces to act freely

and naturdly and have no internal gain. The 1st guest room (GR2) and the 2nd guest room (GR3)
areonthe ground floor and has a floor area of 20m2 and 14.5m2 respectiViet/two rooms are

not exposed to the outdoor from the roof artthve only a single external Wéacing south for GR2

and facing west for GRand there is one windovior each wall andhe windows are single glazed
BROUK NR2YaAaQ 6AyR2ga KI OtBe nonftarighkribd UsiagdxMdathek v &
Underground, external temperature data were alited every hour from the nearest weather
station, which is located in King Khalid airport in Riy@dieather Underground, 2020bYwo
locations in thebuilding were identified for the positioning of temperature ddtaggersto enable

the data collection proces&igure6.4).
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Figure 6.4 Temperature data loggers Location set up of the house in Riyadh
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Figure 64.1: Outdoor and indoor air temperature of theelected rooms of the house Riyadhin winter recorded

by Datalogger CC)
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Figure 64.2: Outdoor and indoor air temperature ahe selected rooms of the house Riyadhin summer recorded
by Datalogger (C)

An analysis of air temperature monitored dats presented with respect to the indoor thermal
conditions of the case study buildingRiyadh A summary of the main recordeaia is presented
in figure 64.1 for winter days and indure 64.2 for summer days.

In winter, areview of the recorded da indicated that the outdoor air temperature (OAT) ranged
between 14 °C and 27°Typically, OAT peaked in the afternoon (13:0A.800), with the lower
extremes recorded during the early morning period (4:00 to 8:00). Furthermore, diurnal OA@ range
from 10to 12°C. Indoors the temperatures for the two rooms ranged between 19.5°C and 25.3°C.

and the difference between them is mon (1 °C)when the A/C is offThe lowest indoor air
temperature (IAT) was recorded in tl2ad guest room(GR3)rom 01:00 ofthe second day until

08:00 and from 21:00 of the second day until 06:00 of the third day and that due to turning on the

air condiioner whereas the highest IAT was recorded in1eeguest room (GR2ih the afternoon

of 22nd February. Unlike the signifiat temperature fluctuations recorded outdoors, steady
conditions were observed iibst guest roomwhich had diurnal temperature swings of arouts

while for the 2nd guestroom, the fluctuations were more than 5°C becausaising the A/C to

control theclimate condition.

Insummer,k NBGBASs 2F GKS NBO2NRSR RFEdGF AYyRAOIGSR
Typically, OAT peaked in the afternoon (13:00 to 19:00), with the lower extremes recorded during
the early morningperiod (4:00 to 8:00%.he durnal OAT rangewered- N2 dzy R mn [/ & LY}
GSYLISNI GdzNBa FT2N 6KS (62 NR2Ya Nkwad®Rigndiit s SSy
difference between them when not using the A/C. The lowest indoor air temperata® (vas
recorded in2nd guestroom (GR3)Xor the last two hours of the first day, whereas the highest IAT

was recorded iristguest room (GRZpr the lastdayof monitoringfrom (2:00 to 4:00)Unlike the
significant temperature fluctuations recorded aldors, steady conditions werabserved in both

~

NE2Yas gKAOK KFER RAdzZNYIf GSYLISNI GdzZNE agAiy3da 2
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Overallthe variation of IAT was constdioir the two rooms and matched each other when no A/C
was in useThis is attributedo the lack of natural vengition. This can be considered are of the

main reasongor not achieving lower IAT overnight time even when OAT is far lower than indoors
in winter. Also, the use of the A/C for four periods for GR3 and one period for GR2 shat, even

in winter, peope prefer to control indoor climate conditions rather than open windows for natural
ventilation, a view supportetdy Aldossary et al., (201%yho concluded that ocupantswere not
content to use natural entilation and/or fansFinaly, internal temperatursin winter are within

the upper temperature limit of thermal comfort required by SBC, whilst for summspiterthe
upper temperature limit.

6.4.2.Environmental variables (spot measurements)

Spotindoor/outdoor air temperature, flodroof indoor surface temperature, globe temperature
readings were recorded (see figure 6.4.3). Additionally, observaomnl measurements were
taken outdoos (see table 6.4.1). The main aim of this was to establishrtipact of the building
envelope cheacteristics on the variation of temperature indoors.

.
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Figure 6.4.3Indoor/outdoor air temperature, floor/roof indoor surface temperature, globe temperature readings
recorded intypical winter day (21st February 2018nd typical summer day (1st Septemb@018)6 ¢ / 0 @
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Table 6.4.1Spot measurements of environmental variables of outdoor conditions

Typical winter day (Z1February 2018)

Time Sky condition Solar radiation | Air velocity
(W/m2) (m/s)

9:00 Widespread dust | 410 2-11

12:00 Widespread dust | 763 1-1.5

15:00 Widespread dust | 372 1-5

Typical summer day {September 2018)

Time Sky condition Solar radiation | Air velocity
(W/m2) (m/s)

9:00 Clear 970 0.4-2.1

12:00 Clear 940 0.31.6

15:00 Clear 719 355

In winter, the outdoor air tempeature rises at 12:00 and 15:00 by about 5 °C compared to the first
measurement taken due to the huge intensity of solar radiation. The two rooms have a similar
pattern in all the variablesThey show a constant level of around 25°C at all the times idghe
guest room(GR2) For the2nd guest room(GR3) the indoor air temperature is not as constant at
the other room. IAT at 9:00 shows high figure at 26 °C then it drops to 24 °C fdah#réwo times.
Globe temperature, floor and roof internal surfanperature has an identical figure at 12:00 and
15:00 with the IAT but for 9:00, it is 2 °C less than IAT

Insummer,d KS 2dzi R22NJ | ANJ G SYLISNI (0 dzZNBE NsRnie&sdrenlerit MH Y
GFr1Sy FyR AlG RNFdXhe listijuest oy globditémparature follows the same
GNBYR da GKS L!'¢ |G dYnn 0dzi AThe fibaiandrodfint@mdd Y 2 NJ
surface temperature is higherthan OATa pYnn FyR wL{ ¢ A& Fo2dzi m /
I a0SIFRe& NA&aS 2F wL{¢ FNRY oo [ 4G oYnn G2 n
Fd Fy | @S Nhedile tdst stiking obsesivation to emerge from the data comparison i
GKS wL{¢ gla c / KAIKSNI GKFyYy GKS L!'¢ G wmpYn
to the first guest room occur but with a slight reduction in TG, FIST and RIST.

In sunmary, the floor inner surfacéeemperature(FIST and the roof inner sirface temperature
(RISTin the summer season increaskater in the afternoon in the two rooms regardless of the
indoor and outdoor temperaturegnd thatisdue to the massive amouwf heat transferred during
the day through the walls in both rooms.

Measuring the Inner surface temperature of external wdlsTEWis one of the methods which
can predict the amount of conducted heat through the external wall (opaque element). Fels lev
and 12 points for each wall were selected with appropriate at@mtiThen, the averag®r every
houristakenin figure6.4.4. Twoexternal walls for the two selected roomgere identified for the
surface temperature measurements enable the dataalection processHgure6.4.5.
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Figure 6.4.4. Innesurface temperature of the external walls of the 1st and 2nd guest rooms in winter and summer
0/ 0@

West Facing

South Facing

Figure 64.5. Highlighted external walls orientation of the house Riyadh

In winter, the inside wall surface temperature for the 1st guest room (GR# at constant level
for all the sport at an average of 2€ at 9:00, 12:00 and 15:0rhe inside wall surface temperature
for the 2nd guest room (GR3) rises constantly frorfiCin the maning to 22 at 12:00 to 23.5 °C
later in the afternoon. These ininside wall surface temperatutie expected except at 9:00 as OAT
has the same temperature as the average internal surface temperature of the external wall.
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ISTEW for théstguest roonfollows the same trend to the otheamvironmentalariables discusse

earlier, while for the2nd guest roomwhichis always less than the other variables discussed earlier
also.

In summer,there are similarities in the way both walls perform at the two room&&98:00 and
12:00 bur for 15:00, the 1st guest room rises b§C3the ISTEW is always higher than the other
variables discussed earlier in the previous section and that due to thie b&ing exposed to high
intensity of solar radiation. The ISTEW for the two rooms have the same trend with RIST.

6.5. Microclimate of théhouse in Taif
6.5.1. Indoor air temperaturécontinuous test)

All the rooms are free running during the monitoring time foe gurfaces to act freely and naturally

and the two rooms have no internal heat gain. The 1st bedroom (BR2) and the 2nd bedroom (BR3)
are in the ground floor and have an identical floor area of 19.2m2. The rooms are adjacent to one
another and both are exmed to the outdoor fronthe roof. BR2 hasne external wall orientated

to the east, while BR3 hawo external walls orientated t¢the east and the north. The east facing
walls in the two rooms have one window; each of themsingyle glazewith internal wrtains during

the monitoring period Usingthe onlineWeather Undergroun@s a sourceexternal temperature

data were obtained from ta nearest weather station, located in Taif international airguveeather
Underground, 2020c)Two locations in thebuilding were identified for the positioningf
temperature dataoggersto enable the data collection procedsgure6.5).

Tl, >4 : \J L /\I
w.Cc
\K\_—_
F
Guestroom
w.c“’] )
7
S Lounge Seating area
i Kitch
N a’ N W BR3
Bedroom Bedroom ’I Bedioom
W.C j we
Ground floor plan REERE

Figure 6.5 Temperature data loggers Location set up of the house in Taif

Mosaab Alaboud PhD thesis, 22m 105



CH6: Environmetal internal condition (Monitored)

43

)
D
/

13

= =2 =S S === =2=2=2=2=2=2=2=>=3=2===:====2=2===232
O 0O S < < < < 0o o0aoof0 g << << oo o o
O © O O O O O O O O O O O 9O OO O O o O O O O o o o
O O O O O O O O O 0O O o0 OO OO o o o o o o o o o o
S Hd M BN A d®mDBNS® dd 8BNS A A M0 NS o

i — — — —

26/02/2018 27/02/2018 28/02/2018
— OAT BR2 (measured) BR3 (measured)

Figure 65.1: Outdoor and indoor air temperature of the selected rooms of the hous@&aif in winter recorded by
Data-logger (C)
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Figure 65.2. Outdoor and indoor air temperature of theelected rooms of the house Faifin summer recorded by
Data-logger CC)

An analysis of air temperature monitored data is presented with respect to the indoomtile
conditions of the case study building Taif A summary of thenain recorded data isrpsentedin
figure 65.1 for winter days and indure 65.2 for summer days.

In winter, areview of the recorded data indicated that the outdoor air temperaturd{Q®ranged
between 13 °C and 27°C. Typically, OAT peaked in the afternoon (12:00 to Wi®@he lower
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extremes recorded during the early morning period (3:00 to 8:00). Furthermore, diurnal OAT range
from 12 to 14 °Andoors the temperatures for théwo rooms ranged between 19.7 °C and 23.8 °C
and the difference between them is minor (3°The result shows BR2 has higher IAT than BR3 and
that possibly contributed to heat loss of BR3 due to having two external walls.

The lowestwinter indoor air tenperature (IAT) was recorded in ti#ad bedroom (BR3jn early
morning of 2Th and 28h February whereas the higheswinter IAT was recorded in thést
bedroom (BR2rom 13:00 to 17:00 of the second and third days of recordihgike the significant
temperature fluctuations recorded outdoors, steady camahs were observed in the two rooms
which had diurnal temperature swings of 3°This might be a consequence of low thermal
performance from the building roof fabric.

In summer,a review of the recorded®Rl G AYRAOFGSR GKI G h'loty NI/ydaS
Typically, OAT peaked in the afternoon (10:00 to 16:00), with the lower extremes recorded during
the early morning period (2:00 to 8:00). Furthermore, diurnal OATedragm 0 /| ® LYR221
temperatures for the two rooms 3SR 06 S 6 S SHR Hoynddshowing A/ significant
differenceofn @1 / ® ¢ KS f26Sai AYR22NJ AN GSYLISNI (dzNB
in the morning hours of th&nal monitoring day, whereas the highestllAvas recorded in the same

room in the afternoon a 3rd September. Unlike the significant temperature fluctuations recorded
outdoors, steady conditions were observed in both rooms, which had diurnal temperature swings
2F FNRdzy R n [/ ®© bf@S Masffound to ibel&ivelglimKell forittie Bvg rooms

BR2 hada slightlyhigherlAT. This is attributed to having only one external wall compared to the
20KSNI NP2Y®DP ¢KS ag¢gAy3a Ay L!¢ gl a F2dzyR,and® oS
that might be due to the poor roof constructiollso, the lack of natural ventilation can be
considered as reason for not achieving lower 1Ak night time even when OAT is lower than
indoors. Finally, internal temperatures in wintare within the upper temperature limit of thermal

comfort levek required by SBC, whilst for summieis over the upper temperature limit.

6.5.2. Environmental variables (spot measurements)

Spot indoor/outdoor air temperature, floor/roof indoor surface temperature, globe tengpere
readings were recorded (see figure 6.5.3)JdAionally, observation and measurements were taken
outdoors (see table 6.5.1). The main aimtaking spotmeasurements was to establish the impact
of the building envelope characteristics on the variataf temperature indoors.
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Figure 6.5.3Indoor/outdoor air temperature, floor/roof indoor surface temperature, globe temperature readings
recorded intypical winter day (27th February 201&nd typical summer day (3rd September 2018)s / 0 @

Table 6.5.1Spot measurements of environmental variables aftdoor conditions

Typical winter day (ZTFebruary 2018)

Time Sky condition Solar radiation | Air velocity
(W/m2) (m/s)

9:00 Clear 575 0.1-0.5

12:00 Clear 890 0.51.5

15:00 Sattered cloud 680 0.51.9

Typical summer day BSeptember 2018)

Time Sky condition Solar radiation | Air velocity
(WIm2) (m/s)

9:00 Clear 705 0.2

12:00 Clear 882 0.51

15:00 Clear 711 0.31

In winter, the outdoor air temperature rises corasttly from 24 °C in the morning to 27 °C later in
the afternoon The indoor air temperature shows a constant level at an average of 24 °C at all the
times in thelst bedroom (BR2) while Globe temperature has similigures at 12:00 and 15:00

with the IATbut for 9:00, it is a about 2 °C less than IAT. Floor and roof internal surfaces temperature
have a noticeable difference to the other temperatures. First of all, the difference between FIST and
RIST can be up to°E. Secondly, the RIST at 15:00 is #meesor even higher than the OAT at 12:00
Thirdly,the floor inner surfacéemperatureat 9:00 is 4 °C lower than IAhdthe roof inner surface
temperatureis 2 °C lower than IAThese differences are linked the high thermalonductance

of the roof material. For the2nd bedroom(BR3) the indoor air temperature shows a constant level
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at 22.5 °C for 9:00 and 12:00 but later in the afternoon, it rises to 24 °C. Globe temperafiire, Fl
and RIST hawanidentical pattern withthe 156 S R NRf@gureQ(BR) but slightly less.

z

Insummer,i KS 2dziR22NJ I ANJ G§SYLISNI §dzZNE NRAaSa |4 mH
YSI &dzZNBYSy G GF{1Sy FyR AdG NrR&aSa F3ILAYy G wmpYnrs
the time for both rooms. The floor and ebinternal surface temperature fahe two rooms have

the same pattern in which both rises from 9:00 to 15:00 but the difference between them can be

a YdzOK | a n /| ® wL{¢ F2ff2sa GKS h!¢ FyR Aa

Measuring the Inner surface temperature of extal walls(ISTEWis one of the methods which

can predict the amount of conducted heat through the external wall (opaque element). Four levels
and 12 points for each wall were selected with appropriate attention. Then, the avévageery
houristakenin figure6.5.4.Threeexternal walls for the two selected roomsere identified for the
surface temperature measurements enable the data collection procedsgure6.5.5.
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41
O 36
o
=
2 31
26
21 /
16
9:00 12:00 15:00
- BR2 east facing (W) BR3 east facing (W) BR3 north facing (W)
BR2 east facing (S) BR3 east facing (S) BR3 north facing (S)

Figure 6.5.4. Inner surface temperature of the external walls of the 1st @nd bedrooms in winter and summer
0/ 0O
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<

—v—'
North Facing

West Facing

Figure 6.2.5. Highlighted external walls orientation of the houseTiaif

In winter, the inside wall surface temperature increases massively from the morning until late
afternoon.The rise in inside wall surfacenerature isanticipatedbecause both rooms facsast.
There are similarities in the way all walls perfornte®speratures rig by about 4 °C from 9:00 to
12:00andincrea® again by 1°C at 15:00

In summer there are similarities in the wagllthe wallsin the two rooms perform, as both increase
gradually from early in the morning until late in the afternoon. ISTEW has the santewith GT
and IAT at the same time whiebasdiscussed earlier
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6.6. Summary

This chapter a description of eabhildingsselected. It highliglgseveral variables including indoor
and outdoor dry bulb temperature, floor, roof and external walls surface inner temperatures,
outdoor solar heat gain. All these variabiesre monitored usinghe equipment introduced in the
previous chapter. This patbokinto consideration the internal environmental condition as it is and
illustrated the results obtained from the measurement during treddstudy.

The house in Makkalthe variation of IAT was found to be quite limited amhstant.Alsg internal
temperaturesin both summer and winteare over the upper temperature limit of thermal comfort

level required by SBC. In terms of environmentaiablesL ! ¢ OFy ©6S Y2NB GKI Yy
Inner surface temperature of the exteshwalls(ISTEWof the guest room early in the morning but

later in the afternoon it decreases to even lower than ISTEW in winter. In summer, the reverse
KFELIWSyas Fa GKS L!'¢ g1 & o rhoyhiRg andsldter if thecaffeNiboid. K |y

Thehouse in Jeddahthe variation of IAT was found to be constdot the two rooms Also, the
bedroom had lower indoor temperature than the guest room by 1 ai@ 2n winter and summer,
respectively. This might be amsequence of the difference of theryoda Q | NS a +a (KS
is more than double the size of the bedropamd also because of the bigger exposure area to the
outdoor from the external wallsas the guest room has two walls. Another reason is that the
corridor and nearby roomadjacent tothe bedroom were air conditioned during the monitoring
period. Finally internal temperatursin both summer and winteare over the upper temperature

limit of thermal comfort level required by SBC.

The house in Riydd the variation of IAT was found to lmenstantfor the two rooms and match
each other when there is no A/@lso, the use of the A/C for four periods for GR3 and one period
for GR2 show that even in winter people prefers to control the indoor climateiton rather than
opening the windowdr natural ventilation. Finallyinternal temperatursin winter are withinthe
upper temperature limit of thermal comfort level required by SBC, whilst for sumneovierthe
upper temperature limit.

The house inTaif:the variation of IAT was found be quite limitedfor the two bedrooms with the
BR2 had slightly less IAThis is attributedo having only one external wall compared to the other
room which has two external walls. The swing in IAT was found ®®andn fbr winter and
summer respectively and that might be due to the poor roof construction. Fjnadternal
temperaturesin winter are withinthe upper temperature limit of thermal comfort levels required
by SBC, whilst for summeristoverthe upper temperature limit.

The outcomsarein line with thefindingsfrom Artmannet al., (2008)which showed the effect of
solar heat gains on different orientations of extaf facads. In the summer, solar irradiation is
highest on the east and west facades. Wesented rooms tend to overheat most because there
is a coincidence irhe afternoon between high ambient temperature and high solar irradiation.
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7. Environmentalinternalcondition usinghermal analysis software

This chapterdetailsthe second phase of the evaluatiaf thermal conditions within residential
buildingsusing thermal analysis software (EDSL TAS versi@).9.AS was used to test the impact

of the existing external walls, roofs and floors on the indoor air terapee, heatconduction and
cooling load.Exploring thermalrends within the modelled homes necessary to predict the
thermal conditions within theesidential buildings and to examine alternate enhancements for
achieving better indoor thermal environmes and enegy efficient houses. Thermal performance

for the houses during winter and summer is assessed. Also, comparisons between the fieldwork
results (physical measurements) and the computer modelling results (TAS), is conducted and
discussed.The findngs relatedto heat conduction through external building fabrics are also
presented. The accurate measurement of heat gain and loss through the walls and roof can be used
to optimize the envelope characteristics based on a combination of input data anduifding
geometry. However, it is important to remember the importance of considering the weather
conditions and the building and system characterisfMslo et al., 2015)

For the simulated energy model to be acceptaldalculaton ofthe root mean square errofRMSE)
andnormalisedmean bias erro(NMBE) should be in the range of 30% and 10% respectively for a
model that dals with hourly figures based on ASHRAE guide(lASHRAE2014). This study
recorded houry dry bulbtemperaturewhichis ameasureof air temperature It iscalleddry-bulb
temperaturebecause the thermometer bulb is dryo avoid variation in therecorded
temperature caused bythe moisture contentof the air.While calculating both the RMSE and the
NMBE, two methods were used: the first method consiétdividing the recorded data into winter
and summey while the second consists of calculagi the values of the entire monitored
temperatures during thetotal monitored hours.

Heat conduction in external opaque fabricshas been analysedo assist the prposal of
improvements tothe house's envelopes. Ehapproachhas been selected because alBRUk y 3 Q &
exposed surfaces to the outdoors plays a major role in determining the internal condésns
revealed through the fieldworKThis topicis discussed i@hapter 8. Heat loss/gain through any
specific surface can be calculated separately by TA8dhrSurface Filter outputs. This ability was
utilized to analyzehe thermal performance of various building elements, where heat flow was
calculated for externabpaque surfaces i.e. walls, roofs and floors.

Cooling load is also predicted in these houstsgch represent different climatic zones along with
investigation for parameters that could affect the cooling load such as floor level. The analysis
results of ech house are presented and discussed in detail. Then the results presented in this
chapter dscussed later for applying fabrics modification.
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7.1. The house in Makkah
7.1.1. Dry bulb temperature

The same rooms chosen for the fieldwork are chosen heréhiosame days and hourshe case
study building is modelledigure 7.) using thermal analysgpftware (EDSL TAS version 9.4.2)

Figure 7.1Shapshot of the house 3D model in TAS.

The calibration results achieved very similar internal temperature bighais for theguest room

and bedroom (see figures 71land 7.12). In winter, gaks androughsare the same for the first

two days withslightly high temperatures In summer, paks andtroughs are the same with
relatively high temperatures the firstday, nevertheless, they becomeoundl1 K higher on the
second andhird daysin the bedroom (BR)Yhe reason for plotting the simulated results in this way

was to verify and calibrate the analytic woflhe root mean square errofRMSE) percentage and
normalizedmean bias erroNMBE)percentageusing two methodsvere alculatedin table 7.1.1.
TheNMBE was lower than the 10% limit and the RMSE was lower than the 30% limit set by ASHRAE.
It is thus safe to assume that the simulated results are withénacceptable range.
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Table 7.11. Calculated theroot mean square erro(RMSE) percentage and normalizetkan bias
error (NMBE)percentage using two methods.

room Season RMSE Average RMSE NMBE Average NMBE
Guest room Winter 0.5 1.6 -0.1 0.2
Summer 2.8 0.6
Bedroom Winter 10.7 10.3 -3.3 -2.8
Summer 9.9 2.4

7.1.2. Heat conduction through fabrics

Figure 7.13 illustratesheat lbss/gain through théloor, roof and external wallsomponensin the
guest roomand the bedroonas it ison the ground floorand the first floorover the course oboth

a summer and a winter dajfeat loss/gain through thoor component in theguestroom on the
groundfloor during both a summer and a winter dapowsrelativelysmallamount of heat gain

and heat lossin winter, the thermal analysis revealed that heat gain throufyk floor occurs
constantly where it is quite stable all the time. Thigams that the internal surface temperature of
the floors is lower than the external surface temperature of the floaes the surface which is
exposed to the soil). This could be explained by the fact that, in winter, the temperature of the
ground is higer than the external air temperaturedeat flow through floor diffes between
summerandwinter, as heat loss takes platteough floors most of the time in summer. This could
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be explained by the summer temperature of the groubding lower than the extenal air
temperature.

50000
40000
30000
20000

10000

-10000

-20000

-30000

-40000
Ground floor Geound floor  Roof (Winter) Roof (Summer) External walls  External walls
(Winter) (Summer) (Winter) (Summer)

m Heat loss (W) m Heat gain (W)

Figure 7.13. Heat conduction throughbuilding fabrics (floor, roof and external wall} in the gue$ room and
bedroomin winter and summer (W)

Heat loss/gain through the roof component in the bedroomthe 1st floor, as it is exped to the
outdoor, during both a summer and a winter dglyowsrelativelylargeamount of heat gain and
heat loss. Heat gaithrough roof startsearlyin the morning as the roof exposes to solar radiation
and enddaterin the afternoon; then heat loss tak place as the outside temperature falls in both
winter and summerThe external solar gain in both seasons has simgards and starts to increase
significantly from early in the morning to reach its peak at 12:00 (figurd)7A positive correlatio
was found between TAS and monitored variables.stated in Chapter stke bedroomroof had
the highest inner surface teperatures among the other variables measured.
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both a summer and a winter dashows larger amount of heat gain and loss than all the other
building components. This explained in detail igufes 7.15 and 7.16 which illustrate heat

loss/gain througheveryS E 0 S NJ/ | €

gltftaqQ O2YLRYySylafbotifa G§KS
summer and a winter dayin winter, the thermal analysis revesathat heat gain through walls
increases gradually from early in therning reaching its peak at midayfor the southfacingwalls,

then declines and ends approximately later in the afternoon. In sumrtier,trend of heat
conduction through walls is quite similar to that in wintéfeat conductionin the external walls

was greater in witer than insummer. This is attributed to the lower angle of the sun, which enables
its direct radiation to reach the external walls in an orthogonal angle. This has resulted in massive
heat conduction through the external wall which, peps, leads to iorease in indoor conditiol.o
confirm this, the sun bath diagram of Makkah for the two chosen days for the fieldwork and the
simulation which represent winter and summer {2Bebruary and 7 September) at the three set
times (9:00- 12:00 and 15:00) igresented in figure 7.X. The result produced bgrasshopper
software emphasigs the claim that the solar angle of the sun in winter has up to aldwer
altitude. The altitude angles for all the six reading® taken manually from the agftware and
presented in table 7.1.2.

Table 7.12. The altitude angles for all the six times in Makkah

Times 9:00 12:00 15:00
winter 29° 57.9 42.6°
summer 39.5° 73.5° 47.8
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Furthermore, the soutHacingwalls in both rooms h& the maxmum heat gain by conduction
during the daytime, and also kthe maxmum heat loss later in the evening. A positive correlation
was found between TAS and monitored variables. As present€dapter six, south-facing walls
have slightly higheinner surface tempratures than west facing walls in both roomis. both
summer and winterthere is major heat conduction through the roof. However, it is much less on
external walls when considering opag surfaces only.

Finally, the external solar gain on the externallg/éollows the same pattern of the heat conduction

Ay 020K aSlazya | a az2dzik ¢l fta NS SELRA&ASR (2
slightly higher figures due to itsdation on the first floor compared to the guestroom in the ground

floor (see figure 7.18 and 7.19).
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Figure 7.15. Heat conduction through fabric (walls) in the guestroom and bedroom in winter (W)
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Figure 7.16: Heat conduction through fabric (waljsn the guestroom and bedroom in summer (W)

Figure 7.17. The surpath diagram of Makkah(Author generated from grasshopper softwaréyrasshopper, 2020)
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Figure 7.18. Externd solar gain onfabric (walls) in the guestroom and bedroom in winter (W)
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Figure 7.19. External solar gain onfabric (walls) in the guestroom and bedroom in summer (W)
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7.2. The house in Jeddah
7.2.1. Dry bulb temperature

The same rooms chosen for the fieldwork are chosen here for the same days andTHwicase
study building is modelledigure 7.2) usingthermal analysis software (EDSL TAS version 9.4.2)

Figure 7.2 hapshot of the house 3D model in TAS

Thereadings indicatedimilar internal temperatures for thguest room and bedroom (see figures

7.21 and 7.22). In winter, gaks andtroughs are the same for thewhole daysmonitored. In
summer, gaksin the guest room are the sanweith relativelylow temperatures while troughs are

up to 2 k lower than the measured resulhe most striking point is bedroom which has higher
simulated tempeatureof @SNJ H 6/ (GUKS gK2ftS GAYS® ¢KA&a 0SSOl
during the fieldwork were air conditionedheroot mean square errofRMSE) percentage and
normalizedmean bias erro(NMBE)percentageusing two methodsvere @lculatedin table 7.21.
TheNMBE was lower than the 10% limit and the RMSE was lower than the 30% limit set by ASHRAE.
It is thus safe to assume that the simulated results are within the acceptable range.
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Table 7.2.1Calculated theroot mean square erro(RMSE) percentage and normalizetean bias
error (NMBE)percentageusing two methods.

room Season RMSE Average RMSE NMBE Average NMBE|
Guest room Winter 3.9 5.2 1.1 1.2
Summer 6.4 1.3
Bedroom Winter 0.9 9.1 0.2 -1.7
Summer 17.2 -3.7

7.2.2. Heat conduction through fabrics

The top floor (2nd floor) of the house in Jeddaére removed in thke simulation mainly to quantify
the heat conduction through the roof above the bedroan the 1st floor. Figure 7.3.provides
heat loss/gain through the floproof and external wallsomponensin the guest roonand the first
floor as it ison the groundfloor and the Ffloor during both a summer and a winter day.

Heat loss/gain through théloor component in theguest roomon the groundfloor during both a
summer and a winter daghowsrelativelysmallamount of heat gain and heat lods. winter, the
thermal analysis revealed that heat gain through floor occurs all the time, where it is quite stable
all the time. This means that the internal surface temperature of the floors is lower than the external
surface temperature of the floors €L the surfacewhich is exposed to the soil). This could be
explained by the fact that, in winter, the temperature of the ground is higher than the external air
temperature. In summer, heat flow through flodiffersfrom that in winter, as heat loss takptace
through floors most of the time in summer. This could be explained by that, in summer, the
temperature of the ground is lower than the external air temperature.

Heat loss/gain through the roof component in the bedroom on the 1st floor, as it issexpto the
outdoor, during both a summer and a winter dalustratesa relatively huge amount of heat gain

and heat loss through the roof. Heat gain through roof starts in the morning as the roof exposes to
solar radiation and endatein the afternoonthen heat los takes place as the outside temperature
falls in both winter and summer.
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Figure 7.23. Heat conduction throughbuilding fabrics (floor, roof and external wall} in the guest roonmand
bedroomin winter and summer (W)

Finally,heat loss/gain throughthE EG SNY I £ 6 f £ aQ O2YLRySyide Ay
both a summer and a winter dashows larger amount of heat gain and loss than all the other
building components. This explained in déin figures 7.24 and 7.25 that provide heat loss/gain
througheachSEGSNY I f gl ftaQ O02YLRySydGa Ay GKS 3IdzSai
and a winter dayln winter, the thermal analysis revealed that heat gain through walls increases
gradualy from early in the morning reaching its peak at the daigifor the north wall in the guest

room, then declines andeasesn late afternoon. In summerthe trend of heat conduction through

walls is quite similar to that in winteNorth wall heat conductin has greater figures compared to

the other walls and that de to its bigger area exposure (23.8 m2) compared to the other east and
west walls in the same room (GR1) and the west wall in the bedroom (BR1) havieth6.3 m2

7.4 m2and11.6 m2 respectivgl

Furthermore, the north wall in the guest room has the mmaxm heat gain by conduction during
the daytime and the mamum heat loss late in the evening. A positive correlation was found
between TAS and monitored variables.statedin Chapter 6 that neoth-facing wall was alongside
the east wall in the guest rooimas slightly highest inner surface temperatures than the west facing
wall in the bedroomlt can be revealed that in both summer and winter, heat conduction through
the roof is majorHowever, i is slightlylessthan external walls when considering opagjgurfaces
only.
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Figure 7.24. Heat conduction through fabric (walls) in the guestroom and bedroom in winter (W)
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Figure 7.25. Heat conduction through fabric (walls) in the guestroom and bedroom in summer (W)
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7.3. The house in Riyadh
7.3.1. Dry bulb temperature

The same rooms chosen for the fieldwork are chosen here for the same days andTHwicase
study building is modelledigure 7.3) using thermal analysis software (EDSL TAS version. 9.4.2)

Figure 7.3Shapshot of the house 3D model in TAS

The resits indicatesimilar internal temperatures behaviours for thset guest room and 2d guest
room (see figures 7.3and 7.32). In winter, peaksand troughs haveelativelylowertemperatures

of around 2 k than the measured result. In summerals and bottms are the same for thehole
monitoring days. The most striking pointli® use of the A/C in four periods for the 2nd guesimo
and one period for the 1st guest room which cause the differential figuilesroot mean square
error (RMSE) percentage amormalizedmean bias erro(NMBE)percentageusing two methods
were @lculatedin table 7.3.1. ThR&lMBE was lower than the 10%nit and the RMSE was lower
than the 30% limit set by ASHRAE. It is thus safe to assume that the simulated results ardevithin
acceptable range.
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