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ABSTRACT

Recent extreme precipitation events in frequency and intensity and increasing impervious
surfaces — horizontally and vertically — in urban areas due to rapid horizontal and vertical
expansion of built-up areas have resulted in increasing rainfall-runoff volume, amplifying
urban flooding, as well as freshwater scarcity. Buildings can become more water-
sustainable by adopting rainwater harvesting (RWH), which is a readily available
alternative freshwater supply. However, the impact of vertical developments (a) on city
level has resulted in distortion of the runoff process, 3D flow pattern, and sub-basin
division, and (b) on building level has diminished the applicability of horizontal rooftop
RWH because the ratio of roof surface area to vertical facade surface area has reduced
significantly in tall buildings and roof RWH has been mainly replaced with roof garden

concept.

In light of these challenges, this research aims to evaluate the possibility of incorporating
curtainwall building fagades into an existing catchment area for Wind-Driven Rain
(WDR) harvesting. This would divert WDR loads from the avenue runoff. This study
employed (1) one-year in-situ measurement to quantify WDR amounts on building
facades (rainfall-runoff) in urban areas and (2) semi-empirical models to predict the
spatial distribution of WDR loads. In-situ measurements of WDR amount (Swar) and
meteorological parameters, i.e., wind direction (D), wind speed (U), and horizontal
rainfall (Sn), were performed on a pilot building at the campus of Universiti Malaya in
Kuala Lumpur, Malaysia. The influence of local wind speed (U) and horizontal rainfall
intensity (Rn) on WDR intensity (Rwdar) was analysed. After the data cleaning process,
only 65 out of 93 rain events were confirmed to be valid in-situ datasets for model
validation. The Rwar was subsequently calculated by the WDR equations of the semi-
empirical models, i.e., ISO standard 15927-3 and ASHRAE standard 160P. The accuracy

performance of both models to predict Rwdar were analysed mainly through analytical
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comparative assessments, i.e., coefficient of determinations (R?) and normalised root
mean square deviation (NRMSD) between the in-situ dataset and the calculated dataset
of Rwar (mm/h). Through the cross-multiplication method using in-situ datasets and semi-
empirical models’ datasets, the proposed WDR coefficients were determined for ISO (o)
and ASHRAE (Fr) models to predict the spatial distribution of WDR on tall building
facades (up to > 50 m) in Kuala Lumpur. The results declared that the higher the building
facade height, the greater the harvested Rwar would be. The ISO model predicted 56% to
70% for non-potable usage reduction per square metre (Icd) at heights less than 10 metres
to greater than 10 metres, respectively. The ASHRAE model predicted 57% to 109% for
non-potable usage reduction per square metre (Icd) at heights less than 10 metres to
greater than 50 metres, respectively. This research output, combined with further
experimental investigations on actual tall building curtain walls, may lead to the adoption
of vertical rainwater harvesting as a feasible method for water sustainability in tall
buildings. The generated in-situ dataset can also be subjected to computational fluid

dynamic analysis and model validation for WDR research in building science.

Keywords: Vertical rainwater harvesting (VRWH), 3D rainwater harvesting, Wind-

driven rain (WDR), Experimental measurement, Semi-empirical models
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ABSTRAK

Kejadian hujan yang melampau baru-baru ini dalam kekerapan dan keamatan dan
peningkatan permukaan kalis air - secara mendatar dan menegak - di kawasan bandar
akibat pengembangan kawasan binaan mendatar dan menegak yang pesat telah
mengakibatkan peningkatan jumlah air larian hujan, menguatkan banjir bandar dan juga
kekurangan air tawar. Bangunan boleh menjadi lebih lestari air dengan mengguna pakai
penuaian air hujan (RWH), yang merupakan bekalan air tawar alternatif yang sedia ada.
Walau bagaimanapun, kesan pembangunan menegak (a) pada aras bandar telah
mengakibatkan herotan proses larian, corak aliran 3D, dan pembahagian sub-lembangan,
dan (b) pada aras bangunan telah mengurangkan kebolehgunaan RWH atas bumbung
mendatar kerana nisbah luas permukaan bumbung kepada luas permukaan fasad menegak
telah berkurangan dengan ketara di bangunan tinggi dan bumbung RWH telah digantikan

dengan konsep taman bumbung.

Memandangkan cabaran ini, penyelidikan ini bertujuan untuk menilai kebolehlaksanaan
untuk menggabungkan Hujan dipacu angin (WDR) yang jatuh pada fasad bangunan yang
tidak digunakan ke dalam kawasan tadahan sedia ada untuk kegunaan tidak boleh
diminum, sekali gus mengalihkannya daripada air larian jalan.Kajian ini menggunakan
(1) pengukuran in-situ satu tahun untuk mengukur jumlah WDR pada fasad bangunan
(curahan air larian) di kawasan bandar dan (2) model separa empirikal untuk meramalkan
taburan ruang bagi beban WDR. Pengukuran in-situ bagi jumlah WDR (Swar) dan
parameter meteorologi iaitu, arah angin (D), kelajuan angin (U), dan hujan mendatar (Sh)
telah dilakukan ke atas bangunan perintis di kampus Universiti Malaya di Kuala Lumpur,
Malaysia. Pengaruh kelajuan angin tempatan (U) dan intensiti hujan mendatar (Rp)
terhadap keamatan WDR (Rwar) telah dianalisis. Selepas proses pembersihan data, hanya
65 daripada 93 kejadian hujan telah disahkan sebagai set data yang sah untuk pengesahan

model. Rwar kemudiannya dikira oleh persamaan WDR bagi model separa empirikal iaitu,
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standard ISO 15927-3 dan standard ASHRAE 160P. Prestasi ketepatan kedua-dua model
untuk meramalkan Rwar dianalisis terutamanya melalui penilaian perbandingan analitikal
iaitu, pekali penentuan (R?) dan sisihan purata kuasa dua punca ternormal (NRMSD)
antara set data in-situ dan set data terkira Rwd: (mm/h) Melalui kaedah pendaraban silang
menggunakan set data in-situ dan set data model separa empirikal, pekali WDR yang
dicadangkan telah ditentukan untuk model ISO (o) dan ASHRAE (Fvr) untuk meramalkan
taburan ruang WDR pada fasad bangunan tinggi (sehingga > 50 m) di Kuala Lumpur.
Keputusan mengisytiharkan bahawa semakin tinggi ketinggian fasad bangunan, semakin
besar Rwar yang dituai. Model ISO meramalkan 56% hingga 70% untuk pengurangan
penggunaan tidak boleh diminum pada ketinggian kurang daripada 10 meter hingga lebih
daripada 10 metre masing-masing. Model ASHRAE meramalkan 57% hingga 109%
untuk pengurangan penggunaan tidak boleh diminum bagi setiap meter persegi pada
ketinggian kurang daripada 10 meter hingga lebih daripada 50 meter masing-masing.
Dengan penyiasatan eksperimen lanjut ke atas dinding tirai bangunan tinggi sebenar, hasil
penyelidikan ini mungkin membawa kepada penggunaan penuaian air hujan menegak
sebagai kaedah yang boleh dilaksanakan untuk kelestarian air di bangunan tinggi. Dataset
in-situ yang dijana juga boleh tertakluk kepada analisis dinamik bendalir pengiraan dan

pengesahan model untuk kerja penyelidikan WDR dalam sains pembinaan.

Kata kunci: Penuaian air hujan menegak (VRWH), penuaian air hujan 3D, Hujan dipacu

angin (WDR), Pengukuran eksperimen, Model separa empirikal



ACKNOWLEDGEMENTS

I would like to express my heartfelt gratitude and appreciation to my supervisors; Dr.
Zunaibi Abdullah, who allowed me to contribute to this groundbreaking topic and be part
of his research team prior to his retirement; Associate. Prof. Ts. Dr. Nazli Che Din for his
never-ending support, guidance, and trust in me and his enthusiastic and optimistic
attitude; and Associate. Prof. Sr. Dr. Norhayati Mahyuddin for her priceless wisdom,

counsel, and standing by me through thick and thin during this long journey.

I would also like to thank Dr. Muhammad Azzam Ismail; Dr. Mastura Adam; and Sr. Dr.
Raha Sulaiman for their constructive comments, which helped me to improve this
manuscript. Many thanks to all the faculty of Built Environment staff (management,
academic, and non-academic) for their incredible assistance whenever I needed sound

advice or a helping hand.

I gratefully acknowledge the funding source that made the WDR gauges’ manufacturing
and one-year measurement’s equipment and process possible; Institute of Research
Management & Services (IPPP), Research Management & Innovation Complex,
Universiti Malaya, Kuala Lumpur, Malaysia, Grant No.: RG317-14AFR. I would like to
acknowledge METMalaysia-Utama (Malaysian Meteorological Department) for

providing the daily horizontal rainfall data (Sy).

My eternal appreciation goes to my parents for their immense love, patience, and support
to start this academic journey during their lives on Mother Earth, and for being my true
guiding light since they transitioned. I am extremely grateful to my sister and life mentor,
Dr. Zhaleh, for showing me how to stand up for what I believe in — in life, in love, and
everything in between — which helped me to complete this challenging course in the

school of Earth.

vi



TABLE OF CONTENTS

ADSEIFACE c.cuueiiiniiiiiiienitiensnteeninnnessntecsssnecsssnesssssesssssesssssesssssesssssessssesssssssssssnssssssssssssssssasssss ii
ADSIPAK connnaannnnaennnnnrnnnernnneiisnencsneecsseisssssisssnisssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssns iv
ACKNOWICAGEIMENLS...cuueriiriirrnricssssnnicssssnsiesssssassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass vi
Table Of CONTENLS ....ueeeeveeiiiseiiiisiiinitiinitiesineecsssniesssnecssssessssnsssssnessssesssssesssssessssssssssssssss vii
LSt Of FIGUIES ccueeiieriinnriinsisnnricnsssnnnecsssnsnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnass Xiv
LiSt Of TADIES ccuuueireniiiiniiiiiiiiiiiiiticnntecnntecsntecintesssnnesssnesssnessssessssssssssssessssssssssees xxii
List of Symbols and ADDreviationsS..........eeeieeeisneessenssensseesssessnessasssncsssesssssssases Xxvili
LiSt Of APPENAICES c.uueriierirnrienissnnricssssnnnicssssssicssssassossssssssessssssssssssssssssssssssssssssssssssssnasss XXX
CHAPTER 1: INTRODUCTION...ccccevirruisrurssnnsarsssnssnssasssssssessssssssssssssssssssssssssssssssass 1
Lo PTOEACE ...ttt ettt et ettt et eeeas 1
1.2. Problem Statement ...........c.ooouiiiiiiiiieiiieiie ettt 2
1.3 RESCATCH GAP ..ottt ettt et 5
1.4. Research QUESTIONS .......ceeueieiiiiiiieiierie ettt ettt ettt et e st e e e aeeenseesenas 8
1.5. Research Aim and ObBJECHIVES ........ccoueriiriiiriiriinieiieient ettt 9
1.6. Research MethodOLOZY........cooueeiiriiriiiiiiiiieeiccteece e 9
1.7. Significance of the StuAY ........cccoeviiiiiiiiiiii e 14
1.8. Research Scope and Limitations ........c.cceceeueriererienienieeieneeieeie e 16
1.9, SUIMMATY .ottt et et sttt e e 16
CHAPTER 2: LITERATURE REVIEW......ininnennninsnissenssecssssesssessasssnenns 20
2.1. Climate Change and Freshwater Accessibility .........ccceveriieriiniiiiiniieneiieniereeene 20

2.1.1. Malaysia Water Statls........ccceeuerriieniieeiienie ettt ettt 23

2.1.2. Water Sustainability .........cccceeviiiiiieiiieiiere e 25

2.1.3. Built Environment Developments Impacts on Natural Water Cycle ............ 27
2.2. Rainwater Harvesting (RWH) ..........cociiiiiiiiiiiiiiceee e 28

vii



2.2.1.DIIvers TOr RWH ... 29

2,22, Benefits Of RWH ... 30
2.2.3. Definitions of RWHo.........coooiiiiii e 33
2.2.4. Components Of RWH ... 34
2.2.4.1. Catchment Materials ..........cccceeriiiiiiiiiiieie e 35
2.2.4.2. Runoff Coefficient ..........cceeiiiiiiiiiiiiiiiieee e 37
2.2.4.3. Catchment Location ..........ccocceeriieiiieniiiiieieeieee e 39
2.2.4.4. Catchment SIZe.........coevuieiiieeiieiieeieesie ettt ettt e 39
2.2.4.5. Conveyance SYSTEIM ......ccoverieeriieiienienreeneeereestee st esieesneeseeesneens 40

2.2.5. Implementation of RWH in Malaysia .........c..cccevieiiniininniniinicnenicneeen 43
2.3. Vertical Expansion — The Dominant Built-Up Pattern ............cccccoeveeiiiiiiiiennnne 46
2.3.1. Definition of Vertical Expansion — Vertical Urbanisation..............cccceuee... 47
2.3.2. Definition of Tall BUIIAING .......cccooiiiviiiiniiiiecccecccee 48
2.3.3. Wind Flow Patterns around Tall Buildings ...........cccccevveveininiinieniniinennns 49
2.3.4. Distortion of the Runoff Process by Tall Buildings .........cccccecevieveniincnnns 51
2.3.5. Three-Dimensional Flow Path............cccooiiiiiiiiiii e 52
2.3.6. SUb-Basin DIVISION.....c..cocuiriiiiiiiiiieieiiereecetcee ettt 54
2.3.7. Water Sustainability in Tall Buildings ...........ccccoovieviniiininniniiniiciicneee 55
2.3.8. Facade Rainwater Harvesting.........ccoveeuierieiiiieniieiieie e 56
2.4. Seasonal Classifications in Malaysia ..........cceeeeeriieriieniiienie e 57
24T WINA ettt 58
242, RAINFALL o 58
2.4.3. An overview on the weather conditions in Malaysia from 2017 to 2021......59
2.4.3.1. Wind and Rainfall Patterns in 2017 .........ccccovieveniiinieniinenieneene 60
2.4.3.2. Wind and Rainfall Patterns in 2018 .........cccccovieviiiiiniiniininieneee 61
2.4.3.3. Wind and Rainfall Patterns in 2019 .........cccccooveviniiniiiniininieneeene 62

viii



2.4.3.4. Wind and Rainfall Patterns in 2020 ......ccoeeeeeemeeeeeeeeeeeeeeeeeeee e 63

2.4.3.5. Wind and Rainfall Patterns in 2021 .........cccccooiiiiiiniiiniiieieeee 64

2.5. Experimental Field Measurement — Meteorological Parameters..............ccceeeuneen. 66
2.5.1. Wind Measurement — Wind Speed (U) and Wind Direction (D).................. 67
2.5.2. Horizontal Rainfall (Sy) Measurement ............cccceeuieniiiiiieniieeiienieeeeeen 70

2.6. Experimental Field Measurement — WDR ............cccoiiiiiiiiiiiiiee e 72
2.6.1. WDR DefiNition ......ccceeiuiiiiiiiiiiiieiie ettt 72
2.6.2. Wall-Mounted WDR GaUEES .......ccccceeriiriiiiniiniieienieneeeeecnie e 74
2.6.2. 1. CTH GAUZE ....eeenvieieeeiieiieeeeeeet ettt s 75

2.6.2.2. TUD GAUEZE ....eeeurieiieeiiieiie ettt sttt 76

2.6.2.3. TUE-T GAUZE ....covieiiieiiieieeiieeieetteee sttt s 77

2.6.2.4. TUE-II GAUZE.......eoriieiieiiiiieeiieettesee ettt st 77

2.6.2.5. CTH-IL GAUZE .....eeonieiiiieiiinieeeeceeeeeeee ettt e 78

2.6.2.6. EMPA GaAUEZE ...c..oooiiieiiiiiienieeeeeitee ettt s 79

2.6.2.7. KUT GAUEZE ...uveeiiieiieeiiieiieee ettt ettt 79

2.6.3. WDR Gauge Design Guidelines..........ccceeveeriiieniieiiieniieiieeieeieesee e 80
2.6.4. WDR MeasuremMent (Swdr) ..veeeeeeeeereeerireeerireeesieeeieeeereeessneeesseeesssesssssessssnens 81

2.7. Spatial Distribution Pattern of WDR on Building Fagades ............cccccoveeviniinenen. 83
2.7.1. WDR Catch Ratio (1) cveeeveeeieeriieiiieiieeitesee ettt 83
2.7.2. WDR INtensity (Rwdr) «+eeeveeeeveereeeriieniieeieenieeieesite et esiee e siee e eseeeeeee e 87

2.8. Semi-Empirical Model — WDR Prediction ............cccceeeiieriieniiiniieniieieee e 89
2.8.1. Overview of Semi-Empirical Models’ Development...........cccccoceeveriinennnene 91
2.8.2. ISO Standard 15927-3 Model........ccccoeriiniiiiiiinieienieeeeceee e 95
2.8.2.1. Terrain Roughness Coefficient (CR) ......ccvevveervienieriiienieeiienieeiene 97

2.8.2.2. Terrain Topography Coefficient (CT) ......ccceeverieeerierienienenereeeenes 98

2.8.2.3. Obstruction Factor (O) ........cccvveeeiuiiieiieeeiee e 98

ix



2.8.2.4. Wall FACOT (W) c.eeiiiiiiieeie ettt e 99

2.8.2.5. The Hourly Reference Wind Speed (U10) ..coovveeevveeenveeenieeeiieenee 100

2.8.2.6. The Angle (D = 0)° oot 101

2.8.2.7. Spell / Rain EVENt.......cccoooiiiiieiiiieiieiieceeieee e 101

2.8.3. ASHRAE Standard 160P Model ..........cccoooueiiiiiiiiniiiiiieneeeeeeeeeee 102
2.8.3.1. Exposure Factor (FE) .....cccccevuerniinieiieiciieccceeceecceee e 103

2.8.3.2. Rain Deposition Factor (FD)......ccceceevieriiiiniiniieieeieeeeceeeeee 103

2.9, SUMMATY ..eeeiiiieiiie ettt ettt et e et e e et e e sstaeesabteesaseeessseeessseesnnseesnnseesnnens 104
CHAPTER 3:  METHODOLOGY ....uuuivniinuinsnnssensssnsssssssssssssssssssssssssssssssssssssssassss 107
3.1, UM WDR GaAUZE......eiiiiiieeiieeeiieeeiee sttt et ettt et e s e e saeeessaesssseessnseesnneeens 108
3.1.1. UM WDR Wall-Mounted Gauge Design ..........c.cccveerierieriieenieeiienreeneens 108

3.2. Experimental Measurement (IN-Situ).........ccccoceeeviiiriiniiiiniieiiecie e 112
3.2.1. BUILAING ST ..ottt 112
3.2.2. Measurement SETUP ......cceeovuieriiiiienieeieeeie ettt sttt e 113
3.2.2.1. Wind Speed (U) and Wind Direction (D) .......ccccevvevveeriieinieennen. 114

3.2.2.2. Horizontal Rainfall (Sh)......ccceriiiiiiniiiiiiiecceee, 114

3.2.2.3. WDR (Swar) — Vertical WDR Harvesting..........ccccoeeveevvveenveeennnen. 116

3.2.2.4. Time Accuracy of the Data LOgger.........ccccouvvevviiveniiieeniieeieeeen, 118

3.3. Data Cleaning Process — Generating In-Situ Dataset...........ccccceeveuveenieernieennnens 119
3.3.1. Preprocessing of In-Situ Measured Data...........cccceeeverieenciieiniieeiie e, 119
3.3.2. Data Units” CONVETSIONS......cccuuietieriieeiieniieentiesieenttesireesieesteesbeeebeesieeseeens 120
3.3.3. Spatial Distribution of WDR — Catch Ratio (1) Calculation....................... 122
3.3.4. Data Cleaning Process — Generating In-situ Dataset............c.ccceevvveeennenne. 122

3.4. Semi-Empirical MOdEIS ........ccocuiiiiiiiiiiiiciececee e 123
3.4.1. Application of the Models — Generating the Models’ Datasets................... 123
3.4.2. Validation of the Models — Accuracy Performance Assessments............... 124



3.4.3. Prediction of Mean Rywdr — Application of Proposed WDR Coefficients .... 124

R T TN 1111010 T AP 126
CHAPTER 4: RESULTS AND ANALYSES ..cooitvnninrinensicsnnsessessansssssssssssssnss 128
4.1. Preprocessing of In-Situ Measured Data.............cceevevieeeiiiiniieeeiie e 128
4.1.1. Meteorological Raw Data and Harvested WDR - Season 1........................ 130
4.1.2. Meteorological Raw Data and Harvested WDR - Season 2.............cc.c...... 131
4.1.3. Meteorological Raw Data and Harvested WDR - Season 3........................ 133
4.1.4. Meteorological Raw Data and Harvested WDR - Season 4..........c..cc.c...... 134
4.1.5. Summary of Findings — In-Situ Measured Data............ccccoeceiveriiincncnnens 136
4.1.6. WDR Intensity (Rwdr) (MM/N) c..ooiiiiiiiiiiiiiieece e 141

4.1.7. Impact of Horizontal Rainfall Intensity (Rn) and Wind Speed (U) on the

WDR INtensity (Rwdr) «oveeeveeeieerieeiieieeit ettt ettt 142
4.2. Data Cleaning Process — Generating In-Situ Dataset............c.ccoceverniniiniencnnene. 146
4.2.1. Data Cleaning Process — Season 1........ccccoceviiveriiiniininienienecienecsieene 147
4.2.2. Data Cleaning Process — S€ason 2.........ccceecverienierieneenieeiienienieeie e 149
4.2.3. Data Cleaning Process — Season 3.........cccoeuieiieiiiniiienieeieeee e 151
4.2.4. Data Cleaning Process — Season 4...........ccccuveiieniiiiiienieeiiecieeeee e 153
4.3. Spatial Distribution of Wind-Driven Rain — Catch Ratio (n) Calculation............. 155
4.3.1. WDR Catch Ratio (1) — Season 1........cccccoviimiiiniiiiiinnieeieceeieeee e 155
4.3.2. WDR Catch Ratio (1) — S€aS0N 2.....cceeruieriieiienieeiieeieeieeeee e 159
4.3.3. WDR Catch Ratio (1) — S€ason 3........cccceeviieiienieiiieeieeeeee e 163
4.3.4. WDR Catch Ratio (1) — S€aS0N 4........oocuieriieiienieeiieeieeeeee e 166

4.3.5. WDR Catch Ratio () As a Function of Wind Speed (U) and Height (H)..169
4.3.6. WDR Catch Ratio () As a Function of Horizontal Rainfall Intensity (Rn)
and Height (H) .oo.eeeeieeiieeeeeee ettt e 173

4.3.7. Summary of Findings — WDR Catch Ratio (1) ...cccoovevveeviieniiiiieieeieeee, 177

X1



4.4, Semi-Empirical MOdElS ......ccccviiiiiieiiiieeieeee e e 178
4.4.1, Application of the Models ..........coceeiiiiiiiiiiii e, 178
4.4.1.1. Step One: Determining Validated In-Situ Ryar Dataset ................. 179

4.4.1.2. Step Two: Determining Correction Factors and Parameters for ISO
Standard 15927-3 and ASHRAE Standard 160P Models............cccceuuennee. 180

4.5. Rwdar Datasets of In-Situ and Predicted ISO Standard 15927-3 and ASHRAE

STANDARD 160P MOAEIS.......ccieiiieiieieeiieieeieeie sttt 186
4.5.1. In-situ and Predicted Rwar Datasets — Season 1 ........ccoccveeiieeiiiiiinniiinenen. 187
4.5.2. In-situ and Predicted Rwar Datasets — Season 2 .........cocceeiieviiiiieniceieeen. 189
4.5.3. In-situ and Predicted Rwar Datasets — Season 3 .......cccoooeeiiiiiiiiiiiieceen, 191
4.5.4. In-situ and Predicted Rwar Datasets — Season 4 .........ccccceeeeeviiiiieniceeeen. 193

4.5.5. Summary of Findings — Comparative Analyses of In-Situ and Predicted Rwar

DAtASELS . ..ceuteeeite ettt st e e saae e 195
4.6. Validating the Semi-Empirical Models..........cccccovieniiiiiiiniiniiiiniicicnccce 196
4.6.1. Accuracy of the Predicted Rwar Dataset — Season 1.........ccccovvveiieiiieiennen. 199
4.6.2. Accuracy of the Predicted Rwar Dataset — Season 2.........ccccoecvveiieiiieieenen. 202
4.6.3. Accuracy of the Predicted Rwar Dataset — Season 3.........ccccoovieiiniiieennnn. 205
4.6.4. Accuracy of the Predicted Rwar Dataset — Season 4...........ccoooveviieiieeennen. 208

4.6.5. Summary of Findings — Accuracy of the Predictive Performance of the

IMIOAELS ...ttt ettt ettt e et e st et esabeenbeennnas 216
4.7. Determining WDR Coefficients for the Semi-Empirical Models.......................... 220
4.7.1. Application of the Proposed WDR Coefficients (o) and (FL) ......ccveenenneee. 220

4.7.2. Comparison between Ryqr In-situ, Predicted ISO Standard 15927-3 and

ASHRAE Standard 160P Models Using Proposed WDR Coefficients ................ 223
4.7.2.1. Proposed Rwar Dataset — Season 1.......cccccoeveeviieiieniienieniieeeee, 223
4.7.2.2. Proposed Rwar Dataset — Season 2.........cccoeveeeiieniienieeniienieeieeee, 226

Xii



4.7.2.3. Proposed Rydr Dataset — Season 3.........occvveviieeiiieeniee e 228
4.7.2.4. Proposed Rydr Dataset — Season 4.........cccvvevevveeeieeenieeeniee e 231
4.7.2.5. Summary of Findings — Accuracy of the Predictive Performance of

the Semi-empirical Models Using Proposed WDR Coefficients................ 238

4.8. Feasibility Analysis of Possible Vertical Harvestable WDR on Building Fagade.239

4.9, SUMIMATY ..vieviieeeiiiee e e ettt e e et e e e ettt e e e s eaaeeeesssaeeeeesnsaeesesnssseeeeassneeeanns 246
CHAPTER 5: CONCLUSION..uucouiiiiiininisrissesseesessessasssssssssisssssessesssssssssssssssssssons 248
5.1. Summary of FINAINGS ...c..ooiiiiiiiiiiiiiiceeeeeee et 248
5.1.1. Research ObJective 1 .....c.ooiiriiiiiiniiniiiiieicecesteeeceeee e 248
5.1.2. Research ODJECtIVE 2 .....c..eeiiruiiiiriiiieieeit ittt 249
5.1.3. Research ObJectiVe 3 .....c..oiiiriiiiiiriiriiiieetcie ettt 252
5.1.4. Research ODJECtiVe 4 ........oouiiriiiiiiriiiieieeiterie ettt 254
5.2. Research COntribULIONS ......cc.cevcuieiieeiieiieeieesiee ettt ettt e eseee e 257
5.3. Research IMpliCatiONS .........ooeiieriiiiiiinieieeesteeet e 259
5.4. Recommendations and Future Works ..........c.cccooeiiniininnncee 260
RETCICICES c.uuverreeisircinenisunniniensnensnessaensnesssesssnsssanssnssssessssssssssssassssesssssssasssssssssasssssssaase 262
APPECIAICES coueeuriiiernensaenensensaessnessensacssnsssessssssasssessasssssssessssssasssessasssssssessasssasssassassssssas 284

xiii



List of Figures

Figure 1.1. Tall building surface areas; Roof area (a) and Fagade areas (b)..................... 4
Figure 1.2. Classification of RWH based on the catchment surface area (Che-Ani et al.,
2009; Iman, 2012; Jamaluddin & Huang, 2007; Sonbol, 2006; Zhong et al., 2022)........ 6
Figure 1.3. Overview of the research flow diagram.............cccceecviviviieeeiiieniie e, 10
Figure 1.4. Schematic representation of the two parts in WDR research: (a) assessment
of the impinging WDR intensity (Rwdr) and (b) assessment of the response of the building
wall (Blocken & Carmeliet, 2012; Blocken et al., 2013; Deb Nath, 2015; Van Goethem,
0 TSRS RTRSPRPN 11

Figure 1.5. Research design diagram: research questions, research objectives, research

methods, and eXpected OULCOMES .........ueeiviieeiiieeiie et eeree et eeree e eere e e ereeesereeeneeas 13
Figure 1.6. Research significance diagram ...........coeceeeiieeniiiiiieniieiiienieeieeee e 15
Figure 1.7. Research flow diagram ............cccociiiiiiiiiiiiienieee e 19
Figure 2.1. The hydrological cycle or water cycle (Skinn, 2020).......ccccecereevervenennnene 22
Figure 2.2. Distribution of water resources on Earth (WASH, 2018) .......ccccceeriincnnene 23

Figure 2.3. Water as a connector among the global commitments adopted in 2015

(Uhlenbrook & Connor, 2019).......ccuiiiiiiiieiiieiieeeee ettt 26
Figure 2.4. Main RWH drivers and their reasons/causes (Mbua, 2013).........cccccecueneee 30
Figure 2.5. Environmental and economic benefits of RWH...........c..coccoiniiininnnn. 32

Figure 2.6. Simplified diagram illustrating absorption over time for several materials
assuming a constant rainfall (Dorsey et al., 1996) .........cccoeviieiiiiiiiiiieiieeeeee 36
Figure 2.7. Rainwater harvesting classification based on the size of catchment area
(Jamaluddin & Huang, 2007; Shaari et al., 2009).........ccccoeriiriiieniiiiierieeeece e 40
Figure 2.8. RWH conveyance systems used in different building types, reproduced from

(Adnan et al.; 2020).....cccuiieiiieeeiie et et e e e e eare e eare e earee e 41

X1v



Figure 2.9. Indirectly (a) and Directly (b) pumped RWH systems schematic diagrams
(Istchuk & Ghisi, 2023) ...iiiiieeiiiieeiie ettt ettt e rte e e ee e et e e saeeesbaeesnseeessseeesseeennns 43
Figure 2.10. Schematic depiction of the wind loading chain on tall building fagades (Abu-
Zidan, 2019; Abu-Zidan et al., 2022; Yuvaraj et al., 2022).......cccoveevviveeriiieeiieeeree e, 50
Figure 2.11. Comparison of conventional flow path and changed flow path by a building
(YOO €t al., 2021) oeeeeiieeieeeee ettt ettt e e ae e et e e et e e s sbe e e snseeesnseeesseeesseeennns 53

Figure 2.12. Comparison of sub-basin division and flow path in urban basin with and

without the tall building (Yoo et al., 2021) ..cccciiiiiiiiiiiieieeeee e 55
Figure 2.13. Annual rainfall trends for Peninsular Malaysia (MESTECC, 2018).......... 59
Figure 2.14. Total annual rainfall 2017 (METMalaysia, 2017)......cccceeeeievienieiniennnne. 60
Figure 2.15. Total annual rainfall 2018 (METMalaysia, 2018)........ccccecveeviinieinieennnnne 62
Figure 2.16. Total annual rainfall 2019 (METMalaysia, 2019).......ccccceceeiiiniieneennnnne. 63
Figure 2.17. Total annual rainfall 2020 (METMalaysia, 2020)........cccccceeveerverneennnnne 64
Figure 2.18. Total annual rainfall 2021 (METMalaysia, 2021)......cccccccevvvevervcnecnennnenn 65

Figure 2.19. Van der Hoven horizontal wind-speed spectrum. The energy of the wind is
mainly situated in the peaks that are situated at a period of 1 year, 4 days, 1 day and 1
minute. In the “spectral gap” between 10 minutes and about 1 hour, little energy is
situated and the mean wind speed shows stationarity for these time periods (Amoloye,
2012; Blocken & Carmeliet, 2004; Patnaik & Samantaray, 2010). .........cccceeveerieennnnnne. 70
Figure 2.20. Wind-driven rain VECIOT.........cccueviiriiriinieiieiienieete sttt 72
Figure 2.21. Wall-mounted plate-type Wind-driven rain gauge where the collection area
fits flush into the vertical fagade surface (Blocken and Carmeliet (2004)) .................... 75
Figure 2.22. Wind-driven rain gauge CTH (Hogberg et al., 1999)........cccccviiiinincnnen. 76

Figure 2.23. Wind-driven rain gauge TUD (Blocken & Carmeliet, 2006b; FJR van Mook,

XV



Figure 2.25. Wind-driven rain gauge TUE-II (Blocken & Carmeliet, 2006b) ............... 78

Figure 2.26. Wind-driven rain gauge Tilted; CTH-II (Blocken & Carmeliet, 2006b;

HOGDErE, 2002) ...ttt e e e e e e b e e e abeeenaraeens 78
Figure 2.27. Wind-driven rain gauge EMPA (Kubilay et al., 2014a)..........ccceeveeennnennn. 79
Figure 2.28. Wind-driven rain gauge KUT (Dobravalskis et al., 2018) ...........ccceeunee.n. 80

Figure 2.29. WDR catch ratio (1) distribution on the windward fagade of the isolated
high-rise building (a), with low-rise building present (b), for Ujo = 10 m/s and R, = 5
mm/h, (Blocken et al., 2000D).........cccoiiiiiiiieiiieeeeeeeee e e e 84
Figure 2.30. WDR catch ratio distribution on the windward fagade of the isolated high-
rise building (a), with low-rise building present (b), for Ujo = 10 m/s and Ry = 30 mm/h,
(Blocken et al., 2000D) ......cccuuiiiiiiieiieeciie ettt 85
Figure 2.31. Typical shape of vertical profile and spatial distribution of wind-driven rain
(WDR) on building walls (Cho et al., 2020; Yoo et al., 2022) .......cccceeriiriinnieiieeee 87
Figure 2.32. Simplified spatial distribution of wind-driven rain (WDR) on building walls,
adopted from (Cho et al., 2020) ....oooeiiiiiiiiieiiee e 89

Figure 2.33. Wall factor values (Coutu et al., 2013; Deb Nath, 2015; ISO 15927-3, 2009)

Figure 2.34. Conceptual research framework — Measurements and Modelling ........... 106
Figure 3.1. Feasibility framework of vertical WDR harvesting from building fagade
(modified from Chacha (2015) and Li et al. (2010)) ..ccveeeiiieeeiiiieieeeeeeeee e 107
Figure 3.2. Elevation and section of the WDR gauge collector; dimensions in mm. ... 111
Figure 3.3. Aerial view of the building Site ..........ccccevvieviiiiriiinieiiiieeceeee 113
Figure 3.4. Meteorological instruments using by Malaysian Meteorological Department
for horizontal rainfall (Sn) measurements, (a) tipping bucket, (b) automatic horizontal

rain gauges, (c) conventional horizontal rain gauges (MMD, 2024) .........cccceeevvenenen. 115

XVl



Figure 3.5. The orientation of the pilot building and locations of the WDR gauges on the
building: (a) Floor plan, (b) the facade (not to scale), (c) location of gauge T02 (at 2.75
m height), (d) location of gauge B02 (at 1 m height)..........ccccvveviiiiniiiinieee e, 117

Figure 3.6. The pilot building and position of the WDR gauges on the fagades (a) South

view (b) Meteorological mast on the rooftop of the building at the parking area. ....... 117
Figure 3.7. Unit conversion steps to calculate WDR intensity value (mm/h) .............. 121
Figure 3.8. Research methodology diagram ............cccceeeveeeiiiieciiieniieecee e, 127

Figure 4.1. The daily harvested WDR amounts (Swdr) measured by 8 WDR gauges during
the Monsoon Transitional Period (Season 1) ........ccceeiiiiiiiiiiiiiinieieeeee e, 131
Figure 4.2. The daily harvested WDR amounts (Swar) measured by 8 WDR gauges during
the Southwest Monsoon (S€aSON 2) .....c.eiiiiiiiiiiiieiieeiie ettt 132
Figure 4.3. The daily harvested WDR amounts (Swdr) measured by 8 WDR gauges during
the Monsoon Transitional Period (Season 3) ........cccceriieiiiiieiiiieniieieee e, 134
Figure 4.4. The daily harvested WDR amounts (Swar) measured by 8 WDR gauges during
the Northeast Monsoon (S€AS0M 4) ........cccuvieeiuiieiiiieeeiie ettt e e e e 136
Figure 4.5. Measurements of WDR (ml) by 8 wall-mounted gauges installed on the Top
Corner (T01-T04) and Bottom Middle (BO1-B04) of the fagades over each tropical season
(ApPril 2017 — March 2018) ..c..eieiieeiieiieeeete ettt ettt 139
Figure 4.6. Harvested WDR (ml) by 8 wall-mounted gauges (collector area of each gauge
is 20 x 20 cm?) installed two (Top and Bottom) on each fagade (NE, NW, SW, SE) during
each tropical season (April 2017 —March 2018) .....cccveviiiiniiniiiiiieceeeeee 140
Figure 4.7. Seasonal calculated WDR intensity (Rwdr) for each facade (two WDR gauges
on each facade) during 4 tropical seasons. (Rainfall intensity is determined as the average
rainfall rate in mm/h for specific rainfall duration and a selected frequency. One

millimetre (mm) of rainfall is the equivalent of one litre of water per square metre). . 142

Xvii



Figure 4.8. Impact of seasonal meteorological data on WDR intensity (Rwdr) parameter
during 4 tropical seasons (April 2017 — March 2018). ......cccvveeviiiiicieeeie e, 143
Figure 4.9. Daily meteorological data; wind speed (U) (km/h), horizontal rainfall intensity
(Rn) (mm/h), and WDR intensity (Rwdr) (mm/h) for each season...........ccceeeeveeennennns 145
Figure 4.10. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity (Rx),
and WDR intensity (Rwdr) 1N SEASON ONE.....ccuvveeruiieeiiieeiieeeiieeeieeeereeesveeeeeveeeaeeeeenees 148
Figure 4.11. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity (Rx),
and WDR intensity (Rwdr) 1 SEASON TWO.....ceiuiiiiiiiiieiieeieeiie ettt 150
Figure 4.12. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity (Rp),
and WDR intensity (Rwdr) in $€aS0n three........cocoiviiieiiiiiiieieiieiceee e, 152
Figure 4.13. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity (Rp),
and WDR intensity (Rwdr) 1n S€aSON fOUL ....ccviiiiiiiiiiiiiieiieieeeeee e 154
Figure 4.14. Catch ratio values () at WDR gauge locations for the entire monitoring
PETIOA OF SEASOM ...ttt ettt st e e 157
Figure 4.15. Average daily WDR catch ratio (1) and horizontal rainfall intensity (Rn)

values at driving rain gauge locations based on the entire monitoring period of season 1

Figure 4.16. Catch ratio values () at WDR gauge locations for the entire monitoring
PETIOA OF SEASOM 2.ttt ettt ettt ettt e et e st e et e s e e enbeesaeeenseenenas 161
Figure 4.17. Average daily WDR catch ratio (1) and horizontal rainfall intensity (Rn)

values at driving rain gauge locations based on the entire monitoring period of season 2

Figure 4.18. Catch ratio values () at WDR gauge locations for the entire monitoring

PETIOd OF SEASOM 3. ..ttt ettt ettt e et e st e b e e sneeenseenenas 164

Xviii



Figure 4.19. Average daily WDR catch ratio (n) and horizontal rainfall intensity (Rn)

values at driving rain gauge locations based on the entire monitoring period of season 3

Figure 4.20. Catch ratio values (1) at WDR gauge locations for the entire monitoring
PETIOA OF SCASON ...ttt ettt e et e et e e e e sab e e e eaeeeaseeesseeensseeennns 167
Figure 4.21. Average daily WDR catch ratio (n) and horizontal rainfall intensity (Rn)

values at driving rain gauge locations based on the entire monitoring period of season 4

Figure 4.22. Coefficient of determination (R?) analysis results between WDR catch ratio
(n) on windward facades and wind speed (m/s) during season 1 to season 4 (The R? shown
is based on cubic polynomial regression; 0.2 < Value < 0.4 is weak, 0.4 < Value < 0.6 is
moderate, and 0.6 < Value < 0.8 means strong effect on the catch ratio variable)....... 173
Figure 4.23. Coefficient of determination (R?) analysis results between WDR catch ratio
(n) on windward fagades and horizontal rainfall intensity (mm/h) during season 1 to
season 4 (The R? shown is based on cubic polynomial regression; 0.2 < Value < 0.4 is
weak, 0.4 < Value < 0.6 is moderate, and 0.6 < Value < 0.8 means strong effect on the
catCh 1atio Variable). ......occiiiiiieciie e e e e 176
Figure 4.24. Comparison of the Mean Rwqr (mm/h) between Experimental measurement,
predicted ISO and ASHRAE models for two positions (Top and Bottom) on the windward
facade (NW-SW) — Season ONe........c.ceevuiieiiieiiiieeieeeieeete ettt 188
Figure 4.25. Comparison of the Mean Rwdr (mm/h) between Experimental measurement,
predicted ISO and ASHRAE models for two positions (Top and Bottom) on the windward
facade (NW-SW) — Season TWO .....cccueieiiiiiiieeieeceeee e e 190
Figure 4.26. Comparison of the Mean Rwdr (mm/h) between Experimental measurement,
predicted ISO and ASHRAE models for two positions (Top and Bottom) on the windward

facade (NW-SW) — Season TRIee.........ccceevviieiiiieiiieecieeeeeee e 192

XIX



Figure 4.27. Comparison of the Mean Rwdr (mm/h) between Experimental measurement,
predicted ISO and ASHRAE models for two positions (Top and Bottom) on the windward
facade (NE-NW) — S€aS0n FOUT ......c.coeiiiiiiieeieeeeeee et 194
Figure 4.28. Experimental measurement vs. Predicted ISO and ASHRAE models’
regression scatter plots of datasets Mean Ry (mm/h) for two positions (Top and Bottom)
at the windward facade (NW-SW) during season One (The R? shown is based on order 4
(quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4 < Value < 0.6 is
moderate, and 0.6 < Value < 0.8 means strong effect on the catch ratio variable). ......202
Figure 4.29. Experimental measurement vs. Predicted ISO and ASHRAE models’
regression scatter plots of datasets Mean Rwar (mm/h) for two positions (Top and Bottom)
at the windward facade (NW-SW) during season Two (The R? shown is based on order 4
(quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4 < Value < 0.6 is
moderate, and 0.6 < Value < 0.8 means strong effect on the catch ratio variable).......205
Figure 4.30. Experimental measurement vs. Predicted ISO and ASHRAE models’
regression scatter plots of datasets Mean Rwdr (mm/h) for two positions (Top and Bottom)
at the windward facade (NW-SW) during season Three (The R? shown is based on order
4 (quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4 < Value < 0.6 is
moderate, and 0.6 < Value < 0.8 means strong effect on the catch ratio variable).......208
Figure 4.31. Experimental measurement vs. Predicted ISO and ASHRAE Models’
regression scatter plots of datasets Mean Rwar (mm/h) for two positions (Top and Bottom)
at the windward facade (NE-NW) during season Four (The R? shown is based on order 4
(quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4 < Value < 0.6 is
moderate, and 0.6 < Value < 0.8 means strong effect on the catch ratio variable).......211
Figure 4.32. Comparison of the Mean Ryq:- (mm/h) between Experimental measurement
and Predicted values using the Proposed WDR coefficients for two positions (Top (a) and

Bottom (b)) on the windward facade (NW-SW) — Season One...........ccccceevvverreenennen. 225

XX



Figure 4.33. Comparison of the Mean Rydr (mm/h) between Experimental measurement
and Predicted values using the Proposed WDR coefficients for two positions (Top (a) and
Bottom (b)) on the windward fagade (NW-SW) — Season TWO ......c.cccccvveevreeenveeennnen. 227
Figure 4.34. Comparison of the Mean R4 (mm/h) between Experimental measurement
and Predicted values using the Proposed WDR coefficients for two positions (Top (a) and
Bottom (b)) on the windward fagade (NW-SW) — Season Three ..........cccceeevveeeveeeneen. 230
Figure 4.35. Comparison of the Mean Ryqdr (mm/h) between Experimental measurement
and Predicted values using the Proposed WDR coefficients for two positions (Top (a) and
Bottom (b)) on the windward facade (NE-NW) — Season Four...........cccceevieniennennen. 232
Figure 4.36. Illustration of spatial distribution of Mean (daily average) Rwir (WDR
intensity) (mm/h) (annual (65 Rain events) and seasonal (S01, S02, S03, S04)) at different
heights (m) on building windward fagade (per square metre) based on the Proposed ISO
15927-3 and ASHRAE 160P models” WDR coefficients...........cccceecuervieniiniieniennn. 243
Figure 4.37. Illustration of potential reduction non-potable (%) and potable (%) water
usages based on Proposed model prediction of harvestable Rywqr (per square metre) at

different heights (m) on building windward fagade...........cccccoeeieniiniiiniiiiiiceeeee, 245

Xx1



List of Tables

Table 2.1. Rainwater demand for domestic application (MSMA, 2012)..........ccceeuuee. 25
Table 2.2. Run-off coefficients for the traditional roofing materials (Biswas & Mandal,

2014; Eslamian & Eslamian, 2021; Sendanayake et al., 2014; Worm & Hattum, 2006)

Table 2.3. Policies and guidelines related to RWHS under Malaysian government
(Fakhira & Nazri, 2022; Lee et al., 2016; Shaari, 2020)........cccceeverreercrieerrieeeree e 45
Table 2.4. Government act and strategic plan related to sustainable water management
(12MP, 2021; Shaari, 2020) .......ceeeruirierienieeieeteeeee sttt st 46

Table 2.5. Duration of seasons in Malaysia in 2017. Data derived from (Bahari et al.,

Table 2.6. Summary of the WDR gauges characteristics...........ccoceevereiineenerncnecneennen. 80
Table 2.7. Parameters in the ISO Standard roughness coefficient (Cr) (ASHRAE
Standard TO0P, 2016) .....ccoueiiiieieeieeie ettt et e 98
Table 2.8. Obstruction factor (O) values (Coutu et al., 2013) ......coevieiiieiiiiiiiieeee 99
Table 2.9. Exponent for different upwind exposure (ASHRAE Standard 160P, 2016)101
Table 2.10. ASHRAE exposure factor (Fg) (ASHRAE Standard 160P, 2016) ............ 103
Table 2.11. Rain deposition factor (Fp) (ASHRAE Standard 160P, 2016)................... 104
Table 3.1. Absolute adhesion water on five vertically placed plates made of different
TNALETIALS ...ttt ettt ettt st 108

Table 3.2. Possible error sources and modifications to minimize in the gauge design stage

Table 3.3. The WDR gauge components liSt ..........ccceeveeiierieniiieniieiienieeieesee e 112

Table 3.4. Time reporting possible errors of the data logger and the implementation

COMSIAETALIONS - et e e e e e e e e e e e e e e eeeeeeeeeseaasesesesesesesesesesasasasesasesasesesasanenanans 118

XXii



Table 4.1. Periods of seasons in Malaysia in 2017, data derived from Bahari et al. (2017)

Table 4.2. Maximum and minimum WDR receiver event (in total) in each season and the
maximum and minimum WDR receiver gauge in each respective event (“Trace < 1 ml
WDR QIMOUNES (SWr)) +eeeeeveeerrreesreeaiieeesieeesseessseessseeessseeesssseesssseessseeesssesssssessssesssssees 141
Table 4.3. Normality tests processing and standard error summary of validated cases in
season one (10 out of 14 cases (71%) were accepted) ........cceeveeeiienieiiiienieeienieeieens 147
Table 4.4. Normality tests processing and standard error summary of validated cases in
season two (20 out of 22 cases (90%) were accepted).......ocvevereriieriiiiiiienieeiesie e 149
Table 4.5. Normality tests processing and standard error summary of validated cases in
season three (8 out of 13 cases (61%) were accepted)........cceeveieriienieiiiieniieierie e 151
Table 4.6. Normality tests processing and standard error summary of validated cases in
season four (28 out of 44 cases (63%) were accepted) .......cceevviriuieriieriiieniieierieeiee 153
Table 4.7. Average daily WDR catch ratio values (1) at driving rain gauge locations based
on the entire monitoring period of S€ason 1.........cccerieviiiiiniiniiiiiienecececceeee 159
Table 4.8. Average daily WDR catch ratio (1) values at driving rain gauge locations based
on the entire monitoring period 0f S€ASON 2..........oocuieiiiiiiiierieeiieeeeee e 160
Table 4.9. Average daily WDR catch ratio values (1) at driving rain gauge locations based
on the entire monitoring period of S€as0oN 3..........cocieiiiiiiieiieiiieeeee e 166
Table 4.10. Average daily WDR catch ratio values (1) at driving rain gauge locations
based on the entire monitoring period of S€asOn 4..........ccceeviieiieniiienieeieeieceeeeeen 166
Table 4.11. Parameters used for calculation of Rydr by semi-empirical models ISO 15927-
3 (2009) and ASHRAE Standard 160P (2016) in this Study.......cccceeevervienireiienieeanens 180
Table 4.12. Determined parameters for ISO standard 15927-3 and ASHRAE standard

TO0P MOAEIS - SEASON OMIE......eeeeeee e enne 182

XXI1i1



Table 4.13. Determined parameters for ISO standard 15927-3 and ASHRAE standard
160P models — S€aSON TWO ...ceeeviiieiiieciieeciie ettt e e e e naeeeeneas 183
Table 4.14. Determined parameters for ISO standard 15927-3 and ASHRAE standard
160P models — Season TRICE ........ccc.iiiiiiiiiiiieiee e 184

Table 4.15. Determined parameters for ISO standard 15927-3 and ASHRAE standard

160P models — Season FOUT ..........cooiiiiiiiieee e 185
Table 4.16. Rwiar (WDR intensity) (mm/h) on windward facades - Experimental
measurement / [ISO model / ASHRAE model — Season One...........ccccevieeiieniienennen. 188
Table 4.17. Rwar (WDR intensity) (mm/h) on windward fagades - Experimental
measurement / [ISO model / ASHRAE model — Season TWO .........ccocceeviiiiienienieenen. 191
Table 4.18. Rwar (WDR intensity) (mm/h) on windward fagades - Experimental
measurement / [ISO model / ASHRAE model — Season Three ............ccceevieriienennen. 193
Table 4.19. Rwar (WDR intensity) (mm/h) on windward fagades - Experimental
measurement / ISO model / ASHRAE model — Season Four.........c.cocceviiiininncnnene. 195

Table 4.20. Performance of different coefficient of determinations (R?) values by the
polynomial regression aNALYSES........cc.eveeriiriirieniirienienitee e 198
Table 4.21. Difference (D) (Negative D value shows underestimation, Positive D value
shows overestimation), coefficient of determination (R?), root mean square deviation
(RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwar (WDR
intensity) (mm/h) by ISO model and ASHRAE model — Season One ......................... 212
Table 4.22. Difference (D) (Negative D value shows underestimation, Positive D value
shows overestimation), coefficient of determination (R?), root mean square deviation
(RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwar (WDR
intensity) (mm/h) by ISO model and ASHRAE model — Season Two..........ccoceuueeneee. 213
Table 4.23. Difference (D) (Negative D value shows underestimation, Positive D value

shows overestimation), coefficient of determination (R?), root mean square deviation

XX1V



(RMSD), and normalised root mean square deviation (NRMSD) for predicted Rywa: (WDR
intensity) (mm/h) by ISO model and ASHRAE model — Season Three....................... 214
Table 4.24. Difference (D) (Negative D value shows underestimation, Positive D value
shows overestimation), coefficient of determination (R?), root mean square deviation
(RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwar (WDR
intensity) (mm/h) by ISO model and ASHRAE model — Season Four......................... 215
Table 4.25. Predictive performance of the ISO and ASHRAE models for the top and

bottom locations on the building fagade for each season (0.20 < NRMSD < 0.50 is

TElAtiVELlY ACCUTALE) ...eouviiiiieiiieie ettt et 220
Table 4.26. Determined WDR Coefficient - Season One...........cccceeveeveerieeneeeieennen. 221
Table 4.27. Determined WDR Coefficient — Season TWo..........cccceeeviieniiiiiienieeieennen. 221
Table 4.28. Determined WDR Coefficient — Season Three............ccoceeviiriienieeennnen. 221
Table 4.29. Determined WDR Coefficient — Season Four............cccocceoniiniiininnennnen. 222

Table 4.30. Proposed WDR coefficients for ISO Standard 15927-3 model (o) and
ASHRAE STANDARD 160P model (Fr) to predict Ryq: for each tropical season in Kuala
Lumpur, MalaySia .......ceecuieiiiiiieeiieiieeie ettt ettt ettt ettt st e s e e snees 223
Table 4.31. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR coefficients
of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P) and the Proposed
WDR Coefficients on windward facades (NW-SW) — Season One ............ccceeeunnennnee. 225
Table 4.32. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR coefficients
of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P) and the Proposed
WDR Coefficients on windward facades (NW-SW) — Season Two..........cccccveeennennee. 228
Table 4.33. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR coefficients
of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P) and the Proposed

WDR Coefficients on windward facades (NW-SW) — Season Three..............cccu......... 230

XXV



Table 4.34. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR coefficients
of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P) and the Proposed
WDR Coefficients on windward fagades (NE-NW) — Season Four............c.ccceuveenneen. 233
Table 4.35. Proposed difference (D), coefficient of determination (R?), root mean square
deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted
Rwar (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO Standard 15927-3
model (o) and ASHRAE standard 160P model (Fr) — Season One...........cccccveeennennee. 234
Table 4.36. Proposed difference (D), coefficient of determination (R?), root mean square
deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted
Rwdr (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO Standard 15927-3
model (o) and ASHRAE standard 160P model (FL) — Season TWo ........ccccceevveenennen. 235
Table 4.37. Proposed difference (D), coefficient of determination (R?), root mean square
deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted
Rwdr (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO 15927-3 model (o)
and ASHRAE 160p model (FL) — Season Three..........ccoeceevieiiiieniieieieeieeeeeee, 236
Table 4.38. Proposed difference (D), coefficient of determination (R?), root mean square
deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted
Rwdr (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO Standard 15927-3
model (o) and ASHRAE STANDARD 160P model (Fr) — Season Four..................... 237
Table 4.39. Predictive performance of the ISO and ASHRAE models using Proposed
WDR coefficients for the top and bottom locations on the building fagade for each season
(0.20 <NRMSD < 0.50 is relatively accurate) ..........cceeeeveeeueerieeriienieeiiesieeieesee e 238
Table 4.40. Determined parameters for Proposed ISO 15927-3 and ASHRAE standard
160P models at different heights (m) on building windward fagade .............c.cceenneen. 240
Table 4.41. Spatial distribution of Mean (daily average) Rwar (WDR intensity) (mm/h)

(annual and seasonal (S01, S02, S03, S04)) at different heights (m) on building windward

XXV1



facade (per square metre) based on Proposed ISO 15927-3 and ASHRAE standard 160P
models” WDR COCTIICIENTS ........eieiiieeiiieciieeceeee e 241
Table 4.42. Potential reduction non-potable (%) and potable (%) water usages based on
Proposed model prediction of harvestable Rwdr (per square metre) at different heights (m)

on building windward facade derived from Table 4.42 ...........cccoeeevriiieieeieieeiee e, 244

XXVil



Acronyms
ASHRAE
CFD
Exp.
HAM
ISO

NE
NRMSD
NW
RMSD
RWH
RWHS
SE

Sw
VRWH
WDR

List of Symbols and Abbreviations

american society of heating, refrigerating and air conditioning engineers

computational fluid dynamics
experimental (in-situ)

heat-air moisture

international organisation for standardisation

north-east

normalised root mean square deviation

north-west

root mean square deviation
rainwater harvesting
rainwater harvesting system
south-east

south-west

vertical rainwater harvesting

wind-driven rain

Roman symbols

Cr
Cr
D

Fp
Fg
Fr

Rwdr
Sh
Swdr

terrain roughness coefficient
topography coefficient

wind direction

rain deposition factor

rain exposure factor
empirical constant

height

terrain factor

length

obstruction factor

horizontal rainfall intensity
wind-driven rain intensity
horizontal rainfall amount
wind-driven rain amount
time

wind speed

reference wind speed at 10 m height
wall factor

width

kg-s/(m3.mm)
m

m

mm/h
mm/h

ml - mm

m/s

m/s

XXviii



X,y cartesian coordinates -

y height above the ground m
Yo aerodynamic roughness length m
Ymin minimum height m
Vi raindrop’s terminal velocity m/s
Greek symbols

o WDR coefficient s/m
n catch ratio -

0 (D - 0) is the angle in the horizontal plane between the wind °

direction (D) and the normal to the fagade (6)

XXIX



List of Appendices

APPENDIX A. Meteorological Raw Data and Harvested WDR ............c.ccccverennnnnee. 284
APPENDIX A 1. The meteorological data record of Monsoon Transitional Period
(SCASOM 1) 1ieiiiieiiie ettt ettt e et e e et e e e staeeestaeesasaeessseeeesseeessseeesnseeennseeans 284
APPENDIX A 2. The daily harvested WDR amounts (Swdr) measured by 8 WDR gauges
during the Monsoon Transitional Period (Season 1) (“WDR amounts of 1 ml or less from
the tipping-bucket are considered as a “Trace” amount and is not recorded)............... 285
APPENDIX A 3. The meteorological data record of Southwest Monsoon (Season 2) 286
APPENDIX A 4. The daily harvested WDR amounts (Swar) measured by 8 WDR gauges
during the Southwest Monsoon (Season 2) (“WDR amounts of 1 ml or less from the
tipping-bucket are considered as a “Trace” amount and is not recorded)..................... 287
APPENDIX A 5. The meteorological data record of Monsoon Transitional Period
(SASOM 3) .ttt ettt ettt ettt e b e et e e et e st e e s bt e eabeesbeesnbeesateenbeesneeenseen 288
APPENDIX A 6. The daily harvested WDR amounts (Swdr) measured by 8 WDR gauges
during the Monsoon Transitional Period (Season 3) (“WDR amounts of 1 ml or less from
the tipping-bucket are considered as a “Trace” amount and is not recorded)............... 289
APPENDIX A 7. The meteorological data record of Northeast Monsoon (Season 4).290
APPENDIX A 8. The daily harvested WDR amounts (Swdr) measured by 8 WDR gauges
during the Northeast Monsoon (Season 4) ("WDR amounts of 1 ml or less from the
tipping-bucket are considered as a “Trace” amount and is not recorded)..................... 292
APPENDIX B. Determining Validated In-Situ Rwdr Dataset............ccccooerieninnennnene. 294
APPENDIX B 1. Validated experimental (in-situ) measurement data (meteorological

parameters and wind-driven rain intensity (Rwar) values) for model validation — Season 1

XXX



APPENDIX B 2. Validated experimental (in-situ) measurement data (meteorological

parameters and wind-driven rain intensity (Rwdr) values) for model validation — Season 2

APPENDIX B 3. Validated experimental (in-situ) measurement data (meteorological

parameters and wind-driven rain intensity (Rwdr) values) for model validation — Season 3

APPENDIX B 4. Validated experimental (in-situ) measurement data (meteorological

parameters and wind-driven rain intensity (Rwdr) values) for model validation — Season 4

Xxx1



CHAPTER 1: INTRODUCTION

1.1. Preface

Recently, Malaysia's water situation has shifted from one of relative abundance to one of
scarcity; water management is becoming increasingly complicated due to large
concentrations of population and commercial activities in the urban areas, particularly in

the capital city, Vertical Kuala Lumpur (FAO, 2020).

Cities and local governments have started to realise that buildings are one of the main
consumers of freshwater and have begun to take action. Endogenous development, as the
core concept in the planning profession, strives to obtain self-sustained development in
urban areas (Vazquez-Barquero & Rodriguez-Cohard, 2016), using local endogenous
resources within the urban boundary to the maximum extent possible to supply the
demand. Therefore, rainwater harvesting (RWH) has become more prominent in every
development as part of its contribution to preserving freshwater resources and restoring

Mother Earth.

However, traditional horizontal RWH approaches from rooftops and grounds are not
responsive, practical, or economically viable in today's modern metropolitan
environments due to the dominating built-up pattern of continual vertical expansion. In
order to fully utilise this natural resource and enable the creation of sustainable buildings,

we must devise a new method for harvesting rainwater for tall buildings.

As Dobravalskis et al. (2018) declared, all rain has a horizontal velocity due to wind
acting upon rain droplets, which is called wind-driven rain (WDR). Due to this natural
interaction, WDR hits all buildings’ fagades and it makes buildings’ fagades the available

potential catchment areas for vertical RWH.



This new approach to water resource management brings along more benefits in
comparison with the horizontal RWH, such as harvesting potentially cleaner water
because it can collect rainwater before ground/roof contamination occurs and utilise it
without significant treatment for non-potable purposes. Moreover, fagade areas have not
only larger surfaces but also more unused spaces compared to rooftops in modern urban

areas.

Accordingly, tall buildings can benefit from integrated vertical RWH from facade areas
in order to optimise their water consumption and minimise their impact on the potable

water network supply and environment (Beorkrem & Damiano, 2018).

This study explores the feasibility of harvesting WDR from tall building’s curtain walls

as an alternative available water resource for non-potable usage in Kuala Lumpur city.

1.2. Problem Statement

Extreme precipitation events have increased in frequency and intensity (IPCC, 2018) and
amplified the risk of flooding and landslide activity at regional scale (Bldschl et al., 2017;

Gariano & Guzzetti, 2016) as a result of increasing global temperature (WMO, 2022).

Considering that the amount of freshwater on earth is ecologically intact and the
population is growing rapidly, the world's water resources are in crisis, and freshwater
scarcity is inevitable (National Geographic, 2023). A new report by the Global
Commission on the Economics of Water has found that the supply of freshwater on Earth
will fall short of the demand by 40% before 2030 (Mazzucato et al., 2023), mainly due to
rising demand in the industrial and domestic sectors (WWAP, 2019). Water has become
a major challenge in today’s societies, particularly in the context of the transition to

sustainability.

Malaysia is relatively rich in water resources, with an average annual rainfall of 2562.35

mm (Tan, 2018). But because of the uneven distribution of rainfall over space and time,



some areas have been suffering from dry spells, while others have been affected by major

flooding over the last decades (Lani et al., 2018b).

Following the water crisis in 1998 (Lani et al., 2018b), the Malaysian government pays
attention to the RWH system (RWHS) as an alternative resource to reduce
overdependence on rivers and other surface water. The Ministry of Housing and Local
Government has encouraged citizens to install RWHS in their existing dwellings. Now,
RWHS is compulsory for new developments in Kuala Lumpur and encouraged in

Selangor and Melaka (San, 2023).

Acknowledging that in rapid growing cities, horizontal expansion has become
constrained and cities are growing vertically (Van Gerrewey et al., 2022). These tall
buildings place additional load on the existing power grid, water supply, and sewer
systems. Tall buildings require an abundance of energy for operations and utilities,
including water. They also change and complicate the route of rainfall-runoff in urban

arcas.

On the other hand, over the past decade, the roof garden concept as a green infrastructure
has become more popular; quite effective for alleviating the urban heat island effect in a
city (Heidarinejad & Esmaili, 2015; Lehmann, 2014; Qin et al., 2013; Shafique et al.,
2018). Residents prefer to use the building roof as a garden, since this has recreational
benefits (Kim et al., 2018; Taib et al., 2019; Zhang et al., 2020), particularly in tall
buildings. In addition, in these buildings, retention of rainwater operated by the vegetation
(integration of green roof and roof RWH) may reduce the overall volume of collected
water that may be used for exploitation (Cauteruccio & Lanza, 2023). Plus, the IGCC
code (International Green Construction Code) does not allow for water to be collected by
green roofs for potable water use; if used for irrigation, it would be fine, but it should be

kept separate from other uses (ICC, 2021).



Under these circumstances, rooftop rainwater harvesting (two-dimensional / 2D RWHS)
can be considered inadequate or impossible for not only potable water but also indoor
non-potable water consumption in tall buildings. Furthermore, in tall buildings, the ratio
of vertical fagade surface areas is much higher than the ratio of roof surface areas (Figure
1.1). Considering the fact that all rain has a horizontal velocity due to wind interaction
(wind-driven rain), therefore falls more and mainly onto the buildings’ facades
(Dobravalskis et al., 2018). Thus, building fagades as available catchment areas in tall
buildings can provide cleaner surfaces compared with rooftop areas for harvesting

rainwater (three-dimensional / 3D RWHS).

These challenges and prospects highlight the potential to collect WDR from building
facades as a new catchment area for rainwater harvesting. However, to the knowledge of
the author and as Dobravalskis et al. (2018) have mentioned in their research (laboratory
observation), there has not been any research on real-time and long-term WDR
measurement to evaluate this possibility; it needs an in-situ dataset measured in real-time
based on the guidelines and standards for generalisation through predictive model

validation.

(@ (b)

Figure 1.1. Tall building surface areas; Roof area (a) and Facade areas (b)



Besides, the impact of tall buildings on rainfall-runoff volume and flow path at the city
level requires to be addressed too. In conventional two-dimensional cities, buildings were
regarded as a factor that slows down the runoff, and their impact on changes in infiltration
was important (Cea et al., 2010; Chan, 2012; Dottori & Todini, 2013; Schubert et al.,
2008). While, as Yoo et al. (2021) discussed in the three-dimensional megacities, tall
buildings play as an additional source of runoff through the intercepted rainfall by the
facade surface areas. They contribute to distortion of the runoff process (Blocken et al.,
2013; Gao et al., 2021; Zhou et al., 2018; Zhou et al., 2019), creating three-dimensional

flow path, and sub-basin divisions that will be explained in more detail in Chapter 2.

In view of the water consumption pattern, Malaysia is categorised as one of the countries
with high domestic water consumption, above the recommended target by the World
Health Organisation (WHO) (Lani et al., 2018b). In some highly developed and populated
areas, such as Selangor, Putrajaya, and the Federal Territory of Kuala Lumpur, the river
resources have been fully exploited (Lani et al., 2018b), and 25 rivers have been declared
dead due to high levels of pollution (Rahman, 2021). Hence, to alleviate strain on the
water network, especially the potable supply, it is essential to make optimal use of the

available rainfall for non-potable usage to mitigate pressure on the potable supply.

1.3. Research Gap

Considering all the aforementioned circumstances, challenges and prospects, in a tropical
and vertically developing city like Kuala Lumpur, building walls can be a new available
alternative catchment area to be explored for RWH (Figure 1.1), particularly for tall
buildings. Note that wind causes a large portion of rain, which called wind-driven rain
(WDR), to collide with the building wall surfaces, and making these surfaces even more

suitable catchment areas for harvesting rainwater.



However, both the vertical surface areas and the presence of such natural phenomenon
(WDR loads) have been completely disregarded (Dobravalskis et al., 2018), and resulting

in increased rainfall-runoff volume on the avenue.

Figure 1.2 illustrates one of the most frequently used classification chart of existing in-

used RWH systems at small- medium and large —scales based on the catchment area.

As indicated in the figure, one aspect of RWH that has not yet been practiced is facade
surface areas at building scale (Che-Ani et al., 2009; Iman, 2012; Jamaluddin & Huang,

2007; Sonbol, 2006; Zhong et al., 2022).

Small-scale
(Building scale)

Rainwater
sources

Ground catchment

Domestic

Sand rivers storage

consumption & supply

Surface water
sources (Rivers, Medium-scale
lakes, reservoirs)

Rainfall-
Runoff

Water harvesting for
crops

Flood control
Groundwater

Large-scale
sources

Groundwater recharge

Figure 1.2. Classification of RWH based on the catchment surface area (Che-Ani
et al., 2009; Iman, 2012; Jamaluddin & Huang, 2007; Sonbol, 2006; Zhong et al.,
2022)

WDR has been studied and referred to as a damaging factor to the durability of building
envelopes in scientific research publications since years ago. Only a few research papers
recently in the field of WDR in scientific journals (Cho et al., 2020; Dobravalskis et al.,
2018; Yoo et al., 2022), conference (Fernando R et al., 2014) and a project report (Pinto
et al., 2020) have shown the growing interest in the new perspective towards the WDR

phenomenon as a water resource for vertical RWH.



In these studies, WDR has been explored and collected in lab conditions (observation) or
from a few rain events (in-situ measurement) and yet no research under real-time and in-
situ conditions for a long-term have been carried out to generate a dataset for model

validation to estimate the possible harvestable amount of WDR loads on building walls.

To determine the amount of WDR load on building fagades, there are three scientific
approaches, i.e., (1) measurements, (2) semi-empirical methods, and (3) numerical
simulations (Blocken & Carmeliet, 2004). The measurement of WDR is time- and labor-
intensive, expensive, and location-specific (Chen et al., 2022; Zhou et al., 2023); the
semi-empirical methods are based on correlations between meteorological data, building
geometry, topography and measured WDR load, noting that there is a dearth of such
datasets globally (Zhou et al., 2023); and the numerical simulation methods are mainly
used to evaluate the reaction of the building to WDR. As a result, the first two approaches
have been primarily employed and cited in WDR studies when the aim of research is

collecting, calculating, and estimating the quantification of WDR loads on building walls.

However, as Pérez-Bella et al. (2018) declared, access to hourly meteorological data as
the fundamental prerequisite for the semi-empirical models is not possible in many
places, which, together with the high calculation effort required, limits its use and the
generalisation of reliable standards such as ISO standard 15927-3 and ASHRAE standard
160P. Thus, attempts to establish more valid datasets for this purpose are required. Deb
Nath (2015) has also highlighted the essential need for WDR datasets derived from
experimental measurements under different climatic conditions to develop and/or validate
semi-empirical models, as well as numerical simulation models in the field of WDR

research on building fagades.

They also declared that the WDR estimated by semi-empirical models may show large
deviations from the field measurements, and therefore, to improve the predictive

performance of the models, the WDR coefficients need to be refined. To achieve the



suitable constant values conducting statistical equations and cross-comparison analyses
are required. For instance, the ISO 15927-3 standard model does not consider fagade
orientation and offers the same values for all four fagades. Thus, experimental
measurements (in-situ) on more facade orientations are required to refine coefficient

values.

Moreover, because of the limitations of the direct measurements of WDR there is a lack
of study to investigate the influence of wind speed (U), wind direction (D) and horizontal
rainfall intensity (Rn) on the spatial distribution of WDR (1) on building facades in a long-

term measurement campaign (Deb Nath, 2015; Gao et al., 2021).

This thesis has provided the following research questions to address all the research gaps

stated above.

1.4. Research Questions

The following research questions have been provided to address the aforementioned

research gap:

1. What are the requirements to investigate the feasibility of vertical rainwater
harvesting from tall building facades as a new catchment area in the tropical

climate of Kuala Lumpur?

2. What is a scientific approach to quantify real-time WDR load on building facades
and its meteorological dominant factors during the complete tropical monsoon

seasons?

3. How should data transformation (extract/transform/load (ETL)) be processed to

generate a valid WDR dataset for model validation?

4. How to predict the spatial distribution of harvestable amounts of WDR loads

impinging on tall building fagades in Kuala Lumpur?



1.5. Research Aim and Objectives

The aim of this study is to evaluate the feasibility of vertical RWH through in-situ
measurement and predictive modelling of the WDR amount impinging on the curtain wall
facades of the tall buildings, as a new catchment area. Research objectives to facilitate
answering the research questions, and in line with the aim of this study, are articulated as

follows:

1. To explore the feasibility of vertical rainwater harvesting system from wind-

driven rain based on Kuala Lumpur’s weather and vertical expansion pattern,

2. To investigate a complete tropical monsoon season under meteorological
condition with in-situ experiment in Kuala Lumpur for real-time WDR load

measurement on facades of tall buildings,

3. To generate a valid in-situ WDR dataset for the validation of semi-empirical

models,

4. To determine WDR coefficient constants of the semi-empirical models to refine
their predictive performance accuracy for estimation of harvestable amounts of

WDR loads on building fagades in Kuala Lumpur.

1.6. Research Methodology

To explore the possibility of vertical rainwater harvesting from building fagades, existing
literature regarding the current weather condition, freshwater status, tall building impacts,
and vertical WDR harvesting is studied in chapter 2, literature review, as the first step of

this research.

A quantitative approach is conducted to measure and predict WDR loads on building
walls in the tropical city of Kuala Lumpur, Malaysia. Malaysia has a tropical climate.

Each year has four tropical seasons. To understand climate patterns and changes, a one-



year measurement campaign is essential. For this reason, this study performs in-situ
measurement over the course of one-year to collect and record WDR and local weather

data patterns thoroughly.
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Figure 1.3. Overview of the research flow diagram

In the field of building science, research on WDR, concerning the interaction between
WDR and building fagades, two different aspects are discerned (Blocken & Carmeliet,

2004; Blocken et al., 2013) (Figure 1.4):

a) the determination of impinging WDR, before impact, and

b) the assessment of the reaction of the building to WDR

The scope of this research is related to the first part of WDR research; a) the determination
of impinging WDR intensity (Rwar) to investigate the amount of raindrops on the building
wall. There are several factors influencing the WDR intensity (Rwar) such as building

geometry, wind speed (U), wind direction (D), and horizontal rainfall intensity (Rp).
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Figure 1.4. Schematic representation of the two parts in WDR research: (a)
assessment of the impinging WDR intensity (Rwdr) and (b) assessment of the
response of the building wall (Blocken & Carmeliet, 2012; Blocken et al., 2013;
Deb Nath, 2015; Van Goethem, 2014).

According to the scientific reviews conducted by Blocken and Carmeliet (2004); Blocken
et al. (2013), the assessment methods to quantify WDR loads on building fagades can be

categorised as:
i.  Experimental methods [In-situ methods]
ii.  Semi-empirical methods
iii.  Numerical methods [Simulation methods]

Numerical methods are mainly used for the second aspect of WDR research: assessment
of the reaction of the building to WDR (Figure 1.4 — (b)). Only the semi-empirical
methods allow characterising the exposure of a large number of sites with a reasonable
use of time, resources and calculation effort (Pérez-Bella et al., 2018). ISO standard
15927-3 and ASHRAE standard 160P Models describe semi-empirical methods that
establish the use of hourly climate data as a starting point for calculating directional WDR
exposure (ASHRAE Standard 160P, 2016; ISO 15927-3,2009). As stated by (Pérez-Bella
et al., 2018) this directional calculation is based on the same WDR relationship used for
the scalar calculation, also incorporating a cosine projection factor cos (D - 0), which
relates the wind direction and the orientation of the fagade analysed. Furthermore,
Blocken and Carmeliet (2004) emphasized that one should use these equations

specifically for WDR on buildings, not for free-field WDR measurements. Because of

11



surrounding terrain and architectural factors, local phenomena affect the wind flow
pattern and, in turn, the building's WDR loads, which might vary substantially from free-

field WDR.

Thus, based on the scope of this study, the first two methods; Experimental and Semi-
empirical methods, are employed for in-situ dataset generation and model validation to
determine the WDR coefficient and predict the WDR intensity on the building wall for

VRWH purposes.

Experimental method — Experimental measurements are a critical component of model
validation and development, as they are needed to validate the accuracy of the model
predictions (Dunbar, 2018). Although the experimental methods have provided extensive
knowledge on the impingement of WDR on building facades, they are both labour-

intensive and restricted in their use (Blocken & Carmeliet, 2004).

In this study, to generate a valid set of harvested WDR loads data on the fagades of a
building plus its relevant meteorological parameters’ data, one-year in-situ WDR

measurements are carried out at the campus of Universiti Malaya in Kuala Lumpur.

Semi-empirical method — Semi-empirical methods were initially established to
investigate the relationships between the quantity of WDR intensity (Rwdr) and measured
meteorological data such as wind speed (U), wind direction (D), and horizontal rainfall
intensity (Rn). By comparing the in-situ measured dataset and the calculated results from
the semi-empirical model equations (ISO standard 15927-3 Model and ASHRAE
standard 160P Model), the WDR coefficient is determined, verified, and the model is
validated to predict the WDR intensity on building facades based on the local climate in

the future (see Figure 1.5).
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1.7. Significance of the Study

Freshwater is a significant challenge in today's built environment due to the growing
emphasis on sustainability and the rising trend of vertical development. Such
advancements in the built environment have already altered the natural water cycle. By
comprehending and implementing water sustainability measures at the building level, we
may start to address the difficulties posed by the decreasing availability of freshwater

resources and the increasing levels of human water consumption at the urban level.

The Malaysian government has prioritised Rainwater Harvesting Systems (RWHS) as a
viable and sustainable alternative to minimise reliance on rivers and other surface waters.
However, in a vertical urban environment, the conventional horizontal 2D RWHS from

rooftops of tall buildings is impractical.

This thesis claims that the facades of tall buildings can serve as available catchment
surfaces to harvest rainwater, as a new and sustainable 3D RWHS. The rainfall is stored
and utilised in the same location where it is captured. Furthermore, it decreases the
volume, peak flow, and distortion process of rainfall-runoff due to the adverse effects of
tall building developments on urban areas. These effects are caused by the the increase in

impervious areas and vertical sub-basin surfaces, which leads to avenue flooding.

The adoption of a sustainable and innovative 3D RWH, as opposed to the traditional 2D
system, is the optimal approach in line with the national and global initiatives on water

sustainability in tall buildings.

This study provides insights into the accessibility of a novel environmentally friendly
vertical rainwater harvesting (VRWH) in tall buildings. It assists both building occupants
and authorities in effectively managing household water supply and freshwater resources,

respectively. A summary of this research significances are illustrated in Figure 1.6.
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Figure 1.6. Research significance diagram
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1.8. Research Scope and Limitations

This thesis explores the possibility of wind-driven rain (WDR) harvesting from building
facade as a new catchment area in the context of sustainable architecture in the field of
building science. It focuses on the characterization of in-situ measurements (experimental
method) and predictive model validation (semi-empirical method) to determine the WDR
coefficient to predict the value of WDR intensity (Rwdr) on the building facade (curtain

wall) in the tropical climate of Kuala Lumpur.

The in-situ measurements are conducted for a period of one-year at the campus of
Universiti Malaya (UM), Kuala Lumpur, Malaysia, where the pilot building is equipped
with wall-mounted WDR gauges on all four facades and meets the research criteria
(layout and orientation, safety and accessibility, size and scale, and surrounding area).
The logging data excludes nocturnal precipitations (12 a.m. to 6 a.m.). Because it was
impractical to manually record rainfall time (start and end of the rain event) and measure
accumulated WDR during the entire day in a long-term (a complete tropical monsoon
season) data collection campaign. However, according to the precipitation pattern record
of Kuala Lumpur, the rainfall happens mostly in the afternoon time. Thus, it is
hypothesised that this omission does not affect the primary goal of this research.
Therefore, we anticipate that this research method and findings will be of interest to a
broad range of scientists and researchers engaged in the field of water sustainability in

tall buildings.

1.9. Summary

The four-stage research work of this thesis is structured into five chapters (Figure 1.7).
The first two chapters, Introduction and Literature Review, include the output of the first
stage (Theoretical and Review). Research Methodology, Chapter 3, provides a

comprehensive discussion on the second stage, or methodology. Chapters four and five

16



comprise findings and analyses, discuss the respective outputs of the research methods

and conclusion. The following overview provides a concise synopsis of each chapter:

Chapter 1 — The preface, problem statement, research gap, research questions, research
aim and objectives, overview of research methodology, significance of the study, and

research scope and limitations for this research have been stated in Chapter 1.

Chapter 2 — This chapter presents the scientific basis of the research, along with an
exploration of the various meanings and implications of the key terminologies used in
this thesis. This chapter first reviews briefly the current climate condition and freshwater
accessibility status in Malaysia, city of Kuala Lumpur in particular. It is followed by the
RWH drivers, benefits, definitions, components, and implementation in Malaysia. Then
the impacts of tall buildings on rainfall-runoff distortion and the possibilities of collecting
rainwater from the vertical fagades are discussed. Tropical seasons’ classification in
Malaysia is explained as the primary division factor in dataset classifications in this thesis.
In the experimental field measurement section, all the parameters, i.e., meteorological
data and wall-mounted WDR gauge design and collection procedures are covered
thoroughly. This chapter concludes by providing evaluation of the precise semi-empirical
models that are currently applied in the field of building science for estimating WDR

loads on building walls.

Chapter 3 — In this chapter, the adopted methodology based on the scope of this research
is elaborated in detail. The adopted quantitative approach comprises experimental
measurement (in-situ) and semi-empirical (ISO 15927-3 Model and ASHRAE 160P
Model) methods. This chapter describes the pilot building, measurement sensors and
gauges setup, data cleaning process, generating in-situ dataset, semi-empirical models’
application and validation, WDR coefficients determination, and predicting harvestable

WDR from building facade.
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Chapter 4 — It provides results and analyses starting with preprocessing of in-situ data,
data cleaning process of the in-situ dataset (Rwar), calculation of spatial distribution of
WDR (1) and its correlation analysis with meteorological parameters and building height.
This is followed by fitting the semi-empirical models and the validation analyses through
cross comparison charts of the Mean Rwar (mm/h), statistical analyses assessment based
on R? value, and NRMSD. In the final analysis section, the proposed WDR coefficients
((a) for ISO standard 15927-3 and (Fr) for ASHRAE standard 160P) are applied to the
WDR equations (the models) to predict the possible harvestable amount of Mean Ryar

(mm/h) on building fagade at different height locations and in different tropical seasons.

Chapter 5 — Chapter 5 provides summary of findings in response to the research
questions. It highlights the research contributions and recommendations for further

works.

Lastly, the references section lists the references cited in this thesis.
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Figure 1.7. Research flow diagram
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CHAPTER 2: LITERATURE REVIEW

This chapter outlines a review of the key terminologies and scientific basis of the research
conducted related to the possibility of rainwater harvesting from the vertical surfaces of
tall buildings through wind-driven rain collection. It begins with a brief overview of the
climate condition and freshwater status in Kuala Lumpur, Malaysia. The role of built
environment, in particular tall building fagades as the scope of this study, in rainfall-
runoff flow in urban areas and the derivers for harvesting rainwater from their facades as
a new catchment area will be explored. This chapter recognises wind-driven rain as a
potential freshwater resource and examines this phenomenon in the field of building
science. Therefore, design principles and measurement guidelines related to wall-
mounted WDR gauges will be presented in detail later. To predict the harvestable amount
of WDR from building facades, this chapter delves into the two most frequently used
methods as the approach of this work, i.e., experimental field measurement (in-situ) and
semi-empirical model validation. Finally, this chapter presents its conceptual framework,
which serves as the primary roadmap for the research process. This chapter is structured
in eight sections, i.e., 2.1 Climate change and freshwater accessibility, 2.2 Rainwater
harvesting, 2.3 Vertical expansion, 2.4 Seasonal classifications in Malaysia, 2.5
Experimental field measurement — meteorological parameters, 2.6 Experimental field
measurement — WDR 2.7 Spatial distribution pattern of WDR on building fagades, and

2.8 Semi-empirical model — WDR prediction.

2.1. Climate Change and Freshwater Accessibility

Climate change affects the hydrological cycle by affecting precipitation,
evapotranspiration, and soil moisture (Abbas et al., 2022). A recent World Meteorological

Organization report (WMO, 2022) indicated that the average global temperature has
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increased by 0.8 °C since 1880, which in turn led to an increase in the intensity and
frequency of extreme precipitation events on a global scale (IPCC, 2018). Regional scale
flooding and landslide activity have increased due to intensified precipitation events
(Bloschl et al., 2017; Gariano & Guzzetti, 2016; IPCC, 2014) and further intensification
of extreme precipitation events is projected for the future (Ge et al., 2019; Prein et al.,
2017; Ragno et al., 2018; Tabari et al., 2019). Due to different interacting drivers of
extreme precipitation changes, the changes are not uniform in space and vary by region

(Tabari, 2020).

However, recent studies have examined daily extreme precipitation changes in relation to
water availability and found that 30-year averaged annual precipitation maxima
aggregated over both dry and wet regions of the world are likely to increase (Donat et al.,

2019; Donat et al., 2016).

Consequently, the stormwater infrastructure of urban areas will fail to control greater
runoff volumes, and flooding will become more prevalent. In a recent report by the
Malaysian Stormwater Organization (Shaari, 2019), it was stated that more upstream
areas are developed without upgrading stormwater infrastructure downstream, which is

why the number of downstream areas experiencing flooding has increased.

Excess runoff eventually travels to larger bodies of water like lakes, estuaries, and the
ocean, polluting the water supply and limiting water access for humans and ecosystems

(National Geographic, 2022).

The world is facing an unprecedented water crisis, with global freshwater demand
predicted to exceed supply by 40% by 2030, reported by the UN (EcoWatch, 2023). The
demand is expected to continue increasing at 1% per year until 2050, accounting for an
increase of 20% to 30% above the current level of water use; mainly due to rising demand

in the industrial and domestic sectors (WWAP, 2019).
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Figure 2.1. The hydrological cycle or water cycle (Skinn, 2020)

There is the same amount of freshwater on earth as there always has been, but the
population has exploded, leaving the world's water resources in crisis; this means that
every year competition for a clean, copious supply of water for drinking, cooking,

bathing, and sustaining life intensifies (National Geographic, 2023).

Freshwater makes up a very small fraction of all water on the planet. While nearly two-
third of the world is covered by water, around 97.5% by volume is saline and ocean-
based, and only 2.5% of it is freshwater. Moreover, just 1% of the freshwater is accessible
for agriculture and cities, with much of it trapped in glaciers and snowfields (Figure 2.2).
In essence, only 0.007% of the planet's water is available to fuel and feed its 6.8 billion
people. However it sounds inconceivable but according to UNDP (2006), this amount of
available freshwater on the planet for seven billion people is enough but it is distributed
unevenly (as natural phenomenon) and too much of it is wasted, polluted and
unsustainably managed (as human-made phenomenon); and both phenomena resulted in

water scarcity on the planet.
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Figure 2.2. Distribution of water resources on Earth (WASH, 2018)

By 2025, an estimated 1.8 billion people will live in areas plagued by water scarcity, with
two-third of the world's population living in water-stressed regions as a result of use,
growth, and climate change (WHO, 2019). The challenge we now face as we head into

the future is how to effectively conserve, manage, and distribute the freshwater we have.
2.1.1. Malaysia Water Status

Malaysia is a tropical country that is relatively rich in water resources, with an average
annual rainfall of 2562.35 mm over the study area from 2007 to 2016 (Tan, 2018).
Because of the uneven distribution of rainfall over space and time, some areas have been
suffering from dry spells, while others have been affected by major flooding over the last

decades (Lani et al., 2018b).
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Malaysia falls into the category of countries with high domestic water consumption,
ranging from 209 to 228 litres per capita per day (Icd), exceeding the World Health
Organisation's (WHO) recommended target of 165 Icd (Lani et al., 2018b). According to
the Malaysian Water Association (MWA, 2018), Malaysia needs to reduce its high water
usage (201 litres/capita/day) by 18% to reach the recommended water-usage by the World
Health Organization (WHO), i.e., 165 litres/capita/day. Therefore, if water consumption

does not improve, Malaysia may face a water shortage crisis in the foreseeable future.

In Malaysia, about 97% of raw water supply for agricultural, domestic and industrial
needs is derived from surface water sources, primarily rivers; there are 189 river basins:
89 in Peninsular Malaysia, 78 in Sabah, and 22 in Sarawak (WWF, 2014). However, in
some highly developed and populated areas such as Selangor, Putrajaya, and the Federal
Territory of Kuala Lumpur, the river resources have been fully exploited (Lani et al.,
2018b), and 25 rivers are declared dead rivers in Malaysia, as highly polluted rivers; 16

rivers were found in Johor, 5 in Selangor, 3 in Penang, and 1 in Melaka (Rahman, 2021).

Urbanisation has caused significant environmental destruction and posed a serious threat
to its survival. Sustainable development takes into account how we coexist with nature
while preventing harm and devastation. The future of humanity is at the heart of this,
since it lays forth the rules for the preservation and management of sustainability of
resources, i.e., air quality, water quality, and ecosystems (Inyinbor Adejumoke et al.,

2018).

Table 2.1 shows the amount of average water consumption for different domestic
appliances and the corresponding average rainwater demand. According to the
environmental protection agency (EPA, 2023), toilets are by far the main source of non-
potable water use in the home, accounting for nearly 30% of an average home's indoor

water consumption.
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Table 2.1. Rainwater demand for domestic application (MSMA, 2012)

. Average Average Total
Use (Appliances) Type consumption rainwater demand
Indoor
Toilet Single flush | 9 L per flush 120 L per day
Dual flush 6 or 3 L per flush | 40 L per day
Twin tube 40 L per wash
Washing machine Front loading 80 L per wash
Top loading 170 L per wash
Dishwasher 20-50 L per load
. 1020 L per
General cleaning minute 150 L per day
Outdoor
Sprinkler or handheld hose 1020 L per 1000 L per hour
minute
Drip system 4 L per hour

20 L per minute
1020 L per
minute

200 L per wash
100-300 L per wash

Housing paths/Driveways
Washing car with a running hose

2.1.2. Water Sustainability

When it comes to water and climate change within the 2030 Agenda, both Sustainable
Development Goal (SDG) 6 and SDG 13 have a direct or indirect impact on all the other
SDGs (WWDR, 2020). The challenges of development, poverty eradication, and
sustainability are intricately interwoven with those of climate change mitigation and
adaptation, especially through water. Water is not a sector, but a connector and the
impacts induced by climate change touch all aspects of our society (economic, social and
environmental) (White, 2018). Streamlining water into global climate, development, and
DRR (disaster risk reduction) processes could be a means of connecting climate change
issues with all the other SDGs (Figure 2.3). Water is the core of sustainable development,
a finite and irreplaceable resource that is fundamental to human well-being and it is only
renewable if well managed (UNDESA, 2023). It is an essential way forward to place
water at the heart of these strategies. It helps the water community to deliver its message

to the climate community and a broader audience.
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Figure 2.3. Water as a connector among the global commitments adopted in 2015
(Uhlenbrook & Connor, 2019)

The need to embrace sustainability has never been greater than it is now, given the 21st
century’s rapidly increasing economic and environmental pressures. By understanding
and practicing sustainability at the building level, we may begin to overcome the
challenges of the diminishing quantity of freshwater resources and the rising levels of

human water consumption at city level.

In respect of the physical alternatives to fulfil sustainable management of freshwater, two

main categories of solutions can be identified (Silva et al., 2015):

1. Reduction of water consumption,

1.  Identification of new water resources.

To date, much attention has been given to the former option and only limited attention
has been given to the latter (Wu et al., 2017). This thesis is based on this premise and
focuses on identification and exploration of new sustainable and available water resource

at the building level.

As stated by Silva et al. (2015) even in countries with a favourable balance between water

demand and water availability, there is interest in evaluating alternatives for improving
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the efficient use of water. One way to achieve water sustainability is through rainwater
harvesting, which is the most available alternative water resource. Rainwater harvesting
gives city residents a clean, local, and renewable water source (UNFCCC, 2017), and as

stated in the Urban Stormwater Management Manual for Malaysia (MSMA, 2012):
i. It provides an alternative water supply to supplement piped water,

ii. It is a green approach. It reduces the dependency of people on pipe water hence

discourage dam construction and deforestation,

iii. It reduces water bills for consumer. Occasionally, there are economic advantages
such as rebates from municipalities for a reduction in use and dependency on

municipal water,

iv.  On islands with limited freshwater, rainwater harvesting is the major source of

water for domestic use,
v.  Itreduces stormwater flooding and soil erosion.

Taking into account the aforementioned facts (potentials and challenges), it is crucial to
contemplate RWH as an available alternative water resource to reduce overdependence

on river basins for freshwater demand, as well as avenue flooding.
2.1.3. Built Environment Developments Impacts on Natural Water Cycle

As cities become more urbanised, the amount of areas where water cannot soak in (also
known as impervious areas) increases; the hydrological processes of surface water runoff
become more unnatural, causing damage to infrastructure and contamination of water by
pollutants (Saraswat et al., 2016). In other words, buildings and impervious surfaces
disrupt the natural water cycle. As a result, natural water flows are altered, and stormwater
is created. Consequently, urban building development causes the following changes to

the water cycle changes:
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1. Increasing surface imperviousness,

ii.  Decreasing infiltration,

iii.  Decreasing groundwater recharge,

iv.  Increasing runoff volumes and peak flows,

=<

Changes in runoff conveyance networks.

To reverse this situation, the built environment sector should strive to naturalise itself

with the goal of reaching pre-development flow conditions.

Low-impact development (LID), a relatively recent approach to stormwater management,
focuses on the minimization of runoff with the aim of reducing the impact of development
on water resources. The LID practices include infiltrating (porous pavement),
evaporating, and rainwater harvesting, which are retrofitting technologies that utilize

rainfall on the site where it falls (Li et al., 2020).

2.2. Rainwater Harvesting (RWH)

As aforementioned, increasing population, higher levels of human activities, continuous
depletion of fresh surface and groundwater, and climate change require that water
resources be adequately managed to satisfy current demands and attain future
sustainability. The use of rainwater has been widely accepted as a reliable alternative.
RWH is broadly defined as the collection and concentration of runoff for domestic water
supply, productive purposes, and livestock (Alamerew et al., 2002; Ali, 2017). Even in
areas with abundant water resources, rainwater can offer benefits such as reducing water

supply costs, reducing water extraction, and maintaining water security in emergencies.

Due to its ability to decrease reliance on the domestic water supply, RWHS has been

implemented in various areas, such as agriculture, and commerce. The subsequent
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sections provide an overview of the drivers, benefits, definitions, components and

implementations of RWH in Malaysia.
2.2.1. Drivers for RWH

The aim of the ‘Malaysia Water Vision’ is to transition from the current state to a future
state that can meet the future demand for water and ensure the sustainable utilisation of
water resources. The main concern is water scarcity, which arises from unsustainable
consumption and excessive extraction of surface and groundwater resources. These

factors lead to water shortages and pose a threat to long-term sustainable development.

This drives the narrative for mainstreaming, efficiency measures such as rainwater
harvesting (SQL Associates, 2018). The integration of rainwater harvesting (RWH) into
water resource management has become even more of a priority towards water
sustainability all over the world. Mbua (2013) identified four primary RWH drivers, as

shown in Figure 2.4.
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: * Lack of sufficient surface and ground water resources;
\ » Contaminated surface and groundwater resources;

: * Poor governance and water policy;

1
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* Inadequate allocated funds for water exploitation and distribution
projects
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1 . .
I * People tendency to save water and consider other water supply options :
| due to the rise in the cost of water; '
: * There is a direct relationship between the rise of modern RWH :
\ systems with increasing water prices in both developed and developing '
! countries !

* New RWH approaches are considered and incorporated into
regulations for the construction of new buildings, aiming at reducing
pumping costs and energy use caused by the supply of water to
elevated areas

|
1
1
1
» Some countries enact legislation aimed at decreasing the demand for :
the mains water supply and use rainwater for other domestic uses |
except potable uses; '
» Some countries have introduced legislation to increase the number of X
RWH systems aimed at reducing the amount of potable water by !
homes and their greenhouse gases emissions as well !

Figure 2.4. Main RWH drivers and their reasons/causes (Mbua, 2013)

2.2.2. Benefits of RWH

RWH has numerous benefits as well as some drawbacks, whether it is used for residential
or other purposes. If the location is an industrial area prone to air pollution, the primary
drawbacks pertain to construction costs and water quality. This could contaminate the
rainwater prior to its collection. The RWH system's construction complexity essentially
determines the cost issue. Furthermore, the quantity and frequency of rainfall cannot be

predicted with 100% accuracy. Climate change impacts make weather much more
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unpredictable, and this might be favourable for tropical areas (more intense rainfall),
whereas arid regions will experience a decrease in the little rainfall they already have

(Mbua, 2013).

In seasonal climates, rainwater collection is frequently used to supplement other water
sources. Where climatic conditions are appropriate, it can be used as the primary source
of drinking water, provided the rainwater collection and storage system has the capacity

to supply sufficient quantities of safe drinking water to meet user needs (WHO, 2020).

The quality of the rainwater collected and stored in the storage tanks is theoretically less
contaminated than water from other supply sources, such as underground or surface;
therefore, this water is used for drinking in various sectors after a simple disinfection
process (Hugues, 2019; Vilane & Mwendera, 2011). The quality of the water will vary
depending on the environment in which the system is used; for instance, in the
Netherlands, people utilise the collected water to irrigate gardens and crops, as well as to
flush the toilet, because it lowers costs by not using potable water from the public system

(Garcia-Avila et al., 2023).

The benefits of RWH can be classified into two categories, namely, environmental and
economic (Jones & Hunt, 2010; Lani et al., 2018b). For environmental benefit, it can be
used as an alternative water supply to supplement piped water. When used on a large
scale, RWH can help reduce flash floods in urban areas and minimise soil erosion, as well

as prevent pollutants from entering water bodies (Rahman et al., 2012).

The following (Figure 2.5) are the general benefits and advantages of RWH in
transitioning in the built environment towards water sustainability for the development
and management of rainwater (Barron & Salas, 2009; Mbua, 2013; San, 2023; Struk-
Sokotowska et al., 2020; Toledo, 2015; Trenberth et al., 2007; Viljoen, 2014; Zhu et al.,

2004):
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Environmental benefits

*Renewable resource: An environmentally friendly water alternative which perfectly
fits in any sustainable water management system

*Recharges groundwater: Mitigating urban floods, avenue flood, and lifting the
pressure of storm drainage

*Reduction of water stress: Relieving the pressure on other water resources

«Less Contamination: The level of rainwater contamination is far less than that of
surface and groundwater

*Providing a water supply buffer for use in times of emergency or droughts
* Greater control of urban water cycle

*Rainwater has a very low hardness: It prevents limescale in washing machines and
reduces detergent consumption, less detergent means less pollution of both the
wastewater treatment plant and the environment and less detergent residue in clothes
which is particularly beneficial for allergy sufferers

Economic benefits

* Cost-effective for the end user: Anyone anywhere at any time can collect and store
rainwater as long as rain falls without paying a price

*Reduction of water bills: Utilizing for non-potable purposes (toilet flushing, washing/
laundry, irrigation, cleaning, car washing and more) resulted in water bill reduction

1
1
1
[}
1
1
1
1
1
[}
1 . . . . )
i *In-situ Usage: Rain water collected domestically from the catchment is used on site
: for household activities. This saves time and money for water transportation from

i public taps, streams or wells.

[}

1

1

1

1

1

[}

1

1

*Simple Setup and Maintenance

*Negligible Running Cost: After setting up a functioning RWH system, future
expenditures are negligible. Maintaining the system is not an expensive task

*Employment: Integrating RWH systems in water resource management provides
employment opportunities for the local inhabitants

Figure 2.5. Environmental and economic benefits of RWH

Rainwater collection is a flexible approach that can be applied under a wide range of
conditions. A RWH system's performance depends on a number of factors, including in-
depth analysis of rainfall data, catchment characteristics, storage facilities, and
maintenance, patterns of water usage, and population per capita income. Some drawbacks
are mitigated by the use of locally produced materials and the community's participation
in joint efforts with the local government and non-governmental organizations (who may

provide financial support).

RWH has been practiced for centuries globally. However, centralization of water supply
and technological development have gradually replaced the Taanka (underground tanks

located in houses or within the courtyard) with the convenient piped water in the 20"

32



century. Taking the above-mentioned benefits of RWH into consideration, plus
challenges such as population growth, surface and groundwater contamination issues,
costs of water extraction and purification it is the necessity to revive and increase the
effectiveness of RWH system for the new and rapid growing pattern in building

development.
2.2.3. Definitions of RWH

Definitions and classifications of RWH techniques vary among regions. Geddes provided
one of the earliest definitions of RWH, as quoted by Myers (1975): "The collection and
storage of any farm waters, either runoff or creek flow, for irrigation use”. Critchley et
al. (1991) defined RWH as the collection of runoff for productive use. Oweis (2004)
defined RWH as “The concentration of rainwater in runoff into smaller target areas for
beneficial use.” Kahinda et al. (2008) explained RWH as "The collection, storage, and
use of rainwater for small-scale productive purposes.” The World Overview of
Conservation Approaches and Technologies (WOCAT) database (Mekdaschi & Liniger,
2013) recently described RWH as "The collection and management of floodwater or
rainwater runoff to increase water availability for domestic and agricultural use as well

as ecosystem sustenance.”

According to the definitions, the common main purpose is to increase the amount of
available freshwater by capturing rainwater for local use or for transfer to another area.
The storage from the RWH system can be used for potable and non-potable uses. It is
preferable to integrate the RWH systems with the existing conventional water supply
systems (Chacha, 2015). The most widespread uses given to harvested rainwater are non-
drinkable applications (i.e., toilet flushing, garden irrigation and domestic laundry use)
(Roebuck et al., 2011). This will help to meet the increasing demand for water supply and
contribute to the sustainability of the freshwater supply. In addition, several recent studies

have quantified the average amount of water demand that RWH can meet, which is
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strongly dependent on the local climate and consumption patterns. These studies conclude

that those systems can supply 45% of domestic demand (Parés et al., 2004; Ratnayaka et

al., 2009). RWHS can be applied to both small and large-scale premises, but certain

criteria need to be satisfied before implementing the system.

2.2.4. Components of RWH

In the broadest sense, RWH in buildings is a technique that collects and stores runoff for

use as non-potable sources instead of drinking water in domestic, commercial,

institutional, and industrial sectors. All RWH systems consist of three main components,

which are further subdivided into a number of smaller components. The following are the

main components:

1.

il.

1il.

A catchment surface: also known as a collection area, runoff area, or catchment
surface, is typically a simple structure, such as a roof or gutters that directs

rainwater to the storage facility,

A storage facility: the area that holds the harvested runoff water until it is used for
people, crops, or animals. Water can be stored above ground (e.g., in reservoirs

or ponds), in the soil profile, or in underground storage containers (e.g., cisterns),

A target: the endpoint of a rainwater harvesting system, the place where the

harvested water is used for domestic use or crop production.

This research focuses on the first RWH component, the catchment surface. It is to be

noted that in this study catchment surface is referred to:

ii.

In in-situ measurement: the collection area of the WDR gauge that rain impinged

on and runoff to the reservoir during the rain event,

In tall building facade area: the glass curtain wall fagades of the tall buildings, as

a prospect new catchment area.
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In a horizontal or 2D RWH system, roofs are ideal catchment surfaces for harvesting
rainwater, if they are clean. If a building or house with an impervious roof, which is
resistant to rain, is already in place, the catchment area is available free of charge (Biswas
& Mandal, 2014). The choice of roof material and the size of the effective area directly
influence the efficiency, quantity, and quality of the collected rainwater. Catchment areas
may also include driveways or swales in yards. However, rainwater harvested from
catchment surfaces on the ground should only be used for irrigation because of the
increased risk of contamination (Abdulla et al., 2021). The quantity and quality of the
rainwater collected from the catchment area vary depending on the amount and intensity
of rainfall, the surface area, the type of material, and the condition of the surrounding

environment (Khoury-Nolde, 2010).

2.2.4.1. Catchment Materials

As Eslamian and Eslamian (2021) explained in their book, all catchment surfaces must
be made of non-toxic material; painted surfaces should be avoided if possible, or, if the
use of paint is unavoidable, only non-toxic paint should be used. Lead-, chromium-, or
zinc-based paints are not suitable for catchment surfaces due to the presence of heavy
metals, overhanging vegetation should also be avoided (Sendanayake & Eslamian, 2021)
because birds and animals in the trees may defecate on the roofs (Fath & Jorgensen,
2020). Steep galvanised iron roofs have been found to be relatively efficient rainwater

collectors, while flat concrete roofs are very inefficient (Eslamian & Eslamian, 2021).

In horizontal RWH (2D), catchment surfaces and collection devices should be cleaned
regularly to remove dust, leaves, and bird droppings to minimise bacterial contamination

and to maintain the quality of collected water (Fath & Jorgensen, 2020).

Runoff— The amount of catchment surface runoff is influenced by catchment material, as

mentioned above, and rain properties such as rainfall duration, amount, and intensity
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(Sitterson et al., 2018). Runoff occurs after rain impingement on the catchment surface.
Runoff is generated by a combination of two mechanisms; saturation excess and
infiltration excess over the catchment area (Yang et al., 2015). Saturation excess occurs
when the catchment area becomes fully saturated with water, exceeding the water holding
capacity of the material (Johnson et al., 2003); infiltration excess occurs when rainfall
intensity exceeds the maximum rate that water can infiltrate into the material, and water
must flow over the catchment surface (Yang et al., 2015). In other words, runoff occurs
on non-absorbent materials (has a low absorptivity) or on fully saturated surfaces (has no
more capacity to absorb water) (Dorsey et al., 1996), such as galvanised iron in horizontal
and glass in vertical catchment surfaces. The absorption of water by the surface is
controlled by the absorptivity, or rate of water uptake, and the absorption, or capacity to
absorb water. Figure 2.6 illustrates the relationship between constant impinging rain,

absorption, and runoff based on time and material characteristics.

Figure 2.6. Simplified diagram illustrating absorption over time for several
materials assuming a constant rainfall (Dorsey et al., 1996)

Line A represents a spongy material: high absorptivity and absorption, has the

capacity to absorb all the incident water over time, thus having no runoff.
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Curve B describes a moderately absorbent concrete: high absorptivity but a
limited absorption capacity; from to to to, all incident water is absorbed and there
is no runoff; from t; to t3, the absorbed amount is less than the incident amount
because of saturation; hence, some rain is absorbed but an increasing quantity runs

off.

Curve C shows the behaviour of a higher absorbent concrete: higher absorptivity,
runoff starts sooner, from time t;, because the material becomes saturated more

quickly.

Curve D illustrates a very non-absorbent material such as glass: the amount of
water that is absorbed is very small and drops off slowly during the time span;

thus, there is significant runoff from the beginning.

The diagram (Figure 2.6) illustrates that on a non-absorbent material such as glass (the
most common material in tall buildings’ curtain walls), runoff occurs after initial
rainwater impingement with an insignificant absorption amount and significant runoff

quantity in a uniform and steady trend on the vertical catchment surface.
2.2.4.2. Runoff Coefficient

The collection of rainwater is usually represented by a runoff coefficient. The runoff
coefficient is a dimensionless coefficient defined as the ratio of the volume of water
superficially drained during rainfall to the total volume of precipitation during a certain

period (Machado et al., 2022; SWAMP, 2023).

Rooftop catchment efficiencies range from 70-90% (Eslamian & Eslamian, 2021); losses
are due to roofing material, evaporation, losses occurring in gutters and storage tanks and

inefficiencies in the collection process.

The rooftop catchment yield is typically estimated at 75% of the actual rainfall, although

occasionally run-off coefficients for hard roofs in humid tropics are taken as 0.85
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(Sendanayake, 2016a, 2016b, 2016¢; Sendanayake, 2016d). Table 2.2 shows the run-off
coefficients for the typical materials used for different types of catchments in 2D RWH.
The glazed tiles as the closest material to the glass curtain walls shows high runoff

coefficients (0.6-0.9).

Table 2.2. Run-off coefficients for the traditional roofing materials (Biswas
& Mandal, 2014; Eslamian & Eslamian, 2021; Sendanayake et al., 2014;

Worm & Hattum, 2006)
Material Runoff coefficient

Galvanized iron sheets >0.9
Corrugated metal sheet 0.7-0.9
Glazed tiles 0.6-0.9
Tiles 0.8-0.9
Concrete 0.6-0.8
Flat cement roofs 0.6-0.7
Aluminium sheets 0.8-0.9
Asbestos-cement 0.8
Thatched/organic roofs 0.2
Brick pavement 0.5-0.6
Rocky natural catchment 0.2-0.5
Soil with slope 0.0-0.3
Green area 0.05-0.1

A runoff coefficient of 0.8 indicates that 80% of the rainfall will be captured. Therefore,

as the runoff coefficient increases, the amount of rainwater collected also increases.

Precipitation is one of the most important factors in the evaluation and determination of
the runoft coefficient, which may refer to isolated rainfall or to a time interval in which
several rains occurred (de Campos & Machado, 2018; Junior, 2022). When precipitation

increases, the initial losses and the infiltration capacity are met (Machado et al., 2022).

Runoff coefficient is influenced not only by precipitation, but also characteristics such as

intensity, duration and distribution of the rainfall play a significant role in runoff
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occurrence and volume (Machado et al., 2022). Based on the catchment area

characteristics, a runoff coefficient can be estimated by using referencing tables.

2.2.4.3. Catchment Location

RWH can be classified based on the catchment location; roof tops and other purpose-built
catchments and also runoff from man-made or natural surface catchments for potable and
non-potable uses (Lani et al., 2018b). This classification includes in-situ, micro-
catchment system, and macro-catchment system (Mbilinyi et al., 2005; Mishra, 2014;

Oweis et al., 2012):

In-situ — The first category is in-situ RWH, where the rainfall is collected, stored,
and used in the same area where it fell. Examples of this system are deep tillage,
ridges, and borders, terraces, trash lines, rooftops, courtyards and similar

compacted or treated surfaces that are used for domestic purpose or garden crops.

Micro-catchment — The second category is called a micro-catchment RWH that
is a method of collecting surface runoff from a small catchment area and storing
it in the root zone of an adjacent infiltration basin. The basin is planted with a tree,
a bush or with annual crops. Some examples are contour bunds, semi-circular

bunds and strip catchment tillage.

Macro-catchment — The third category is macro-catchment RWH, also called
harvesting from external catchments, and is the case where the runoff area is large

and located outside the cultivated area. Examples are dams.

The scope of this research is evaluation of RWH under the first classification, which is

in-situ.

2.2.4.4. Catchment Size

The size of the catchment area can vary between a few square metres and several square

kilometres. RWH systems have been variously classified, Ali (2017) stated that the most
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commonly used RWH classification is based on the size of the catchment, namely, small,
medium and large scales (Gould, 1999; Jamaluddin & Huang, 2007; Mohammed et al.,

2007). This category of RWH systems is depicted in Figure 2.7.

Direct harvesting of fog, | Atmospheric water rain,
dew and snow snow, fog. dew

Runoff Infiltration

[ Rainwater Sources | Surface water sources Groundwater Sources
{(Rivers, lakes, reservoirs) {wells, springs, boreholes)
I Small-scale I Medium-scale I I Large-scale I

Roof Rock Ground Sand Rivers Water | Floodwater Harvesting lf
Catchment Catchment Catchment Storage Harvesting
Systems Systems Systems Earth Dam (for crops) _—
- l J’ - l - J{ i ’ Spate Irrigation
Domestic ) ) . Runoff Runoff | Flood Control |H
Consumption Livestock consumption nurseries and . . A
o . Gardening, farming,
small-scale irrigation, some domestic s 2 -
supply Miero- contour, | Groundwater Recharge ||
S " Bt
PPY Catchment bunds, etc =

Figure 2.7. Rainwater harvesting classification based on the size of catchment area
(Jamaluddin & Huang, 2007; Shaari et al., 2009)

2.2.4.5. Conveyance System

Conveyance systems are required to transfer the harvested rainwater from catchment
surfaces to storage tanks. A downpipe connected to one or more collection devices is
usually used for this purpose. The pipes used for conveying rainwater, wherever possible,
should be made of plastic, polyvinyl chloride (PVC), or other inert substances because
the pH of rainwater can be acidic and may cause corrosion and mobilisation of metals in

metal pipes (Fath & Jorgensen, 2020).

40



Three types of RWH systems are able to convey rainwater to buildings for non-potable
uses; gravity-fed, directly pumped, and indirectly pumped (Adnan et al., 2020; Leggett et

al., 2001; Roebuck & Ashley, 2007):

Gravity-fed System (GFS) — This system requires cisterns to be located on top of
the roof of a building in order to provide the amount of pressure head to be used

for toilet flushing.

Indirectly Pumped System (IPS) — In this RWH system, rainwater or stormwater
is pumped to a second holding tank, typically located on the roof, and then water

is conveyed to toilets through the use of gravity.

Directly Pumped System (DPS) — This system skips the holding tank and pumps

rainwater directly to the needed destination.

Results from the research analysis by Adnan et al. (2020) on utilization of these three
RWH systems specified by NAHRIM (National Hydraulic Research Institute of
Malaysia) and based on the building types are presented in Figure 2.8. It is worth

mentioning that the catchment area in their research is the roof top of the buildings.

Commercial 33% 50%

mGFS m[PS mDPS

Figure 2.8. RWH conveyance systems used in different building types, reproduced
from (Adnan et al., 2020)

The figure indicates that the most frequently used systems in different building types are

varied; in residential buildings are directly pumped system (50%) and indirectly pumped
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system (33%), in commercial buildings are indirectly pumped system (50%) and gravity-
fed system (33%), and in educational buildings are gravity-fed (43%) and directly
pumped systems (43%). Their analysis has also revealed that type of building does not
affect the choice of system when the building is a multi-storey building (Adnan et al.,
2020). Thus, tall buildings can benefit from each system according to the design and

specifications.

Figure 2.9 illustrates details about the two configurations; Indirectly and Directly pumped

RWH schemes, and as defined by Istchuk and Ghisi (2023):

i.  The indirect pumped RWH scheme comprises two rainwater tanks; collected
rainwater flows by gravity to a lower tank, from which it is pumped to an upper

tank, where again, by gravity, it is distributed to the water appliances,

1i.  Inthe direct scheme, collected rainwater is stored in the lower tank and distributed

directly to the water appliances through a pressuriser.

The following are some advantages of indirectly pumped and/or gravity-fed RWH

systems (Vargas, 2009):

i.  Provides water for non-potable uses in case of pump failure because it relies on

gravity to distribute water to toilets,

ii.  More energy efficient because the water pump can run at full flow rather than only

running at times when the supply is needed,

iii.  Can be connected to a backup water main pipe in case the water level at the header

tank runs low and needs to be supplemented by potable water.
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(a)

(b)

Figure 2.9. Indirectly (a) and Directly (b) pumped RWH systems schematic
diagrams (Istchuk & Ghisi, 2023)

2.2.5. Implementation of RWH in Malaysia

Over the last decades, rainwater harvesting has been regarded as a sustainable system to
cater for domestic and regional water deficiency issues all around the world, particularly
in southeast Asia and Africa (Mbua, 2013). According to Jiménez et al. (2020), in the
international arena, to achieve Sustainable Development Goals (SDG) 6, effective and
sustainable water governance is crucial. Currently, Malaysia faces proactive and fast-
developing political, legal, and economic environments; therefore, it is imperative to

ensure the water resources are carefully managed and governed (Shaari, 2020). A good
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governance approach towards water management in Malaysia will promote stakeholder

participation, practitioners’ involvement, and public awareness.

The severe drought in 1998, especially in Klang Valley, has triggered the Malaysian
government to embark on RWHS (Lani et al., 2018b). Following this water crisis, the
Ministry of Housing and Local Government introduced the guidelines for installing a
Rainwater Collection and Utilisation System in 1999 and encouraged citizens to install
RWHS in their existing dwellings (see Table 2.3), as the first step towards RWH
implementation by the local authorities in Malaysia (Shaari et al., 2009). The goal was to
reduce reliance on treated water and provide convenient water during water shortage
emergencies (Fakhira & Nazri, 2022), to focus on “mini dams” construction or rainwater
tanks in urban areas to reduce bigger dams construction on sections upstream (Mohd-

Shawahid et al., 2007), as well as preventing flash floods (Fakhira & Nazri, 2022).

Fung et al. (2020) stated that the results of the spatial analysis indicated that most of the
areas in the country are more prone to a short-term drought and higher severity, especially
in the north part of the central region, the southern region, and the central part of the east
coast. According to these microclimatic matters, there is an obvious need to adopt RWH

as a promising water storage system for the citizens.

Since 2011, under the Local Government Department’s Guidelines for Rainwater
Harvesting and Utilisation System, local governments will not approve residential
development plans that do not contain a rainwater harvesting system. RWHS is
compulsory for new developments in Kuala Lumpur and encouraged in Selangor (San,

2023).
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Table 2.3. Policies and guidelines related to RWHS under Malaysian government
(Fakhira & Nazri, 2022; Lee et al., 2016; Shaari, 2020)

Guidelines Department/Agency Year
Guidelines for Installing a Rainwater Collection and | Ministry of Housing and Local
e 1999
Utilization System Government
s . . Department of Irrigation and
RWHS: Guidebook on Planning and Design Drainage Malaysia (DID Malaysia) 2009
Guideline on Eco-Efficiency in Water Infrastructure | National Hydraulic Research 2011
for public Buildings in Malaysia Institute of Malaysia
Urban Stormwater Management Manual for .
Malaysia, MSMA 2nd Edition DID Malaysia 2012
Pagduan Pelﬁksanaitan Inisiatif Pembangunan Federal Town and Country Planning
Kejiranan Hijau-Sistem Pengumpulan dan 2012
. : Department
Penggunaan Semula Air Hujan
Garis Panduan Perancangan Kejiranan Hijau Federal Town and Country Planning 2012
Department
Federal Town and Country Planning
Garis Panduan Sistem Pengumpulan dan Penggunaan | Department, Ministry of Urban 2013
Air Hujan Wellbeing, Housing and Local
Government
Urban Stormwater Management - Part 6: RWHS, Department of Standards Malaysia 2014

MS2526-6:2014

Various initiatives in the form of policies and guidelines have been formulated by several

agencies to facilitate and improve the implementation of RWHS for residential and

government buildings in Malaysia (Table 2.3 and Table 2.4). The government gives full

attention to RWHS as an alternative resource to reduce overdependence on rivers and

other surface waters.

These findings highlight that rainwater harvesting (RWH) in Malaysia, especially in

densely populated urban regions with high-rise buildings like Kuala Lumpur, is a

promising and essential alternative water supply to be implemented. It also has significant

potential for mitigating avenue floods.
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Table 2.4. Government act and strategic plan related to sustainable water

Act/ Strategic Plan

management (12MP, 2021; Shaari, 2020)

Statement

NAHRIM Strategic
Plan (2016-2020)

National Policy on
Climate Change
2009

National Policy on
the Environment
2002

12th Malaysia Plan
(2021-2025)

Integrated Water
Resource
Management of
Malaysia (IWRM)
2016

National Landscape
Policy 2011

Strategic Plan 1:

Innovative research on water resource and water security for
sustainable natural resources that aligned with National Water Policy
2012 and National Policy on Climate Change 2009.

Principles 2:

Strengthen the implementation of climate change actions that
contribute to environmental conservation and sustainable use of
water resources.

Key Action 1:

Conduct systematic reviews and harmonized existing legislation,
policies and plans on water resources.

Principle 4:
Manage natural resource utilization, sustain the resource base, and
prevent degradation of the environment.

Chapter 9:
Enhancing Energy Sustainability and Transforming the Water Sector

10 Pillars for IWRM: Water for All

1- harmonizing water governance, 2-ensuring sustainable water
resources, 3-mainstreaming water in national agendas, 4-innovative
infrastructure design, 5-safe and affordable water services, 6-
increase water ownership and participation, 7-transparent data-driven
decision making, 8-creating business opportunities for water players,
9-strengthening disaster risk governance, 10-strengthening scientific
community

Mission 2:

To ensure a natural landscape resources are optimally utilized by
considering protection, conservation, and preservation of sustainable
management systems for the use of heritage and tourism.

2.3. Vertical Expansion — The Dominant Built-Up Pattern

As cities grow in density, they grow vertically, since their horizontal expansion becomes
constrained by limitations imposed by the optimum horizontal scale for the functionality
of cities. Even farming and other agricultural production activities are growing vertically
through “vertical farms” (Van Gerrewey et al., 2022). Future cities will no longer be
viewed as flat but as a three-dimensional (3D) manifestation of merged horizontal and

vertical architecture (Ali & Al-Kodmany, 2012).
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Tall buildings may have potential environmental advantages, such as ample access to
sunlight and wind for the incorporation of solar panels and wind turbines, but they are
environmentally damaging when they fail to incorporate energy-efficient design solutions
in their heating, cooling, and ventilation systems. Furthermore, a new tall building will
place additional load on transportation and infrastructure; existing power grid, water

supply, and sewer systems.

Tall buildings require an abundance of energy for operation and utilities, including water.
Many high-rises use more energy per resident than a well-built townhouse, and not much
less than a small, well-built, single-family home (Fader, 2000). One of the principal
problems with tall buildings of the past, even those offering great architecture, has been
the failure to consider how the structure meets the ground and affects the surroundings
environmentally (Ali & Al-Kodmany, 2012), as mentioned in Section 2.1.3 (and will be
elaborated in detail in Sections 2.3.5 to 2.3.7) by changing the water cycle and runoff

process.
2.3.1. Definition of Vertical Expansion — Vertical Urbanisation

Industrialization contributed to the growth of cities globally and resulted in the emergence
of megalopolises (Saatcioglu, 2013); the spatial planning structure of cities developed
horizontally, and the height of buildings and the number of floors increased (Jedwab et

al., 2021).

Architects and researchers have always explored ideas for the development and
reclamation of new lands in their projects; working with extreme climatic zones, with the
elements of earth, water and air (Novikov & Gimazutdinova, 2021). In the age of rapid
change, the 21% century, as Novikov and Gimazutdinova (2021) have discussed in their
research, the vertical expansion of the cities has already started and is set to continue more

vigorously in this century. Luca Curci Architects is actively developing projects for the
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vertical arrangement in this paradigm of the cities; Vincent Callebaut puts forward many
concepts for the future of these cities with an ecological aspect; John Wardle Architects

and Stefano Boscuitti showcase the Multiplicity project, etc.

Among the indicators of urban growth, there is an index characterising intensity, type
(horizontal vs. vertical), and spatial direction of growth over time, considering buildings
with 4 (or more) floors as an expression of vertical urban expansion and buildings with 3

(or fewer) floors as reflecting horizontal growth (Zambon et al., 2019).

The concept of a vertical city was defined by Iusupova et al. (2019) and McManamay et
al. (2019) as a set of vertical buildings with a developed infrastructure. According to
Novikov and Gimazutdinova (2021), a vertical city is an entire ecosystem located in the

air environment, significantly larger than a single building spot on Earth.

In this context, the development of architecture for the future vertical city and conceptual
ideas for residential complexes should contribute to addressing environmental challenges
and promoting de-urbanisation (Ahmadian et al., 2021; Biloria, 2021; Mihaila, 2014).
The development of innovative technologies in the field of building materials (Freitas &
Brito, 2019; Gomez Jr, 2017), design features of high-rise buildings (Auerbach & Wan,
2020; He et al., 2021), and landscaping fagcades (Elsadek et al., 2019; Morakinyo et al.,
2019) contributes to the expansion and systematisation of the future visions of vertical

cities (Toivonen et al., 2021).

2.3.2. Definition of Tall Building

Governments around the world define tall buildings differently and there is no universal
definition of the term (Al-Kodmany, 2012). The German regulations define tall buildings
as buildings higher than 22 m (72 ft) with rooms for the permanent accommodations of
people (Ross, 2004); the Leicester City Council in the U.K. defines a tall building as a

building over 20 m (66 ft) in height, and/or a building of any height, which is substantially
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higher than the predominant height of the buildings in the surrounding area (LCC, 2007);
in Ireland, in the Cork City development plan (2022-2028), a tall building is defined as a
building that is equal to or more than twice the height of the prevailing building height in
a specific locality (CCC, 2021); the ASHRAE (American Society of Heating,
Refrigerating and Air-conditioning Engineers), Technical Committee for Tall Buildings,
defines tall buildings as buildings taller than 91 m (300 ft), they also addresses supertall
buildings as taller than 300 m (984 ft) and megatall buildings as taller than 600 m (1968
ft) buildings (Simmonds, 2020) the Council for Tall Buildings and Urban Habitat
(CTBUH, 2018) defines tall buildings as 50 m or more or 14 storeys or more, supertalls

are 300 m and over, and megatalls are 600 m and over.

In Malaysia, high-rise buildings are defined as buildings that are seven storeys or more
in height and are also referred to as tall buildings (Daud & Ishak, 2018) or a building
taller than 23 m (75 ft) height (Yatim, 2009). Although the number of floors is not the
best indicator of defining a tall building due to the changing floor-to-floor height between
differing buildings and functions (e.g., office versus residential usage) (Nguyen, 2012),
but for the scope of this research, it is a convenient way to distinguish them as buildings
taller than 23 m height according to the definition of the term in the Malaysian context.
The tall building term considered in this thesis is assumed to be office, commercial,
residential, hotel, health-care, education, and mixed-use buildings, with a possibility of

RWH from curtain wall facade areas.

2.3.3. Wind Flow Patterns around Tall Buildings

In nature, trees, hills, and mountains influence ground-level wind patterns. When these
objects are in groups, such as forests and ridges, they have broader effects on the

surrounding area.

In urban areas, tall buildings influence the wind pattern significantly, with the difference
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that, unlike nature, buildings have sharp corners and rectangular shapes.

When wind hits a building wall, it is deflected in all directions. Some of the wind is
deflected upwards and around the sides of the building, causing no effect at ground level;
a significant portion of the air is deflected downward along the building wall, causing

draughtiness and turbulence at ground level (Scarano, 2022) (Figure 2.10).

Figure 2.10. Schematic depiction of the wind loading chain on tall building facades
(Abu-Zidan, 2019; Abu-Zidan et al., 2022; Yuvaraj et al., 2022)

At the windward facade, where the wind first strikes the building, the wind stream splits
above and around the sides of the building; the airflow accelerates around the corners of

the building (Scarano, 2022).

Figure 2.10 illustrates the systematic approach flow of the wind on a tall building fagade;
various contributing factors that include the local wind climate and site exposure, and the
aerodynamic and structural properties of the building. Abu-Zidan (2019); Abu-Zidan et

al. (2022) explained these factors as below:

i.  Local wind climate: this is where meteorological models are used to estimate

design wind speeds for a given return period,
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ii.  Local site exposure: when the approaching wind travels towards the building, it
interacts with local site condition; including effects of typology, terrain

roughness, and site exposure,

1ii.  Aerodynamic effects: when the wind profile reaches the building, it generates

aerodynamic loads that act on the structure,

iv.  Dynamic effects: they are influenced by structural properties, such as mass,

stiffness, and damping.

Contributing factors related to local wind climate and local site exposure as the scope of

this research are elaborating more in Section 2.5.
2.3.4. Distortion of the Runoff Process by Tall Buildings

The number of megacities with a population of 10 million or greater is also expected to
rise from 33 to 43 in the period 2018-2030 (UNDESA, 2018). In those cities, the numbers
of so-called high-rise buildings (e.g., 300-metre-or-higher tall buildings) are also
increasing (Gabel & Shehadi, 2017; Safarik et al., 2015). Increased impervious areas in
the city increases the runoff volume, as well as the runoff peak and consequently flood

risk.

The effect of urbanisation on the rainfall-runoff analysis has been one of the most
important issues in hydrology (Chen et al., 2015; Du et al., 2012; Hejazi & Markus, 2009;
Jung & Kim, 2017; Li et al., 2013; Niemi et al., 2019; O’Driscoll et al., 2010; Prosdocimi
et al., 2015; Roy et al., 2009; Yao et al., 2016). Most of these studies have focused on
urban flooding, although some studies have also raised the problems of decreased
infiltration and dry streams (Jung & Kim, 2017; O’Driscoll et al., 2010; Roy et al., 2009).
In those analyses, urbanisation is considered simply by increasing the impervious areas.
That is, the impervious area is the sole and key factor used to consider urbanisation (Yoo

et al., 2021).
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Megacities are three-dimensional. The conventional cities (two-dimensional) are
characterised by impervious areas and megacities are characterised by additionally
considering tall buildings. That is, in terms of rainfall-runoff, the two-dimensional cities
consider the change in infiltration to be important, but the three-dimensional megacities
should additionally consider the rainfall interception by the high-rise buildings. In
previous studies, 2D cities, the interception of buildings was considered a loss
(Grimmond & Oke, 1991; Hamdi et al., 2011; Lemonsu et al., 2007), or buildings were
regarded as a factor that slows the runoff (Cea et al., 2010; Chan, 2012; Dottori & Todini,
2013; Schubert et al., 2008). However, Yoo et al. (2021) highlight that in 3D cities, the

intercepted rainfall should be analysed as an additional source of runoff.

The role of interception by tall buildings in an urban basin is similar to the role of high
mountains in a natural basin; both have a major effect on the interception of rainfall that
falls obliquely due to the wind (Yoo et al., 2021). For example, Hughes et al. (2009)
showed that the role of the mountain is to make different runoff patterns on its coastal
side and its inland side. Simply, the mountain intercepts rainfall to make additional runoff
on the coastal side. The role of the tall buildings in megacities can be assumed to be
similar to that of the mountains. It is important to note that tall buildings alter and

complicate the runoff pathway.

2.3.5. Three-Dimensional Flow Path

As it was stated in the previous section, high-rise buildings change the flow path of runoff
in the basin. Generally, the flow path is considered over the two-dimensional plane. The
flow length is estimated as the horizontal distance, and the flow velocity is determined
by considering the slope of the land surface (Yoo et al., 2021). In urban basins, buildings
are assumed to be simply a part of the impervious area. The building’s shape, including
its height and width, is not considered in the flow path. In some two-dimensional rainfall-

runoff models, the flow path on the land surface is determined by considering the barrier
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role of a building (Bisht et al., 2016; Huang & Jin, 2019; Leandro & Martins, 2016;

Seyoum et al., 2012).
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Figure 2.11. Comparison of conventional flow path and changed flow path by a
building (Yoo et al., 2021)

Figure 2.11 illustrates the possible change of flow path due to a tall building; (b) shows
the changed flow paths due to a tall building over the two-dimensional plane, which are
very different from the conventional ones, as shown in (a). Additionally, the high-rise
building makes the flow path three-dimensional (see (d)). The flow path cannot be two-
dimensional, as is the case in the conventional model (see (c)). The vertical path is

especially important in the case where the travel time from the rooftop of a building to
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the ground is relatively long. In a small urban centre with many tall buildings, this change
will undoubtedly be concentrated. In this case, the flow path from the building wall to the

ground can also be considerable and important.
2.3.6. Sub-Basin Division

In the sub-basin division, it is important to consider various areas with different
characteristics in the runoff estimation. In particular, the tall building itself can be divided
into several sub-basins. Figure 2.12 (b) shows an example of the sub-basin division of a
tall building. The conventional method of sub-basin division is as shown in Figure 2.12

(a), even in the case of considering a building as a barrier against surface runoff.

Figure 2.12 (b) illustrates the division of a tall building into one sub-basin of the rooftop
and four building walls. The flow path from the rooftop of a building (sub-basin (1) - 1)
includes the rooftop itself and the flow through the vertical drainage pipe. The flow path
from the building wall (sub-basins (1) - 2 — (1) - 5) is composed of the surface flow on
the building wall, and the free fall again to the ground. In particular, when the wind is
rather high, the sub-basins (1) - 2 — (1) - 5 (building walls) are important. If the wind
speed exceeds 8.2 m/s, the intensity of wind-driven rain on building walls can be higher

than that on a building's rooftop (Cho et al., 2020).

Yoo et al. (2021) confirmed the significant role of the building wall in increasing runoff
volume and peak flow, particularly when the wind speed was high; if considering higher
buildings, it becomes even higher. And based on Cho et al. (2020), if the ratio of the wall
area to the rooftop area increases to 10, the amount of rainwater from the building wall
can be larger than that from the rooftop, even in the case where the wind speed is only

around 1 m/s.
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Figure 2.12. Comparison of sub-basin division and flow path in urban basin with
and without the tall building (Yoo et al., 2021)

2.3.7. Water Sustainability in Tall Buildings

The RWH technologies decrease building energy usage by augmenting system efficiency
(Liu et al., 2019). It is reported that the rainwater usage in residential areas of Brazil is
able to promote drinking water savings of between 48% in the southeast area and 100%
in the northern area (Ghisi et al., 2007; Ghisi & Ferreira, 2007). The objective of RWH
is to conserve the quality and quantity of natural water sources with minimum
degeneration, evacuation, and diversion by minimising freshwater usage. Ultimately, a
water-sustainable building or water-independent building will balance the water
consumption completely. The principal water resource consists of sources within the
same position as the catchment area and aquifer of the building’s water supply (Fowler

etal., 2017).

The economic performance of RWHS was investigated by Lani et al. (2018a) in Malaysia,
where the authors investigated rainwater harvesting for non-potable water consumption
in small and large commercial buildings. They showed that RWHS is more efficient in

large buildings compared to small buildings.
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2.3.8. Facade Rainwater Harvesting

For most of history, buildings have been constructed using the exterior wall as the main
structural system. Advancements in steel and reinforced concrete allowed the structural
system to be independent of the fagade and recede behind the envelope. The exterior walls
were then allowed to be much lighter, and thus non-load-bearing. With this advancement,
buildings used large glass facades in lieu of masonry walls. The Bauhaus movement
started to incorporate the idea of a modern curtain wall, consisting of mullions and glass;

the same idea predominates in much contemporary high-rise design.

Water and moisture have always been concerns in curtain wall construction. The
materials used in the system are heavily dependent on how well they withstand corrosion
and water accumulation. Modern curtain walls use an array of sealants, gaskets, and
flashing to prevent such issues. Watertight construction is integral to the life of the fagade
system and the overall building. Hence, curtain walls have become vertical waterproof
surfaces, non-absorbent (Section 2.2.4.1), and with high runoff coefficient (Section

2.2.42)

Large buildings have generally been required to introduce RWH facilities; globally, it has
been a recommendation in some cities and an obligation in others. However, the roof
garden as a green infrastructure has become more popular nowadays; (i) quite effective
for alleviating the heat island effect in a city (Heidarinejad & Esmaili, 2015; Lehmann,
2014; Qin et al., 2013; Shafique et al., 2018), and (ii) residents prefer to use the building
roof as a garden due to its recreational benefits (Kim et al., 2018; Taib et al., 2019; Zhang

et al., 2020).

In recent studies, the method of rainwater harvesting with a green roof has been developed
(Almeida et al., 2021; Monteiro et al., 2016; Pimentel-Rodrigues & Silva-Afonso, 2017),

but its applicability is quite limited in most countries. In simple terms, the places for
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rainwater harvesting decrease as the number of green infrastructures, such as roof

gardens, increases.

Under these circumstances, a building wall can be a good alternative. On the other and, a
large portion of wind-driven rain (WDR) collides with the building wall due to the wind.
As stated earlier (Section 2.3.6), Cho et al. (2020) have also suggested the possibility of
harvesting rainwater from the building wall. They showed that, in the case of a wind
speed of 4 m/s or higher, the amount of harvested rainwater from the building wall could
be higher than 50% of that from the building roof of the same area. Additionally, if the
area of the building wall is 10 times larger than that of the building roof, the amount of
harvested rainwater from the building wall could be more than that from the building
roof, where the wind speed is only around 1 m/s. This estimation by Cho et al. (2020) is

an analytical one, which should be proven by field measurements and evaluations.

2.4. Seasonal Classifications in Malaysia

In 2017, the tropical climate of Malaysia was greatly influenced by natural climate

variability due to normal weather conditions and neutral ENSO (Bahari et al., 2017).

The ENSO index was neutral from January 2017 until the end of November 2017. A weak
La Nifia condition started in December 2017. Throughout 2017, Malaysia did not
experience long-lasting hot and dry weather (Bahari et al., 2017). The haze phenomenon,
drought, and heatwave also did not happen. Table 2.5 displays the classification of

tropical seasons experienced in Malaysia in 2017.

In 2017, most of the stations recorded a consistent average wind speed compared to the
long-term average. Generally, Malaysia has experienced normal tropical weather and
climate conditions throughout 2017. Thus, in general, the climate condition during the
measurement period of this research is considered reliable for further assessments and

future potential research contributions.
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Table 2.5. Duration of seasons in Malaysia in 2017. Data derived from (Bahari et

al., 2017)
Seasons Duration (month)
1. Monsoon Transitional Period 1.5
2. Southwest Monsoon 4.5
3. Monsoon Transitional Period 1.5
4. Northeast Monsoon 4.5

Malaysia’s climate is characterised by three main components, namely temperature, wind
pattern, and rainfall (Bahari et al., 2017). In this section, wind and rainfall patterns are

briefly described as the main parameters affecting the WDR phenomenon.
2.4.1. Wind

The winds over the country are generally light and variable. There are, however, some
uniform periodic changes in the wind flow patterns. North-easterly winds prevail during
the boreal winter monsoon (locally known as the northeast monsoon) from November to
March. South-westerly winds prevail during the boreal summer monsoon (locally known
as the southwest monsoon) from May to September (MESTECC, 2018). These monsoons

are separated by two shorter inter-monsoon periods.
2.4.2. Rainfall

Rainfall is characterised by two rainy seasons associated with the southwest monsoon
(SWM) from May to September and the northeast monsoon (NEM) from November to
March (Suhaila & Jemain, 2009; Tangang, 2001). The monsoon winds and topography
are likely the main factors controlling the magnitude of the spatial rainfall variation in the

country (Wong et al., 2016).

The Titiwangsa Range is a mountain range that forms the backbone of the peninsula.
During the northeast monsoon (NEM), stronger winds blow to the exposed areas, e.g.,

the east coast of Peninsular Malaysia (Camerlengo & Demmler, 1997; Juneng et al., 2007,
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Lim et al., 2013), thus these areas receive a substantial amount of rainfall. Higher wind
speeds promote more evaporation, which destabilises the boundary layer, triggers deep

convection, and hence increases rainfall (Back & Bretherton, 2005).

These features have blessed Malaysia with abundant annual rainfall, with an average
ranging from about 2,000 mm to 4,000 mm (MESTECC, 2018). During the southwest
monsoon and the inter-monsoon periods, heavy rain from convective showers and
thunderstorms occurs in the late afternoons and evenings. Figure 2.13 shows the annual
rainfall for Peninsular Malaysia from 1951 to 2015 (MESTECC, 2018). For this period,
there is a very slight decreasing trend in the rainfall for Peninsular Malaysia. For a shorter
time-frame from 1990 onwards, increasing trends in rainfall are observed for Peninsular

Malaysia.

Figure 2.13. Annual rainfall trends for Peninsular Malaysia (MESTECC, 2018)

2.4.3. An overview on the weather conditions in Malaysia from 2017 to 2021

A summary of weather conditions (wind and rainfall), and seasonal calissifications for
each year between 2017 to 2021 that has been experienced in the region derived from the
lastest reports by the Malaysia Meteorological Department (METMalaysia, 2017, 2018,

2019, 2020, 2021) is presented below.
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2.4.3.1. Wind and Rainfall Patterns in 2017

In 2017, the climate in Malaysia was greatly influenced by the natural climate variability
due to the normal weather conditions and neutral ENSO. Most of the stations recorded a
consistent average wind speed compared to the long-term average. In 2017, the rainfall
recorded for the Peninsular Malaysia is between 1,311 mm and 6,078 mm (Figure 2.14).
The highest daily average wind speed recorded all over Malaysia was 7.1 m/s in Kota
Bharu on 31% December 2017. In general, throughout the year Malaysia has experienced
normal weather and climate conditions. The neutral sate of ENSO in 2017 was also a
contributing factor to the lack of haze, drought, and heat waves phenomenon. Below are

the periods of season experienced by Malaysia in 2017 (METMalaysia, 2017):
i.  Monsoon Transitional Period: April 2017 to 16" May 2017
ii.  Southeast Monsoon: 17 May 2017 to 5% October 2017
iii.  Monsoon Transitional Period: 6" October to 12" November 2017

iv.  Northeast Monsoon: 13" November to 27" March 2018

Figure 2.14. Total annual rainfall 2017 (METMalaysia, 2017)
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2.4.3.2. Wind and Rainfall Patterns in 2018

In 2018, the climate in Malaysia was greatly influenced by the natural climate variability
due to the normal weather conditions. The negative ENSO condition started since October
2017 until March 2018. This was a weak La Nina condition. The ENSO was neutral
beginning April till September 2018 and became weak El Nino in October 2018.
Throughout 2018. Malaysia did not experience long-lasting hot and dry weather.
However, certain areas have experienced rainfall below normal and haze in August. The
presence and formation of tropical storms or hurricanes in the South China Sea can affect
rainfall and strong winds especially in the west coast of Sabah, northern Sarawak, north
and northeast of the Peninsula. Although Malaysia is not directly affected from tropical
storms, the impacts of a tropical storm can cause heavy rainfall, high winds and high tides
around the trajectory area of the tropical storms. In 2018, the rainfall recorded for the
Peninsular Malaysia is between 1,800 mm and 3,900 mm, mostly in Selangor (Figure
2.15). The highest daily average wind speed recorded all over Malaysia was 7.0 m/s in
Kota Bharu, Kelantan pada on 1% January 2018. The following are the seasons and their

duration encountered by Malaysia in 2018 (METMalaysia, 2018):
i.  Northeast Monsoon: 21 November 2017 to 2" March 2018
ii.  Inter Monsoon: 3" March to 8" May 2018
iii.  Southeast Monsoon: 9™ May to 3" October 2018
iv.  Inter Monsoon: 4" October to 26™ 2018

v.  Northeast Monsoon: 26" October 2018 to 18™ March 2019
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Figure 2.15. Total annual rainfall 2018 (METMalaysia, 2018)

2.4.3.3. Wind and Rainfall Patterns in 2019

In 2019, the climate in Malaysia was influenced by a weak phase of EI-Nino which started
in October 2018 and continued until June 2019, followed by a neutral ENSO that
continued until December 2019. A weak El Nino phenomenon usually has a minimal
impact on rainfall distribution in Malaysia. In 2019, the rainfall recorded for the
Peninsular Malaysia is between 1,800 mm and 3,900 mm, mostly in Selangor (Figure
2.16). The highest daily average wind speed recorded all over Malaysia was 6.6 m/s in
Mersing, Johor on 7™ December 2019. The following are the seasons and their duration

encountered by Malaysia in 2019 (METMalaysia, 2019):
i.  Northeat Monsoon: 26™ October 2018 to 18" March 2019
ii.  Inter Monsoon: 19" March to 1% May 2019
iii.  Southesat Monsoon: 2™ May to 24" September 2019
iv.  Inter Monsoon: 25™ September to 13" November 2019

v.  Northeast Monsoon: 14" November 2019 to 18" March 2020
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During the northeast monsoon 2019/2020, seven episodes of heavy rainfall occurred in
November and December 2019 which resulted in floods in Kelantan, Terengganu,
Pahang, Johor, Negri Sembilan, and Sarawak. During the inter-monsoon period, several
flash floods occurred in the west coast states of the Peninsula in October 2019. Two water
spouts incidents were also reported in Penang on April 1% and Miri, Sarawak on April
15 2019. Although Malaysia is relatively safe from direct tropical cyclone hit, the
presence of a tropical at a certain location may alter the wind pattern over the region,
resulting in heavy rainfall, strong winds, and high waves. Typhoon Lekima which
ravaged eastern China on August 9", 2019, also adversely affected the weather condition

over northern part of Pensula.

Figure 2.16. Total annual rainfall 2019 (METMalaysia, 2019)

2.4.3.4. Wind and Rainfall Patterns in 2020

In 2020, the climate in Malaysia was influenced by the natural climate variability due to
the normal weather conditions and neutral ENSO until August and it was changed to a
weak La Nino condition until the end of the year. This condition also affected the weather

patterns which are usually dry and hazy during the southwest monsoon but have received
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heavy rains especially in the west coastal states of Peninsular Malaysia. Almost all areas
in Malaysia received an annual rainfall of an average of between 1,700 mm and 5800 mm
(Figure 2.17). The west coast states of the Peninsula, especially Perak, Selangor, and the
Federal Territory of Kuala Lumpur, are also among the areas that record high amounts of
rainfall, usually due to thunderstorms during the monsoon transition (inter monsoon). The
highest daily average wind speed recorded all over Malaysia was 7.6 m/s in Kota Bharu
on 17" December 2020. The following are the seasons and their duration encountered by

Malaysia in 2020 (METMalaysia, 2020):
i.  Inter Monsoon: 27" March to 17 May 2020
ii.  Southwest Monsoon: 18" May to 215 September 2020
iii.  Inter Monsoon: 23" September to 10" November 2020

iv.  Northeast Monsoon: 11" November 2020 to 15™ March 2021

Figure 2.17. Total annual rainfall 2020 (METMalaysia, 2020)

2.4.3.5. Wind and Rainfall Patterns in 2021

A moderate La Nifia phase began in August 2020, followed by a neutral ENSO in June

to July and then a La Nifia episode returned in August until the end of 2021.
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The 2021/2022 northeast monsoon began on 3 November 2021 and ended on 15 March
2022. The widespread heavy rainfall episodes that occurred in November and December

2021 have resulted in several states, especially in the Peninsula, experiencing flooding.

The 2021 rainfall shows that almost all areas received annual rainfall at average levels
except for a few areas in Pahang, Selangor, Perak, Melaka, Johor and Sabah which
recorded slightly above average rainfall. The total rainfall recorded throughout 2021 was
between 1500 mm to 5400 mm (Figure 2.18). The highest daily average wind speed
recorded all over Malaysia was 7.9 m/s in Kota Bharu on 31% December 2021. The
following are the seasons and their duration encountered by Malaysia in 2021

(METMalaysia, 2021):
i.  Inter Monsoon: 16™ March to 18" May 2021
ii.  Southwest Monsoon: 19" May to 23™ September 2021
iii.  Inter Monsoon: 24" September to 2" November 2021

iv.  Northeast Monsoon: 3" November 2021 to 13™ March 2022

Figure 2.18. Total annual rainfall 2021 (METMalaysia, 2021)
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2.5. Experimental Field Measurement — Meteorological Parameters

As mentioned earlier in Section 1.6, the first step to determine the amount of impinged
WDR on the vertical surface in building science is conducting field measurement. This
phase provides the amount of raindrops on the building wall as well as the meteorological
factors influencing the WDR intensity (Rwdr) including wind speed (U), wind direction

(D), and horizontal rainfall intensity (Rn) measurements.

The field measurement methods of WDR in building science have remained practically
unchanged since the early driving rain research in the 1930s (Blocken & Carmeliet,
2004). WDR measurements on buildings have indicated that the ratio of WDR intensity
is proportional to wind speed and horizontal rainfall intensity (Blocken & Carmeliet,
2007b). In a comprehensive review of WDR measurement methods by (Blocken &
Carmeliet, 2004) it is mentioned that a systematic experimental approach to WDR
assessment is not feasible, provides spatial and temporal information and measurements
at a particular location, they are labour-intensive, expensive, difficult, and are not usually
measured at meteorological stations. This explains why the datasets of WDR field

measurements are not widely accessible.

They further discussed how, despite all its drawbacks, the experimental method remains
important for scientific research in gaining knowledge on the interaction between WDR
and buildings. Furthermore, the semi-empirical methods (WDR relationships) require the
field measurements to be developed and validated as reliable models on a theoretical basis
with coefficients that are determined from the measurements (Blocken & Carmeliet,

2004; Ge et al., 2017; Shi et al., 2016).

According to Blocken and Carmeliet (2005b), an adequate experimental WDR dataset

should include the following information:

i.  Detailed descriptions of the building site,
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ii.  Building geometry,

iii.  Measurement equipment and setup,

iv.  Measurements of the reference wind speed (U), reference wind direction (D) and
horizontal rainfall (Sn) conducted near the building site and in free-field
conditions, i.e., at a position that is not significantly influenced by the presence of

the building,

v.  WDR (Swar) measurements at the facades with a sufficiently high resolution in

space and time,

vi.  Error estimates for the WDR (Swdr) measurements.

In this section, the basis on WDR measurement in building science and its dominant
factors are reviewed. The next section (2.6) provides an overview of WDR gauge design

and experimental measurement guidelines.

2.5.1. Wind Measurement — Wind Speed (U) and Wind Direction (D)

Field measurements of wind flow are used in WDR research to monitor local weather
conditions during rain events. For this purpose, a meteorological mast is usually equipped
with measurement devices to measure the wind direction and wind speed; and the position
of the measurement devices is chosen close enough to the building but out of the region
where the building causes upstream disturbances so that they will measure the incident

wind profiles (Kubilay, 2014).

A standard wind measurement consists of measuring the mean horizontal wind speed
(m/s) and wind direction (degrees clockwise from north: 0°- north wind (N)) (Blocken &
Carmeliet, 2004). The instruments used to measure wind are known as anemometers and
can record wind speed, direction and the strength of gusts. The most common

combination unit is a cup anemometer to measure the horizontal component of the wind
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speed vector, and a wind vane to measure the wind direction; they are described further

as (WOW, 2018):

Cup anemometer — Wind speed is normally measured by a cup anemometer
consisting of three or four cups, conical or hemispherical in shape, mounted
symmetrically about a vertical spindle. When the wind blows into the cups, the
spindle rotates. In standard instruments, the design of the cups is such that the rate
of rotation is proportional to the speed of the wind to a sufficiently close

approximation.

Wind vane — Wind direction is measured by a vane consisting of a thin horizontal
arm carrying a vertical flat plate at one end with its edge to the wind, and at the
other end a balance weight that also serves as a pointer. The arm is carried on a
vertical spindle mounted on bearings, which allow it to turn freely in the wind. The
anemometer and wind vane are each attached to a horizontal supporting arm at the

top of a 10-metre mast.

The “cup overspeeding” problem is often quoted as one of the disadvantages of cup
anemometers, since it leads to bias in the measured mean wind speed due to longitudinal
wind speed fluctuating (turbulence). However, Kristensen (1992) has reported that
overspeeding only exceeds about 2% in extreme cases. The most striking characteristic
of the wind is its stochastic nature or randomness. There is a wide range of variability in
the wind pattern; both geographically and temporally. Wind velocities are altered locally
by obstacles in the surrounding area, such as trees or buildings. Patnaik and Samantaray
(2010) explain that wind patterns vary from location to location, wind speed may change
from year to year, and wind distribution will change from decade to decade. It is also
clarified in their research that wind distribution is more predictable over a shorter time

span, like a year, but on a shorter time-frame, like a few days, it is difficult to predict.
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To obtain the mean wind speed over a certain time-frame, wind speed is usually sampled

and averaged at short intervals; ranging from 1 minute to less than 1 second. In 1957, Van

der Hoven generated a wind-speed spectrum from long- and short-term records at

Brookhven, New York (Van der Hoven, 1957). This spectrum is based on full-scale

measurements and is illustrated in Figure 2.19. Their measurements revealed several

distinctive characteristics and time scales of the wind speed spectrum (Amoloye, 2012),

demonstrating clear peaks corresponding to the synoptic, diurnal, and turbulent effects:

ii.

1il.

1v.

Wind speeds are driven by weather fluctuations, which vary on a macro-

meteorological scale with periods in the order of hours and days (Isyumov, 2012),

Details of the wind structure in a strong wind are predominantly dependent on
mechanically generated turbulence, which is generated at a micro-meteorological

scale with periods of seconds and minutes (Amoloye, 2012),

The ‘spectral gap’ (the region with low energy in between the peaks) between the
diurnal and turbulent peaks shows that these variations can be treated quite distinct
from the higher-frequency fluctuations of turbulence (Patnaik & Samantaray,

2010),

The spectral gap stretches from periods of 10 minutes to periods of more than 1
hour, and the value of the mean wind speed is stationarity in the gap. Hence,
averaging wind-speed measurements over a period of 10 minutes to 1 hour yields
relatively stable mean values; which is why these averaging intervals are

practically always used (Blocken & Carmeliet, 2004).
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Figure 2.19. Van der Hoven horizontal wind-speed spectrum. The energy of the
wind is mainly situated in the peaks that are situated at a period of 1 year, 4 days,
1 day and 1 minute. In the “spectral gap” between 10 minutes and about 1 hour,
little energy is situated and the mean wind speed shows stationarity for these time
periods (Amoloye, 2012; Blocken & Carmeliet, 2004; Patnaik & Samantaray,
2010).

According to the WMO (2018) standard, the height for wind measurements over land is
10 m. Blocken and Carmeliet (2004) highlighted that standard free-field wind speed and
wind-direction measurements should be performed outside the wind-flow pattern that is
disturbed by the building. In addition, given the fact that all wind directions are possible,
they suggested keeping measurements sufficiently far away from the building so that they

are out of the wake at all times.
2.5.2. Horizontal Rainfall (Sn) Measurement

To measure horizontal rainfall (Sn) and/or rainfall sum, many types of rain gauges have
been developed; varying in shape, size and the measuring principle used (Blocken &
Carmeliet, 2004). There are two types of recording gauges that are mostly used in building
science; the tipping-bucket rain gauge, and the capacitance rain gauge. The tipping-
bucket rain gauge is well-known, the capacitance gauge is less known and more
expensive; consists of a cylindrical rainwater collector containing a probe made of a

stainless steel rod covered by polytetrafluoroethylene.
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Many researchers have studied errors in rainfall measurements in the past, with the wind
error being considered the most important (Blocken & Carmeliet, 2004). There are a
number of measures to minimise this error, all of which aim to achieve the same goal: to
make the air flow horizontal above the gauge orifice (Blocken, 2010). To achieve this,

three options are recommended:

i.  Ground-level gauges also known as rain gauges, are placed in pits with their

orifices level with the ground surface,
it.  To build a turf wall around the gauge,
iii.  To fix a shield around the rain gauge orifice.

Given the extreme variability of rain, it is important to carefully select the minimum
sampling interval for rain measurements. Focusing on the use of meteorological data for
Heat-Air-Moisture transfer analyses, in the guideline by Blocken and Carmeliet (2004),
it is highlighted that Hens (1996) states that, given the fact that only hourly data are
available for most weather stations and that the costs to obtain them are high, hourly data
are often considered to be the best choice. But he also stresses that, as a general guideline,
the time-averaging period should not induce loss of important information for the case

analysed (Blocken & Carmeliet, 2004).

For this study, the daily-recorded horizontal rainfall amount (Sy) was provided by the
nearest MMD to the campus of Universiti Malaya using the tipping-bucket method (is
elaborated in detail in Section 3.2.2.2). The Malaysian Meteorological Department
measures precipitation using conventional and automatic equipment. For automatic
observation, several types of instruments have been developed, such as tipping buckets,
weighing gauge and new technology devices that use laser technology. Tipping-buckets
are the most widely used because their technology has been around for a long time and

the mechanism is simple and mechanical (MMD, 2024).
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2.6. Experimental Field Measurement - WDR

2.6.1. WDR Definition

According to Foroushani (2013), wind-driven rain (WDR) or driving rain is rain that is
carried (driven) by wind and driven onto building envelopes with vector intensity, causing

oblique rain with the influence of gravity (Figure 2.20).

Figure 2.20. Wind-driven rain vector

Krpan (2013) reported that in meteorology, the catch is the quantity of rainwater received
in the collector of a gauge and measured in the reservoir over a particular time period.
When two gauges are used over the same period, the catch ratio is the quantity collected

in one reservoir divided by the quantity collected in the other.

Frequently, the catch ratio is defined as the quantity collected in a gauge with a vertical
aperture divided by the quantity collected in a gauge with a horizontal aperture (Blocken
& Carmeliet, 2005a). Straube and Schumacher (2006) refer to the Rain Deposition Factor
(RDF), which is similar to the catch ratio referred to by Blocken, but rather than being a
ratio of rain deposited on a wall to horizontal rain, the RDF is a ratio of rain deposited on
a wall to rain through a vertical plane measured under free-field conditions, which is not

the case here.

72



Blocken and Carmeliet (2004); Deb Nath (2015) identify six main parameters that

influence the catch ratio:

i.  building geometry and topography,

ii.  position on the building fagade,

1ii.  wind speed,

iv.  wind direction,

v.  horizontal rainfall intensity,

vi.  horizontal raindrop size distribution.

In theory, the catch ratio is the flux through a vertical aperture for a particular time period
divided by the flux through a horizontal aperture over the same time period (Blocken &
Carmeliet, 2004). Under steady conditions, the catch ratio is interpreted as the ratio of the

wind-driven rain intensity to the horizontal rainfall intensity (Eq. (1)):

N =Rwar/ Rn Eq. (1)

Where;

1N = catch ratio,
Rwdr = wind-driven rain intensity,

Ry = horizontal rainfall intensity.

Wind-driven rain is measured in two locations:

i.  on buildings with gauges placed directly on wall surfaces to measure WDR loads,
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ii.  under free-field conditions with gauges placed away from the influence of

buildings and other obstructions to measure so-called free wind-driven rain
(Krpan, 2013).

The former is generally of most interest for wind-driven rain research in building science
(as well as the scope of this study); the latter is sometimes difficult to achieve in practice
because of the nature of surrounding topography and other obstructions typical of urban

environments.
2.6.2. Wall-Mounted WDR Gauges

Researchers use driving rain gauges that vary in size, shape, material, and recording
mechanism, and the results can vary widely. The duration, intensity, type of rain event,

and sampling frequency of measurement, all have an impact on the results.

WDR gauges are not manufactured industrially, and there is no standard for their design
(Blocken & Carmeliet, 2004, 2005b, 2006b; Kubilay et al., 2014a). Holmgren (1972)
stated that the first WDR gauge was designed as early as 1937, particularly for
measurement on buildings in Trondheim, Norway. Nell designed and installed the next
gauge at the facade surface of his house in Voorschoten, the Netherlands, in 1943 (Basart,
1946). According to Hogberg (1999b) and Masters et al. (2013), WDR gauges were
initially made up of a plate comprising a collection area and a reservoir linked via a
drainage channel (see Figure 2.21). The catchment area consists of a shallow tray
mounted on the building fagade. In order to prevent collecting water from outside the
catchment area, a raised rim is designed around the catchment perimeter. Periodically,
either manually or automatically, the accumulated runoff volume in the reservoir is

recorded.
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Figure 2.21. Wall-mounted plate-type Wind-driven rain gauge where the collection
area fits flush into the vertical fagade surface (Blocken and Carmeliet (2004))

As explained and experimented by Hogberg (1999b) and Masters et al. (2013), a basic

wall mounted WDR gauge consists of:

i. A catchment area (a shallow tray), which is mounted on the building fagade;

raindrops hit the tray, drip downwards and are collected via:
il. A drainage channel; which leads the collected rainwater to:

iii. A reservoir or a water flux gauge; which enables the measurement of

instantaneous driving rain intensities.

Table 2.6 demonstrates a summary of the characteristics of seven different types of wall-

mounted WDR gauges, each of which is briefly described below:

2.6.2.1. CTH Gauge

The traditional WDR gauge (CTH) with a small catchment area was developed at
Chalmers University of Technology, Sweden. Its material is Perspex, and the reservoir is
measured by a tipping bucket with a tipping volume equal to 1 g of water (Figure 2.22).

(Hogberg, 1998; Hogberg et al., 1999).
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Figure 2.22. Wind-driven rain gauge CTH (Hogberg et al., 1999)

2.6.2.2. TUD Gauge

Kragh and Svendsen (1998) designed an improved WDR gauge at the Technical
University of Denmark (TUD) to reduce the measurement errors of remaining droplets
on the catchment area (Figure 2.23). This gauge came with a ‘load cell’ on top of the
device to record rainwater both in the reservoir and on the catchment area (Blocken &
Carmeliet, 2004). The collector is made out of a “stainless steel tray with a net mounted
on the tray to reduce raindrop bouncing” (Hogberg et al., 1999). The readings were
recorded every 10 minutes to reduce the measurement error due to the sensitivity of the

gauge to wind fluctuations (FJR van Mook, 2002).

,?.-_—di Load cell

[ S— Pendent

collection plate

460 mm

Vertical sliding

» 33
system
\lﬁ-//— Reservoir

Front view

Figure 2.23. Wind-driven rain gauge TUD (Blocken & Carmeliet, 2006b; FJR van
Mook, 2002)
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2.6.2.3. TUE-I Gauge

The gauge TUE-I was manufactured at the Eindhoven University of Technology,
Netherlands. This gauge (Figure 2.24) has a larger catchment area (0.527 m?) compared
to CTH (0.032 m?). Teflon surface finish intends to enhance the process of dripping down
the rainwater droplets to the reservoir (Hogberg et al., 1999). The drops are collected by
a large funnel in the reservoir (Van Mook, 1998). A balance measures the reservoir with

an accuracy of 0.1 g.

Figure 2.24. Wind-driven rain gauge TUE-I (Van Mook (1998)

2.6.2.4. TUE-II Gauge

Gauge TUE-II is similar to gauge TUE-I, it is an improved version of TUE-I. The
coagulation and dripping-down of drops on the collector surface has been improved. The
gauge TUE-II features a rotating wiper (Figure 2.25). The wiper collects all droplets on
the catchment surface and does not allow any to remain on the surface. A rain indicator
automatically switches on the wiper. “The speed is approx. 1 rotation per 3 seconds; after

every 5 seconds, the wiper rests during 5 s to reduce wear and tear” (Van Mook, 1998).
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Figure 2.25. Wind-driven rain gauge TUE-II (Blocken & Carmeliet, 2006b)

2.6.2.5. CTH-II Gauge

Hogberg (2002) at the Chalmers University of Technology, Sweden, developed a WDR
gauge with a deeply recessed catchment area composed of tilted surfaces to prevent
raindrops from splashing (Figure 2.26). In Blocken and Carmeliet (2006b) study, it was
stated that the performance of this gauge in terms of the amount of accumulated rainwater
was better than that of non-recessed gauges for high wind speed and heavy rainfall

intensities.

Wall

; x:"l'illed surfaces

Front view Side view Perspective view

Figure 2.26. Wind-driven rain gauge Tilted; CTH-II (Blocken & Carmeliet, 2006b;
Hogberg, 2002)

The recession, however, is responsible for some inconvenience, as it imposes restrictions
on the locations where it can be installed, and it can be used when there are windows in
suitable parts of the buildings or if holes can easily be cut. When this is not feasible,

gauges must be mounted on the surface of the building. As a result, most researchers
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abandoned the concept of recessed gauges and designed their own gauges, giving rise to

a broad spectrum of existing gauges of different materials, shapes, and sizes.
2.6.2.6. EMPA Gauge

The EMPA WDR gauge was produced at the campus of the Swiss Federal Laboratories
for Materials Science and Technology based on the guidelines of Blocken and Carmeliet
(2006b) and Kubilay et al. (2014a). The gauge frame is made of aluminium, and the catch
surface is ordinary glass sheets to promote runoff (Figure 2.27). A connecting pipe
conveys rainwater from the catchment to the reservoir. The building houses the reservoir

to avoid frost and evaporation problems (Kubilay et al., 2014a).

Figure 2.27. Wind-driven rain gauge EMPA (Kubilay et al., 2014a)

2.6.2.7. KUT Gauge

The KUT gauge (Figure 2.28) was constructed at the Kaunas University of Technology,
Lithuania, to measure the rainwater collection rate (Dobravalskis et al., 2018). It is
composed of two main parts; the RWH stand and the main control unit. The stand is a
hermetic box with a depth of 58 mm: the front layer is an architectural fagade panel of
stainless steel expanded metal mesh. WDR permeates through the panel into the box and
flows into scale 1 via an outlet hose, and the rainwater runoff that flows down on the
outer surface of the mesh surface, leads into another gutter, and is measured by scale 2.

The base consists of the main control unit; includes water-measuring scales, and a bulky
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volume (1000 mm x 970 mm x 300 mm) made out of cement particleboard covered in

aluminium sheeting to ensure the stability of the base in windy outdoor conditions.

Figure 2.28. Wind-driven rain gauge KUT (Dobravalskis et al., 2018)

Name

Table 2.6. Summary of the WDR gauges characteristics

Principle

Material

Catchment area

(m?)
.. . Perspex (solid transparent
CTH Era?glogjilf;”(e&?rz“l’“? plastic made of 0.18 x 0.18 = 0.032
pbping P18 polymethyl methacrylate)
TUD Collector weighted by a strain | o . 1ooo cree] 0.46 x 0.46 = 0.21
gauge (Am=~3g)
Rectangular catchment area Teflon coatin
TUE-L | with reservoir (2liters)and | 02 o 8 teney | 0527
balance (Am=1g) y Y
Round catchment area with a
TUE-IT rotating wiper with reservoir | Teflon coating 0.492
(3 liters) and balance (Polytetrafluoroethylene) ’
(Am=1g)
gvpa | Rectangular catchmentarea |y Goion @ Glass 0.2x 0.2 =0.04
with reservoir (1 ml)
TILTED- | Collection area is tilted i i
CTH-11 surfaces and deeply recessed
Square catchment area with
KUT two water-measuring scales Stainless steel expanded 1
for WDR and Rainwater metal mesh fagade panel
Runoff

2.6.3. WDR Gauge Design Guidelines

The following guidelines for the design of WDR gauges were provided by (Blocken &

Carmeliet, 2005a, 2006b) from (Adl-Zarrabi & Hogberg, 2001; FJR van Mook, 2002;

Hogberg, 1999a; Hogberg et al., 1999):
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1. Limit the amount of adhesion water at the gauge collection area. For traditional
plate-type gauges, plain sheet glass is preferred over PMMA and PVC. PTFE

should not be used,

ii.  Limit the amount of adhesion water at the bottom part of the gauge and in the
draining tube. The latter should be kept as short as possible, and the material type

should be selected for minimal adhesion,

1ii.  Minimise evaporative losses from the reservoir (e.g., by exposing only a small
water surface to the ambient air, by minimising the ventilation rate in the

reservoir, and by regularly adding a few drops of light oil),

iv.  If possible, direct the collected rainwater towards the inside of the building into
reservoirs mounted at the inner wall surface to avoid frost damage to the
reservoirs, to reduce the variability in the evaporative losses, and to avoid

excessive evaporative losses due to heating by solar radiation.

The time resolution of WDR measurements depends on the purposes for which the data
will be used. Heat- Air-Moisture transfer analyses are typically conducted with data on
an hourly basis, so WDR measurements should at least be taken every hour. Note that it
is not useful to conduct WDR measurements on a very short-term basis, as the time
between the impact of raindrops on the collection area and the collection of this amount

of water in the reservoir may be several seconds up to several minutes.

2.6.4. WDR Measurement (Swar)

Evaporation - As claimed by Blocken and Carmeliet (2005b, 2006b), the most important
cause of measurement errors is the evaporation of adhesion water on the gauge collection
area, and this was confirmed in Nore et al. (2007), where the evaporation of adhesion
water and the rest-water error in the tipping bucket were found to be the largest error

Sources.
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During and after a rain event, there is always a certain amount of water adhered to the
collection area, which is not measured by the gauge. A numerical study by Blocken and
Carmeliet (2006b) showed that all the impinged droplets adhere to the surface until a
certain threshold of impinged Swar is reached. After the threshold value, the total volume
of adhered droplets remains constant, so the error is considered important, especially for
light to moderate rainfall intensities. In order to keep the measurement errors due to the
evaporation of adhered droplets as small as possible, rain events with large amounts of
WDR must be selected. This ensures that the loss of water due to the evaporation of the
adhered droplets is kept at a relatively limited amount (Kubilay et al., 2014a).
Furthermore, rain events with less dry periods in between the rain showers are expected
to limit the errors due to the evaporation of adhered droplets, as well as the rest-water
error. Using a tipping bucket with a smaller bucket volume will also decrease the rest-

water error by increasing the measurement resolution.

Splashing - The error due to splashing and the wind error are not as easy to estimate. It
is argued that the selected rain events should have reference wind speed values (aty = 10
m) lower than 10 m/s and horizontal rainfall (Ry) intensities lower than 20 mm/h in order

to keep splashing errors small (Blocken & Carmeliet, 2006b).

Condensation - Blocken and Carmeliet (2006b) and Nore et al. (2007) argue that the error
associated with condensation on the collector surface is quite limited during rain events
due to limited radiation losses to the sky. Finally, for a small wind error, the protrusion
of the WDR gauge out of the plane of the facade should be small, the wind speed values
should not be high, and the wind direction during the rain event must be approximately

perpendicular to the building facade.

Other error sources that are considered of lesser importance include the following

(Blocken & Carmeliet, 2004, 2006a, 2006b; Briggen et al., 2009; Deb Nath, 2015):
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ii.

1il.

1v.

Evaporative losses from reservoirs,

Splashing raindrops from the collection area,

Condensation on the collection area,

Wind errors, or smaller catches, that occur when the gauge body disturbs the wind

flow,

Deeply recessed collection areas composed of tilted surfaces to minimise
splashing losses may show better performance for high wind speed and heavy
rainfall intensities, but the large collection area is a compromise for evaporative

losses important for light to moderate rainfall intensities.

2.7. Spatial Distribution Pattern of WDR on Building Facades

The spatial distribution pattern of WDR (1) on building facades in both real-life examples

and computational simulations has shown similarities in the characteristics of WDR

intensity (Rwar) distribution, which will be explained in the following section, as declared

in research results by Blocken and Carmeliet (2004, 2006a); Kubilay (2014).

2.7.1. WDR Catch Ratio ()

Catch ratios (1) provide the basics for understanding the spatial distribution of WDR on

building facades. The definition and significance of catch ratio () were defined in

Section 2.6.1. The following are the characteristics of the catch ratio:

1.

ii.

1il.

Catch ratio values increase from bottom to top and from the middle to the sides

of the facade,

The wetting gradient (highest values) is highest near the top edge (in the vertical

direction) and near the top corners,

The middle-lower two-third of the facade have the lowest values.
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Research findings indicate that the highest rainfall intensity values are at the top corners
of the building facades; caused by the fact that at higher altitudes, wind speed values are
higher and building edges are subjected to wind flow acceleration. Wetting gradients
become smaller with increasing horizontal rainfall intensity (Rn), resulting in a decrease
in maximum and an increase in minimum WDR catch ratios on the building fagade.
Kubilay et al. (2014a) particularly stated that the highest WDR catch ratio values
belonged to the top corners and the least values to the middle-lower two-third of the

facade.

Blocken et al. (2009b) conducted a numerical study to explore the influence of nearby
buildings as another factor on the WDR intensity (Rwdr) distribution on the building
facade. The configuration consists of a high-rise building (LxBxH=50%12.5x50 m?)
screened by a low-rise building (LxBxH=50x12.5x12.5 m?), and the distance between

both buildings is 25 m.

(@

(b)

Figure 2.29. WDR catch ratio () distribution on the windward facade of the
isolated high-rise building (a), with low-rise building present (b), for Uio = 10 m/s
and Rn =5 mm/h, (Blocken et al., 2009b)
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Figure 2.29 shows WDR catch ratio (1) contours on the windward facade of the high-rise
building, without (a) and with (b) the presence of the low-rise building, for a wind speed
(U) of 10 m/s and a rainfall intensity (Rn) of 5 mm/h. The low-rise building presence
increases the WDR exposure of the lower part of the high-rise building facade, while the
WDR of the upper part does not change significantly (Blocken et al., 2009Db).
Furthermore, the study revealed that the WDR catch ratio at the side edges increases by
about a factor 2 in scenario (b) compared to scenario (a), and towards the middle of the
lower part of the fagade the WDR catch ratio increases by even more than factor 2. Figure
2.30 shows a similar effect for Ry, = 30 mm/h. This means that, in essence, the low-rise
building increases the force of the standing vortex; resulting in more WDR exposure for

the high-rise.

(€))

(b)

Figure 2.30. WDR catch ratio distribution on the windward facade of the isolated
high-rise building (a), with low-rise building present (b), for Uio =10 m/s and Rn =
30 mm/h, (Blocken et al., 2009b)
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Details on the fagade, e.g., roof overhang, are another parameter related to building
geometry that affects the WDR intensity values. Three categories of WDR catch ratio
charts (with and without roof overhang) were presented based on the experimental and
numerical findings of research on the south-west fagade of the VLIET test building of the
Laboratory of Building Physics by Blocken and Carmeliet (2008). These charts provide
comparisons between WDR catch ratio values at different reference wind speed and
reference horizontal rainfall intensity values. The results indicated that the effect of the
roof overhang causes large errors in WDR amount calculations. Thus, in the current study,

to minimise the research errors, a pilot building with no roof overhang is selected.

The spatial distribution pattern of WDR over the building wall has been derived from the
findings of several studies based on observation (Beijer, 1977; Blocken & Carmeliet,
2012; Briggen et al., 2009; El-Shimi et al., 1980; Fang et al., 2021; Hall & Kalimeris,
1982; Kubilay et al., 2014b; Van den Brande et al., 2014; Wang et al., 2020), and several
simulation results by Choi (1991, 1994); Choi (1993). Figure 2.31 (b) sketches the spatial
distribution of WDR. The vertical profile of the WDR can also be conjectured from this

figure, which must be very similar to Figure 2.31 (a).

This vertical profile may be approximated by the first-order or second-order functions.
Cho et al. (2020) reported that for the first-order function, the sum of rainfall over the
building wall (per unit width) can be expressed as q = 0.5 x Rwqr X H, where H represents
the height of a building wall; and under the assumption of the second-order function, it

can be expressed as q = 0.33 x Ryqr X H.

The discussion in this section about spatial distribution of WDR on building facades or
as described by Blocken and Carmeliet (2004), 'the classic wetting pattern of building

facades’, can be summarised in the following manner:

i.  The windward fagade is wetted whereas the other fagades remain relatively dry,
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ii. At the windward facade, the wetting increases from bottom to top and from the

middle to the sides,

iii.  The WDR intensity at a given position increases approximately proportionally

with wind speed and horizontal rainfall intensity,

iv.  Roof overhang, as the building geometry parameter, causes large errors in WDR

amount calculations,

v.  Ryar values on a tall building fagade in the presence of a low-rise building do not

change significantly on the upper part, and the lower part receives more WDR.

100

0.8 ~ 1.0
2
i=
®
Q
I

20 - —ebedenk-

0~ 0.1

0
0 20 40 60 80 100
Width (%)
(a) Vertical profile (b) Spatial distribution

Figure 2.31. Typical shape of vertical profile and spatial distribution of wind-
driven rain (WDR) on building walls (Cho et al., 2020; Yoo et al., 2022)

2.7.2. WDR Intensity (Rwdr)

The basic equation of WDR intensity was defined by Hoppestad (1955) as follows:

Rwar = Rh0'88 X VE Eq (2)

t
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Where;

Ruwar 1s the intensity of the WDR (mm/h),

Ry is the rainfall intensity observed on the horizontal surface (mm/h),
U is the wind speed (m/s), and

V. is the terminal velocity of rain drops (m/s).

Later, this equation was modified by Lacy (1965, 1977) by considering various results

from observations as follows:

Ruyar = 0.222 x U x Ry088 Eq. (3)

In this equation, the value of 0.222 is the WDR coefficient, which represents the inverse
of the mean terminal velocity of various raindrops. The exponent 0.88 was modified from
1, by considering various observations. However, some cases still use the exponent 1
(Blocken & Carmeliet, 2005b; Hens, 2010; Straube, 2010). The above equations are for
those cases where the wind direction is perpendicular to the building wall. If the building
wall is not perpendicular to the wind direction, the intensity of the WDR should be

corrected as follows:

Ruar = 0.222 x U x Rp*#® x cos 0 Eq. (4)

Where;

0 is the angle between the wind direction and the building wall.
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This equation is generalised by introducing the constant a, which is known to vary
depending on the location of the building wall (Cho et al., 2020) as well as its shape (Yoo

etal., 2022).

Rywar = o X U x Rp*¥ x cos 0 Eq. (5)

The constant o has also been estimated by analysing the observed data; the smallest value
of 0.02 was found in the study by Lacy (1965) and Hens and Ali Mohamed (1994), and

the largest value of 0.26 was found by Flori (1992).
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Figure 2.32. Simplified spatial distribution of wind-driven rain (WDR) on building
walls, adopted from (Cho et al., 2020)

WDR quantity is estimated by semi-empirical models, such as the ASHRAE Standard
160P (2016), and the ISO 15927-3 (2009) standard models, which are discussed in the

following section.

2.8. Semi-Empirical Model - WDR Prediction

Since at least 1937, researchers have measured and studied wind-driven rain on buildings,

leading to the development of various approaches for predicting wind-driven rain loads
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impinged on building walls. The semi-empirical WDR models are universally adopted
and have been the most advanced and frequently used methodologies to predict the WDR
quantity on building fagcades. The European Standard Draft PrEN13013-3 for WDR
assessment is based on the WDR relationships; a large number of existing Heat-Air-
Moisture (HAM) transfer simulation programmes employ these relationships to convert
the standard meteorological data in the climate data files (wind speed (U), wind direction
(D), and horizontal rainfall intensity (Rn)) to the corresponding WDR intensity (Rwdr)
(Blocken & Carmeliet, 2004, 2005b; Blocken & Carmeliet, 2010; Blocken et al., 2009a;
Blocken et al., 2010; CEN, 2009; Coutu et al., 2013; Gholamalipour et al., 2022; Zhou et

al., 2023).

Predicted Rwdr using semi-empirical models may deviate significantly from actual
observations (Blocken et al., 2010; Kubilay et al., 2014a) or by different semi-empirical
models (Freitas et al., 2013). One possible explanation for these differences is the fact
that semi-empirical approaches might only work in certain conditions because of the
complicated interaction of buildings, wind, and rain in urban areas (Zhou et al., 2023).
For instance, in reality, it is difficult to determine a unique wind direction (D) for WDR
estimation, because of the ever-changing wind direction. Furthermore, it's not possible to
estimate the amount of rainfall intercepted from wall to wall because WDR affects any
one or two walls of a building during the rain event (Cho et al., 2020). The substantial
uncertainty in the semi-empirical models is nevertheless ignored in a number of

hygrothermal simulation studies.

However, in the recent studies of Pérez-Bella et al. (2020b); (Yoo et al., 2022) it was
verified that the exposure of WDR on building facades can be adequately approximated
through the semi-empirical models when considering all four building walls in the

measurement stage. In addition, Ge et al. (2018) and Souri et al. (2021) declared that
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shorter spell or rain event duration records and high-resolution on-site wind and rain

observations can increase the accuracy performance of semi-empirical models.
2.8.1. Overview of Semi-Empirical Models’ Development

The semi-empirical models were developed on the basis of Lacy’s equation describing
the intensity of the free WDR (Defo et al., 2019); under the assumptions that all raindrops
are of the same size and that the wind flow is uniform, steady, horizontal and
perpendicular at all times to the vertical surface. The intensity of WDR passing through
a vertical plane can be expressed as stated in Hoppestad (1955); Korsgaard (1962); Lacy

(1965) cited by Blocken and Carmeliet (2004):

"V Eq. (6)

Where;

Ruwar 1s the rainfall intensity received on a vertical surface (mm/h),
Ry is the rainfall intensity received on a horizontal surface (mm/h),
U is the horizontal component of the wind speed (m/s),

V¢ is the rain drop’s terminal velocity (m/s).

The terminal velocity is a function of the raindrop size, which is a function of the
horizontal rainfall intensity (Best, 1950). Lacy (1965) refined Eq. (6), which relates wind
speed (U) and rainfall intensity (Rn) to free WDR intensity, by using the median rain drop

size:

Rwiar=0a.U. Ry Eq (7)
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Where;

a is the WDR coefficient (s/m), the inverse of the raindrop’s terminal velocity.

However, it was explained in Section 1.6 that the amount of WDR on building facades
(as the scope of this study) could widely differ from the ‘free-field” WDR. According to
Blocken et al. (2010) each WDR model expresses the deposition rate of WDR or WDR

intensity, known as Ryadr, on ‘building walls’ as follows:

- 0.88
Rwiar=0a.Uio. Ry . cos O Eq. (8)
Where;

o is the WDR coefficient,

0 is the angle — in a horizontal plane — between the wind direction and the normal to the
building facade.

Depending on the model, different expressions for o have to be used (Blocken &
Carmeliet, 2010), if the wind is perpendicular to the fagade (6 = 0°, cos 8 = 1), the a value

is:

n. Rg.lZ

Uso Eq. 9)

Where;

n is the WDR catch ratio (see Eq. (1)).
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Previous studies have assessed that it is, in good approximation, a linear function of Uy,
except at fagade positions sheltered by horizontal projections, such as roof overhangs or
balconies (Blocken & Carmeliet, 2002, 2006a, 2008; Blocken & Carmeliet, 2010), which
is not the case in this study. Thus, a can be considered independent of Ujo. Both n and o

are functions of Ry.

Lacy (1965) reported a value of a = 0.222 s/m, which corresponds to an average spell
composed of a similar raindrop diameter of 1.2 mm with a terminal velocity of 4.5 m/s
(Defo et al., 2019). Eq. (7) is a measure of the free WDR. However, to calculate the WDR
quantity on an actual fagade, both wind and building characteristics need to be considered;
e.g., as Defo et al. (2019) precisely described, the wind speed at a specific location has to
be adjusted by taking into account the effect of terrain, local topography, obstruction

factors, as well as the height of the building.

Semi-empirical models use the cosine projection to look at how the direction of the wind
affects the WDR load, taking into account factors that are specific to the area (Blocken &
Carmeliet, 2006c). They are primarily based on the WDR relationships, which relate
WDR intensity (Rwdr) to wind speed (U), wind direction (D) and horizontal rainfall

intensity (Rn) (Blocken & Carmeliet, 2004).

Zhou et al. (2023) in their recent study have reaffirmed that the ISO Standard 15927-3
model is the most detailed among the different empirical models. The semi-empirical
models ASHRAE standard 160P and ISO standard 15927-3 were derived from Eq. (7).
They differ from each other in terms of the WDR coefficients and correction factors. The
ISO model can consider the effect of surrounding buildings and terrain on WDR load
with limitations in height locations on building wall. The ASHRAE model can consider
the effect of surrounding buildings with several ranges of values for different height
locations on building wall. By comparison, the other two models — the WUFI model and

the Meteonorm model — do not have parameters to take into account the influence of
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surrounding factors (Zhou et al., 2023). Thus, they are not aligned with the scope of the

current study; tall building fagades in the context of urban areas.

As mentioned in (Pérez-Bella et al., 2018), these semi-empirical WDR relationships, i.e.,
ISO and ASHRAE models, can also incorporate additional coefficients (wall indices) to
reflect the influence of the topography, surroundings, obstructions and geometry of the

building on the actual amount of WDR impinging on each fagade.

These models are semi-empirical because they are based on theoretical deviations, while
the WDR coefficient (a) is typically obtained based on experimental data (Blocken &
Carmeliet, 2004). The WDR coefficient (o) is dependent upon the location of the building
wall (Cho et al., 2020), a pronounced function of building geometry and position on the
facade, and often assumed to be independent of wind speed (U), wind direction (D), and
rainfall intensity (Rn), e.g., HAM software typically uses a constant WDR coefficient
(Blocken & Carmeliet, 2005b). As Cho et al. (2020) have cited, the constant a can be
estimated theoretically by multiplying the rain admittance factor and inverse terminal
velocity of raindrops (Pérez-Bella et al., 2013a; Pérez-Bella et al., 2013b; Straube &
Burnett, 2000) or by analysing the observed data. Lacy (1965) and Hens and Ali
Mohamed (1994) reported the smallest value of a as 0.02, and the largest constant a as

0.26 by Flori (1992).

To validate these semi-empirical models, the gathered experimental data via observations
or in-situ measurements are used (Blocken & Carmeliet, 2005b, 2006b). Deb Nath
(2015); Kubilay et al. (2014a) stated that the two most commonly referenced models to
estimate the quantity of WDR loads on the building fagades are the semi-empirical
models ISO 15927-3 (2009) and ASHRAE Standard 160P (2016). By comparing the
calculated results of these models with the corresponding in-situ measurements dataset,

the accuracy performance of these semi-empirical models is evaluated.
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2.8.2. ISO Standard 15927-3 Model

The ISO Standard 15927-3 of 2009, entitled ‘Hygrothermal performance of buildings -
calculation and presentation of climatic data - Part 3: Calculation of a driving rain index
for vertical surfaces from hourly wind and rain data’ ISO 15927-3 (2009), is based on the
British Standard BS8104 (BSI, 1992). The establishment of this semi-empirical model
aims to define an international standard for estimating WDR (Tsoka & Thiis, 2018). This
standard bases the estimation on local meteorological data, building characteristics, and
parameters like terrain roughness, topography, nearby obstacles, and building geometry.
Blocken and Carmeliet (2010) have provided a detailed description of the model for the
calculation of WDR intensities on a building facade, while accounting for the
surroundings and building geometry and considering hourly wind and rain data. It is one
of the most advanced and most frequently used methodologies to estimate WDR volumes
on facades (Blocken & Carmeliet, 2010; Blocken et al., 2010). The legitimacy and
accuracy of this ISO have been investigated in a series of publications (Blocken et al.,
2011; Blocken et al., 2009b; Ge et al., 2018; Juras & Jakubcik, 2017; Pérez-Bella et al.,

2020a; Tsoka & Thiis, 2018; Zhou et al., 2023).

ISO 15927 lays out two approaches for analysing data from hourly observations of wind
and rainfall to predict the amount of rainwater that will hit a wall of any given orientation,
both on an annual average and during short-term periods. The first approach relies on
hourly wind and rainfall observations and is heavily influenced by BS 8104 (1992)
standard. A lengthy series of measurements of WDR on buildings in various parts of the
United Kingdom led to the development of this standard. Therefore, the approach is valid
for climates that are comparable to the UK's; for areas with very different climates, it is
advised to measure WDR on sample buildings to ensure its validity (ISO 15927-3, 2009).
If hourly rainfall and wind speed observations are unavailable, one can use the second

approach, which utilizes the current weather code for precipitation and average wind
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speeds (ISO 15927-3, 2009). These approaches from ISO 15927 are not applicable in the

following situations:
1. mountainous areas with sheer cliffs or deep gorges,

1.  areas where severe convective storms account for more than 25% of the annual

rainfall,

iii.  areas and periods when a significant proportion of precipitation is made up of

snow or hail.

Hence, it is evident that in the case of the application of the ISO standard, model
validation through experimental measurement of WDR in the specific research area is
fundamentally necessary (Blocken & Carmeliet, 2004; Tsoka & Thiis, 2018). Pérez-Bella
et al. (2018) also stated that ISO and ASHRAE standards necessitate hourly climate data,
but many locations either do not have this data or the datasets are not representative
enough to enable generalization of their use. Regardless of the significant impact of
climatic conditions on the performance of these semi-empirical models, Straube and
Burnett (2000) raised the importance of the WDR coefficient’s role in the model’s
accuracy performance, bringing high uncertainty to the calculation: the constant value

can vary between 0.1 and 0.5 s/m, depending on the conditions at each moment.

In the ISO model, the WDR intensity is defined as:

Ruvdr = g CrRCTOWU 0Rp*8cos (D - 0) Eq. (10)

Where;

Cr is the terrain roughness coefficient, which considers terrain roughness in wind
direction and the variability of wind velocity depending on the height of facades,
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Cr is the terrain topography coefficient; it increases the airfield spell index if the area
investigated is placed on a cliff or on the upper part of a hill,

O corresponds to the obstruction factor; the presence of obstacles surrounding the fagade
reduces the amount of rain getting to the building,

W stands for the wall factor; it aims to account for the variability of building geometry
and its impact on rain reaching the fagades, depending on the type of roof and height of
the fagade,

Uio 1s the hourly reference wind speed at 10 m height,

R is the rain intensity on the horizontal surface (mm/h),

(D - 0) is the angle in the horizontal plane between the wind direction (D) and the normal
to the facade (0).

2.8.2.1. Terrain Roughness Coefficient (Cr)

It takes into account the change in ‘mean wind speed’ at the site due to the height above
the ground, and the roughness of the terrain in the direction from which, the wind is
blowing. It is used to correct for the increasing wind velocity with the height in the ISO

model and is given by:

Cr(y)=Kr In(%) fory = ynin

Eq. (11)
Cr(y) = CRr (Ymin) fory <ymin

Where;

y is the height above ground (m),
Kkr is the terrain factor,
yo is the aerodynamic roughness length (m),

Ymin 1S the minimum height (m).

The values of Kg, yo, and ymin as a function of the terrain category are given in Table 2.7.
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Table 2.7. Parameters in the ISO Standard roughness coefficient (Cr) (ASHRAE

Standard 160P, 2016)
Terrain Description K i
category p R | Yo | Ymin
I Rough open sea; lake shore with at least 5 km open water 0.17 | 001 5
upwind and smooth flat country without obstacles ' '
I Farm land with boundary hedges, occasional small farm 0.19 | 0.05 4
structures, houses or trees
I Suburban or industrial areas and permanent forests 022 | 03 8
v Urban areas in which at least 15% of the surface is 0.24 1 16
covered with buildings of average height exceeding 15 m ’

The ISO Standard Draft notes that if a change in upstream roughness occurs within 1 km,
the smoothest upstream terrain category must be used; the smoothest terrain category

provides the largest Cr value (Defo et al., 2019).
2.8.2.2. Terrain Topography Coefficient (Cr)

This parameter considers the increase in mean wind speed over isolated hills and
escarpments. It is applied when the wind approaches the slope of the hill or the
escarpment and when the building is located at “more than half way up the slope of a hill”
or “within 1.5 times the height of the cliff from the base of a cliff.” It ranges from 1.0 for
upstream slopes with less than 5% inclination to a peak value of 1.6 for buildings situated

at the crest of steep cliffs or escarpments (Blocken & Carmeliet, 2010).
2.8.2.3. Obstruction Factor (O)

To evaluate the obstruction factor (O), as specified in the ISO standard (Table 2.8) one
must determine the distance to the nearest obstacle that is at least as tall as the facade

concerned.
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Table 2.8. Obstruction factor (O) values (Coutu et al., 2013)

Distance to obstacle (m) Obstruction factor
0
From 0 to 1 0
From 1 to 4 0.1
From 4 to 8 0.2
From 8 to 15 0.3
From 15 to 25 0.4
From 25 to 40 0.5
From 40 to 60 0.6
From 6 to 80 0.7
From 80 to 100 0.8
From 100 to 120 0.9
Over 120 1

2.8.2.4. Wall Factor (W)

Building geometry partially determines the amount of rain that impinges on the facades.
The ISO accounts for this with the wall factor (W) (Coutu et al., 2013). The wall factor
is characteristic of a facade. Figure 2.33 shows the different wall factors depending on
the roof angle, the overhangs of the roof, and the number of floors. It is worth mentioning
that the ISO standard only provides wall factors for a limited range of building
geometries, primarily low-rise buildings, restricting these factors to a few values for the
entire fagade without accounting for variations in the width and height of the facade (Defo

et al., 2019).
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Two-storey gable One-storey gable

05
0.4
0.3
Average 0.4
Two-storey wall with w‘; O:E,',:"ngf;‘:d;m One-storey wall A pi(i:mer;?:n ;‘jsc’o‘m
eaves 0.3 with eaves 02
0.3 0.2
0.3
Average 04 0.4
Two-storey building 0.5 One-storey building 0.5
with flat roof 04 with flat roof 03
(pitch <207) (pitch <20°)
Average

Three-storey gable Multi-storey gables

Average 0.4
Three-storey wall wched rool (>207) Multi-storey wall itched roof {>20)
2 typical overhang: 350m 2 typical overhang: 350mey

with eaves with eaves

0.4 04

04 0.4

0.4 04

04

Average 0.4 04

0.5 for top 2.5 m,

Multi-storey building with flat | 0.2 for remainder

roof (pitch , 20°) 0.2 for a ten-storey building, for example, but
with a higher intensity at top

Figure 2.33. Wall factor values (Coutu et al., 2013; Deb Nath, 2015; ISO 15927-3,
2009)

2.8.2.5. The Hourly Reference Wind Speed (U1o)

The wind speed measured at any height (Uy), can be calculated using the following

formula (ASHRAE Standard 160P, 2016; Defo et al., 2019; Ge, 2015):

U(h) = Ui x (h/10)* Eq. (12)

Where,

Ui 1s the standard wind speed (m/s) at 10 m above grade,

100



h is the height above grade (h),

a is the exposure exponent, shown in Table 2.9.

Table 2.9. Exponent for different upwind exposure (ASHRAE Standard 160P,

2016)
Exposure Exponent o
Open country: level terrain or open water with few obstructions and only _
i . 1/7=0.14
scattered buildings, trees or other obstruction
Suburban: urban areas, wooded terrain, or centres of small towns V.=10.25
City centre: large city centres, with heavy concentration of tall buildings, at 38 =036

least half over 4 stories

The fact that wind speed increases rather rapidly with height means that the driving rain

exposure of tall buildings is much higher than for low-rise buildings (Plescia et al., 2008).

2.8.2.6. The Angle (D - 0)°

It is the angle between the wind direction D (°) and the orientation of the facade 6 (°)
analysed. It requires a different calculation for each possible fagade orientation 0, and
only those results with a positive value are considered (WDR impinging on the specific

facade orientation) (Pérez-Bella et al., 2020a).

In the absence of wind direction D (°) records, the study by Pérez-Bella et al. (2018) in
two different locations, Chile and Spain, showed reasonable convergence of the
correlations in these two distance zones between the ISO and ASHRAE models. It
consolidates the possibility of assuming perpendicular direction to the corresponding

facade orientation 0 (°) for each rain event (D = 0)° and cos 0° = 1.

2.8.2.7. Spell / Rain Event

Although the standard strictly guides the calculation of the average annual amount of
WDR and the amount of WDR in the worst likely spell in a 3-year period, this method

could theoretically be used to determine WDR intensities (Rwdr) or amounts (Swdr) for any
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spell within a year (Blocken & Carmeliet, 2010). Spells separated by 96 hours or more
without WDR are considered, assuming that this interval is sufficient for evaporative
losses to exceed prior rainwater gains (Pérez-Bella et al., 2024). The ISO Standard states
that there can be periods of as long as 96 consecutive hours with no WDR within the spell
before evaporative loss exceeds gain from the rain. Where D° is the hourly mean wind
direction from north, 6° is the wall orientation relative to north. In this analysis, a rain
event will be defined by a period of time when no horizontal amount is measured and the
mean hourly wind direction is not directed at the considered wall. The definition of a rain
event is not based on the hours when rain is present but rather on the length of the gaps
in between two rain events when there is no WDR (Lobelle, 2012). When conducting
WDR measurements, it should always be over a long period of time in order to generate

reliable dataset (Lobelle, 2012).

Due to the ‘event-based averaged value’ approach of this study for all WDR measures,
as will be elaborated in 3.2.2, and according to the research method development
conducted by Narula and Sarkar (2019), in this study also a modified version of Eq. (10)
will be used. The cosine of the directional component present in Eq. (10) is replaced with
its maximum value, which is equal to one, as a moderation approach that is practiced in

spell- or event-based methods (Narula & Sarkar, 2019).
2.8.3. ASHRAE Standard 160P Model

In the ASHRAE Standard 160P (2016) model - Criteria for Moisture Control Design

Analysis in Buildings - the WDR intensity on building fagades is defined as:

Rwdr = FLFEFpU10R1 cos O Eq. (13)
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Where;

FL is an empirical constant (= 0.2 kg-s/(m>.mm)),

FE is the rain exposure factor, depending on the building height, the terrain topography
and the surroundings,

Fp the rain deposition factor accounting for the spatial distribution of the WDR on the
facade.

The other parameters have the same definition as in the ISO model in Eq. (10).

2.8.3.1. Exposure Factor (Fk)

In the ASHRAE model, the exposure factor F is equivalent to the combined effect of Cr
and Cr as given in the ISO model (Defo et al., 2019). As shown in Table 2.10, three
categories of exposure factors are suggested, given for different building heights and
terrain types: severe, medium, and sheltered. Severe exposure includes hilltops, coastal
areas, and funnelled wind (e.g., the wind tunnel effect caused by the proximity of two
buildings). Sheltered exposure includes protection from nearby buildings or other

permanent moderating features (e.g., trees).

Table 2.10. ASHRAE exposure factor (Fe) (ASHRAE Standard 160P, 2016)

T . Type of terrain
Building height (m) Severe Medium Sheltered
<10 1.3 1.0 0.7
10-15 1.3 1.1 0.8
15-20 1.4 1.2 0.9
20-30 1.5 1.3 1.1
30-40 1.5 1.4 1.2
40 - 50 1.5 1.5 1.3
>50 1.5 1.5 1.5

2.8.3.2. Rain Deposition Factor (Fp)

The rain deposition factor (Fp) is equivalent to the wall factor (W) in the ISO standard.

To determine the wall factor, in the ISO standard six situations are provided (Figure 2.33),
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whereas, only three situations are given in the ASHRAE standard: 0.35 for walls below
a steep-slope roof, 0.5 for walls below a low-slope roof, and 1.0 for walls subject to
rainfall runoff. The values of rain deposition factor (Fp) recommended by ASHRAE

standard are shown in Table 2.11.

Table 2.11. Rain deposition factor (Fp) (ASHRAE Standard 160P, 2016)

Wall type Deposition factor (Fp)
Walls below a steep-slope roof 0.35
Walls below a low-slope roof 0.5
Walls subject to rain runoff 1.0

2.9. Summary

This chapter focused on the research’s foundation. First reviewed the freshwater
availability and accessibility globally and in Malaysia, in the city of Kuala Lumpur. Key
terminologies were defined. Rainwater harvesting (RWH) drivers, benefits, definitions,
components, and implementation in Malaysia were explained. Tall building impacts on
the domestic water network and rainfall-runoff distortion, plus the possibilities of
collecting rainwater from the vertical facades, were discussed. Four Malaysian tropical
seasons’ classifications as the main divisive factor in dataset classifications in this
research were explained at the basis of a complete tropical one-year. Information and
related parameters to wind-driven rain (WDR) measurement, i.e., gauge’s design
principles, meteorological factors, and methods were reviewed. The literature review
revealed that field measurements and semi-empirical methods have been primarily
employed in WDR studies when the aim of research is collecting, calculating, and
estimating the quantification of WDR loads on building walls. The two semi-empirical

models, i.e., ISO standard 15927-3 and ASHRAE standard 160P, were employed for the
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purpose of model validation by comparing the models’ datasets with the in-situ dataset to
predict WDR intensity values on tall building facades. This chapter concluded with
definitions of the models’ parameters, i.e., coefficients, and correction factors. The

conceptual framework of the study is presented in Figure 2.34.
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Figure 2.34. Conceptual research framework — Measurements and Modelling
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CHAPTER 3: METHODOLOGY

This chapter outlines the methodology used for assessing the feasibility of vertical WDR
harvesting from building fagades as a new catchment area. This chapter consists of four
sections; Section 3.1 presents the principles and guidelines used to design and
manufacture the wall-mounted UM WDR gauge, Section 3.2 provides experimental
measurement (in-situ) setup information, i.e., building, equipment, and surrounding
areas, Section 3.3 describes the data cleaning process to generate in-situ dataset for model
validation, and Section 3.4 is dedicated to the application of the semi-empirical models,
1.e., ISO Standard 15927-3 and ASHRAE Standard 160P models, to predict Rwd: on tall

building facades.

Feasibility of vertical WDR harvesting

Wind-driven rain load

Facgade surface area

Criteria

Fagade materials

Water consumption (Ipcd)

Non-potable

Potential Reduction

Potable

| per day water
~7} consumption in Malaysia |
| (201 Ipcd) !

_____________________

_____________________

1 Based on different heights i

i on building facade i

Figure 3.1. Feasibility framework of vertical WDR harvesting from building
facade (modified from Chacha (2015) and Li et al. (2010))
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In this study, the feasibility frameworks that were practiced by Li et al. (2010) and Chacha
(2015) for RWH from roof surface areas were applied as the macro roadmap of the current
research methodology with modifications for the fagade surface areas of the buildings

(Figure 3.1).

3.1. UM WDR Gauge

As previously stated, to date, wall-mounted WDR gauges have not been industrially
produced; researchers design and manufacture the gauge according to their measurement
purposes. The WDR gauge for this experimental study was designed and manufactured
at the Universiti Malaya (UM), Kuala Lumpur, Malaysia, following the scientific
guidelines and characteristics of the previous gauges described in detail in Chapter 2

(Section 2.6.3).
3.1.1. UM WDR Wall-Mounted Gauge Design

To adopt a material that has a better runoff property and minimum adhesion error for the
UM WDR gauge, five materials were explored in Chapter 2 including regular glass sheet,
acrylic (polymethyl-methacrylate), aluminium, stainless steel, and polished stainless
steel. The absolute measurement errors due to adhesion for these five materials (Blocken

& Carmeliet, 2005a) are listed in Table 3.1.

Table 3.1. Absolute adhesion water on five vertically placed plates made of
different materials

Polished

Glass PMMA Aluminium | Stainless steel .
stainless steel

Average
adhesion water 0.047 0.066 0.083 0.081 0.074
(mm or L/m?)
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Glass with the minimum adhesion value has the best performance in terms of promoting
rainwater runoff, and corresponding with the scope of this research, which is tall
buildings’ fagades, which are typically glass curtain walls. However, it is heavy and more
difficult to fabricate, install, and maintain for a long-term measurement period. With the
consideration of durability (one-year measurement) and minimum adhesion, acrylic
(PMMA) was adopted as the second-best option in Table 3.1 for the driving rain gauge
material in this research. The height of the edge is chosen as 3 cm to minimise the
influence of the rim in deforming the wind flow, the trajectory of raindrops, and splashing
rain drops out. To minimise the adhesion of water, the connection tube from the collector
to the tipping bucket is made as short as possible. The tipping bucket chosen as a reservoir
has a volume of 15 Litres for the driving rain gauge with a collection area of 400 cm?

(0.04 m>).

Table 3.2 describes how the five major possible error sources that were identified during
the literature review are addressed in the design of the UM gauge to minimise the biases
in the measurement process in the present experimental research. Note that the EMPA
wall-mounted gauge was considered the base model gauge with some modifications
based on the local climate and lessons learned from the literature, which are described in

Table 3.2.

A summary of the customisations and developments that were applied during the design

and manufacturing stages of the UM gauge is as follows:

1. All parts of the WDR gauge collector at UM were made of a 5 mm acrylic sheet
and assembled by heat pressing to avoid any droplets leaking from the possible
gaps. The material allows the rainwater to drip down into the tube with the least
possibility of water adhesion on the surface compared with the materials that have

been applied in the literature (aluminium, plate, polytetrafluoroethylene, stainless
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steel, etc.), and the size of the collector area, according to the recommendation by
(Blocken & Carmeliet, 2005a, 2005b, 2006b) was considered 20 x 20 cm? to

reduce the evaporation amount,

Table 3.2. Possible error sources and modifications to minimize in the gauge design

stage

Possible error
sources

Modifications / Customizations

11.

1il.

1v.

Adhesion-water All parts of the gauge have been made of Acrylic (PMMA)
evaporation sheets as an integrated device to promote water runoff

Evaporation from the | The bucket lid was covered with plastic between the upper
reservoir cover and the bucket

Splashing of drops The catchment area is 20 x 20 cm?, and the rim around it has a
from the collection height of 3 cm to minimize splashing from in and out of the
area gauge

Condensation on the

. Measurement has been done right after the rain stopped
collection area

The rim height around the gauge has been increased by 1 cm

Wind errors compared to the EMPA gauge

Droplet leakage Whole gauge was assembled by heat pressing

To minimise evaporation from the reservoir, it was covered by two layers: (1) a
plastic layer from inside to avoid water absorption and ventilation; and (2) a
square shape plywood surface from outside to avoid solar radiation losses,

The collection area is 20 x 20 cm? to reduce the rate of water splashing because
the bigger the collector area, the more splashing errors occur. The height of the
rim around the collector area was increased by 1 cm in comparison with the
EMPA model to reach 3 cm in order to minimise rainwater splashing either inside
or outside the catchment area and the possibility of entering water run-off from
the surrounding area of the gauge,

The connector part of the gauge to the tube has the same material as the collector

surface. It is integrated to the collector surface through two internal sloping
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surfaces. These surfaces allow the effective shedding of runoff rainwater from the
catchment area into the tube and the reservoir, respectively,
The tube is a rubber-hose sealed from both external sides to the connector and the
reservoir cover, and the reservoir is an ordinary bucket with a volume of 15 litres
(Table 3.3). The length of the tube is at the shortest possible length located outside
the building on the facade, buckets are also located outside the building along with
the WDR gauges; in a tropical climate, normally there is no water freezing
possibility even in the rainy days,

v.  Toreduce the wind error, (1) the area of the collector was designed at the practical
minimum size based upon the previous studies, and (2) the height of the rim

around the gauge has been considered 3 cm (Figure 3.2).

Figure 3.2. Elevation and section of the WDR gauge collector; dimensions in mm.
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Table 3.3. The WDR gauge components list

Components Material Quantity | Dimensions (mm) Geometry
1 Base frame PMMA 1 210 x 300
y | Basepartfor PMMA 1 200 x 260

collection area

3 | Vertical side edges PMMA 2 260 x 30 —
4 | Upper edge PMMA 1 210 x 30 I —
5 | Bottom edge PMMA 1 210 x 30 —
6 | Front edge PMMA 1 60 x 30 —
7 | Internal slope piece PMMA 2 105 x 15 —
8 | Tube to reservoir Plastic 1 100
9 | Reservoir Plastic bucket 1 15 lit
10 | Screw Metal 4 -- s

3.2. Experimental Measurement (In-Situ)

3.2.1. Building Site

Figure 3.3 illustrates an aerial view of the measurement site. It is located on the main
campus of Universiti Malaya in the city of Kuala Lumpur, Malaysia, at latitude 3°07'15"
and longitude 101°39"23". The building has dimensions of L x W x H = 18.60 x 6.40 x
3.50 m>. The building's long side faces northeast and it is exposed to a downhill open

space.
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Figure 3.3. Aerial view of the building site

The southwest side is facing a pilot parking lot at a distance of 13 m, on its southeast and
northwest sides are open parking areas, and the closest adjacent buildings are at a distance
of 19.50 m and 25.70 m, respectively. Different types of adjacencies around the building
and 24/7 accessibility have made it a suitable building for WDR measurement study at
the campus in an urban area. Furthermore, the building's orientation, specifically NW-
SE, is perfectly aligned with the predominant wind directions during monsoon seasons in

Kuala Lumpur, ensuring that the windward fagades were accurately positioned.

3.2.2. Measurement Setup

The parameters monitored by the sensors include local meteorological data, i.e., wind
speed, wind direction, wind gust, wind pressure, temperature, relative humidity,

horizontal rainfall, and WDR amount on the fagade by the UM gauge.

The logging interval for which the experimental data are recorded is chosen to be 10-
minute (Figure 2.19), following the guidelines by Van der Hoven (1957), Sumner (1981),
Blocken and Carmeliet (2007a, 2008) and Kubilay et al. (2014a) in order to minimise the

errors related to the time resolution of meteorological datasets. Since the horizontal

113



rainfall amount (Sp) and the WDR amount (Swar) are in event-based summed values, the
corresponding meteorological data during rain events in the dataset are also presented in
terms of event-based averaged values. The recorded 10-minute wind data (wind speed

and wind direction) are averaged over event-based intervals.
3.2.2.1. Wind Speed (U) and Wind Direction (D)

According to the literature (Section 2.5.1), standard free-field wind speed and wind-
direction measurements should be performed at a height of 10 m outside the constant flux
layers around the buildings in an open area to obtain the actual data recorded.
Accordingly, to minimise the effect of local turbulence induced by the building, a
meteorological mast was installed on the rooftop of the adjacent building at a height of
3.50 m and sensors at a height of 4.50 m above the roof surface. Therefore, sensors were
placed approximately 8 m above the ground to measure the approach-flow wind direction
(D), wind speed (U), wind gust, and wind pressure. The wind speed at a height of 10 m
(U1o) to fit in the model will be determined by employing equation Eq. (12) and extracting

the proper exposure exponent o from Table 2.9.

Since the building site is located in a relatively open urban area, the recommended
exponent o = 0.25 for suburban terrain is used in this study to convert the wind speed

measured at height h to height 10 m above the ground.
3.2.2.2. Horizontal Rainfall (Sn)

The daily recorded data of horizontal rainfall (Sy) in mm was collected from the nearest
meteorological department (MMD) to the UM campus. It was logged in using the tipping
bucket method (Figure 3.4). As stated in Section 2.5.2, the Malaysian Meteorological
Department measures precipitation using the tipping bucket (Figure 3.4-a), automatic

(Figure 3.4-b), and conventional methods (Figure 3.4-c). MMD (2024) outlined the
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following principles and characteristics of the tipping bucket setup for the horizontal

rainfall measurement that they are using:

The standard instrument for measuring rainfall is the 203 mm rain gauge,

= This is essentially a circular funnel with a diameter of 203 mm that collects the

rain into a graduated and calibrated cylinder,

= The measuring cylinder can record up to 25 mm of precipitation, any excess

precipitation is captured in the outer metal cylinder,

= The top of the rain gauge is 0.3 m above the ground.

(a) (b) (c)

Figure 3.4. Meteorological instruments using by Malaysian Meteorological
Department for horizontal rainfall (Sn) measurements, (a) tipping bucket, (b)
automatic horizontal rain gauges, (c) conventional horizontal rain gauges (MMD,
2024)

A number of equipment, including a tipping bucket, a weighing gauge, and state-of-the-
art gauges that use laser technology, have been designed for automatic observation.
Tipping-buckets (Figure 3.4-a) are the most widely used because their technology has
been around for a long time and the mechanism is simple and mechanical (MMD, 2024).
Basically, a tipping-bucket gauge consists of a collector funnel that diverts water to a
tipping bucket mechanism. An electronic pulse is generated each time the volume of

water collected in one of the small brass buckets causes the bucket to tip. This is
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equivalent to 0.2 mm of precipitation. The maximum detectable amount of rainwater is

200 mm/hour (MMD, 2024).
3.2.2.3. WDR (Swar) — Vertical WDR Harvesting

Ii was suggested in Sections 1.3 and 2.8.1 of the literature review to measure WDR on
four building walls (all fagade orientations) to enable correction of the WDR coefficient

derived from ISO 15927-3 based on the local climate for the windward facades.

Following the previous research findings on the spatial distribution and wetting pattern
of WDR on building facades, the highest catch ratio (1) values belonged to the top corners
and the least values to the middle-lower two-third of the facade (Section 2.7.1).
Accordingly, in the present study, eight UM WDR gauges were installed on the four
fagades of the pilot building at the campus of UM. Two gauges on each fagade, one on
the top corner edge (2.75 m height), and one on the middle two-third of the facade height
(1 m height) to receive and measure the maximum and minimum accumulated WDR
impinged on the gauge surface area (Figure 3.5 and Figure 3.6). During the measurement
period, regular maintenance was taken to ensure the gauges’ collection areas remained

clean and unclogged.

The amount of rainwater collected by the wall-mounted WDR gauges was observed as
event-based. The information including the beginning time, end time, and total rainfall
volume was recorded. The amount of WDR (Swar) that was collected by the reservoirs

was measured manually (hand-emptied) immediately after the rain stopped.

The WDR amount (Swdr) measurement was carried out by eight wall-mounted gauges
over the four tropical seasons of Malaysia; starting from April 2017 to March 2018.
According to the annual report of the UNFCCC (2015), precipitation events in Kuala
Lumpur occur mostly in the afternoons and evenings. Given this fact and the manual

measurement of the WDR in this study, nocturnal precipitation (12 a.m. to 6 a.m.) was
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not recorded. In addition, those diurnal accumulated precipitations (Swar) with an amount

of less than 1 ml were excluded from the record.

()

(b)

Figure 3.5. The orientation of the pilot building and locations of the WDR gauges
on the building: (a) Floor plan, (b) the facade (not to scale), (c) location of gauge
TO02 (at 2.75 m height), (d) location of gauge B02 (at 1 m height).

Figure 3.6. The pilot building and position of the WDR gauges on the facades (a)
South view (b) Meteorological mast on the rooftop of the building at the parking
area.
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3.2.2.4. Time Accuracy of the Data Logger

Once the Micro Station is logging, it keeps accurate time. However, according to the
HOBO Micro Station Data Logger (H21-002) manual, there are three main sources of

errors with time reporting. The following table lists the implementation considerations to

address these errors:

Table 3.4. Time reporting possible errors of the data logger and the
implementation considerations

No. Possible error sources based on (H21-002) Considerations in this study
manual
Host clock error: A common source of error is Before launching the logger and
. . after each read-out, the clock and
1 an incorrect time in the computer used to launch
the logger date on the computer are checked
and set to the correct time and date
This is a one-time error that occurs
Start-up error: The logger can lose as much as 2 as part of the ;tart—up sequence 'and
2 _ cannot be avoided, thus the initial
seconds when it is launched .
logging and all read-out events are
conducted in non-rainy moments
Clock drift: The long-term time accuracy is a
function of temperature. The worst-case error is
+8 parts per million (PPM) a week at 25°C, Which can be disregarded in this
3 which is about 5 seconds per week. The error study due to the KL weather
increases as the temperature deviates from 25°C | condition with the mean annual
(see the figure below). If the temperature were a | temperature of 25.4°C
constant -20°C, the logger time error could be as
much as 35ppm (21 seconds per week).

In compliance with the recommendations given by the data logger manual, additional
periodic check-ups were performed during logging and read-out events to ensure the

accuracy of recorded data, such as:

Performing a visual inspection — Fortnightly (once every two weeks), a visual inspection
of the Micro Station tower and logger enclosure is conducted; reading out the logger and
relaunching the system to reset the logger’s clock. Additionally, in accordance with the

manual's recommendations, the following matters were monitored too:
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= (Cables and wires are not damaged, cracked, cut, split, or broken,

= All the screws and bolts are tightly secured,

= The mast is still level,

= The ground attachments are fastened to the tripod and logger,

There is no excess rust; replace rusty parts as necessary.

Verifying the sensor accuracy — All sensors were tested and recalibrated in the lab at the
Faculty of Built Environment. A one-week pilot test was conducted on-site prior to

performing the one-year measurement to verify the accuracy of all sensors.

3.3. Data Cleaning Process — Generating In-Situ Dataset

Correction of the measurements for errors is only possible in a limited number of
situations. Therefore, carefully choosing precise and sufficient measurements from the
overall amount of acquired data is essential for conducting the intended analysis and

generating a valid in-situ dataset.
3.3.1. Preprocessing of In-Situ Measured Data

As the first step to prepare in-situ dataset comprising wind, horizontal rainfall, and WDR
data for model validation, the following principles derived from the previous studies are
taken into account (Abuku et al., 2009; Blocken & Carmeliet, 2004, 2005a, 2005b, 2006c;

Kubilay et al., 2014a):

= Select rain events with large WDR sums to reduce the relative adhesion-water

evaporation error,

= Select rain events for which WDR splashing errors will be absent or small; rain
events characterised by reference wind-speed values Ujo lower than 10 m/s and

with horizontal rainfall intensities Ry <20 mm/h,
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= Select rain events for which the wind direction during rain is approximately
perpendicular to the facade under study to limit the wind error in the WDR
measurements on the fagade. In this study, the wind direction D (°) is assumed to

be perpendicular to the corresponding fagade orientation 0 (°) for each rain event,

=  Nocturnal precipitation (12 a.m. to 6 a.m.) and diurnal precipitations with less

than 1 ml were excluded from the record,

= Wind-driven rain bucket tips are filtered when wind speeds are less than 1 km/h
and wind directions are lower than 22.5 degrees to the normal to the wall to avoid
erroneous results when parameters such as the WDR catch ratio (1) are calculated.
Otherwise, the delay between the horizontal rainfall and the tips of the wind-

driven rain buckets produces erroneous results.

Tables of meteorological data (wind speed (U), wind direction (D), amount of horizontal
rainfall (Sp)) and daily harvested WDR amounts (Swdr) measured by the 8 wall-mounted
gauges, Top (T01-T04) and Bottom (B01-B04), installed on all four building facades
(NE, NW, SW, SE) for each tropical season are provided as the raw meteorological data

and harvested WDR.

3.3.2. Data Units’ Conversions

The wind speed (U) is logged in km/h, and the wind direction (D) in degrees (°) measured
clockwise from north. The horizontal rainfall amount (Sy) is logged in millimetres (mm),
the harvested WDR amount (Swdr) in millilitres (ml), and the spell duration in minutes.
This study observed the WDR collection using the unit of rainfall event also known as
event-based measurement. Accordingly, the meteorological data are transformed from a
10-minute averaging period to an event-based averaging period. Mean values for wind
speed (U) and direction (D) are calculated over each rainfall event, adhering to the ‘event-

based averaged value’ approach of this study (Section 2.8.2.7).
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Accordingly, horizontal rainfall intensity (Rp) is calculated as the ratio of the total amount
of horizontal rainfall (Si) in mm falling during the rain event to the duration of the on-

site recorded rainfall. It is expressed as mm per hour (mm/h) in this study.

The calculation steps for the conversion of units of accumulated WDR (Swdr) (ml) from

the reservoir to the WDR intensity value (Rwar) (mm/h) are illustrated in Figure 3.7.

divided by
rainfall
duration
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1000 L) | 032
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Figure 3.7. Unit conversion steps to calculate WDR intensity value (mm/h)

The wind speed (Un) measured at the mast on-site is converted to a wind speed at the
roof-line height (U10) (m/s) as the reference wind speed (m/s) at 10 m height using Eq.

(12) to determine the Ujo value for each rain event to be fitted to the models:

The height of the mast (h) = 8 m, and the recommended exponent o = 0.25 for a
suburban terrain is used (see Table 2.9) because the building site is located in a
relatively open urban area in the UM campus. Thus, the following equation is

formulated for this study:

Uio=U3g/0.95

As discussed previously, due to the ever-changing wind direction (D) in reality (2.8.2.6),
utilising the moderation method for the ‘event-based averaged’ approach of this study
(2.8.2.7), and based on the evaluated and determined windward fagades in each season
(Section 4.1 (two facades in each season)), thus in the semi-empirical equations

considered in this study:
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= the wind direction D (°) is assumed to be perpendicular to the corresponding
facade orientation 0 (°) for each rain event, and the cos (D - 0) value is calculated

as one (cos 0°=1),

= in WDR relationships, the ‘mean value’ of both facades’ top and bottom gauges
will be used as one top and one bottom gauges of one windward fagade in each

Sc€ason.

3.3.3. Spatial Distribution of WDR — Catch Ratio () Calculation

Definition and significance of catch ratio () have been discussed in Sections 2.6.1 and
2.7.1. Accordingly, the catch ratios () are calculated using equation Eq. (1) for each
monitoring season to show the spatial distribution of WDR across the building fagades.
Subsequently, correlation analyses are performed to assess the influence of wind speed
(U), height (top and bottom gauge locations), and horizontal rainfall intensity (Rn) on the

catch ratio value ().

3.3.4. Data Cleaning Process — Generating In-situ Dataset

This research followed the principles of the WDR field measurement method in building
science, reviewed in Sections 2.6 and 2.7. In tropical regions, topography and monsoon
winds are the main factors that influence the flow of the wind direction and velocity, and
consequently, the WDR loads on the building fagades. Therefore, considering the unique
rainfall and wind patterns in the tropical climate, the analysis processes are conducted
individually for each season because wind plays an important role in the applicability of
the equation. It directly affects the WDR coefficient value. The following are the

principles that govern the data cleaning process for each season dataset:

1. To select accurate wind speed (U), horizontal rainfall intensity (Rn), and WDR
intensity (Rwar) datasets as in-situ dataset for model validation, the guidelines

presented in Section 3.3.1 are followed for all rain events,
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ii.  Normality Test and Outlier Test through IBM SPSS Statistic 26 software are
conducted. There are two well-known tests of normality in SPSS, namely the
Kolmogorov-Smirnov Test and the Shapiro-Wilk Test. The Shapiro-Wilk Test is
more appropriate for small sample sizes (< 50 samples), but it can also handle
sample sizes as large as 2000. For this reason, the Shapiro-Wilk’s test is employed

as the numerical means of assessing normality in this study.

3.4. Semi-Empirical Models

As stated in the literature, semi-empirical models for Ryqr prediction on building walls
are partly or completely based on measurements that are conducted with WDR gauges
(discussed in Section 2.8). Generally, these models incorporate parameters derived from
WDR measurements. This section outlines the procedures that are undertaken for the

models’ application, validation, and Rwdr prediction.

The validated WDR measurement (in-situ) dataset derived from the data cleaning process
is employed to validate the semi-empirical models, i.e., ISO 15927-3 (2009) and

ASHRAE Standard 160P (2016).
3.4.1. Application of the Models — Generating the Models’ Datasets
To apply ISO Standard 15927-3 and ASHRAE Standard 160P models:

Step 01: Determining validated in-situ Rwqr datasets derived from the data cleaning

process for each rain event of each season that are tabulated separately.

Step 02: Determining correction factors and parameters for ISO standard 15927-3 and

ASHRAE standard 160P models based on the given data in Sections 2.8.2 and 2.8.3.

Step 03: Calculation of Ryar using ISO standard 15927-3 model Eq. (10) and
ASHRAE standard 160P model Eq. (13) to create the models’ datasets; ISO dataset

and ASHRAE dataset.
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3.4.2. Validation of the Models — Accuracy Performance Assessments
To validate ISO Standard 15927-3 and ASHRAE Standard 160P models:

Comparing the calculated datasets (ISO 15927-3 model and ASHRAE 160P model)
with the corresponding measured dataset from the in-situ measurement of WDR under
actual conditions allows an assessment of the accuracy and performance of these
semi-empirical models (Kubilay et al., 2014a). Therefore, comparative graphs and
tabulated values of the Mean R4 (mm/h) derived from the in-situ, ISO model, and
ASHRAE model datasets on the windward facades of the pilot building (Top and
Bottom gauges) will be conducted. They are followed by further analytical
assessments to determine the degree of discrepancies (errors) and evaluate the
predictive performance of the two semi-empirical models for top and bottom
locations, i.e., calculation of difference (D), coefficient of determination (R?) based
on order 4 (quadratic) polynomial regression model, root mean square deviation

(RMSD), and normalised root mean square deviation (NRMSD).

R? provides information about the correlation between two datasets, while NRMSD
quantifies the normalised difference between them (error). In light of the purpose of
the analysis section, which is the quantification of error between the experimental
measurement (in-situ) dataset of the mean Rwg¢ and each model’s (predicted),
NRMSD is considered the right evaluation metric to proceed with to quantify the

accuracy of the predictions. It is discussed further in Section 4.6.
3.4.3. Prediction of Mean Rwar — Application of Proposed WDR Coefficients
To predict the mean Rwar on the building wall for RWH:

To predict mean Ry values using WDR relationships (ISO and ASHRAE), Blocken

and Carmeliet (2005b) have also specified the first two stages as follows:
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Step 01: Determining the proposed WDR coefficient (a (ISO) and (FL
(ASHRAE)): It is determined from hourly measurements of wind speed (U), wind
direction (D), horizontal rainfall intensity (Rn), and WDR intensity (Rwdr) at a

certain position on a building fagade.

Step 02: Application of the proposed WDR relationship (using the proposed WDR
coefficient derived from the validated model): first the value of the WDR
coefficients (o and Fi) are determined (for several positions on a building facade)
through the cross-multiplication method process between the in-situ Rwar dataset
and the models’ datasets. Then it is used for future Rwar (mm/h) prediction with
the models (ISO and ASHRAE), in which it is considered to be a value that is
constant in time. Measured standard meteorological data (generally on an hourly
basis) of wind speed (m/s), wind direction, and horizontal rainfall intensity (Rn)
are used as input in WDR equations Eq. (10) and Eq. (13), namely the ISO

standard 15927-3 model and the ASHRAE standard 160P model, respectively.

Step 03: Application of the Proposed WDR coefficients (a) and (Fr): The
proposed WDR coefficients (a) for ISO standard 15927-3 and (Fr) for ASHRAE
standard 160P are fitted into Eq. (10) and Eq. (13) respectively to predict the
proposed Ryqr at different height locations on a building windward facade. Each

season is subjected to the calculations separately.

Step 04: Based on the statistical data of the water consumption pattern in Malaysia
(litres per capita per day) presented in 2.1.1 and the proposed harvestable mean
Rwar values (per square metre) as the representative constant for the windward
facade for each model and each season, the possible percentage of harvested WDR

for non-potable and potable usages (Ipcd) is calculated.
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3.5. Summary

This chapter presented the design, manufacturing, and installation principles of the UM
WDR gauge for WDR collection from the facades of the pilot building. Basic information
and characteristics of the measurement setup and meteorological factors were described.
The measurement setup was composed of a one-storey rectangular building facing the
prevailing wind direction at the main campus of the Universiti Malaya, Kuala Lumpur.
The facades are equipped with WDR gauges, two gauges on each fagade to generate
WDR in-situ dataset. The in-situ dataset is used for correlation analysis to figure out the
influence of meteorological parameters and surrounding areas on the spatial distribution
of WDR (WDR catch ratio), as well as a prerequisite for model validation after
verification through data cleaning process. The processes of data cleaning to generate
three verified WDR datasets, i.e., in-situ, ISO, and ASHRAE were presented in detail.
The chapter concluded by elaborating systematic (step-by-step) approaches taken for
application and validation of the models, followed by the prediction of the Mean Rywar on

the building facade.
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Figure 3.8. Research methodology diagram
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CHAPTER 4: RESULTS AND ANALYSES

This chapter presents the results and analyses in eight sections, corresponding to the major
steps in the process; Section 4.1 Preprocessing of in-situ measured data, Section 4.2 Data
cleaning process — generating an in-situ dataset, Section 4.3 Spatial distribution of wind-
driven rain — catch ratio (n) calculation, Section 4.4 Semi-empirical models, Section 4.5
Rwar datasets of in-situ and predicted ISO standard 15927-3 and ASHRAE standard 160P
models, Section 4.6 Validating the semi-empirical models, Section 4.7 Determining
WDR coefficients for the semi-empirical models, and Section 4.8 Feasibility analysis of

harvesting WDR.

In the final analysis step, the proposed WDR coefficients are applied to the models to
predict Rwar on tall building facades as the potential new catchment area for VRWH in

the climatic condition of Kuala Lumpur.

4.1. Preprocessing of In-Situ Measured Data

A one-year in-situ measurement was conducted and categorised into four periods of
tropical seasons experienced in Malaysia based on Table 4.1 in 2017. The first period was
from April 1% to May 16™, 2017 as the First Monsoon Transitional Period. The second
period of measurement was from May 17" to October 5™, 2017; the Southwest Monsoon
season. The third period was from October 6™ to November 12, 2017 as the Second
Monsoon Transitional Period. The fourth and last season of measurement was November

13" to March 27%, 2018 as the Northeast Monsoon season.
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Table 4.1. Periods of seasons in Malaysia in 2017, data derived from Bahari et al.

(2017)
Seasons Duration It’lelléc;:;:g(s/oo)f
1 Monsoon Transitional Period | 1%t April 2017 to 16" May 2017 12.5
2 Southwest Monsoon 17" May 2017 to 5™ October 2017 37.5
3 Monsoon Transitional Period = 6™ October to 12" November 2017 12.5
4 Northeast Monsoon 13" November to 27% March 2018 37.5

The raw data comprises all of the 10-minute mean data collected from April 1%, 2017 to

March 27", 2018. The first rain event was recorded on April 21, 2017, from 16:45 to

19:15.

The total number of 93 WDR events was measured in total duration of 7,115 minutes

(~119 hrs.) over the four seasonal periods in this experimental research.

The following subsections present results and analyses of temporal and frequency

distributions of wind speed (U) and direction (D) and the temporal distribution of

horizontal rainfall (Sy) and WDR amount (Swar) during a one-year measurement

categorised into four tropical seasons.

Each season is presented with:

1.  Table of meteorological data: rainfall starting and ending time, rainfall duration

(minute), wind speed mean (km/h), wind direction, and wind gust (km/h)

measured by the meteorological mast installed at the site, and calculated

horizontal rainfall intensity (mm/h),

i1.  Table of daily harvested WDR amounts (Swdar) measured by the 8 wall-mounted

gauges, Top (T01-T04) and Bottom (B01-B04), installed on all four building

facades (NE, NW, SW, SE).

This data classification aims to further describe the dataset and to ensure that the

preprocessing steps adequately exclude unwanted information.
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4.1.1. Meteorological Raw Data and Harvested WDR - Season 1

The event-based mean meteorological data measured and recorded from April 1% to May
16", 2017 is presented in APPENDIX A 1. The number of rainy days in this season is 14
days, with a total duration of 1,210 minutes. The total horizontal rainfall amount (Sy) is
660.2 mm, equivalent to 32.74 mm/h intensity (Rn). The mean wind speed varies between
1-6 km/h and the wind gust varies between 2-8 km/h; the highest values are in the NW (6
km/h) and SW (6 km/h). The wind direction is mainly from NW to SW; the prevailing
direction is SW. All the rain events occurred in the afternoon and early evening with a
minimum duration of 20 minutes and not to exceed 175 minutes without interruption,
except one event (April 28) with a 45-minute short dry period. The longest duration of

daily rainfall belongs to the events with the north direction.

The harvested precipitation measured by 8 WDR gauges over the first monsoon
transitional period of the year is presented in APPENDIX A 2. Figure 4.1 illustrates the
trend of collected WDR quantities by each gauge during each rain event and their
distribution over the season; the gauges T03-SW (30,758 ml) among the top gauges and
B02-NW (20,238 ml) among the bottom ones have received the highest amount of WDR,

both facing the prevailing wind directions.
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MONSOON TRANSITIONAL PERIOD - SEASON 1
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Figure 4.1. The daily harvested WDR amounts (Swdar) measured by 8 WDR gauges
during the Monsoon Transitional Period (Season 1)

4.1.2. Meteorological Raw Data and Harvested WDR - Season 2

The event-based mean meteorological data record for the rain events from May 17" to
October 5™, 2017 is shown in APPENDIX A 3. The number of rainy days in this season
1s 22 with a precipitation duration of 1,495 minutes. The total horizontal rainfall amount
(Sn) is 1,079.8 mm, which is equivalent to 43.34 mm/h intensity (Rn). This season has a
mean wind speed and wind gust of more than 1.5 times the ones in the previous season;
the mean wind speed is varied between 3 to 10 km/hr, the wind gust is between 4-12
km/hr. In general, the ESE (10 km/h) and SW (8 km/h) have the highest values. The
prevailing wind direction in this season, as its name implies and the weather station
recorded, is from SW more consistently in more than two-third of the season (July to
September). All the rain events occurred in the afternoon and early evening, except one
morning event, with a duration of minimum 20 and not exceeding 120 minutes without
interruption, except one event (July 11) with a 30-minute short dry period. The longest

duration of daily rainfall belongs to events with SW directions.
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APPENDIX A 4 illustrates the harvested precipitation measured by 8 WDR gauges over
Southwest Monsson. Figure 4.2 shows the trend of collected WDR quantities by each
gauge during each rain event and their distribution over the season; the gauges T03-SW
(27,668 ml) among the top gauges and B03-SW (31,527 ml) among the bottom ones have

received the highest amount of WDR, particularly during the second half of the season.

Note that the average daily rainfall duration of this season (67 min) is lower than that of
season 1 (86 min), while its average horizontal rainfall (Sn) (49.45 mm) is higher than
that of season 1 (35.72 mm), and also its accumulated WDR amount (Swar) (195,978 ml)
is significantly higher than that of the season 1 (150,489 ml). Even though the average
rainfall duration is lower than the previous season, the wind speed has been stronger with
more consistent wind direction (SW), and consequently more accumulated horizontal

rainfall (Sn) and WDR (Swar) over this season.
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Figure 4.2. The daily harvested WDR amounts (Swdar) measured by 8 WDR gauges
during the Southwest Monsoon (Season 2)
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4.1.3. Meteorological Raw Data and Harvested WDR - Season 3

The event-based mean meteorological data record for the rain events from October 6™ to
November 12", 2017 is shown in APPENDIX A 5. The number of rainy days in this
season is 13 and the precipitation duration is 1,090 minutes, which is shorter than both
previous seasons. The total horizontal rainfall amount (Si) is 395 mm, equivalent to 21.74
mm/h intensity. This rain event has a mean wind speed and wind gust even higher than
in season 2; the mean wind speed is fluctuating between 2-14 km/hr, the wind gust is
between 3-17 km/hr, but the horizontal rainfall amount is less than half of that in season
2. This season is shorter, and more homogeneous in terms of wind speed values and wind
directions; wind direction fluctuations display a more isotropic distribution (APPENDIX
A '5). During the first half (October), the wind speed is high and the daily rainfall duration
is low. In the second half (November), wind speed decreases, daily rainfall duration
increases, and rainfall intensity is relatively higher and homogeneous compared to the
October ones. The highest mean wind speed values belong to the WNW (14 km/h) and
NW (12 km/h). The prevailing wind direction is mostly West, fluctuating from NW in
October to SW in November. All the rain events occurred in the afternoon and early
evening, except one morning event, with a minimum duration of 30 minutes and not
exceeding 195 minutes without interruption. The events in the second half in the SW
direction have the longest durations of daily rainfall (except for one event in October,

which lasted 195 minutes).

The harvested precipitation measured by 8 WDR gauges over the monsoon transitional
period of the year is presented in APPENDIX A 6. Figure 4.3 indicates the trend of
collected WDR quantities by each gauge during each rain event and their distribution
over the season: the gauges T02-NW (17,360 ml) among the top gauges and the gauge
B02-NW (13,970 ml) among the bottom gauges have collected the highest amount of

WDR during this season, both facing the prevailing wind direction (NW).
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The figure also indicates there are no noticeable sharp differences between the rest of the
gauges in terms of the accumulated WDR amount (Swar) and the graph illustrates a

homogeneous trend in all rain events over the season.

MONSOON TRANSITIONAL PERIOD - SEASON 3
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Figure 4.3. The daily harvested WDR amounts (Swar) measured by 8 WDR gauges
during the Monsoon Transitional Period (Season 3)

4.1.4. Meteorological Raw Data and Harvested WDR - Season 4

The event-based mean meteorological data record for the rain events from November 13™
to March 27", 2018 is shown in APPENDIX A 7. The number of rainy days in this period
is 44 and the precipitation duration is 3,845 minutes, which is the highest compared to

the previous 3 seasons of the year.

The total horizontal rainfall amount (Sy) is 1,513.2 mm, equivalent to 23.61 mm/h
intensity. Hence, this season consists of an average daily rainfall duration (87 min) almost
the same as season 3 (83 min) but in the longest period (44 days and 3,845 min) which

resulted in a sharp increase in the amount of horizontal rainfall.
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This season has wind speed and wind gust of about the same values as season 3; the mean
wind speed is fluctuating between 1-7 km/hr, and the wind gust is between 2-12 km/hr.
The NE and W (7 km/h) have the highest values overall. The prevailing wind direction in
this season, as its name implies and the weather station recorded, is mostly NE and NW,
respectively and in short periods switches to the SW. All the rain events occurred mostly
in the late afternoon and evening, with a minimum duration of 20 and not exceeding 180
minutes without interruption. The longest durations of daily rainfall belong to the events

in the NW direction.

The harvested precipitation measured by eight WDR gauges during the northeast
monsoon period is presented in APPENDIX A 8. The maximum precipitation duration
along with the effective wind speed over this season resulted in the highest harvested
WDR amount (Swdr) with significant variations compared to all three previous seasons as
the most heterogeneous season of the year. Note that during the last two months (February
to March) of the season, rainfall duration and intensity have decreased significantly
compared to the first four months of the season (November to January), and wind

direction is mostly from NE.

As Figure 4.4 illustrates the trend of collected WDR quantities and their distribution over
the season; the gauges T02-NW (74,159 ml) and B0O2-NW (65,394 ml), respectively from
top and bottom, have harvested the highest amount of WDR during this season. However,
the prevailing wind direction is NE (APPENDIX A 7). Two factors have influenced this
outcome; (1) the precipitation duration, and (2) mean wind speed, which have been more
variable in terms of their values (APPENDIX A 7) in this heterogeneous season and trend

in the graph.
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Figure 4.4. The daily harvested WDR amounts (Swar) measured by 8 WDR gauges

during the Northeast Monsoon (Season 4)

4.1.5. Summary of Findings — In-Situ Measured Data

The building site enabled this research to experiment with three different adjacencies for

the

1.

il.

1il.

1v.

pilot building. The windward fagades:

NE fagade: it faces a downhill and has no adjacent buildings, allows the wind to

flow freely without any obstruction,

SE facade: there is a one-storey adjacent building (same height as the pilot

building) at a distance of 19.50 m,

NW facade: there is a one-storey adjacent building (same height as the pilot
building) at a distance of 25.70 m in an open parking area, wind flow is slightly

obstructed by other buildings and trees,

SW fagade: there is a pilot parking of a 10-storey adjacent building at a distance

of 13 m, wind flows with more obstruction in the presence of the tall building.
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Since the aim of this study is to quantify WDR loads impinged on the vertical fagades of
urban buildings as an alternative water resource in the RWH system, this variety of
surrounding areas provided a real scenario similar to an urban building location and

orientation with different levels of adjacency of surrounding buildings and landscapes.

The WDR dataset that was extracted from this in-situ measurement gives a clear picture
of the WDR quantification loads on building fagades, which is what this study is all about
(the scope of this study). It is also required to validate the semi-empirical models that will

be addressed in Section 4.6.

The WDR was measured by 8 UM WDR gauges attached to the four walls of the pilot
building in the campus area during one year. Each fagade was equipped with two gauges;
one on the top corner edge (2.75 m height) and one on the middle two-third of the fagade
height (1 m height), to receive and measure the maximum and minimum accumulated
WDR. The total number of 93 WDR events was observed, with a total duration of 7,115
minutes. Figure 4.5 and Figure 4.6 illustrate the collected WDR amounts (ml) from all 8

gauges over each season and one-year measurements, respectively.

The comparison between WDR quantity and distribution on the building fagades in all

four seasons shows:

i.  Comparison between seasonal harvested WDR quantities shows that season 4 has
received the highest, followed by seasons 2, 1, and 3 as the lowest receivers in
general,

ii.  Season 1 comprises events with intense rainfalls of short durations, namely April
24" and May 13", which contributed to a substantial amount of rainfall in total.
On the contrary, season 3 has few events with long durations (e.g., November
11" and a low amount of rainfall, which contributed to the farthest distance

between rainfall duration and quantity of WDR impinged on the fagades.,
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1il.

1v.

V.

Vil.

Viil.

The second transitional monsoon, season 3, with the minimum number of rainy
days (13 days), and total horizontal rainfall (Sn) of 395 mm has harvested the
lowest amount of WDR (101,428 ml). This season is the shortest event (1,090
min) with the most homogeneous wind flow in direction, velocity, and rainfall
intensity,

Northeast monsoon, season 4, with the maximum number of rainy days (44 days),
highest average daily rainfall duration time (87.38 min), and total horizontal
rainfall (Sn) of 1,513.2 mm, has remarkably harvested the highest amount of WDR
(493,065 ml), more than twice to five times each of the other three seasons,

NW and SW are the facades with the highest WDR values (Swar) in almost all the
seasons (except in season 2 for NW). These two directions face the prevailing
wind directions, which have the highest wind speed values over the year,

The SE facade has received the minimum amount of WDR on top and bottom
locations, with a significant difference, particularly in seasons 1 and 3,

The NE facade has received a noticeable amount of WDR even when the wind
direction has not been aligned with the fagade orientation, such as during seasons
1, 2, and 3. It has been one of the highest contributors to total WDR (Swar)
collected in each season. The reason is the location and surrounding area of this
fagade, which is facing a downhill open space with no obstacle to distract or
decrease the wind direction or speed value,

Comparison between total harvested WDR quantities of bottom and top gauges
by each fagade indicates that in several cases the quantities are almost equal or
with slight differences, such as SE facade in seasons 1 and 2, NE facade in season
3, and SW facade in season 4. There are a few cases where the bottom gauges
have received higher amounts than the top gauges, such as the NE, NW, and SW

facades in season 2, the SW and SE in season 3, and the NE and SE in season 4.
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In other cases, all the top gauges have significantly received more WDR than the
bottom gauges, including the NE, NW, and SW in season 1, the NW in seasons 3

and 4, and the SW in seasons 1 and 4 (Figure 4.5 and Figure 4.6),
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-4
Z 60000
£ 40000
: 2 —
220000 R —
g . 2413 _—
]
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Wall-mounted WDR Gauges
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T
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T
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Wall-mounted WDR Gauges

Figure 4.5. Measurements of WDR (ml) by 8 wall-mounted gauges installed on the
Top Corner (T01-T04) and Bottom Middle (B01-B04) of the facades over each
tropical season (April 2017 — March 2018)
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Figure 4.6. Harvested WDR (ml) by 8 wall-mounted gauges (collector area of each
gauge is 20 x 20 cm?) installed two (Top and Bottom) on each fagade (NE, NW,

1X.

SW, SE) during each tropical season (April 2017 — March 2018)

Comparison between the total harvested WDR quantities (Swar) of the top and

bottom gauges from the same fagade in each season shows that in season 1, the

top gauges received 33,615 ml more than the bottom gauges (61%), as stated in

the literature. In season 2, all the bottom gauges have received more WDR. In

seasons 3 and 4, two facades received higher amounts in top gauges and two

facades in bottom gauges. Over seasons 2, 3, and 4, the bottom gauges received,

respectively 20,318 ml (55%), 2,368 ml (51%), and 4,109 ml (50%) more than

the top gauges (Figure 4.5).
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Table 4.2. Maximum and minimum WDR receiver event (in total) in each season
and the maximum and minimum WDR receiver gauge in each respective event
(“Trace <1 ml WDR amounts (Swar))

T01 T02 | TO3 | T0O4 | BO1 | B02 | B03 | B04

(ml) | (ml) | (ml) | (ml) | (ml) | (m) | (ml) | mp | Lo
NE | NW | SW | SE | NE | Nw | sw | sg | @
Season 1
Min | 25-Apr-17 23 2 7 Trace 9 7 3 5 56
Max | 12-May-17 | 5280 | 3158 | 4641 | 2167 | 2370 | 2750 | 3142 | 2200 | 25708
Season 2

Min | 31-Aug-17 90 20 60 15 60 55 60 40 400
Max | 11-Aug-17 890 890 | 5570 | 3250 | 3900 | 4280 | 4720 | 1780 | 25280
Season 3
Min | 6-Nov-17 Trace | Trace | Trace 10 Trace | Trace 10 Trace 20
Max | 29-Oct-17 3920 | 5330 | 1230 | 2590 | 3830 | 3350 | 2550 | 2200 | 25000
Season 4
Min | 4-Feb-18 *Trace 10 3 Trace | Trace | Trace 19 2 34
Max | 3-Jan-18 4600 | 4320 | 4970 | 4700 | 4930 | 4410 | 4800 | 4920 | 37650

Among the 93 rainfall events in each season, the largest amounts of WDR were recorded
as 25,708; 25,280; 25,000; and 37,650 ml; and the lowest ones as 56, 400, 20, and 34 ml

by events in seasons 1, 2, 3, and 4 respectively (Table 4.2).
4.1.6. WDR Intensity (Rwar) (mm/h)

On each facade, two gauges were installed. Each gauge has a collector surface area of
0.04 m?, so the surface collector area on each facade is 0.08 m? and on all fagades is 0.32
m?. Figure 3.7 illustrated the mathematical processes for converting the accumulated
WDR amount (Swar) from millilitres to millimetres per hour (mm/h) of WDR intensity

(Rwdr) .

Figure 4.7 compares WDR intensity values (Rwar) for each facade orientation in each
tropical season. It is observed that the NW facade has the highest value in 3 out of 4
seasons, followed by the SW facade. It indicates a strong impact of building fagcade
orientation (see also Figure 4.6 (8 gauges)) on the WDR intensity (Rwar). Facades facing

the prevailing wind direction have received the highest amounts in all seasons.
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Figure 4.7. Seasonal calculated WDR intensity (Rwdr) for each facade (two WDR
gauges on each facade) during 4 tropical seasons. (Rainfall intensity is determined
as the average rainfall rate in mm/h for specific rainfall duration and a selected
frequency. One millimetre (mm) of rainfall is the equivalent of one litre of water

per square metre).

4.1.7. Impact of Horizontal Rainfall Intensity (Rn) and Wind Speed (U) on the

WDR Intensity (Rwdr)

In this section, the effect of the horizontal rainfall intensity (Rn) and wind speed (U) on

the amount of harvested WDR (Swar) at a particular time, also known as WDR intensity

(Rwar), 1s evaluated.

The total annual harvested WDR amounts (Swar) by 8 gauges for 93 events were recorded

through in-situ measurements as 940,960 ml, which is equivalent to an average 22.35

mm/h WDR intensity (Rwar).

Average seasonal WDR intensity was calculated as 23.32, 24.58, 17.45, and 24.04 mm/h

for seasons 1 to 4, respectively.
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Figure 4.8 illustrates trends of average wind speed (km/h), average wind gust (km/h),
horizontal rainfall intensity (mm/h), average rainfall duration time (hr), and WDR

intensity (mm/h) recorded via in-situ measurements over the four tropical seasons.
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0.00 ?ason 1: Apr to Season 2: 17th May = Season 3: 6th Oct
16th May, 2017 to 5th Oct, 2017 to 12th Nov, 2017 to 27th Mar, 2018
= Average Wind Speed (km/h) 4.14 6.09 6.54 4.09
Average Wind Gust (km/h) 6.29 8.05 8.85 6.27
= Average Horizontal Rain Intensity (mm/h) 11.57 6.16 8.55 12.03
B Average WDR Intensity (mm/h) 22.54 22.39 16.20 27.04
= Average Rainfall Duration Time (hr) 1.44 1.13 1.40 1.46

Figure 4.8. Impact of seasonal meteorological data on WDR intensity (Rwar)
parameter during 4 tropical seasons (April 2017 — March 2018).

To start with, this figure declares that the WDR intensity (Rwar) value is significantly
affected by the total horizontal rainfall intensity (Rn). The amount of WDR intensity
(Rwar) 1s simply proportional to its horizontal rainfall intensity (Rn). The seasonal average
data with a greater Ry (mm/h), showed greater Rywa: (mm/h); such as seasons 1 and 4
(Figure 4.8), horizontal rainfall intensities (Rn) of 11.57 mm/h and 12.03 mm/h, has led

to 22.54 mm/h and 27.04 mm/h Ryar, respectively.

In addition, Figure 4.8 illustrates the role of wind speed in WDR intensity values. It
should be emphasised that one of the main characteristics of monsoon winds is their high

temporal variations. Wind speeds can double or triple within seconds in tropical climates;
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sharp fluctuations as wind gust occurs in several events are clearly visible in the
measurement results. Seasons 1 and 4 with the highest average Rwdr and Ry have almost
same average wind speed of 4 km/h. The average wind speed throughout the year does

not show high fluctuation; it is between 4 to 6 km/h.

Figure 4.9 shows the degree of relevancy between WDR intensity (Rwdr), wind speed (U),
and horizontal rainfall intensity (Rn) based on rain events in each season. The overall
trend of WDR intensity with respect to horizontal rainfall intensity and wind speed in all
seasons coincides well with each other. However, some mismatches, i.e., sharp ascending

or descending, were also detected, which can be further explained as follows:

»  The reason behind events with sharp ascending or descending single points of
WDR intensity can be addressed by wind gust speed and rainfall duration at that
particular event. For example, in season 1, events April 21% and May 12" both
have a long rainfall duration (150 min and 105 min), and a high wind gust of 8
km/h compared to the normal wind speed of 5 km/h and 4 km/h, respectively.
Event October 24™ in season 3, and January 3" in season 4, have a similar reason
for their significant jump; wind gust of 10 km/h and 11 km/h respectively, and

wind speed of 5 km/h for both events.

» The sudden descending points in events with relevant high wind speed, such as
season 1, April 25" (5 km/h); and season 3, October 25" (11 km/h), are resulted

from the short duration of rainfall of 20 min and 30 min, respectively.

144



SEASON 1

—— Wind Speed (km/h) —#— Horizontal Rain intensity (mm/h) —&— WDR intensity (mm/h)

17-dwd-21 17-dgb-28 17-54¢+-05 17-5de-12

SEASON 2

—— Wind Speed (km/h) —— Horizontal Rain intensity (mm/h) —&— WDR intensity (mm/h)

17-5d¢#-20 17-5@5¢20 17-5@)¢20 17-whogi-20

SEASON 3

—— Wind Speed (km/h) —8— Horizontal Rain intensity (mm/h) —&— WDR intensity (mm/h)

17-omadi-12 17-,0adi-19 17-,0adi-26 17-50502 17-,9<%50509

SEASON 4

—— Wind Speed (km/h) —— Horizontal Rain intensity (mm/h) —&— WDR intensity (mm/h)

17-593013 17-500s-13 18-,das13 18-L4,wil3 18-ceslp-13

Figure 4.9. Daily meteorological data; wind speed (U) (km/h), horizontal rainfall
intensity (Rn) (mm/h), and WDR intensity (Rwdar) (mm/h) for each season
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4.2. Data Cleaning Process — Generating In-Situ Dataset

As previously mentioned in Section 3.3.4, principles derived from the literature review

as well as the Normality test and Outlier test are performed as the primary data cleaning

approach of this research.

Below are the principles that govern the process:

To select reliable meteorological data, the guidelines presented in Section 3.3.1 are

followed for all 93 rain events. In compliance with the guideline:

No rain events characterised by reference wind-speed values greater than 10 m/s

were recorded to be excluded,

There are 8 events with horizontal rainfall intensities greater than 20 mm/h to be
excluded, including: May 10" (season 1); August 11" (season 2); November 15%,

December 9%, January 23™ 241 251 26 (season 4).

Normality Test and Outlier Test through IBM SPSS Statistic 26 software — It was

observed that WDR intensity values (Rwdr) less than 1 mm/h were among the detected

outliers by the software. Therefore, all the measurements below this detection

threshold were disregarded. Consequently, the results are as follows:

in total, 19 events as outliers were detected and excluded from the datasets as
April 25® 29™ 30" of (season 1); June 17" (season 2); October 12, 16, 24,
25" November 6 (season 3); November 24™ December 13", January 3,
February 4%, 5%, 15% 18%h 19t 2204 23 (season 4). Figure 4.10 to Figure 4.13
show graphs of the normal distribution of datasets (after eliminating the outliers)
through the Normal Q-Q (quantile-quantile) plot, the box plot, and the Shapiro-
Wilk Test of variables including wind speed (U), rainfall intensity (Ry), and WDR

intensity (Rwdr) analysis for each season, respectively (see Table 4.3 to Table 4.6).
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4.2.1. Data Cleaning Process — Season 1

In Shapiro-Wilk’s test (Sig > 0.05), the p-values of 0.045 (~ 0.05), 0.93, and 0.47 for U,
Ru, and Rwdr are equal to or greater than 0.05, which implies that it is acceptable to assume
that the distribution of variables is approximately normal in the season 1 dataset (Table
4.3). A visual inspection of their normal Q-Q plot and box plot graphs (Figure 4.10) shows
that the variables were approximately normally distributed with a skewness (-2 < Sk
(0.806 & 0.456 & -0.747) < 2) and kurtosis (-4 <K (1.237 & 0.426 & 2.322) < 4) within

the acceptable range.

Table 4.3. Normality tests processing and standard error summary of validated
cases in season one (10 out of 14 cases (71%) were accepted)

Case Processing Summary — Season 1

Valid Missing Total
N Percent N Percent N Percent
U 10 100.0% 0 0.0% 10 100.0%
Ri 10 100.0% 0 0.0% 10 100.0%
Rydr 10 100.0% 0 0.0% 10 100.0%
Description
Statistic Std. Error
U Mean 1.1940 0.07290
Std. Deviation 0.23052
Minimum 0.83
Maximum 1.67
Skewness 0.806 0.687
Kurtosis 1.237 1.334
Rn Mean 10.5850 0.81133
Std. Deviation 2.56565
Minimum 6.65
Maximum 15.60
Skewness 0.456 0.687
Kurtosis 0.426 1.334
Rydr Mean 26.5850 3.64508
Std. Deviation 11.52675
Minimum 1.56
Maximum 4591
Skewness -0.747 0.687
Kurtosis 2.322 1.334
Tests of Normality - Shapiro-Wilk
Statistic df Sig.
U 0.841 10 0.045
Rn 0.975 10 0.932
Ryvar 0.932 10 0.470
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The standard error (-1.96 < SE (0.07 & 0.81) < 1.96) values of variables U and Ry are in
the acceptable range, and the higher value for Ry (3.6) in this test can be explained as
the result of a small sample size, a high statistic mean of 26.5, and a standard deviation
of 11.5. Thus, it is practically convincible to have a higher SE of 3.6 because it is inversely
proportional to the sample size, meaning that smaller samples tend to produce greater
standard errors. Here, it only shows the sample mean distribution is barely symmetrical

around the population mean, but normally distributed, as the test results declare.

Rwdr

Figure 4.10. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity
(Rn), and WDR intensity (Rwdr) in season one
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SPSS marks any outlier with a circle. Far outliers or extreme outliers, which are more

likely to be true outliers, it marks with a star.

In this study, all the extreme outliers are excluded, but the outliers with circle marks
remained on the condition that the Q-Q plot, skewness and kurtosis, Shapiro-Wilk’s test,
and standard errors are within the acceptable range to keep the sample size as large as
possible for the model validation. Accordingly, here case number 5 (April 28™) is retained

for model validation purposes (see Figure 4.10).

4.2.2. Data Cleaning Process — Season 2

Table 4.4. Normality tests processing and standard error summary of validated
cases in season two (20 out of 22 cases (90%) were accepted)

Case Processing Summary — Season 2

Valid Missing Total
N Percent N Percent N Percent
U 20 100.0% 0 0.0% 20 100.0%
Ri 20 100.0% 0 0.0% 20 100.0%
Rydr 20 100.0% 0 0.0% 20 100.0%
Description
Statistic Std. Error
U Mean 1.6100 0.09127
Std. Deviation 0.40818
Minimum 0.83
Maximum 2.22
Skewness -0.289 0.512
Kurtosis -1.001 0.992
Ru Mean 4.3570 0.74047
Std. Deviation 3.31150
Minimum 0.40
Maximum 12.35
Skewness 0.947 0.512
Kurtosis 0.408 0.992
Ryadr Mean 18.5060 2.83512
Std. Deviation 12.67906
Minimum 1.25
Maximum 48.29
Skewness 0.839 0.512
Kurtosis 0.454 0.992
Tests of Normality - Shapiro-Wilk
Statistic df Sig.
U 0.922 20 0.110
Rn 0.918 20 0.090
Ryvar 0.929 20 0.150
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Rwdr

Figure 4.11. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity
(Rn), and WDR intensity (Rwdr) in season two

In Shapiro-Wilk’s test (Sig > 0.05), the p-values of 0.11, 0.09, and 0.15 for U, Ry, and
Rwar are greater than 0.05, which implies that it is acceptable to assume that the

distribution of variables is approximately normal in the season 2 dataset (Table 4.4).

A visual inspection of their normal Q-Q plot and box plot graphs (Figure 4.11) shows that
the variables were approximately normally distributed with a skewness (-2 < Sk (-0.289
& 0.947 & 0.839) < 2) and kurtosis (-4 < K (-1.001 & 0.408 & 0.454) < 4) within the
acceptable range (Table 4.4). The standard error (-1.96 < SE (0.09 & 0.7) < 1.96) values

of variables U and Ry are in the acceptable range, and the higher value for Ry (2.8) in
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this test can be explained as the result of a small sample size, a high statistic mean of 18.5,
and a standard deviation of 12.6. It is practically convincible to have a higher SE of 2.8
because it is inversely proportional to the sample size, meaning that smaller samples tend
to produce greater standard errors. Here, it only shows the sample mean distribution is
barely symmetrical around the population mean, but normally distributed, as the test

results declare.

4.2.3. Data Cleaning Process — Season 3

Table 4.5. Normality tests processing and standard error summary of validated
cases in season three (8 out of 13 cases (61%) were accepted)

Case Processing Summary — Season 3

Valid Missing Total
N Percent N Percent N Percent
U 8 100.0% 0 0.0% 8 100.0%
Rx 8 100.0% 0 0.0% 8 100.0%
Rywdr 8 100.0% 0 0.0% 8 100.0%
Description
Statistic Std. Error
U Mean 1.3550 0.16102
Std. Deviation 0.45544
Minimum 0.56
Maximum 1.94
Skewness -0.509 0.752
Kurtosis -0.462 1.481
Rn Mean 12.2862 1.80978
Std. Deviation 5.11884
Minimum 6.43
Maximum 18.95
Skewness 0.245 0.752
Kurtosis -1.967 1.481
Ryar Mean 18.9063 2.84849
Std. Deviation 8.05676
Minimum 5.55
Maximum 29.83
Skewness -0.451 0.752
Kurtosis -0.629 1.481
Tests of Normality - Shapiro-Wilk
Statistic df Sig.
U 0.898 8 0.276
Rn 0.867 8 0.142
Rydr 0.969 8 0.887
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In Shapiro-Wilk’s test (Sig > 0.05), the p-values of 0.27, 0.14, and 0.88 for U, Ry, and
Rwar are greater than 0.05, which implies that it is acceptable to assume that the

distribution of variables is normal in the season 3 dataset (Table 4.5).

Rwdr

Figure 4.12. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity
(Rn), and WDR intensity (Rwdr) in season three

A visual inspection of their normal Q-Q plot and box plot graphs (Figure 4.12) shows that
the variables were normally distributed with a skewness (-2 < Sk (-0.509 & 0.245 & -
0.451) < 2) and kurtosis (-4 < K (-0.462 & -1.967 & -0.629) < 4) within the acceptable

range (Table 4.5). The standard error (-1.96 < SE (0.16 & 1.8) < 1.96) values of variables
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U and Ry are in the acceptable range. The higher value for Ryqr (2.8) in this test can be
explained as the result of a small sample size, a high statistic mean of 18.9, and standard
deviation of 8.05. It is practically convincible to have a higher SE of 2.8 because it is
inversely proportional to the sample size, meaning that smaller samples tend to produce

greater standard errors.

Here, it only shows the sample mean distribution is barely symmetrical around the

population mean, but normally distributed, as the test results declare.

4.2.4. Data Cleaning Process — Season 4

Table 4.6. Normality tests processing and standard error summary of validated
cases in season four (28 out of 44 cases (63%) were accepted)

Case Processing Summary — Season 4

Valid Missing Total
N Percent N Percent N Percent
U 28 100.0% 0 0.0% 28 100.0%
Ri 28 100.0% 0 0.0% 28 100.0%
Rydr 28 100.0% 0 0.0% 28 100.0%
Description
Statistic Std. Error
U Mean 1.1504 0.07097
Std. Deviation 0.37553
Minimum 0.56
Maximum 1.94
Skewness 0.302 0.441
Kurtosis -0.298 0.858
Ru Mean 8.8104 0.84300
Std. Deviation 4.46074
Minimum 1.32
Maximum 15.83
Skewness 0.068 0.441
Kurtosis -1.037 0.858
Rydr Mean 27.4386 3.48290
Std. Deviation 18.42977
Minimum 431
Maximum 70.52
Skewness 0.715 0.441
Kurtosis -0.095 0.858
Tests of Normality - Shapiro-Wilk
Statistic df Sig.
U 0.922 28 0.040
Rn 0.953 28 0.233
Ryvar 0.931 28 0.064
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In Shapiro-Wilk’s test (Sig > 0.05), the p-values of 0.04 (~ 0.05), 0.23, and 0.06 for U,
Ru, and Ryar are almost equal or greater than 0.05, which implies that it is acceptable to
assume that the distribution of variables is approximately normal in the season 4 dataset
(Table 4.6). A visual inspection of their normal Q-Q plot and box plot graphs (Figure
4.13) shows that the variables were approximately normally distributed with a skewness
(-2 < Sk (0.302 & 0.068 & 0.715) < 2) and kurtosis (-4 <K (-0.298 & -1.037 & -0.095)

< 4) within the acceptable range (Table 4.6).

Rwdr

Figure 4.13. Q-Q plot and box plot graphs of wind (U), horizontal rainfall intensity
(Rn), and WDR intensity (Rwdr) in season four
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The standard error (-1.96 < SE (0.07 & 0.84) < 1.96) values of variables U and Ry are in
the acceptable range, and the higher value for WDR (3.4) in this test can be explained as
the result of a small sample size, a high statistic mean of 27.4, and a standard deviation
of 18.4. It is practically convincible to have a higher SE of 3.4 because it is inversely
proportional to the sample size, meaning that smaller samples tend to produce greater
standard errors. Here, it only shows the sample mean distribution is barely symmetrical

around the population mean, but normally distributed, as the test results declare.

4.3. Spatial Distribution of Wind-Driven Rain — Catch Ratio () Calculation

The spatial distribution of WDR on the building fagade is analysed in this section, taking
into account the catch ratio (1) values and building height factors. The plots of spatial
WDR distribution during the one-year monitoring period on the pilot building walls at

UM campus, are shown in Figure 4.14,

Figure 4.16, Figure 4.18, and Figure 4.20. A combined graph illustrating the average daily
WDR catch ratio (n) by each WDR gauge and average daily horizontal rainfall intensity
(Rn) during each tropical season is presented in Figure 4.15, Figure 4.17, Figure 4.19, and

Figure 4.21, respectively.
4.3.1. WDR Catch Ratio (1) — Season 1

During season 1, as mentioned in Section 4.1.1, the wind direction is mainly from NW to
SW. As illustrated in Figure 4.15 and Table 4.7, the catch ratio values on windward
fagades are on average higher at the top gauges, which indicates that the corners and edges
receive the higher amount of rain. The values of average catch ratio vary from 1.43 to
3.64, and 1.14 to 4.40, at the top and bottom locations, respectively. The catch ratio values
and hence the amount of harvested WDR from the building fagade (Section 4.1.1) vary
with locations (Figure 4.14). The spatial distribution of WDR on windward facades

follows the classical wetting pattern of building facades, however, the total average daily
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catch ratio values for the top and bottom gauges on all facades are almost equal; 10.29

for the top and 10.94 for the bottom gauges in the season 1 (Table 4.7).
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DAILY WDR CATCH RATIO - SEASON 1

13-MAY-17 | N i e ——

12-mA Y-17 - | N T ————
7-M A Y- 17 | I ——
s-MAY-17 | I
2-M A Y- 17 | s s ——

28-APR-17 [Nl

26-APR-17 | L

24-APR-17 | O S —

23-APr-17 [

21-apr-17 | I ——

21-Apr-17 23-Apr-17 24-Apr-17 26-Apr-17 28-Apr-17 2-May-17 5-May-17 7-May-17 12-May-17 13-May-17

ETOI-NE(n) 7.43 1.54 2.01 2.38 0.15 6.32 3.86 3.07 7.10 2.56
=T02-NW (1) 4.75 2.70 4.40 1.43 0.11 2.60 5.29 5.38 4.24 1.95
®T03-SW (1) 1.90 0.34 0.36 2.19 0.04 5.24 0.86 2.14 4.22 2.12
B T04-SE (1) 1.84 0.53 0.77 3.21 0.04 2.17 0.78 0.67 291 1.34
EB0OI-NE (1) 2.88 1.68 2.21 4.03 0.02 1.96 1.59 6.06 3.19 2.81
HB02-NW () 4.94 3.60 5.15 1.53 0.31 1.70 2.19 2.27 3.70 2.13
mB03-SW (1) 1.07 0.51 0.60 0.66 0.06 1.07 0.88 2.04 2.96 1.60
EB04-SE (1) 4.00 3.34 3.48 4.21 0.26 7.26 5.29 7.07 6.24 2.82

Figure 4.14. Catch ratio values () at WDR gauge locations for the entire monitoring period of season 1
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AVERAGE DAILY WDR CATCH RATIO & HORIZONTAL RAINFALL INTENSITY - SEASON 1

WDR CATCH RATIO (n)

HORIZONTAL RAINFALL INTENSITY (MM/HR) 10.59

ETOI-NE () HTO2NW () ®T03-SW () ®TO4-SE () ®BOI-NE () HBO2-NW () ®B03-SW () ®BO4-SE ()

Figure 4.15. Average daily WDR catch ratio (n) and horizontal rainfall intensity (Rn) values at driving rain gauge locations based on the entire
monitoring period of season 1
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Table 4.7. Average daily WDR catch ratio values (n) at driving rain gauge
locations based on the entire monitoring period of season 1

NE NW SW SE TOTAL
Top 3.64 3.28 1.94 1.43 10.29
Bottom 2.64 2.75 1.14 4.40 10.94
TOTAL 6.29 6.04 3.08 5.82 21.23

4.3.2. WDR Catch Ratio (n) — Season 2

During Season 2, as mentioned in Section 4.1.2, the wind direction is mainly from NW

to SW.

Figure 4.16 and Figure 4.17 illustrate the catch ratio values (1) of all eight WDR gauges
for the entire monitoring period of season 2 in daily and average daily distribution
patterns. On the windward facade NW, the average daily catch ratio value (1) for the top
gauge (11.99) is the highest among all top gauges and higher than the bottom gauge value
(10.04) on the fagcade, which indicates that the corners and edges receive the higher
amount of rain. Taking into account excluding two large rain events of this season during
data cleaning process, the lower average value of the catch ratio (n) for SW fagade is

explainable (Table 4.8).

The values of average catch ratio (n) vary from 2.56 to 11.99, and 3.34 to 10.39, at the
top and the bottom locations, respectively. The catch ratio values (1) and hence the

amount of harvested WDR from the building facade (Section 4.1.2) vary with locations (

Figure 4.16). The spatial distribution of WDR on NW as windward fagade and also NE
and SE facades follows the classical wetting pattern of building facades. However, the
total average values are slightly against the classical pattern; 31.12 for the top and 33.82
for the bottom gauges (Table 4.8), which is justifiable based on the data cleaning

exclusions as interpreted in the previous paragraph.
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Table 4.8. Average daily WDR catch ratio (1) values at driving rain gauge
locations based on the entire monitoring period of season 2

NE NW SW SE TOTAL
Top 10.21 11.99 2.56 6.36 31.12
Bottom 10.39 10.04 10.05 3.34 33.82
TOTAL 20.60 22.03 12.61 9.70 64.94
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Figure 4.16. Catch ratio values (1) at WDR gauge locations for the entire monitoring period of season 2
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AVERAGE DAILY WDR CATCH RATIO & HORIZONTAL RAINFALL INTENSITY - SEASON 2

WDR CATCH RATIO (n)

HORIZONTAL RAINFALL INTENSITY (MM/HR) 4.36

BTOI-NE () ®TO2NW (7) ®T03-SW () WTO4-SE () MBOI-NE () WBO2-NW () ®B03-SW () ™ B04-SE ()

Figure 4.17. Average daily WDR catch ratio () and horizontal rainfall intensity (Rn) values at driving rain gauge locations based on the entire
monitoring period of season 2
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4.3.3. WDR Catch Ratio (n) — Season 3

Season 3 is the shortest season with the lowest rain events. As mentioned in Section 4.1.3,
its prevailing wind direction is mostly from the West fluctuating from NW to SW. Figure
4.18 and Figure 4.19 illustrate the catch ratio values (1) of all eight WDR gauges for the
entire monitoring period of season 3 in daily and average daily distribution patterns. On
the windward facade NW, the average daily catch ratio value () for the top gauge (2.31)
is the highest compared to the values of the top gauges on other fagades. It is also higher
than the bottom gauge value (1.81). The SW facade, as the second highest catch ratio
value (), has almost equal values for both the top (1.54) and the bottom (1.92) on the

facade.

As illustrated in Figure 4.19 and Table 4.9, the values of average catch ratio (1) vary from
1.54 to 2.31, and 1.79 to 1.92, at the top and bottom locations respectively. The catch
ratio values (1) and hence the amount of harvested WDR from the building facade
(Section 4.1.3) vary with locations (Figure 4.18). The spatial distribution of WDR on
windward facade NW follows the classical wetting pattern of building facades, however,
the total average catch ratio values (1) for the top (7.09) and the bottom (7.37) gauges on
all fagades are almost equal, with a slight difference, do not follow the classical pattern

in this season, same as in season 1 (Table 4.9).
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DAILY WDR CATCH RATIO
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Figure 4.18. Catch ratio values (1) at WDR gauge locations for the entire monitoring period of season 3
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AVERAGE DAILY WDR CATCH RATIO & HORIZONTAL RAINFALL INTENSITY - SEASON 3

WDR CATCH RATIO (1) 1.54 1.60 1.79 1.81

HORIZONTAL RAINFALL INTENSITY (MM/HR) 1229
ETOI-NE () ®TO2-NW () ®T03-SW () ™TO4-SE () ®BOI-NE () ™BO2NW () ®B03-SW () =B04-SE ()

Figure 4.19. Average daily WDR catch ratio (1) and horizontal rainfall intensity (Rn) values at driving rain gauge locations based on the entire
monitoring period of season 3
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Table 4.9. Average daily WDR catch ratio values (n) at driving rain gauge

locations based on the entire monitoring period of season 3

NE NW SW SE TOTAL
Top 1.64 231 1.54 1.60 7.09
Bottom 1.79 1.81 1.92 1.85 7.37
TOTAL 3.43 4.13 3.46 3.44 14.47

4.3.4. WDR Catch Ratio (n) — Season 4

Season 4 is the longest season with the largest rain events. As mentioned in Section 4.1.4,

its prevailing wind direction is mostly NE and NW, and in short periods, it switches to

the SW. Figure 4.20 and Figure 4.21 illustrate the catch ratio values () of all eight WDR

gauges for the entire monitoring period of season 4 in daily and average daily distribution

patterns. Table 4.10 shows that windward fagades NW (9.68), NE (6.96), and SW (6.70)

have the highest average daily catch ratio values (), respectively. On all of these fagades,

the catch ratio values (1)) for the top gauges are higher or equal to the bottom values.

As illustrated in Figure 4.21 and Table 4.10, the values of average catch ratio (n) vary

from 2.84 to 5.36, and 3.04 to 4.32, at the top and bottom locations, respectively. The

catch ratio values (1) and hence the amount of harvested WDR from the building fagade

(Section 4.1.4) vary with locations (Figure 4.20). The spatial distribution of WDR on all

windward facades follows the classical wetting pattern of building fagades (Table 4.10).

Table 4.10. Average daily WDR catch ratio values (n) at driving rain gauge

locations based on the entire monitoring period of season 4

NE NW SW SE TOTAL
Top 3.48 5.36 3.43 2.84 15.10
Bottom 3.48 4.32 3.27 3.04 14.12
TOTAL 6.96 9.68 6.70 5.88 29.22
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Figure 4.20. Catch ratio values (1) at WDR gauge locations for the entire monitoring period of season 4
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AVERAGE DAILY WDR CATCH RATIO & HORIZONTAL RAINFALL INTENSITY - SEASON 4

)
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Figure 4.21. Average daily WDR catch ratio (1) and horizontal rainfall intensity (Rn) values at driving rain gauge locations based on the entire
monitoring period of season 4

168



4.3.5. WDR Catch Ratio () As a Function of Wind Speed (U) and Height (H)

The comparative analyses of WDR catch ratio showed that the distribution of WDR catch
ratios on building fagades is significantly influenced by wind speed (U). In this section,
correlation analysis is conducted between catch ratio value () and wind speed for all
windward facades that were calculated and discussed during catch ratio analyses
(Sections 4.3.1 to 4.3.4) for each season and different height locations; one for windward
top gauges and one for windward bottom gauges. The coefficient of determination (R-
squared (R?)) between wind speed (U) and catch ratio (1) of top and bottom locations is

generated to explore how catch ratio value (1) varies with wind speed.

Figure 4.22 illustrates the correlation results, including R? values and trendlines. The
relationships between variables R? and U were analysed using third-order polynomial

(cubic polynomial) regressions.

When values rise or fall at increasingly higher rates and the straight line is unable to
capture the patterns in the data (standard linear regression), a higher order equation by
adding powers of the original features as new features is generated, i.e., a linear
polynomial regression model. A polynomial regression fits a curved relationship between
the response variable and predictors using higher-order predictor values, but it is linear in
terms of the parameters [it involves multiple powers of an initial predictor] (Huang & He,

2024) Eq. (14).

Y =Bo+ fiX+ f2X2+ ...+ fuXn+ b Eq. (14)

This is still considered a linear model, as the coefficients associated with the features are
still linear; x* is only a feature. However, the curve that we are fitting is quadratic in

nature. Selecting the optimum degree for a polynomial regression comes down to
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balancing the model's complexity with its explanatory power. The best model is one that
accomplishes the desired level of explanation or prediction with as few predictor variables
as possible (Kiernan, 2014). In this section, third-order (third-degree) describes the
optimum order with the fewest variables among other regression relationships (up to 6

order).

The main advantages of polynomial regression models include interpretability,
parsimony, and prediction (Bates, 1988). In general, these models are capable of
accommodating various mean functions and are easily interpretable due to the fact that

the parameters can be associated with meaningful factors.

To choose an optimal model to generate reliable R?, different orders from 2 to 6 were
tested. It was quite clear from the plots that the quadratic curve (order 2) was able to fit
the data better than the linear line, and by fitting a cubic curve (order 3) to the dataset, it
was seen that it passes through more data points than the quadratic and the linear plots.
However, the higher-order model (up to 6) could pass through most of the data points but
was generating insignificant differences with the cubic curve model in terms of R? value.
Thus, in order to prevent over-fitting of the model that leads to failure to generalise on
unseen data, in this section, a cubic curve (degree 3) was chosen to generate the
coefficient of determination (R?) to evaluate the correlation between wind (U) and WDR

catch ratio ().

The coefficient of determination (R?) results (effect of wind (U) on WDR catch ratio (1))

and trendlines as shown in Figure 4.22 indicate that:

1. In season 1, gauges on the windward fagades of NW and SW have strong and
moderate R? values for the top (0.65) and bottom (0.42) locations, respectively.
The variation in wind speed is more steady between 1 m/s to 1.2 m/s, and the catch

ratio values are more fluctuating between 2 to 6,
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ii.

1il.

Catch ratio (1)

Catch ratio (1)

In season 2, the top gauges on the windward facades of NW and SW have the
lowest R? value (0.04) among all the seasons, and the bottom gauges have a weak
value (0.26). Wind speed in the majority of rain events is mostly between 1 m/s

to 2 m/s and catch ratio values are under 20,

In season 3, gauges on the windward fagades of NW and SW have the highest and
relatively equal R? values for top (0.75) and bottom (0.77) locations among all the
seasons, with a strong harmonic correlation. Wind speed and catch ratio values
have the steadiest pattern with an ascending trendline. Same as in season 2, wind
speed in the majority of rain events is mostly between 1 m/s to 2 m/s, but catch
ratio values fluctuate between 1 to 8,
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SEASON 4 - WINDWARD TOP - NE & NW
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Figure 4.22. Coefficient of determination (R?) analysis results between WDR catch
ratio () on windward facades and wind speed (m/s) during season 1 to season 4
(The R? shown is based on cubic polynomial regression; 0.2 < Value < 0.4 is weak,
0.4 < Value < 0.6 is moderate, and 0.6 < Value < 0.8 means strong effect on the
catch ratio variable).

iv.  Inseason 4, the top gauges on the windward fagades of NE and NW have a slightly
higher R? value (0.22) than the bottom gauges (0.15), with a weak correlation in
the opposite direction (descending trendline). Having the greatest number of rain
events among all seasons, the majority of rain events have wind speed between 1

m/s to 2 m/s, the same as in seasons 2 and 3, and catch ratio values are mostly

under 30.

4.3.6. WDR Catch Ratio (1) As a Function of Horizontal Rainfall Intensity (Rn)

and Height (H)

In this section, correlation analyses are conducted between catch ratio value (1) and
horizontal rainfall intensity (Rn) to investigate how catch ratio value varies with

horizontal rainfall intensity at different heights (top and bottom locations). Correlation
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analysis is conducted between these two variables for all windward facades that were

examined in the previous section (Section 4.3.5) for each season and in two parts; one for

windward top gauges and one for windward bottom gauges, to compare the coefficient of

determination, R-squared, between Ry and the catch ratio of top and bottom locations.

The coefficient of determination results, which show the effect of horizontal rainfall (Rn)

on WDR catch ratio (1), along with the trendlines displayed in Figure 4.23, indicate the

following:

1.

ii.

1il.

1v.

In season 1, the top gauges on the windward fagades of NW and SW have almost
equal R? values for the top (0.38) and the bottom gauges (0.37), with a relatively
weak correlation. The variation in horizontal rainfall intensity is more steady

between 8 to 12 mm/h, and catch ratio values are more fluctuating up to 8,

In season 2, gauges on the windward facades of NW and SW have almost equal
R? values for the top (0.43) and bottom (0.47) locations, with a moderate
correlation. Horizontal rainfall intensity in the majority of rain events is mostly

between 2 mm/h to 6 mm/h, and catch ratio values are under 30,

In season 3, gauges on the windward fagades of NW and SW have the highest R?
values for top (0.77) and bottom (0.62) locations among all seasons, with a strong
correlation. Horizontal rainfall intensities and catch ratio values have the steadiest
pattern with a descending trendline. Both parameters show a fluctuating pattern
throughout the season in a great range of 5 mm/h to 10 mm/h and up to 8 for
horizontal rainfall intensity and catch ratio value, respectively, with the least

number of rain events among all seasons,

In season 4, the top gauges on the windward fagades of NE and NW have twice
the R? value (0.39) of the bottom gauges (0.20), with a relatively weak correlation.

Having the greatest number of rain events among all seasons, the majority of rain
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events have horizontal rainfall intensity between 5 mm/h to 15 mm/h, and catch

ratio values are mostly under 20.
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Figure 4.23. Coefficient of determination (R?) analysis results between WDR catch
ratio () on windward facades and horizontal rainfall intensity (mm/h) during
season 1 to season 4 (The R? shown is based on cubic polynomial regression; 0.2 <
Value < 0.4 is weak, 0.4 < Value < 0.6 is moderate, and 0.6 < Value < 0.8 means

strong effect on the catch ratio variable).
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4.3.7. Summary of Findings — WDR Catch Ratio ()

As Figure 4.22 showed, wind speed (U) and catch ratio value (1) were correlated in all
seasons. In seasons 2 and 3, lower wind speed resulted in a lower catch ratio (an ascending
trendline), and values increased with the increase of wind speed in a harmonic pattern; in
seasons 1 and 4 they were correlated in an inverse relationship; catch ratio increased when
wind speed decreased. Such descending trendlines can be resulted from diverse rise and
fall data values at increasingly high and low rates throughout these two seasons as
heterogeneous data trends compared with other two seasons with more homogeneous data

and harmonic ascending trends.

Horizontal rainfall intensity (Rn) as another main factor affecting catch ratio value (1)
was analysed (Figure 4.23), and results demonstrated that the frequency of rainfall
intensity is largely greater than 5 mm/h and the catch ratio value is vastly fluctuating at
the pilot building facades throughout the year. The correlation between catch ratio value
and horizontal rainfall intensity in all 4 seasons followed a descending trend pattern in
general; lower horizontal rainfall intensity resulted in a higher catch ratio, and values

decreased with the increase in horizontal rainfall intensity.

Note that theoretically, with the increase in rainfall intensity, terminal drop velocity
increases, and WDR and hence WDR catch ratio decreases, which justifies the descending

trend pattern of catch ratio with increasing rainfall intensity.

From wind speed (U) and horizontal rainfall intensity (Ry) analyses, it is found that catch
ratio values (1) are mainly higher in the rain events that satisfy the conditions of high

wind speed and low horizontal rainfall intensity simultaneously. For instance:

i.  inthe rain event July 14", with the highest amount of catch ratio for the top (40.07)

and bottom (123.54) gauges, wind speed was as high as 2.22 m/s and horizontal
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rainfall intensity was as low as 0.53 mm/h among other rain event data in season

2,

ii.  in the rain event October 29", with the highest amount of catch ratio for the top
(7.85) and bottom (7.06) gauges, wind speed was as high as 1.67 m/s and
horizontal rainfall intensity was as low as 6.43 mm/h among other rain event data

in season 3.

4.4. Semi-Empirical Models

In this section, after the data cleaning process (Section 4.2) and correlation analyses, the
66 out of 93 rain events that were assessed and verified as in-situ dataset, are used for the
model validation process. This study employs semi-empirical models of ISO 15927-3

(2009) and ASHRAE Standard 160P (2016), as mentioned in the previous chapter.

The values of WDR intensity (Rwdr) on the vertical fagade of a building is calculated using
the ISO standard 15927-3 and ASHRAE standard 160P models. The calculated values
are then compared with the measured WDR to evaluate the predictive performance of the
models to determine the WDR coefficients a (ISO) and F. (ASHRAE)), values that are
constant in time. The proposed coefficients will be used to predict WDR quantity on the

building facade in the future.
4.4.1. Application of the Models

In this section, to calculate the WDR intensity values (Rwar) by the ISO and ASHRAE

models to generate the models’ datasets for each season, two steps are taken:

i. To convert and categorise event-based data derived from the wvalidated
meteorological data obtained from one-year in-situ measurement, i.e., wind speed
(U) (m/s), horizontal rainfall intensity (Rn) (mm/h), wind direction (D°), and

determined wind-driven rain intensity (Rwdr) values,
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ii.  To determine and categorise correction factors and parameters derived from the
models’ guidelines presented in Sections 2.8.2 and 2.8.3, i.e., terrain roughness
coefficient (Cr), topography coefficient (Cr), obstruction factor (O), wall factor

(W), rain exposure factor (Er), and rain deposition factor (Fp).
4.4.1.1. Step One: Determining Validated In-Situ Rwar Dataset

The experimental measured data (in-situ dataset) for each rain event of each season are
tabulated as validated dataset for model validation in this section; see APPENDIX B 1
(season one), APPENDIX B 2 (season two), APPENDIX B 3 (season three), and
APPENDIX B 4 (season four). Tables demonstrate meteorological parameters (wind
speed (U) (m/s), horizontal rainfall intensity (Ry) (mm/h), and wind direction (D°)) and
determined wind-driven rain intensity (Rwdr) values (mm/h) for windward fagades that

were assessed and validated through the data cleaning process in Section 4.2.
The assessment process was comprised of three main steps:

1. To select data based on conformity with principles and guidelines derived from

the literature review (section 4.2),
2. To select data based on statistic assessment tests (section 4.2.1 to section 4.2.4):
1. Normality Test — Shapiro-Wilk Test
ii.  Outlier Test

3. The analytical comparative assessment to evaluate the correlation analysis

between the parameters (section 4.3.5 to section 4.3.6):

i.  Polynomial regression model — The coefficient of determination (R?)
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4.4.1.2. Step Two: Determining Correction Factors and Parameters for ISO

Standard 15927-3 and ASHRAE Standard 160P Models

The terrain roughness coefficient (Cr) is calculated by the ISO-suggested equation Eq.
(11); Table 2.7 for the terrain category and corresponding values of Kg, yo and ymin, Table
2.8 for the obstruction factor (O), and Figure 2.33 for the wall factor (W) are used for the

Rwar calculation.

The wind speed (Un) measured at the mast at 8 m height is converted to a reference wind
speed at the roof-line height (Uo) (m/s) using Eq. (12) to determine the Ujo value for each

rain event (explained in Section 3.3.2).

Table 4.11. Parameters used for calculation of Rwar by semi-empirical models ISO
15927-3 (2009) and ASHRAE Standard 160P (2016) in this study

Correction Factors Values
Cr - Terrain category IV — Urban areas in | Kr=0.24 Eq. (11)
which at least 15% of the surface is yo=1.00 for y < Ymin
covered with buildings of average height | ymin= 16 Cr=0.24 xIn (16/1) =0.66
exceeding 15 m (Table 2.7)
Cr - For upstream slopes 1.00 (Section 2.8.2)
O - Distance to obstacle; 15 to 25 m 0.40 (Table 2.8)

W - One-storey building with flat roof Top = 0.50; Bottom = 0.30 (Figure 2.33)

Fr - Empirical constant 0.20 (Section 2.8.3)
FE - Sheltered exposure, height < 10 m 0.70 (NW&SW fagade orientation)
medium exposure, height < 10 m 1.00 (NE&NW fagade orientation) (Table 2.10)
Fp— Walls subject to rain runoff / Flat 1.00 Table 2.11 / (Figure 2.33)
roof building

The pilot building was assumed to be located in terrain category IV, which, according to
ISO Standard, relates to urban areas (Kr = 0.24, yo = 1, and ymin = 16). The corresponding
exposure category in the ASHRAE standard 160P is that of sheltered exposure (Table

2.10).
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Table 4.11 represents the parameters and coefficients values taken into consideration

when each model in this study calculates Rya.

The final step towards the calculation of wind-driven rain intensity (Rwdr) by the ISO

standard 15927-3 and ASHRAE standard 160P models is to apply:

a) Eq.(10)and Eq. (13) respectively for each model using the validated experimental
data (Section 4.4.1.1) presented in APPENDIX B 1 (season one), APPENDIX B

2 (season two), APPENDIX B 3 (season three), and APPENDIX B 4 (season

four),

b) corresponding determined correction factors and parameters presented in Table
4.12 (season one), Table 4.13 (season two), Table 4.14 (season three), and Table

4.15 (season four).
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Table 4.12. Determined parameters for ISO standard 15927-3 and ASHRAE standard 160P models - Season One

Rain Event a Cr Cr o W Uio Ru Ry"%8 cos (D-0) Fo Fe Fp
Top Bottom

21-Apr-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 8.16 6.34 1.00 0.20 0.70 1.00
23-Apr-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 11.24 8.41 1.00 0.20 0.70 1.00
24-Apr-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 8.90 6.85 1.00 0.20 0.70 1.00
26-Apr-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 10.80 8.12 1.00 0.20 0.70 1.00
02-May-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 9.00 6.91 1.00 0.20 0.70 1.00
05-May-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 12.27 9.08 1.00 0.20 0.70 1.00
07-May-17 0.222 0.66 1.00 0.40 0.50 0.30 0.88 6.65 5.30 1.00 0.20 0.70 1.00
12-May-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 10.63 8.00 1.00 0.20 0.70 1.00
13-May-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 15.60 11.22 1.00 0.20 0.70 1.00
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Table 4.13. Determined parameters for ISO standard 15927-3 and ASHRAE standard 160P models — Season Two

Rain Event a Cr Cr o w Uno Ri Ry’ cos (D-0) FL Fe Fp
Top Bottom
20-May-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 2.10 1.92 1.00 0.20 0.70 1.00
23-May-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 2.88 2.54 1.00 0.20 0.70 1.00
25-May-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 0.72 0.75 1.00 0.20 0.70 1.00
03-Jun-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 10.20 7.72 1.00 0.20 0.70 1.00
09-Jun-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 0.73 0.76 1.00 0.20 0.70 1.00
11-Jun-17 0.222 0.66 1.00 0.40 0.50 0.30 0.88 8.60 6.64 1.00 0.20 0.70 1.00
12-Jun-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 6.80 5.40 1.00 0.20 0.70 1.00
14-Jun-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 5.28 4.32 1.00 0.20 0.70 1.00
19-Jun-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 3.60 3.09 1.00 0.20 0.70 1.00
11-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 0.40 0.45 1.00 0.20 0.70 1.00
12-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 5.70 4.63 1.00 0.20 0.70 1.00
13-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 4.42 3.70 1.00 0.20 0.70 1.00
14-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 2.34 0.53 0.57 1.00 0.20 0.70 1.00
20-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 7.44 5.85 1.00 0.20 0.70 1.00
21-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 3.47 2.99 1.00 0.20 0.70 1.00
22-Jul-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 3.27 2.83 1.00 0.20 0.70 1.00
23-Aug-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 2.74 2.43 1.00 0.20 0.70 1.00
30-Aug-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 3.71 3.17 1.00 0.20 0.70 1.00
31-Aug-17 0.222 0.66 1.00 0.40 0.50 0.30 2.34 2.20 2.00 1.00 0.20 0.70 1.00
01-Sep-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 12.35 9.13 1.00 0.20 0.70 1.00
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Table 4.14. Determined parameters for ISO standard 15927-3 and ASHRAE standard 160P models — Season Three

Rain Event o Cr Cr (0] W Uio Ru Ry"%8 cos (D-0) FL Fe Fp
Top Bottom
27-Oct-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 14.91 10.78 1.00 0.20 0.70 1.00
29-Oct-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 6.43 5.14 1.00 0.20 0.70 1.00
03-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 8.70 6.71 1.00 0.20 0.70 1.00
07-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 14.67 10.63 1.00 0.20 0.70 1.00
09-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 7.33 5.77 1.00 0.20 0.70 1.00
10-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 18.95 13.31 1.00 0.20 0.70 1.00
11-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 0.58 8.60 6.64 1.00 0.20 0.70 1.00
12-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 18.70 13.16 1.00 0.20 0.70 1.00
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Table 4.15. Determined parameters for ISO standard 15927-3 and ASHRAE standard 160P models — Season Four

Rain Event o Cr Cr (0] Top WBo tom Uno Ru Ry cos (D-0) FL Fe Fo
13-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 0.88 7.60 5.96 1.00 0.20 1.00 1.00
18-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 10.13 7.67 1.00 0.20 1.00 1.00
25-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 8.76 6.75 1.00 0.20 1.00 1.00
27-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 0.58 13.68 9.99 1.00 0.20 1.00 1.00
28-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 0.88 9.70 7.39 1.00 0.20 1.00 1.00
29-Nov-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 8.15 6.33 1.00 0.20 1.00 1.00
01-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 0.88 15.48 11.14 1.00 0.20 1.00 1.00
02-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 10.97 8.23 1.00 0.20 1.00 1.00
03-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 6.94 5.50 1.00 0.20 1.00 1.00
10-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.75 12.60 9.30 1.00 0.20 1.00 1.00
17-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 0.88 6.07 4.89 1.00 0.20 1.00 1.00
19-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 2.05 7.96 6.21 1.00 0.20 1.00 1.00
25-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 8.88 6.83 1.00 0.20 1.00 1.00
26-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 5.37 4.39 1.00 0.20 1.00 1.00
27-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.46 15.24 10.99 1.00 0.20 1.00 1.00
31-Dec-17 0.222 0.66 1.00 0.40 0.50 0.30 1.17 5.92 4.78 1.00 0.20 1.00 1.00
17-Jan-18 0.222 0.66 1.00 0.40 0.50 0.30 1.17 5.93 4.79 1.00 0.20 1.00 1.00
19-Jan-18 0.222 0.66 1.00 0.40 0.50 0.30 0.88 12.40 9.17 1.00 0.20 1.00 1.00
20-Jan-18 0.222 0.66 1.00 0.40 0.50 0.30 1.17 15.83 11.36 1.00 0.20 1.00 1.00
28-Jan-18 0.222 0.66 1.00 0.40 0.50 0.30 0.58 15.15 10.93 1.00 0.20 1.00 1.00
30-Jan-18 0.222 0.66 1.00 0.40 0.50 0.30 0.88 11.07 8.29 1.00 0.20 1.00 1.00
28-Feb-18 0.222 0.66 1.00 0.40 0.50 0.30 1.17 15.15 10.93 1.00 0.20 1.00 1.00
04-Mar-18 0.222 0.66 1.00 0.40 0.50 0.30 1.46 2.54 227 1.00 0.20 1.00 1.00
08-Mar-18 0.222 0.66 1.00 0.40 0.50 0.30 0.88 1.42 1.36 1.00 0.20 1.00 1.00
10-Mar-18 0.222 0.66 1.00 0.40 0.50 0.30 1.46 4.50 3.76 1.00 0.20 1.00 1.00
13-Mar-18 0.222 0.66 1.00 0.40 0.50 0.30 0.58 1.32 1.28 1.00 0.20 1.00 1.00
15-Mar-18 0.222 0.66 1.00 0.40 0.50 0.30 1.46 3.33 2.88 1.00 0.20 1.00 1.00
16-Mar-18 0.222 0.66 1.00 0.40 0.50 0.30 1.46 4.60 3.83 1.00 0.20 1.00 1.00
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4.5. Rwar Datasets of In-Situ and Predicted ISO Standard 15927-3 and ASHRAE

STANDARD 160P Models

In this section, Rwdr (mm/h) values on the windward facades of the pilot building (Top
and Bottom gauges) are calculated using ISO standard 15927-3 and ASHRAE standard
160P models’ equations to generate the predicted datasets and compare them with the
experimental measured (in-situ) dataset to examine the level of differences/discrepancies

between them as the pre-processing step for the models’ validation process.

A total of 93 rain events generated 65 validated sets of WDR data (Exp.) to conduct
models’ calculations (ISO and ASHRAE). Every dataset was carried out according to the
‘event-based averaged value’ approach as described in Section 2.8.2.7. A detection
threshold of Rwdr < 1 mm/h was also applied for the WDR intensity on each facade (top
and bottom gauges) in the previous section, and measurements below this detection

threshold were disregarded, such as the rain event April 28 in season one.

The amount of Rwar (mm/h) was then calculated by the corresponding equations of the
ISO standard 15927-3 and ASHRAE standard 160P models. Each rain event includes two
windward facades, and each windward facade includes two WDR gauges (TOP and
Bottom). The calculation processes were carried out for each gauge on each windward
fagade; there were a total of 4 gauges for each rain event. In line with the ‘event-based
averaged value’ approach, and as can be seen in Table 4.16 to Table 4.19, the amount of
Rwar (mm/h) top gauges for each rain event is calculated as ‘Mean value of top gauge’
(mean of both top gauges of both windward fagades) and ‘Mean value of bottom gauge’
for each rain event. These determined Mean values of top and bottom gauges, as
illustrated in Section 4.4.1.1, will then be applied to the models’ equations to determine

the WDR coefficients for each season.
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4.5.1. In-situ and Predicted Rwar Datasets — Season 1

Figure 4.24 (Mean Rwar top (a) and Mean Rwar bottom (b)) presents the comparison

between the in-situ Mean measured (Exp.) WDR intensity (Rwdr) and calculated Mean

Rwdr using semi-empirical models, i.e., ISO standard 15927-3 and ASHRAE standard

160P, for season one (monsoon transitional period — April 1% to May 16" 2017) on

windward facades (NW-SW). Table 4.16 shows the Mean Rwa measured (top and

bottom) (mm/h) and calculated models’ values for all 9 validated rain events (derived

from APPENDIX B 1) over the facade for the entire monitoring period of season one.

ISO and ASHRAE — 1t is observed that the trends of the ISO and ASHRAE
models are parallel to each other, with almost high discrepancies (ASHRAE has
lower values) in the top location and almost no discrepancies in the bottom

location of the fagade during the entire season one.

ISO and Measured (Exp.) — The ISO model underestimates the Mean Ryqr
measured values for the majority of the rain events at the top and bottom locations.
The discrepancies during the entire season at the top location are relatively low or
almost zero in one rain event, i.e., April 21 and 24", except for May 12" with a
high discrepancy. It has a relatively good agreement with the bottom location,
with almost zero discrepancy in one rain event, May 5, except for April 24" and
May 12,

ASHRAE and Measured (Exp.) — The ASHRAE model also underestimates the
Mean Rwdar measured values at the top location for the entire season, and the
majority of the bottom location values. It shows a larger discrepancy at the top

location in general; only two rain events have almost equal values with the

measured values, i.e., April 23" and 26", It has a relatively good agreement with
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the Mean Ry bottom location, with almost zero discrepancy in one rain event,

May 5.
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Figure 4.24. Comparison of the Mean Rwar (mm/h) between Experimental
measurement, predicted ISO and ASHRAE models for two positions (Top and
Bottom) on the windward facade (NW-SW) — Season One

Table 4.16. Rwar (WDR intensity) (mm/h) on windward facades - Experimental
measurement / ISO model / ASHRAE model — Season One

Rain Event Mean Top Bl\(/)[ti?)rrln Mean Top Mean Bottom Mean Top Mean Bottom
(Exp.) (Exp.) IS0O) (IS0O) (ASHRAE) (ASHRAE)
21-Apr-17 27.11 24.54 27.17 16.30 16.70 16.70
23-Apr-17 17.05 23.11 28.83 17.30 18.41 18.41
24-Apr-17 21.16 25.59 23.47 14.08 14.57 14.57
26-Apr-17 19.55 11.85 27.82 16.69 17.68 17.68
02-May-17 35.28 12.46 29.62 17.77 18.42 18.42
05-May-17 37.69 18.83 31.13 18.68 20.10 20.10
07-May-17 25.00 14.34 13.63 8.18 8.17 8.17
12-May-17 45.00 35.36 27.43 16.46 17.40 17.40
13-May-17 31.78 29.10 38.45 23.07 25.54 25.54
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4.5.2. In-situ and Predicted Rwar Datasets — Season 2

Figure 4.25 (Mean Rwar top (a) and Mean Rwar bottom (b)) presents the comparison

between the in-situ Mean measured (exp.) WDR intensity (Rwdr) and calculated Mean

Rwdr using semi-empirical models, i.e., ISO standard 15927-3 and ASHRAE standard

160P for season two (Southwest monsoon — 17" May to 5™ October 2017) on windward

facades (NW-SW). Table 4.17 shows the Mean Rydr measured (top and bottom) (mm/h)

and calculated models’ values for all 20 validated rain events (derived from APPENDIX

B 2) over the facade for the entire monitoring period of season two.

ISO and ASHRAE — 1t is observed that the trends of the ISO and ASHRAE
models are basically parallel to each other, with low discrepancies in the top
location and almost no discrepancies in the bottom location of the fagade during

the entire season two.

IS0 and Measured (Exp.) — The ISO model generally underestimates the Mean
Rwar measured values for the majority of the rain events at top and bottom
locations during season two. It provides good agreement for some cases, i.e., May
25M June 9™, July 12", 13" and 20™ at the top location. The discrepancies in
overestimation (i.e., May 239 June 11% 12" 14" August 31%) and
underestimation (i.e., July 11%, 14" August 23 30™) cases are mostly high
during the season two at the top location. For the bottom location on the facade,
ISO tends to underestimate the majority of the Mean Rwdr measured values with
large discrepancies, i.e., June 3%, 19", July 14%, 23 August 30™. It provides
good agreement for some cases, i.e., May 20™, 23 25% June 9% 11% and July

20™ at a lower location.

ASHRAE and Measured (Exp.) — The ASHRAE model prediction trendline

resembles the ISO trendline with a larger distance from and mostly
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underestimating the Mean Rwdr measured values at the top location for the entire
season two, except for June 3" and 9", in good agreement. The differences in
underestimation cases, i.e., May 20", June 19", July 11" August 23 and 30™",
are mostly high during season two at higher locations of the building facade. For
the lower location, the ASHRAE prediction is almost equal to ISO’s for season
two with the same trendline and discrepancy; underestimating the majority of the
Mean Rywar measured values with large differences, i.e., June 3%, 19, July 14%,

August 23", and 30™. It provides good agreement for some cases, i.e., May 20",

231 25% June 9™, 11", and July 20™.

(a) SEASON 2 - MEAN TOP WDR INTENSITY
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(b) SEASON 2 - MEAN BOTTOM WDR INTENSITY
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Figure 4.25. Comparison of the Mean Rwar (mm/h) between Experimental

measurement, predicted ISO and ASHRAE models for two positions (Top and

Bottom) on the windward facade (NW-SW) — Season Two
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Table 4.17. Rwar (WDR intensity) (mm/h) on windward facades - Experimental

measurement / ISO model / ASHRAE model — Season Two

Rain Event Mean Top BI\:)[;:I; Mean Top | Mean Bottom Mean Top Mean Bottom
(Exp.) (Exp.) {S0) (ISO) (ASHRAE) (ASHRAE)
20-May-17 29.03 6.96 9.88 5.93 5.16 5.16
23-May-17 1.65 4.65 15.21 9.13 8.25 8.25
25-May-17 6.03 7.17 3.21 1.93 1.47 1.47
03-Jun-17 2791 53.20 39.68 23.81 25.05 25.05
09-Jun-17 1.40 3.28 4.57 2.74 2.10 2.10
11-Jun-17 5.13 9.95 17.08 10.25 10.56 10.56
12-Jun-17 4.23 15.71 18.52 11.11 11.13 11.13
14-Jun-17 1.89 591 22.23 13.34 12.97 12.97
19-Jun-17 22.88 29.12 10.58 6.35 5.89 5.89
11-Jul-17 16.88 18.22 2.68 1.61 1.15 1.15
12-Jul-17 15.00 21.64 19.82 11.89 11.67 11.67
13-Jul-17 15.87 19.30 19.00 11.40 10.85 10.85
14-Jul-17 10.52 3243 3.89 2.33 1.72 1.72
20-Jul-17 32.60 25.88 35.07 21.04 21.32 21.32
21-Jul-17 23.13 21.42 1791 10.75 9.93 9.93
22-Jul-17 17.58 29.08 17.00 10.20 9.36 9.36
23-Aug-17 31.71 35.29 8.33 5.00 4.49 4.49
30-Aug-17 40.07 48.14 10.88 6.53 6.08 6.08
31-Aug-17 1.00 1.44 13.72 8.23 7.20 7.20
01-Sep-17 30.25 38.25 39.13 23.48 25.28 25.28

4.5.3. In-situ and Predicted Rwar Datasets — Season 3

Figure 4.26 (Mean Ry top (a) and Mean Rywar bottom (b)) presents the comparison
between the in-situ Mean measured (exp.) WDR intensity (Rwdr) and calculated Mean
Rwar using semi-empirical models, i.e., ISO standard 15927-3 and ASHRAE standard
160P, for season three (Monsoon Transitional Period — October 6 to November 12,
2017) on windward facades (NW-SW). Table 4.18 shows the Mean Ryqr measured (top
and bottom) (mm/h) and calculated models’ values for all 8 validated rain events (derived

from APPENDIX B 3) over the facade for the entire monitoring period of season three.

= ISO and ASHRAE - 1t is observed that the trends of the ISO and ASHRAE
models are harmoniously parallel to each other, with almost high discrepancies
(ASHRAE has lower values), in the top location and low discrepancies in the

bottom location of the fagade during the entire season three.

= SO and Measured (Exp.) — The ISO model overestimates the Mean Rywar

measured values during the entire season three at the top location of the fagade.
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The discrepancy is slightly high for all the rain events except for October 29",
November 9", and 11", which has a good agreement. For the lower location, the
model prediction discrepancies with the Mean Rydr measured values are generally
lower. It has a relatively good agreement with the lower location except for
October 27" November 7", and 10", and one case has almost zero discrepancy,

i.e., November 11™.

ASHRAE and Measured (Exp.) — The ASHRAE model overestimates the
majority of the Mean Ryq measured values at the top and bottom locations for the
entire season. It has a good agreement with November 3, 9" 11% and 12" at the
higher location of the fagade. For the lower location, the ASHRAE prediction
trendline resembles ISO’s trendline. It has a relatively good agreement with the
lower location except for October 27", November 7%, and 10%, and one case has

almost zero discrepancy, i.e., November 11,
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Figure 4.26. Comparison of the Mean Rwar (mm/h) between Experimental

measurement, predicted ISO and ASHRAE models for two positions (Top and

Bottom) on the windward facade (NW-SW) — Season Three
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Table 4.18. Rwar (WDR intensity) (mm/h) on windward facades - Experimental
measurement / ISO model / ASHRAE model — Season Three

Rain Event Mean Top Bl\:)[;?::n Mean Top | Mean Bottom Mean Top Mean Bottom
(Exp.) (Exp.) {S0) (ISO) (ASHRAE) (ASHRAE)
27-Oct-17 9.60 12.21 36.96 22.18 24.42 24.42
29-Oct-17 25.23 22.69 26.44 15.87 15.79 15.79
03-Nov-17 23.50 26.88 34.50 20.70 21.37 21.37
07-Nov-17 24.17 22.17 54.63 32.78 36.02 36.02
09-Nov-17 25.83 25.00 34.63 20.78 21.01 21.01
10-Nov-17 11.88 12.38 45.63 27.38 31.03 31.03
11-Nov-17 8.20 4.50 11.38 6.83 7.04 7.04
12-Nov-17 26.25 26.25 45.10 27.06 30.62 30.62

4.5.4. In-situ and Predicted Rwar Datasets — Season 4

Figure 4.27 (Mean Rydr top (a) and Mean Rywar bottom (b)) presents the comparison
between the in-situ Mean measured (exp.) WDR intensity (Rwdr) and calculated Mean
Rwdr using semi-empirical models, i.e., ISO standard 15927-3 and ASHRAE standard
160P for season four (Northeast Monsoon — November 13" to March 27%, 2018) on
windward fagades (NE-NW). Table 4.19 shows the Mean Rwdr measured (top and bottom)
(mm/h) and calculated models’ values for all 28 validated rain events (derived from

APPENDIX B 4) over the fagade for the entire monitoring period of season four.

= ]SO and ASHRAE - 1t is observed that the trendlines of the ISO and ASHRAE
models are relatively identical at the top and bottom locations, particularly the
higher location, of the facade during the entire season four, which is the longest

season with the largest rain events.

= ]SO and Measured (Exp.) — The ISO model trendline in season four generally
shows underestimation with the Mean Rw4r measured values at the top and bottom
locations of the fagcade. The discrepancy is relatively low during the entire season
for all the rain events (in relatively good agreement), except for November 13%,
18" December 10®, 17", 25% January 17%, 28", 30%, and March 13™. For the
lower location on the fagade, ISO prediction values show smaller discrepancies

compared with the higher location. Almost all the predicted values are in good
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agreement with the Mean Rya measured values, except for November 13

December 171, 25", January 28", and 30™.
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Figure 4.27. Comparison of the Mean Rwar (mm/h) between Experimental

measurement, predicted ISO and ASHRAE models for two positions (Top and

Bottom) on the windward facade (NE-NW) — Season Four

ASHRAE and Measured (Exp.) — The ASHRAE model prediction trendline in
season four is almost identical to the ISO model’s at the top location for the entire
season. It has a slight difference with the ISO model’s for the lower location on
the facade, closer to the Mean Ryar measured values, which is mainly attributed
to the fact that the Fp factor in ASHRAE has a constant value for all facade

heights, as mentioned in Section 4.5.1.
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Table 4.19. Rwar (WDR intensity) (mm/h) on windward facades - Experimental
measurement / ISO model / ASHRAE model — Season Four

Rain Event Mean Top Bl\:)[;?::n Mean Top | Mean Bottom Mean Top Mean Bottom
(Exp.) (Exp.) IS0) {IS0) (ASHRAE) (ASHRAE)
13-Nov-17 29.50 48.13 15.32 9.19 13.33 13.33
18-Nov-17 8.50 13.00 32.88 19.73 29.63 29.63
25-Nov-17 11.94 11.83 23.13 13.88 20.48 20.48
27-Nov-17 24.15 27.20 17.13 10.28 16.00 16.00
28-Nov-17 21.63 2431 18.98 11.39 17.02 17.02
29-Nov-17 25.27 28.27 37.98 22.79 33.34 33.34
01-Dec-17 32.40 31.50 28.64 17.19 27.16 27.16
02-Dec-17 29.64 31.36 35.26 21.16 32.08 32.08
03-Dec-17 36.43 38.14 23.57 14.14 20.30 20.30
10-Dec-17 20.25 21.90 47.79 28.68 44.21 44.21
17-Dec-17 54.17 60.42 12.56 7.54 10.64 10.64
19-Dec-17 20.05 30.95 37.24 22.34 32.60 32.60
25-Dec-17 63.23 79.20 29.27 17.56 25.96 25.96
26-Dec-17 38.21 46.50 15.05 9.03 12.56 12.56
27-Dec-17 59.25 32.10 47.09 28.25 44.56 44.56
31-Dec-17 5.90 6.40 16.39 9.83 13.85 13.85
17-Jan-18 40.50 30.00 16.42 9.85 13.88 13.88
19-Jan-18 22.50 17.68 23.56 14.14 21.75 21.75
20-Jan-18 28.29 30.50 38.95 23.37 37.03 37.03
28-Jan-18 62.81 67.50 18.74 11.24 17.72 17.72
30-Jan-18 62.00 43.33 21.32 12.79 19.42 19.42
28-Feb-18 23.46 14.61 37.47 22.48 35.44 35.44
04-Mar-18 16.31 10.15 9.73 5.84 7.43 743
08-Mar-18 6.50 5.50 3.50 2.10 2.49 2.49
10-Mar-18 7.54 7.01 16.10 9.66 13.16 13.16
13-Mar-18 35.78 20.87 2.19 1.31 1.54 1.54
15-Mar-18 11.53 4.50 12.36 7.42 9.75 9.75
16-Mar-18 15.26 5.99 16.41 9.85 13.45 13.45

4.5.5. Summary of Findings — Comparative Analyses of In-Situ and Predicted

Rwar Datasets

In season 1, the ISO model generally shows better agreement with the Mean Ryar
measured values, with lower discrepancies for both top and bottom locations compared
with the ASHRAE model during the entire season one. Generally, the ASHRAE model
underestimates the values of Mean Rwqr at higher locations and has higher discrepancies,
due to the fact that the Fp factor in ASHRAE has a constant value for all facade heights,
which seems to be higher for the higher location. Both models have a relatively good
agreement with the Mean Ry.d: measured values of the lower location; May 5™ has almost

zero discrepancy in both models.
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In season 2, the ISO model tends to show mostly underestimation for the Mean Ryar
measured values, with lower discrepancies for both top and bottom locations compared
with the ASHRAE model during the entire season two. Generally, the ASHRAE model
also tends to show underestimation for the values of Mean Rwar at both locations,
particularly for the lower location, due to the fact that Fp factor in ASHRAE has a
constant value for all facade heights, which seems to be higher for the higher location.
Both models have a relatively good agreement with some Mean R4 measured values at
high and low locations on the fagade, i.e., June 9™ for the top, and May 20, 231 25%h

June 9™, 11" and July 20" for the bottom locations.

In season 3, the ASHRAE model shows better agreement with the Mean Rwdr measured
values, with a lower discrepancy for both top and bottom locations compared with the
ISO model during the entire season three. Generally, the ISO model overestimates the
values of Mean Ryqr at higher locations and has higher discrepancies compared with
ASHRAE in season three. In season three, both models have more or less a good
agreement with the Mean Rwar measured values at high and low locations on the fagade,

and two cases have a considerably low discrepancy, i.e., November 9" and 11,

In season 4, both ISO and ASHRAE models show better agreement with the Mean Ruwar
measured values, with a lower discrepancy for both top and bottom locations for the entire
season four. It can be said that the semi-empirical models in this season are more
successful at predicting the Mean Rywar for the high and low locations of the building

facade compared with seasons one, two, and three.

4.6. Validating the Semi-Empirical Models

The comparison between the calculated Rywdr by the semi-empirical models’ equations,
i.e., ISO standard 15927-3 and ASHRAE standard 160P, was conducted in the previous

section through comparative graphs and tables demonstrating the values of the predicted
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Mean Rydr (mm/h) and the experimental measured (in-situ) on the windward fagades of

the pilot building (Top and Bottom gauges).

In this section, further analytical assessments i.e., calculation of difference (D),
coefficient of determination (R?), root mean square deviation (RMSD), and normalised
root mean square deviation (NRMSD), are carried out to evaluate the predictive
performance of the two models. Analyses are performed between the in-situ and the

predicted models’ datasets of the Rwdr for the top and bottom locations.

In this section, the performance of different coefficients of determination (R?) by the
polynomial regression analyses is calculated and evaluated to find the optimum order
(degree) value with as few predictor variables as possible to avoid overestimation of the
proposed model and R? by choosing higher-ordered values. After this, the best-fit line
(regression curve) for the predicted Ryqr values is determined based on the Eq. (14)
explanations and as discussed in Section 4.3.5. Table 4.20 gives a comparison of fitting
order 3 (cubic), order 4 (quadratic), and order 5 (quantic) curves on the datasets. In some
cases, the degree of improvement between order 3 and order 4 can be seen as significant
(i.e., season 2 and season 4), but between order 4 and order 5, the difference is negligible.
Thus, order 4 was chosen to generate R? to assess the validity of the predictive
performance of the semi-empirical models. In statistics, the coefficient of determination,
R?, is used as a measure of the proportion of the variance in observed (experimental
measurement) values that is explained by the predicted (model) values (Pifieiro et al.,

2008).

Pifieiro et al. (2008) have provided empirical evidence and presented analytical proof that
when evaluating a model using linear regressions, it is advisable to place the observed
values on the y-axis and the predicted values on the x-axis. They further clarified that

model evaluation using opposite regression leads to incorrect estimations of both the
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slope and the y-intercept; the underestimation of the slope, the overestimation of the y-

intercept, and declining R? values.

Table 4.20. Performance of different coefficient of determinations (R?) values by
the polynomial regression analyses

Coefficient of Determinations (R?)

Semi-empirical ISO standard 15927-3 ASHRAE 160P
models

Season Location Order 3 Order 4 Order 5 Order 3 Order 4 Order 5

One Top 0.16 0.17 0.32 0.15 0.15 0.26

Bottom 0.35 0.37 0.47 0.33 0.33 0.40

Two Top 0.27 0.45 0.45 0.23 0.45 0.45

Bottom 0.39 0.39 0.40 0.35 0.37 0.37

Three Top 0.45 0.46 0.60 0.50 0.53 0.68

Bottom 0.56 0.56 0.68 0.60 0.60 0.72

Four Top 0.03 0.09 0.10 0.05 0.13 0.13

Bottom 0.07 0.09 0.09 0.09 0.12 0.12

Pifieiro et al. (2008) have provided empirical evidence and presented analytical proof that
when evaluating a model using linear regressions, it is advisable to place the observed
values on the y-axis and the predicted values on the x-axis. They further clarified that
model evaluation using opposite regression leads to incorrect estimations of both the
slope and the y-intercept; the underestimation of the slope, the overestimation of the y-

intercept, and declining R? values.

The root mean square deviation (RMSD) represents the mean deviation of predicted
values of ‘n’ number of the rain events in each season with respect to the observed (Exp.)

ones. It is measured in the same units as the model variable being looked at in Eq. (15).

1 ~
RMSD = \/;Z?zl(yi —¥i)? Eq. (15)

In fluid dynamics model-generated research areas (parameters such as wind speed,

precipitation, and temperature) to quantify the uniformity of flow behaviour, the
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normalised root mean square deviation (NRMSD) is used instead of RMSD. The lower
the value of the NRMSD, the higher the accuracy of the model. Low NRMSD values
indicate that the model fits the data well and has more precise predictions for
unseen/tested data. Higher levels, on the other hand, imply fewer accurate forecasts of

the model. The values between 0.2 and 0.5 show that the model can relatively accurate

predict the data.
RMSD
NRMSD = ———
[Ymax— Ymin| Eq (1 6)
where;

Vmax 18 maximum value of mean Ryqr in the corresponding season dataset and ymin as the

minimum value.

Table 4.21 to Table 4.24 show all the calculated aforementioned parameters, 1.e., SD, R?,
RMSD, and NRMSD, for each season to evaluate the accuracy of the predicted Ryadr
(mm/h) by the semi-empirical models, ISO standard 15927-3 and ASHRAE standard

160P.
4.6.1. Accuracy of the Predicted Rwar Dataset — Season 1

The coefficient of determinations (R?) and regression line of the measured (exp.) against
the predicted (ISO and ASHRAE models) mean wind-driven rain intensity (Rwdr) on the
windward facades (NW-SW) of the pilot building for the top and bottom locations during
season one (monsoon transitional period — April 1% to May 16™, 2017) are shown in
Figure 4.28 (datasets derived from Table 4.16). Table 4.21 also represents error

estimations for each location and each model, allowing for a more accurate evaluation of
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the models' performance. Referring to the scatter plot (Figure 4.28) and statistical

parameters (Table 4.21), it is observed that:

IS0 (top location) — Insignificant R? (0.17 < 0.20); Relatively accurate NRMSD

(0.37 < 0.50).

The reason behind simultaneously low R-squared and NRMSD is that R? only
gives information about model fit, ‘correlation’ between two datasets (Measured
and ISO), but no information about the model’s predictive performance. However,
NRMSD indicates how well the model will perform on unseen data. In other
words, it is about scale. The scale of R? values can vary significantly, while

NRMSD is the normalised error distance.

The R? result indicates an insignificant correlation between the two datasets Ryar
(Measured and ISO) (R? of 17%), and the NRMSD result indicates relatively
accurate prediction values of the Rwdr, On average, from the measured (actual)

values in the dataset; the error in prediction performance is low (37%).

The ISO model predictive performance for the top location in season one is

statistically relatively accurate, with an insignificant correlation.

ASHRAE (top location) — Insignificant R? (0.15 < 0.20); Low NRMSD (0.82 >

0.50).

The R? result indicates an insignificant correlation between the two datasets Rydr
(Measured and ASHRAE) (R? of 15%), and the NRMSD result indicates large
discrepancies in prediction values of the Rwar, on average, from the measured

(actual) values in the dataset; the error in prediction performance is high (82%).

The ASHRAE model predictive performance for the top location in season one is

statistically low, with an insignificant correlation.
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ISO (bottom location) — Weak R? (0.20 < 0.37 < 0.40); Low NRMSD (0.60 >

0.50).

The R? result indicates a weak correlation between the two datasets Ruar
(Measured and ISO) (R? of 37%), and the NRMSD result indicates relatively large
discrepancies in prediction values of the Rwar, on average, from the measured
(actual) values in the dataset; the error in prediction performance is relatively high

(60%).

The ISO model predictive performance for the bottom location in season one is

statistically relatively low, with a weak correlation.

ASHRAE (bottom location) — Weak R?(0.20 < 0.33 < 0.40); Relatively accurate

NRMSD (0.49 < 0.50).

The R? result indicates a weak correlation between the two datasets Ruyar
(Measured and ASHRAE) (R? of 33%), and the NRMSD result indicates
relatively accurate prediction values of the Rwar, on average, from the measured
(actual) values in the dataset; the error in prediction performance is relatively low

(49%).

The ASHRAE model predictive performance for the bottom location in season

one is statistically relatively accurate, with a weak correlation.
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Figure 4.28. Experimental measurement vs. Predicted ISO and ASHRAE models’
regression scatter plots of datasets Mean Rwar (mm/h) for two positions (Top and
Bottom) at the windward fagade (NW-SW) during season One (The R? shown is

based on order 4 (quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4
< Value < 0.6 is moderate, and 0.6 < Value < 0.8 means strong effect on the catch

ratio variable).

4.6.2. Accuracy of the Predicted Rwar Dataset — Season 2

The coefficient of determinations (R?) and regression line of the measured (exp.) against
the predicted (ISO and ASHRAE models) mean wind-driven rain intensity (Rwdr) on the
windward facades (NW-SW) of the pilot building for the top and bottom locations during
season two (Southwest monsoon — May 17" to October 5™, 2017) are shown in Figure

4.29 (datasets derived from Table 4.17). Table 4.22 also represents error estimations for
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each location and each model, allowing for a more accurate evaluation of the models'
performance. Referring to the scatter plot (Figure 4.29) and statistical parameters (Table

4.22), it is observed that:

= ISO (top location) — Moderate R? (0.40 < 0.45 < 0.60); Relatively accurate

NRMSD (0.36 < 0.50).

The R? result indicates a moderate correlation between the two datasets Rydr
(Measured and ISO) (R? of 45%), and the NRMSD result indicates relatively
accurate prediction values of the Rwar deviate, on average, from the measured

(actual) values in the dataset; the error in prediction performance is low (36%).

» The ISO model predictive performance for the top location in season two is

statistically relatively accurate, with a moderate correlation.

» ASHRAE (top location) — Moderate R? (0.40 < 0.45 < 0.60); Relatively low

NRMSD (0.57 > 0.50).

The R? result indicates a moderate correlation between the two datasets Rydr
(Measured and ASHRAE) (R? of 45%), and the NRMSD result indicates slightly
large differences in prediction values of the Rwar, on average, from the measured
(actual) values in the dataset; the error in prediction performance is slightly high

(57%).

» The ASHRAE model predictive performance for the top location in season two is

statistically relatively low, with a moderate correlation.

= ISO (bottom location) — Weak / relatively moderate R? (0.20 < 0.39 < 0.40); Low

NRMSD (0.80 > 0.50).

The R? result indicates a relatively moderate correlation between the two datasets

Rywar (Measured and ISO) (R? of 39%), and the NRMSD result indicates large
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differences in prediction values of the Rwar, on average, from the measured

(actual) values in the dataset; the error in prediction performance is high (80%).

The ISO model predictive performance for the bottom location in season two is

statistically low, with a relatively moderate correlation.

ASHRAE (bottom location) — Weak R? (0.20 < 0.37 < 0.40); Low NRMSD (0.74

>0.50).

The R? result indicates a weak correlation between the two datasets Ruyar
(Measured and ASHRAE) (R? of 37%), and theNRMSD result indicates large
differences in prediction values of the Rwar, on average, from the measured
(actual) values in the dataset; the error in prediction performance is relatively large

(74%).

The ASHRAE model predictive performance for the bottom location in season

two is statistically low, with a weak correlation.
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Figure 4.29. Experimental measurement vs. Predicted ISO and ASHRAE models’
regression scatter plots of datasets Mean Rwar (mm/h) for two positions (Top and
Bottom) at the windward fagade (NW-SW) during season Two (The R? shown is

based on order 4 (quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4
< Value < 0.6 is moderate, and 0.6 < Value < 0.8 means strong effect on the catch

ratio variable).

4.6.3. Accuracy of the Predicted Rwar Dataset — Season 3

The coefficient of determinations (R?) and regression line of the in-situ measured (exp.)
against the predicted (ISO and ASHRAE models) mean wind-driven rain intensity (Rwadr)
on the windward facades (NW-SW) of the pilot building for the top and bottom locations
during season three (Monsoon Transitional Period — 6™ October to 12" November 2017)

are shown in Figure 4.30 (datasets derived from Table 4.18). Table 4.23 also represents
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error estimations for each location and each model, allowing for a more accurate
evaluation of the models' performance. Referring to the scatter plot (Figure 4.30) and

statistical parameters (Table 4.23), it is observed that:

= ISO (top location) — Moderate R? (0.40 < 0.46 < 0.60); Relatively accurate

NRMSD (0.48 < 0.50).

The R? result indicates a moderate correlation between the two datasets Rydr
(Measured and ISO) (R? of 46%), and the NRMSD result indicates relatively
accurate prediction values of the Rwar deviate, on average, from the measured

(actual) values in the dataset; the error in prediction performance is low (48%).

» The ISO model predictive performance for the top location in season three is

statistically relatively accurate, with a moderate correlation.

»  ASHRAE (top location) — Moderate R? (0.40 < 0.53 < 0.60); Relatively accurate

NRMSD (0.36 < 0.50).

The R? result indicates a moderate correlation between the two datasets R
(Measured and ASHRAE) (R? of 53%), and the NRMSD result indicates low
differences in prediction values of the Rwar, on average, from the measured

(actual) values in the dataset; the error in prediction performance is low (36%).

» The ASHRAE model predictive performance for the top location in season three

is statistically relatively accurate, with a moderate correlation.

= ISO (bottom location) — Moderate R? (0.40 < 0.56 < 0.60); Relatively accurate

NRMSD (0.32 <0.50).

The R? result indicates a moderate correlation between the two datasets R
(Measured and ISO) (R? of 56%), and the NRMSD result indicates low
differences in prediction values of the Rwar, on average, from the measured

(actual) values in the dataset; the error in prediction performance is low (32%).
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»  The ISO model predictive performance for the bottom location in season three is

statistically relatively accurate, with a moderate correlation.

= ASHRAE (bottom location) — Relatively strong R? (0.60 < 0.60 < 0.80);

Relatively accurate NRMSD (0.35 < 0.50).

The R? result indicates a relatively strong correlation between the two datasets
Rydar (Measured and ASHRAE) (R? of 60%), and the NRMSD result indicates
relatively accurate prediction values of the Rwar, on average, from the measured

(actual) values in the dataset; the error in prediction performance is low (35%).

» The ASHRAE model predictive performance for the bottom location in season

three is statistically relatively accurate, with a relatively strong correlation.
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Figure 4.30. Experimental measurement vs. Predicted ISO and ASHRAE models’

regression scatter plots of datasets Mean Rwar (mm/h) for two positions (Top and

Bottom) at the windward fagade (NW-SW) during season Three (The R? shown is

based on order 4 (quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4

< Value < 0.6 is moderate, and 0.6 < Value < 0.8 means strong effect on the catch
ratio variable).

4.6.4. Accuracy of the Predicted Rwar Dataset — Season 4

The coefficient of determinations (R?) and regression line of the measured (exp.) against
the predicted (ISO and ASHRAE models) mean wind-driven rain intensity (Rwdr) on the
windward facades (NE-N'W) of the pilot building for the top and bottom locations during
season four (Northeast Monsoon — November 13% to March 27%, 2018) are shown in

Figure 4.31 (datasets derived from Table 4.19). Table 4.24 also represents error
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estimations for each location and each model, allowing for a more accurate evaluation of

the models' performance. Referring to the scatter plot (Figure 4.31) and statistical

parameters (Table 4.24), it is observed that:

IS0 (top location) — Insignificant R? (0.09 < 0.20); Relatively accurate NRMSD

(0.45 < 0.50).

The reason behind simultaneously low R-squared and NRMSD can be similarly
explained, as in Section 4.6.1 for season one; R? only gives information about
model fit; ‘correlation’ between the two datasets (Measured and ISO), NRMSD

indicates how well the model will perform on unseen data.

The R? result indicates an insignificant correlation between the two datasets Ryar
(Measured and 1SO) (R? of 9%), and the NRMSD result indicates relatively
accurate prediction values of the Rwar, On average, from the measured (actual)

values in the dataset; the error in prediction performance is low (45%).

The ISO model predictive performance for the top location in season four is

statistically relatively accurate, with an insignificant correlation.

ASHRAE (top location) — Insignificant R? (0.13 < 0.20); Relatively accurate

NRMSD (0.49 < 0.50).

The R? result indicates an insignificant correlation between the two datasets Rydr
(Measured and ASHRAE) (R? of 13%), and the NRMSD result indicates
relatively accurate prediction values of the Rwar, On average, from the measured
(actual) values in the dataset; the error in prediction performance is relatively low

(49%).

The ASHRAE model predictive performance for the top location in season four

is statistically relatively accurate, with an insignificant correlation.
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ISO (bottom location) — Insignificant R? (0.09 < 0.20); Low NRMSD (0.88 >

0.50).

The R? result indicates an insignificant correlation between the two datasets Rywar
(Measured and ISO) (R? of 9%), and the NRMSD result indicates large
differences in prediction values of the Rwar, on average, from the measured

(actual) values in the dataset; the error in prediction performance is high (88%).

The ISO model predictive performance for the bottom location in season four is

statistically low, with an insignificant correlation.

ASHRAE (bottom location) — Insignificant R? (0.12 < 0.20); Relatively accurate

NRMSD (0.51 > 0.50).

The R? result indicates an insignificant correlation between the two datasets Ryar
(Measured and ASHRAE) (R? of 12%), and the NRMSD result indicates
relatively low differences in prediction values of the Rwar, on average, from the
measured (actual) values in the dataset; the error in prediction performance is

relatively low (51%).

The ASHRAE model predictive performance for the bottom location in season

four is statistically relatively accurate, with an insignificant correlation.

210



SEASON 4 - MEAN TOP (ISO)

2 00 y =0.0002x* - 0.018x* + 0.5445x - 5.2005x + 33.473
o ) 2=
g 60.00 . e o PY R 0.086.9
224000 1 ¢ ® ... @-eeeee O e @ ® e :
EE 2000 | ttreeeceiens o "0 ® ® 0. gl ®
2 000 L] e & ¢ e
=] .
5 0.00 10.00 20.00 30.00 40.00 50.00 60.00
5 1SO model

SEASON 4 - MEAN TOP (ASHRAE)
S 5000 y=0.0003x* - 0.0252x3 + 0.6827x2 - 5.6243x + 31.397
g 60.00 ° o0 PY R2=0.1345 °
254000 1 o o® ... @ rereennnn. O @ ~ ® .t
ggzo.oo P og a e .""‘0---...9. ........... °
g  0.00
H 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
& ASHRAE model

SEASON 4 - MEAN BOTTOM (ISO)
é 100.00 y = 0.0008x* - 0.0485x3 + 0.8272x2 - 3.0396x + 17.06
£ ‘ ° R2=0.0892
£ = ° g
B g 50.00 ‘~ ....’.... ............... Y oYY )
%v - .... ..... - ® P g IR ®
H 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
5 1SO model

SEASON 4 - MEAN BOTTOM (ASHRAE)

é 100.00 y =0.0002x* - 0.0166x3 + 0.4255x2 - 2.4007x + 16.986
g ' ° R2=0.1232
£ = ° 4
o o L fe, .
B E | @ 0 iieeesessert @0 o @ e ®e.....0. . .........
é = 0.00 .‘ ......... '.- Py - [ ® o ) [ ’
H 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
& ASHRAE model

Figure 4.31. Experimental measurement vs. Predicted ISO and ASHRAE Models’
regression scatter plots of datasets Mean Rwar (mm/h) for two positions (Top and
Bottom) at the windward fagade (NE-NW) during season Four (The R? shown is

based on order 4 (quadratic) polynomial regression; 0.2 < Value < 0.4 is weak, 0.4
< Value < 0.6 is moderate, and 0.6 < Value < 0.8 means strong effect on the catch

ratio variable).
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Table 4.21. Difference (D) (Negative D value shows underestimation, Positive D value shows overestimation), coefficient of determination (R?),
root mean square deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by
ISO model and ASHRAE model — Season One

Experimental Measurement

Rain Event Top Bottom
Mean Mean

21-Apr-17 27.11 24.54 27.17 | -0.07
23-Apr-17 17.05 23.11 28.83 | -11.78
24-Apr-17 21.16 25.59 2347 | -2.30
26-Apr-17 19.55 11.85 27.82 | -8.27
02-May-17 3528 12.46 29.62 | 5.65

05-May-17 37.69 18.83 31.13 | 6.56

07-May-17 25.00 14.34 13.63 | 11.37
12-May-17 45.00 35.36 2743 | 17.57
13-May-17 31.78 29.10 3845 | -6.68

0.17

9.25

0.37

1630 | 8.24
17.30 | 5.82
14.08 | 11.51
16.69 | -4.84
17.77 | -5.31
18.68 | 0.15
8.18 6.16
16.46 | 18.90
23.07 | 6.03

0.37

8.93

0.60

ASHRAE Model
Top Bottom
Mean | D R? | RMSD | NRMSD | Mean | D R? | RMSD | NRMSD
16.70 | 10.40 16.70 | 7.84
18.41 | -1.36 1841 | 4.70
14.57 | 6.59 14.57 | 11.01
17.68 | 1.86 17.68 | -5.83
1842 | 16.85 | 0.15 | 14.28 0.82 1842 | -5.96 | 0.33 | 8.49 0.49
20.10 | 17.60 20.10 | -1.26
8.17 | 16.82 8.17 | 6.16
17.40 | 27.60 17.40 | 17.95
25.54 | 6.23 25.54 | 3.56
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Table 4.22. Difference (D) (Negative D value shows underestimation, Positive D value shows overestimation), coefficient of determination (R?),
root mean square deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by

Experimental Measurement

Rain Event Top Bottom
Mean Mean
20-May-17 29.03 6.96 9.88 | 19.15
23-May-17 1.65 4.65 1521 | -13.56
25-May-17 6.03 7.17 3.21 2.82
03-Jun-17 2791 53.20 39.68 | -11.78
09-Jun-17 1.40 3.28 457 | -3.17
11-Jun-17 5.13 9.95 17.08 | -11.95
12-Jun-17 423 15.71 18.52 | -14.29
14-Jun-17 1.89 5.91 2223 | -20.34
19-Jun-17 22.88 29.12 10.58 | 12.29
11-Jul-17 16.88 18.22 2.68 | 14.21
12-Jul-17 15.00 21.64 19.82 | -4.82
13-Jul-17 15.87 19.30 19.00 | -3.14
14-Jul-17 10.52 3243 3.89 6.63
20-Jul-17 32.60 25.88 35.07 | -2.47
21-Jul-17 23.13 21.42 1791 | 521
22-Jul-17 17.58 29.08 17.00 | 0.58
23-Aug-17 31.71 35.29 8.33 | 23.39
30-Aug-17 40.07 48.14 10.88 | 29.20
31-Aug-17 1.00 1.44 13.72 | -12.72
01-Sep-17 30.25 38.25 39.13 | -8.88

0.45

13.36

ISO model and ASHRAE model — Season Two

593 1.03
9.13 | -4.48
193 | 524
23.81 | 29.39
274 | 0.54
10.25 | -0.30
11.11 | 4.60
1334 | -7.43
6.35 | 22.77
1.61 | 16.61
11.89 | 9.75
11.40 | 7.89
2.33 | 30.10
21.04 | 484
10.75 | 10.67
10.20 | 18.88
5.00 | 30.29
6.53 | 41.62
823 | -6.79
23.48 | 14.77

0.39

17.68

0.80

ASHRAE Model
Top Bottom
Mean D R> | RMSD | NRMSD | Mean | D | R*Value | RMSD | NRMSD
5.16 | 23.87 5.16 | 1.80
825 | -6.60 8.25 | -3.60
1.47 | 456 1.47 | 5.70
25.05 | 2.86 25.05 | 28.15
2.10 | -0.70 2.10 | 1.18
10.56 | -5.44 10.56 | -0.61
11.13 | -6.91 11.13 | 4.58
12.97 | -11.08 12.97 | -7.06
5.89 | 16.98 5.89 | 2322
1.15 | 1574 1.15 | 17.07
045 | 13.82 0.57 0.37 17.77 0.74
11.67 | 3.33 11.67 | 9.97
10.85 | 5.01 10.85 | 8.44
1.72 8.80 1.72 | 30.71
21.32 | 11.28 21.32 | 4.56
9.93 | 13.19 9.93 | 11.48
9.36 8.22 9.36 | 19.72
449 | 2722 4.49 | 30.79
6.08 | 33.99 6.08 | 42.06
7.20 | -6.20 720 | -5.77
2528 | 497 25.28 | 1297
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Table 4.23. Difference (D) (Negative D value shows underestimation, Positive D value shows overestimation), coefficient of determination (R?),
root mean square deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by
ISO model and ASHRAE model — Season Three

Experimental Measurement

Rain Event Top Bottom

Mean Mean
27-Oct-17 9.60 12.21 36.96 | -27.36
29-Oct-17 25.23 22.69 26.44 | -1.21
03-Nov-17 23.50 26.88 34.50 | -11.00
07-Nov-17 24.17 22.17 54.63 | -30.46
09-Nov-17 25.83 25.00 34.63 | -8.80
10-Nov-17 11.88 12.38 45.63 | -33.76
11-Nov-17 8.20 4.50 11.38 | -3.18
12-Nov-17 26.25 26.25 45.10 | -18.85

0.46

20.56

0.48

22.18 | -9.96
1587 | 6.83
20.70 | 6.17
32.78 | -10.61
20.78 | 4.22
27.38 | -15.00
6.83 -2.33
27.06 | -0.81

8.26

0.32

ASHRAE Model

Top Bottom
Mean D R? | RMSD | NRMSD | Mean D R? | RMSD | NRMSD
2442 | -14.82 2442 | -12.21
1579 | 9.44 15.79 | 6.90
2137 | 213 2137 | 5.51
36.02 | -11.86 36.02 | -13.86

0.53 | 10.39 0.36 0.60 | 10.05 0.35
21.01 | 482 21.01 | 3.99
31.03 | -19.15 31.03 | -18.65
7.04 1.16 7.04 | -2.54
30.62 | -4.37 30.62 | -4.37
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Table 4.24. Difference (D) (Negative D value shows underestimation, Positive D value shows overestimation), coefficient of determination (R?),
root mean square deviation (RMSD), and normalised root mean square deviation (NRMSD) for predicted Rwdar (WDR intensity) (mm/h) by
ISO model and ASHRAE model — Season Four

Experimental Measurement ISO Model ASHRAE Model
Rain Event Top Bottom To, Bottom To; Bottom
Mean Mean Mean D R?> | RMSD | NRMSD | Mean D R?> | RMSD | NRMSD | Mean D R?> | RMSD | NRMSD | Mean D R?> | RMSD | NRMSD

13-Nov-17 29.50 48.13 15.32 | 14.18 9.19 | 38.94 13.33 | 16.17 13.33 | 34.79
18-Nov-17 8.50 13.00 32.88 | -24.38 19.73 | -6.73 29.63 | -21.13 29.63 | -16.63
25-Nov-17 11.94 11.83 23.13 | -11.19 13.88 | -2.04 2048 | -8.54 2048 | -8.65
27-Nov-17 24.15 27.20 17.13 | 7.02 10.28 | 16.92 16.00 | 8.15 16.00 | 11.20
28-Nov-17 21.63 2431 1898 | 2.64 11.39 | 12.92 17.02 | 4.61 17.02 | 7.29
29-Nov-17 25.27 28.27 3798 | -12.71 22.79 | 5.48 3334 | -8.07 3334 | -5.07
01-Dec-17 32.40 31.50 28.64 | 3.76 17.19 | 1431 27.16 | 524 27.16 | 434
02-Dec-17 29.64 31.36 35.26 | -5.62 21.16 | 10.20 32.08 | -2.44 32.08 | -0.72
03-Dec-17 36.43 38.14 23.57 | 12.86 14.14 | 24.00 20.30 | 16.13 20.30 | 17.84
10-Dec-17 20.25 21.90 47.79 | -27.54 28.68 | -6.78 44.21 | -23.96 44.21 | -22.31
17-Dec-17 54.17 60.42 12.56 | 41.61 7.54 | 52.88 10.64 | 43.52 10.64 | 49.77
19-Dec-17 20.05 30.95 37.24 | -17.19 22.34 | 8.61 32.60 | -12.55 32.60 | -1.65
25-Dec-17 63.23 79.20 29.27 | 33.95 17.56 | 61.64 25.96 | 37.26 25.96 | 53.24
26-Dec-17 38.21 46.50 15.05 | 23.17 9.03 | 3747 12.56 | 25.65 12.56 | 33.94
27-Dec-17 59.25 32.10 47.09 | 12.16 009 ] 2055 045 28.25 | 3.85 009 | 24.02 088 4456 | 14.69 013 2092 049 44.56 | -12.46 0.12 1 22.03 051
31-Dec-17 5.90 6.40 16.39 | -10.49 9.83 | -3.43 13.85 | -7.95 13.85 | -7.45
17-Jan-18 40.50 30.00 16.42 | 24.08 9.85 | 20.15 13.88 | 26.62 13.88 | 16.12
19-Jan-18 22.50 17.68 23.56 | -1.06 14.14 | 3.54 21.75 | 0.75 21.75 | -4.07
20-Jan-18 28.29 30.50 38.95 | -10.66 2337 | 7.13 37.03 | -8.74 37.03 | -6.53
28-Jan-18 62.81 67.50 18.74 | 44.08 11.24 | 56.26 17.72 | 45.09 17.72 | 49.78
30-Jan-18 62.00 43.33 21.32 | 40.68 12.79 | 30.54 19.42 | 42.58 19.42 | 23.92
28-Feb-18 23.46 14.61 3747 | -14.02 2248 | -7.88 3544 | -11.98 35.44 | -20.83
04-Mar-18 1631 10.15 9.73 6.57 5.84 | 431 7.43 8.88 7.43 2.72
08-Mar-18 6.50 5.50 3.50 3.01 2.10 | 3.40 2.49 4.02 2.49 3.01
10-Mar-18 7.54 7.01 16.10 | -8.56 9.66 | -2.64 13.16 | -5.62 13.16 | -6.15
13-Mar-18 35.78 20.87 2.19 | 33.59 1.31 | 19.56 1.54 | 3423 1.54 | 19.33
15-Mar-18 11.53 4.50 12.36 | -0.83 742 | -2.92 9.75 1.79 9.75 | -5.25
16-Mar-18 15.26 5.99 16.41 | -1.15 9.85 | -3.86 1345 | 1.81 13.45 | -7.46
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4.6.5. Summary of Findings — Accuracy of the Predictive Performance of the

Models

A dataset of mean wind-driven rain intensity (Rwdr) from a total of 65 validated rain events
through one-year experimental measurement was validated in Section 4.4 to generate
calculated datasets by the semi-empirical models, i.e., ISO standard 15927-3 and
ASHRAE standard 160P in Section 4.5. The three datasets were compared to determine
the degree of discrepancies (errors) and evaluate the validity of the models’ predictive
performances in Section 4.6. Two main statistical criteria, namely coefficient of
determination (R?) (based on the order 4 (quadratic) polynomial regression model), and
normalised root mean square deviation (NRMSD) (based on Eq. (16)), were applied to
evaluate the correlation between two datasets and the accuracy of predicting Rwqdr on the
windward facade of the pilot building by the models. R? provides information about the
correlation between two datasets, while NRMSD quantifies the normalised difference
between them (error). In light of the aim of the current analysis section, quantification of
error between the experimental measurement dataset of the mean Rwar and each model’s,
NRMSD is considered the right evaluation metrics to proceed with to quantify the

accuracy of the predictions.

The results indicated a mixed perspective on the models’ performances throughout the
year. The inherent complexity of WDR load prediction on building walls, however,

anticipated this outcome.

A summary of comparison analyses (Section 4.5) and accuracy evaluations (validation)
of the models against the experimental dataset, predictive performance (Section 4.6), is

presented as follows:

= Season One — ISO model — The overall trends of the predicted mean Ryqr (mm/h)

for the 9 validated rain events at top and bottom locations on the windward fagades
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(NW-SW) are quite similar (Figure 4.24). The discrepancy during the entire
season one is relatively low (majority underestimating) or almost zero from the

Exp. measured values for some cases.

The ISO model for season one shows statistically relatively accurate prediction
values for higher locations (NRMSD 0.37) and relatively low values for lower

locations (NRMSD 0.60) (Table 4.21) on the fagade.

Season One — ASHRAE model — The trends of the predicted mean Ryar (mm/h)
for the 9 validated rain events at top and bottom locations on the windward facades
(NW-SW) are identical (Figure 4.24) because the Fp factor in ASHRAE remains
constant across all fagade heights. The discrepancy during the entire season one
is relatively large (mostly underestimating) from the Exp. measured values,

except for a few cases.

The ASHRAE model for season one shows statistically low prediction values for
higher locations (NRMSD 0.82) and relatively accurate values for lower locations

(NRMSD 0.49) (Table 4.21) on the fagade.

Season Two — ISO model — The overall trends of the predicted mean Ry (mm/h)
for the 20 validated rain events at top and bottom locations on the windward
fagades (NW-SW) are quite similar (Figure 4.25). The discrepancy during the
entire season two is relatively low (majority underestimating) for the higher
location and relatively large (majority underestimating) for the lower location on

the fagade, with several cases in good agreement.

The ISO model for season two shows statistically relatively accurate prediction
values for higher locations (NRMSD 0.36) and low values for lower locations

(NRMSD 0.80) (Table 4.22) on the fagade.
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Season Two — ASHRAE model — The trends of the predicted mean Rya: (mm/h)
for the 20 validated rain events at top and bottom locations on the windward
facades (NW-SW) are identical (Figure 4.25) because the Fp factor in ASHRAE
remains constant across all fagade heights. The discrepancy during the entire
season two is relatively large (mostly underestimating) from the Exp. measured

values, except for some cases in good agreement.

The ASHRAE model for season two shows statistically relatively low prediction
values for higher locations (NRMSD 0.57) and low values for lower locations

(NRMSD 0.74) (Table 4.22) on the fagade.

Season Three — ISO model — The overall trends of the predicted mean Ryr
(mm/h) for the 8 validated rain events at top and bottom locations on the windward
facades (NW-SW) are quite similar (Figure 4.26). The discrepancy during the
entire season three is generally slightly moderate (majority overestimating) from

the Exp. measured values, with several cases in good agreement.

The ISO model for season three shows statistically relatively accurate prediction
values for higher locations (NRMSD 0.48) and lower locations (NRMSD 0.32)

(Table 4.23) on the fagade.

Season Three — ASHRAE model — The trends of the predicted mean Ryqdr (mm/h)
for the 8 validated rain events at top and bottom locations on the windward fagades
(NW-SW) are identical (Figure 4.26) because the Fp factor in ASHRAE remains
constant across all facade heights. The discrepancy during the entire season three
is low (mostly overestimated) from the Exp. measured values, and the calculated

cases are mostly in good agreement.
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» The ASHRAE model for season three shows statistically relatively accurate
prediction values for higher locations (NRMSD 0.36) and lower locations

(NRMSD 0.35) (Table 4.23) on the fagade.

= Season Four— ISO model — The overall trends of the predicted mean Rya: (mm/h)
for the 28 validated rain events at top and bottom locations on the windward
facades (NE-NW) are quite similar (Figure 4.27). The discrepancy during the
entire season four is relatively low (majority underestimating) from the Exp.

measured values, with nearly all cases in good agreement.

»  The ISO model for season four shows statistically relatively accurate prediction
values for higher locations (NRMSD 0.45) and low values for lower locations

(NRMSD 0.88) (Table 4.24) on the fagade.

= Season Four — ASHRAE model — The trends of the predicted mean Rwdr (mm/h)
for the 28 validated rain events at top and bottom locations on the windward
facades (NE-NW) are identical (Figure 4.26) because the Fp factor in ASHRAE
remains constant across all facade heights. The discrepancy during the entire
season four is relatively low (majority underestimating) from the Exp. measured

values, with nearly all cases in good agreement.

» The ASHRAE model for season four shows statistically a relatively accurate
prediction values for higher locations (NRMSD 0.49) and lower locations

(NRMSD 0.51) (Table 4.24) on the fagade.

Table 4.25 provides a summary of the predictive performance of the semi-empirical
models, i.e., ISO standard 15927-3 and ASHRAE standard 160P models, in estimating

Rwar (mm/h) for both locations on the building facade for each season separately.
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Table 4.25. Predictive performance of the ISO and ASHRAE models for the top
and bottom locations on the building facade for each season (0.20 < NRMSD < 0.50
is relatively accurate)

ISO Standard ASHRAE STANDARD

Seasons 15927-3 Model NRMSD value 160P Model NRMSD value
01 (Top / | Relatively Accurate / Low / Relatively
Bottom) Relatively Low 0.37/0.60 Accurate 0.82/0.42
02 (Top /| Relatively Accurate / 0.36/0.80 Relatively Low / Low 0.57/0.74
Bottom) Low
03 (Top / . .

Relatively Accurate 0.48/0.32 Relatively Accurate 0.36/0.35
Bottom)
04 (Top /| Relatively Accurate / 0.45/0.88 Relatively Accurate 0.49/0.51
Bottom) Low

4.7. Determining WDR Coefficients for the Semi-Empirical Models

In the previous section, the accuracy performance of the two semi-empirical models, i.e.,
ISO standard 15927-3 and ASHRAE standard 160P, were evaluated by comparison with
the experimental results. Table 4.25 shows the level of predictive performance of each
model. It was observed that the ASHARE in general suffers more in relatively accurately
predicting Rwar on the windward fagade of the pilot building. In this section, WDR
coefficients for the ISO model (o) and the ASHRAE model (FL) are calculated using the
experimental measured Rydr and semi-empirical parameters extracted from Table 4.12 to

Table 4.15 for each location (top and bottom) and season separately.
4.7.1. Application of the Proposed WDR Coefficients () and (FL)

Eq. (10) and Eq. (13) are respectively used to determine (a) for ISO standard 15927-3
and (Fr) for ASHRAE standard 160P. The results are presented in Table 4.26 toTable
4.29 for each season for top and bottom locations individually, as well as the Mean value
(top and bottom) of the WDR coefficients. The mean value will be used as the
representative constant for the windward facade for each model to be generalised as the

proposed WDR coefficient.
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Table 4.26. Determined WDR Coefficient - Season One

. o (ISO) FL (ASHRAE)
Rain Event Top Bottom Top Bottom
21-Apr-17 0.221 0.334 0.325 0.294
23-Apr-17 0.131 0.297 0.185 0.251
24-Apr-17 0.200 0.403 0.290 0.351
26-Apr-17 0.156 0.158 0.221 0.134
02-May-17 0.264 0.156 0.383 0.135
05-May-17 0.269 0.224 0.375 0.187
07-May-17 0.407 0.389 0.612 0.351
12-May-17 0.364 0.477 0.517 0.406
13-May-17 0.183 0.280 0.249 0.228

Average 0.244 0.302 0.351 0.260
Mean (Top & Bottom) 0.273 0.305

Table 4.27. Determined WDR Coefficient — Season Two

. o (ISO) FL (ASHRAE)
Rain Event Top Bottom Top Bottom
20-May-17 0.652 0.261 1.125 0.270
23-May-17 0.024 0.113 0.040 0.113
25-May-17 0.417 0.827 0.818 0.973

03-Jun-17 0.156 0.496 0.223 0.425
09-Jun-17 0.068 0.266 0.133 0.312
11-Jun-17 0.067 0.216 0.097 0.188
12-Jun-17 0.051 0.314 0.076 0.282
14-Jun-17 0.019 0.098 0.029 0.091
19-Jun-17 0.480 1.018 0.776 0.988
11-Jul-17 1.400 2.517 2.946 3.179
12-Jul-17 0.168 0.404 0.257 0.371
13-Jul-17 0.185 0.376 0.292 0.356
14-Jul-17 0.601 3.086 1.224 3.772
20-Jul-17 0.206 0.273 0.306 0.243
21-Jul-17 0.287 0.442 0.466 0.431
22-Jul-17 0.230 0.633 0.376 0.621
23-Aug-17 0.845 1.568 1.412 1.571
30-Aug-17 0.818 1.638 1.318 1.583
31-Aug-17 0.016 0.039 0.028 0.040
01-Sep-17 0.172 0.362 0.239 0.303
Average 0.343 0.747 0.609 0.806
Mean (Top & Bottom) 0.545 0.707

Table 4.28. Determined WDR Coefficient — Season Three

. o (ISO) FL (ASHRAE)
Rain Event Top Bottom Top Bottom
27-Oct-17 0.058 0.122 0.079 0.100
29-Oct-17 0.212 0.318 0.319 0.287
03-Nov-17 0.151 0.288 0.220 0.252
07-Nov-17 0.098 0.150 0.134 0.123
09-Nov-17 0.166 0.267 0.246 0.238
10-Nov-17 0.058 0.100 0.077 0.080
11-Nov-17 0.160 0.146 0.233 0.128
12-Nov-17 0.129 0.215 0.171 0.171

Average 0.129 0.201 0.185 0.172
Mean (Top & Bottom) 0.165 0.179
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Table 4.29. Determined WDR Coefficient — Season Four

. o (ISO) FL (ASHRAE)
Rain Event Top Bottom Top Bottom
13-Nov-17 0.428 1.163 0.443 0.722
18-Nov-17 0.057 0.146 0.057 0.088
25-Nov-17 0.115 0.189 0.117 0.116
27-Nov-17 0.313 0.588 0.302 0.340
28-Nov-17 0.253 0.474 0.254 0.286
29-Nov-17 0.148 0.275 0.152 0.170
01-Dec-17 0.251 0.407 0.239 0.232
02-Dec-17 0.187 0.329 0.185 0.195
03-Dec-17 0.343 0.599 0.359 0.376
10-Dec-17 0.094 0.170 0.092 0.099
17-Dec-17 0.957 1.780 1.018 1.135
19-Dec-17 0.120 0.308 0.123 0.190
25-Dec-17 0.479 1.001 0.487 0.610
26-Dec-17 0.564 1.143 0.608 0.740
27-Dec-17 0.279 0.252 0.266 0.144
31-Dec-17 0.080 0.144 0.085 0.092
17-Jan-18 0.547 0.676 0.584 0.432
19-Jan-18 0.212 0.278 0.207 0.163
20-Jan-18 0.161 0.290 0.153 0.165
28-Jan-18 0.744 1.333 0.709 0.762
30-Jan-18 0.646 0.752 0.639 0.446
28-Feb-18 0.139 0.144 0.132 0.082
04-Mar-18 0.372 0.386 0.439 0.273
08-Mar-18 0.413 0.582 0.523 0.442
10-Mar-18 0.104 0.161 0.115 0.107
13-Mar-18 3.630 3.529 4.634 2.704
15-Mar-18 0.207 0.135 0.237 0.092
16-Mar-18 0.206 0.135 0.227 0.089
Average 0.430 0.620 0.478 0.403

Mean (Top & Bottom) 0.525 0.441

The proposed WDR coefficients a and Fr. derived from Table 4.26 to Table 4.29 are

categorised and applied to each model, ISO standard 15927-3 (Eq. (10) and ASHRAE

standard 160P Eq. (13), to predict Rwar for each tropical season in Kuala Lumpur,

Malaysia (Table 4.30). The accuracy and predictive performance of the semi-empirical

models using these proposed constants will then be evaluated in the following section.
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Table 4.30. Proposed WDR coefficients for ISO Standard 15927-3 model (o) and
ASHRAE STANDARD 160P model (FL) to predict Rwar for each tropical season in
Kuala Lumpur, Malaysia

Seasons ISO Standard 15927-3 Model ASHRAE STANDARD 160P Model
01 Ryar = 0.273 CRCTOWU oR)38cos (D - 0) Ruyar = 0.305 FgFpUjoRy, cos O
02 Ruar = 0.545 CRCTOWU R 8cos (D - 0) Rwar = 0.707 FeFpU1oRy cos 0
03 Ruar = 0.165 CRCTOWUoR)8cos (D - 0) Rwar =0.179 FeFpU1oRy cos 0
04 Ruar = 0.525 CRCTOWU R 8cos (D - 0) Rwar = 0.441 FeFpU Ry cos 6

4.7.2. Comparison between Rwar In-situ, Predicted ISO Standard 15927-3 and

ASHRAE Standard 160P Models Using Proposed WDR Coefficients

To evaluate the predictive performance of the semi-empirical models (ISO Standard
15927-3 and ASHRAE 160P) by using the proposed WDR coefficients, determined in
the previous section, the same procedures as in Section 4.5 are followed, i.e., comparison

chart of the Mean Ry (mm/h), R? value, and NRMSD.

Rwdr (mm/h) values on the windward facades of the pilot building (Top and Bottom
gauges) are calculated using the proposed WDR coefficients and compared with the
experimental measurement values to determine the level of discrepancies. To confirm the
validity of the proposed WDR coefficients of the semi-empirical equations based on the
literature and as discussed in Section 4.6, Eq. (16) of the NRMSD method will be applied

as the main statistical assessment approach for this purpose in this section.
4.7.2.1. Proposed Rwar Dataset — Season 1

= Proposed ISO and Proposed ASHRAE — Figure 4.32 shows that the trendlines of
the proposed predicted Rwar (mm/h) by ISO and ASHRAE models are more
compatible with each other and show a similar behaviour for both top and bottom
locations compared with Figure 4.24. ASHRAE has lower values for the top
location and higher values for the bottom location compared with ISO during the

entire season one.
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Proposed ISO and Measured (Exp.) — Table 4.31 indicates the amount of
discrepancies calculated for the basic model suggested by the standard and the
corresponding proposed one. The minimum Rygr (min) and maximum Ry (max)
values (irrespective of sign (positive or negative)), as well as their difference (max
— min) as a statistical indicator are illustrated in the table to evaluate the level of
improvement in predictive performance of the proposed WDR coefficients for the

models.

Figure 4.32 and Table 4.31 show the proposed ISO has almost no changes in
predicting Rwar (mm/h) for the top location (17.81 > 17.50) and good improvement
for the bottom location (14.39 < 18.75) on the facade compared with the basic

model results in season one (Figure 4.24).

Comparing the statistical parameters, i.e., R*? and NRMSD, in Table 4.35
(proposed) with Table 4.21 (basic standard), indicates that R? values for both
locations have remained constant (Top 0.17, bottom 0.37), and NRMSD values
have improved particularly for the lower location (top 0.36 < 0.37, bottom 0.42 <
0.60). It declares an accuracy enhancement in the predictive performance of the

proposed ISO model in season one.

Proposed ASHRAE and Measured (Exp.) — The discrepancies show that
proposed ASHRAE has significant improvement in predicting Rwdr (mm/h) for
the top location (17.40 < 26.24) and good improvement for the bottom location
(14.70 < 16.69) on the facade compared with the basic model suggested by the

standard results in season one (Figure 4.24).

Comparing the statistical parameters, i.e., R*> and NRMSD, in Table 4.35
(proposed) with Table 4.21 (basic standard), indicates that R? values for both

locations have remained constant (Top 0.15, bottom 0.33), and NRMSD values
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have improved significantly (top 0.36 < 0.82, bottom 0.36 < 0.49). It declares a
significant accuracy enhancement in the predictive performance of the proposed

ASHRAE model in season one.
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Figure 4.32. Comparison of the Mean Rwar (mm/h) between Experimental
measurement and Predicted values using the Proposed WDR coefficients for two
positions (Top (a) and Bottom (b)) on the windward facade (NW-SW) — Season
One

Table 4.31. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR
coefficients of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P)
and the Proposed WDR Coefficients on windward facades (NW-SW) — Season One

Rain Event ISO Proposed ISO ASHRAE Proposed ASHRAE
D -Top | D-Bottom | D-Top | D-Bottom | D-Top | D - Bottom | D - Top | D - Bottom
21-Apr-17 | 0.07 8.24 6.31 4.49 10.40 7.84 1.63 0.93
23-Apr-17 | 11.78 5.82 18.40 1.84 1.36 4.70 11.03 4.97
24-Apr-17 | 2.30 11.51 7.69 8.27 6.59 11.01 1.06 3.36
26-Apr-17 | 827 4.84 14.67 8.68 1.86 5.83 742 15.12
02-May-17 | 5.65 531 1.15 9.39 16.85 5.96 7.18 15.63
05-May-17 | 6.56 0.15 0.59 4.14 17.60 1.26 7.04 11.81
07-May-17 | 1137 6.16 8.24 428 16.82 6.16 12.53 1.87
12-May-17 | 17.57 18.90 11.27 15.12 27.60 17.95 18.46 8.82
13-May-17 | 6.68 6.03 15.51 0.73 6.23 3.56 718 9.85
Min (mm/h) | 0.07 0.15 0.59 0.73 1.36 1.26 1.06 0.93
Max (mm/h) | 17.57 18.90 18.40 15.12 27.60 17.95 18.46 15.63
Max—Min |, 5, 18.75 17.81 1439 26.24 16.69 17.40 14.70
(mm/h)
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4.7.2.2. Proposed Rwar Dataset — Season 2

Proposed ISO and Proposed ASHRAE — Figure 4.33 shows that the trendlines of
the proposed predicted Ryar (mm/h) by the ISO and ASHRAE models are more
compatible with each other and show a similar behaviour for both top and bottom
locations compared with Figure 4.25. ASHRAE has lower values for the top
location and higher values for the bottom location compared with ISO during the

entire season two.

Proposed ISO and Measured (Exp.) — Figure 4.33 and Table 4.32 show the
proposed ISO has a large regression (failing) in predicting Rwdr (mm/h) for the top
location (68.54 > 28.62), and a significant improvement for the bottom location

(29.68 < 41.32) on the fagade compared with the basic model results in season

two (Figure 4.25).

Comparing the statistical parameters, i.e., R and NRMSD, in Table 4.36
(proposed) with Table 4.22 (basic standard), indicates that R? values for both
locations have remained constant (Top 0.45, bottom 0.39), and NRMSD values
have remained almost constant for the higher location (0.38 > 0.36), and improved
significantly for the lower location (0.31 < 0.80). The values declare an accuracy
enhancement in the predictive performance of the proposed ISO model in season

two.

Proposed ASHRAE and Measured (Exp.) — The discrepancies demonstrated in
Figure 4.33 and Table 4.32 show that the proposed ASHRAE has a large
regression (failing) in predicting Rwar (mm/h) for the top location (59.83 > 33.29)
and a lower regression (failing) for the bottom location (49.15 > 41.45) on the

facade compared with the basic model results in season two (Figure 4.25).
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Comparing the statistical parameters, i.e., R> and NRMSD, in Table 4.36
(proposed) with Table 4.22 (basic standard), indicates that R? values for both
locations have remained constant (Top 0.45, bottom 0.37), and NRMSD values
have improved significantly (top 0.34 < 0.57, bottom 0.31 < 0.74). It declares a
significant accuracy enhancement in the predictive performance of the proposed

ASHRAE model in season two.
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(b) SEASON 2 - MEAN BOTTOM WDR INTENSITY
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Figure 4.33. Comparison of the Mean Rwar (mm/h) between Experimental
measurement and Predicted values using the Proposed WDR coefficients for two
positions (Top (a) and Bottom (b)) on the windward facade (NW-SW) — Season
Two
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Table 4.32. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR
coefficients of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P)
and the Proposed WDR Coefficients on windward facades (NW-SW) — Season Two

Rain Event ISO Proposed ISO ASHRAE Proposed ASHRAE
D -Top | D-Bottom | D-Top | D-Bottom | D-Top | D - Bottom | D-Top | D - Bottom
20-May-17 19.15 1.03 4.78 7.59 23.87 1.80 10.79 11.28
23-May-17 13.56 4.48 35.70 17.76 6.60 3.60 27.52 24.52
25-May-17 2.82 5.24 1.85 2.44 4.56 5.70 0.82 1.96
03-Jun-17 11.78 29.39 69.51 5.25 2.86 28.15 60.65 35.36
09-Jun-17 3.17 0.54 9.81 3.44 0.70 1.18 6.03 4.14
11-Jun-17 11.95 0.30 36.80 15.20 5.44 0.61 32.21 27.38
12-Jun-17 14.29 4.60 41.23 11.56 6.91 4.58 35.14 23.65
14-Jun-17 20.34 7.43 52.69 26.84 11.08 7.06 43.95 39.93
19-Jun-17 12.29 22.77 3.10 13.53 16.98 23.22 2.04 8.28
11-Jul-17 14.21 16.61 10.31 14.27 15.74 17.07 12.83 14.16
12-Jul-17 4.82 9.75 33.65 7.55 3.33 9.97 26.24 19.60
13-Jul-17 3.14 7.89 30.79 8.70 5.01 8.44 22.49 19.07
14-Jul-17 6.63 30.10 0.97 26.70 8.80 30.71 4.44 26.35
20-Jul-17 2.47 4.834 53.50 25.78 11.28 4.56 42.76 49.48
21-Jul-17 5.21 10.67 20.85 4.97 13.19 11.48 11.99 13.70
22-Jul-17 0.58 18.88 24.15 4.04 8.22 19.72 15.51 4.01
23-Aug-17 23.39 30.29 11.27 23.02 27.22 30.79 15.84 19.41
30-Aug-17 29.20 41.62 13.37 32.12 33.99 42.06 18.57 26.64
31-Aug-17 12.72 6.79 32.68 18.77 6.20 5.77 24.47 24.03
01-Sep-17 3.88 14.77 65.82 19.39 4.97 12.97 59.11 51.11
Min (mm/h) 0.58 0.30 0.97 2.44 0.70 0.61 0.82 1.96
Max (mm/h) | 29.20 41.62 69.51 32.12 33.99 42.06 60.65 51.11
Max - Min | g ¢ 41.32 68.54 29.68 33.29 4145 59.83 49.15
(mm/h)

4.7.2.3. Proposed Rwar Dataset — Season 3

= Proposed ISO and Proposed ASHRAE — Figure 4.34 shows that the trendlines of
the proposed predicted Rwar (mm/h) by ISO and ASHRAE models are more
compatible with each other and show a similar behaviour for both top and bottom
locations compared with Figure 4.26. ASHRAE has lower values for the top
location and higher values for the bottom location compared with ISO during the

entire season three.

= Proposed ISO and Measured (Exp.) — Figure 4.34 and Table 4.33 show that the
proposed ISO has significant improvement in predicting Rwd: (mm/h) for the top
location (21.95 < 32.55), and good improvement for the bottom location (10.91 <
14.19) on the fagade compared with the basic model results in season three (Figure

4.26).
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Comparing the statistical parameters, i.e., R? and NRMSD, in Table 4.37
(proposed) with Table 4.23 (basic standard), indicates that R? values for both
locations have remained constant (Top 0.46, bottom 0.56), and NRMSD values
have improved for the higher location (0.38 < 0.48), and slightly increased for the
lower location (0.40 > 0.32). The values declare an accuracy enhancement in the

predictive performance of the proposed ISO model in season three.

Proposed ASHRAE and Measured (Exp.) — The discrepancies demonstrated in
Figure 4.34 and Table 4.33 show that the proposed ASHRAE has made good
improvements in predicting Rywqdr (mm/h) for both the top location (14.75 < 17.99)
and the bottom location (14.25 > 16.11) on the facade compared with the basic

model results in season three (Figure 4.26).

Comparing the statistical parameters, i.e., R and NRMSD, in Table 4.37
(proposed) with Table 4.23 (basic standard), indicates that R? values for both
locations have remained constant (Top 0.53, bottom 0.60), and NRMSD values
have slightly improved and are still relatively accurate (top 0.35 < 0.36, bottom
0.34 < 0.35). The values declare accuracy in the predictive performance of the

proposed ASHRAE model in season three.
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Figure 4.34. Comparison of the Mean Rwar (mm/h) between Experimental
measurement and Predicted values using the Proposed WDR coefficients for two
positions (Top (a) and Bottom (b)) on the windward facade (NW-SW) — Season

Three

Table 4.33. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR
coefficients of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P)
and the Proposed WDR Coefficients on windward facades (NW-SW) — Season

Three

Rain Event ISO Proposed ISO ASHRAE Proposed ASHRAE

D -Top | D-Bottom | D-Top | D-Bottom | D-Top | D - Bottom | D - Top | D - Bottom
27-Oct-17 | 27.36 9.96 17.87 427 14.82 12.21 12.26 9.64
29-Oct-17 121 6.83 5.58 10.90 9.44 6.90 11.09 8.56
03-Nov-17 | 11.00 6.17 2.14 11.49 2.13 551 438 775
07-Nov-17 | 30.46 10.61 16.44 2.19 11.86 13.86 8.07 10.07
09-Nov-17 | 8.80 422 0.09 9.56 4.82 3.99 7.03 6.19
10-Nov-17 | 33.76 15.00 22.04 7.97 19.15 18.65 15.90 15.40
11-Nov-17 | 3.18 2.33 0.26 0.58 1.16 2.54 1.90 1.80
12-Nov-17 | 18.85 0.81 727 6.14 437 437 1.15 1.15
Min (mm/h) | 1.21 0.81 0.09 0.58 1.16 2.54 1.15 1.15
Max (mm/h) | 33.76 15.00 22.04 11.49 19.15 18.65 15.90 15.40
Max -Min | 5, 55 14.19 21.95 10.91 17.99 16.11 14.75 14.25

(mm/h)
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4.7.2.4. Proposed Rwar Dataset — Season 4

Proposed ISO and Proposed ASHRAE — Figure 4.35 shows that the trendlines of
the proposed predicted Rwar (mm/h) by ISO and ASHRAE models are more
compatible with each other and show a similar behaviour for both top and bottom
locations compared with Figure 4.27. ASHRAE has lower values for the top
location and higher values for the bottom location compared with ISO during the

entire season four.

Proposed ISO and Measured (Exp.) — Figure 4.35 and Table 4.34 show the
proposed ISO has a large regression (failing) in predicting Rwdr (mm/h) for the top
location (91.12 > 43.25), and a significant improvement for the bottom location

(45.38 < 59.60) on the fagade compared with the basic model results in season

four (Figure 4.27).

Comparing the statistical parameters, i.e., R*? and NRMSD, in Table 4.38
(proposed) with Table 4.24 (basic standard), indicates that R? values for both
locations have remained constant (Top 0.09, bottom 0.09), and NRMSD values
have improved significantly for the higher location (0.38 < 0.45) and for the lower
location (0.38 < 0.88). The values declare significant accuracy enhancements in

the predictive performance of the proposed ISO model in season four.

Proposed ASHRAE and Measured (Exp.) — The discrepancies demonstrated in
Figure 4.35 and Table 4.34 show that the proposed ASHRAE has a large
regression (failing) in predicting Rwar (mm/h) for both the top location (77.15 >
44.34) and the bottom location (75.57 > 52.52) on the fagade compared with the

basic model results in season four (Figure 4.27).

Comparing the statistical parameters, i.e., R and NRMSD, in Table 4.38

(proposed) with Table 4.24 (basic standard), indicates that R? values for both
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locations have remained constant (Top 0.13, bottom 0.12), and NRMSD values
have improved significantly (top 0.35 < 0.49, bottom 0.36 < 0.51). It declares a
significant accuracy enhancement in the predictive performance of the proposed

ASHRAE model in season four.

(a) SEASON 4 - MEAN TOP WDR INTENSITY
Mean Top (Exp.) Mean Top (ISO) Mean Top (ASHRAE)
120.00
100.00
= 80.00
g 60.00
£  40.00
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(b) SEASON 4 - MEAN BOTTOM WDR INTENSITY
Mean Bottom (Exp.) Mean Bottom (ISO) Mean Bottom (ASHRAE)
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Figure 4.35. Comparison of the Mean Rwar (mm/h) between Experimental
measurement and Predicted values using the Proposed WDR coefficients for two
positions (Top (a) and Bottom (b)) on the windward facade (NE-NW) — Season
Four
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Table 4.34. Rwar (WDR intensity) (mm/h) discrepancies (D) using the WDR
coefficients of the Standard Models (ISO Standard 15927-3 and ASHRAE 160P)
and the Proposed WDR Coefficients on windward facades (NE-NW) — Season

Four
Rain Event ISO Proposed ISO ASHRAE Proposed ASHRAE
D -Top | D -Bottom | D-Top | D-Bottom | D - Top | D - Bottom | D - Top | D - Bottom
13-Nov-17 14.18 38.94 6.72 26.39 16.17 34.79 0.10 18.73
18-Nov-17 24.38 6.73 69.26 33.65 21.13 16.63 56.83 52.33
25-Nov-17 11.19 2.04 42.75 20.99 8.54 8.65 33.22 33.33
27-Nov-17 7.02 16.92 16.35 2.90 8.15 11.20 11.13 8.08
28-Nov-17 2.64 12.92 23.27 2.62 4.61 7.29 15.90 13.21
29-Nov-17 12.71 5.48 64.56 25.62 8.07 5.07 48.25 45.25
01-Dec-17 3.76 1431 35.34 9.14 5.24 4.34 27.48 28.38
02-Dec-17 5.62 10.20 53.75 18.68 2.44 0.72 41.09 39.38
03-Dec-17 12.86 24.00 19.32 4.69 16.13 17.84 8.33 6.62
10-Dec-17 27.54 6.78 92.78 45.92 23.96 2231 77.23 75.58
17-Dec-17 41.61 52.88 24.46 42.59 43.52 49.77 30.70 36.95
19-Dec-17 17.19 8.61 68.02 21.88 12.55 1.65 51.84 40.93
25-Dec-17 33.95 61.64 6.00 37.66 37.26 53.24 597 21.95
26-Dec-17 23.17 37.47 2.63 25.15 25.65 33.94 10.51 18.79
27-Dec-17 12.16 3.85 52.10 34.71 14.69 12.46 39.01 66.16
31-Dec-17 10.49 3.43 32.86 16.86 7.95 7.45 24.63 24.13
17-Jan-18 24.08 20.15 1.66 6.70 26.62 16.12 9.90 0.60
19-Jan-18 1.06 3.54 33.22 15.75 0.75 4.07 2547 30.29
20-Jan-18 10.66 7.13 63.82 24.76 8.74 6.53 53.36 51.14
28-Jan-18 44.08 56.26 18.50 40.91 45.09 49.78 23.74 28.43
30-Jan-18 40.68 30.54 11.58 13.08 42.58 23.92 19.19 0.52
28-Feb-18 14.02 7.88 65.16 38.57 11.98 20.83 54.69 63.54
04-Mar-18 6.57 431 6.71 3.67 8.88 2.72 0.08 6.24
08-Mar-18 3.01 3.40 1.76 0.54 4.02 3.01 1.02 0.01
10-Mar-18 8.56 2.64 30.53 15.83 5.62 6.15 2148 22.00
13-Mar-18 33.59 19.56 30.60 17.77 34.23 19.33 3237 17.47
15-Mar-18 0.83 2.92 17.70 13.04 1.79 5.25 9.96 16.99
16-Mar-18 1.15 3.86 23.54 17.30 1.81 7.46 14.40 23.67
Min (mm/h) 0.83 2.04 1.66 0.54 0.75 0.72 0.08 0.01
Max (mm/h) | 44.08 61.64 92.78 45.92 45.09 53.24 77.23 75.58
Max - Mig 43.25 59.60 91.12 45.38 44.34 52.52 77.15 75.57
(mm/h)
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Table 4.35. Proposed difference (D), coefficient of determination (R?), root mean square deviation (RMSD), and normalised root mean square
deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO Standard 15927-3 model (o) and

Experimental Measurement

Rain Event Top Bottom

Mean Mean
21-Apr-17 27.11 24.54 3342 | -6.31
23-Apr-17 17.05 23.11 3545 | -18.40
24-Apr-17 21.16 25.59 28.86 | -7.69
26-Apr-17 19.55 11.85 3421 | -14.67
02-May-17 3528 12.46 3643 | -1.15
05-May-17 37.69 18.83 38.29 | -0.59
07-May-17 25.00 14.34 16.76 | 8.24
12-May-17 45.00 35.36 3373 | 11.27
13-May-17 31.78 29.10 47.28 | -15.51

0.17

ASHRAE standard 160P model (FL) — Season One

11.00

20.05 | 4.49
21.27 | 1.84
17.31 | 827
20.53 | -8.68
21.86 | -9.39
2297 | -4.14
10.05 | 4.28
20.24 | 15.12
2837 | 0.73

0.42

Proposed ASHRAE Model
Top Bottom

Mean D R> | RMSD | NRMSD | Mean D R> | RMSD | NRMSD
2547 | 1.63 2547 | -0.93
28.08 | -11.03 28.08 | -4.97
2222 | -1.06 2222 | 336
2697 | -7.42 2697 | -15.12
28.09 | 7.18 | 0.15| 9.61 0.36 28.09 | -15.63 | 033 | 9.59 0.36
30.65 | 7.04 30.65 | -11.81
1246 | 12.53 12.46 1.87
26.54 | 18.46 26.54 | 8.82
3895 | -7.18 3895 | -9.85
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Table 4.36. Proposed difference (D), coefficient of determination (R?), root mean square deviation (RMSD), and normalised root mean square
deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO Standard 15927-3 model (o) and
ASHRAE standard 160P model (FL) — Season Two

Experimental
Measurement
l?v T:t Top Bottom
Mean Mean
20-May-17 29.03 6.96 2425 | 4.78
23-May-17 1.65 4.65 37.35 | -35.70
25-May-17 6.03 7.17 7.88 | -1.85
03-Jun-17 2791 53.20 97.42 | -69.51
09-Jun-17 1.40 3.28 11.21 | -9.81
11-Jun-17 5.13 9.95 41.92 | -36.80
12-Jun-17 4.23 15.71 4546 | -41.23
14-Jun-17 1.89 591 54.58 | -52.69
19-Jun-17 22.88 29.12 2597 | -3.10
11-Jul-17 16.88 18.22 6.57 | 10.31
12-Jul-17 15.00 21.64 48.65 | -33.65
13-Jul-17 15.87 19.30 46.66 | -30.79
14-Jul-17 10.52 3243 9.54 0.97
20-Jul-17 32.60 25.88 86.10 | -53.50
21-Jul-17 23.13 21.42 43.97 | -20.85
22-Jul-17 17.58 29.08 41.73 | -24.15
23-Aug-17 31.71 35.29 2045 | 11.27
30-Aug-17 40.07 48.14 26.70 | 13.37
31-Aug-17 1.00 1.44 33.68 | -32.68
01-Sep-17 30.25 38.25 96.07 | -65.82

0.45

34.53

14.55 | -7.59
2241 | -17.76
4.73 2.44
5845 | -5.25
6.72 | -3.44
25.15 | -15.20
27.27 | -11.56
32.75 | -26.84
1558 | 13.53
394 | 1427
29.19 | -7.55
27.99 | -8.70
5.73 | 26.70
51.66 | -25.78
26.38 | -4.97
25.04 | 4.04
12.27 | 23.02
16.02 | 32.12
20.21 | -18.77
57.64 | -19.39

0.39

16.93

0.31

Proposed ASHRAE Model
Top Bottom

Mean D R? | RMSD | NRMSD | Mean D Vflzue RMSD | NRMSD
18.23 | 10.79 18.23 | -11.28
29.17 | -27.52 29.17 | -24.52
5.21 0.82 5.21 1.96
88.56 | -60.65 88.56 | -35.36
743 | -6.03 743 | -4.14
37.33 | -32.21 37.33 | -27.38
39.36 | -35.14 39.36 | -23.65
45.84 | -43.95 45.84 | -39.93
20.84 | 2.04 20.84 | 8.28
4.05 | 12.83 4.05 | 14.16
1124 | 264 045 29.22 0.34 1124 | -19.60 0.37 26.02 0.31
38.36 | -22.49 38.36 | -19.07
6.08 4.44 6.08 | 2635
75.36 | -42.76 75.36 | -49.48
35.12 | -11.99 35.12 | -13.70
33.09 | -15.51 33.09 | -4.01
15.88 | 15.84 15.88 | 19.41
21.50 | 18.57 21.50 | 26.64
2547 | -24.47 25.47 | -24.03
89.36 | -59.11 89.36 | -51.11
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Table 4.37. Proposed difference (D), coefficient of determination (R?), root mean square deviation (RMSD), and normalised root mean square
deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO 15927-3 model (¢) and ASHRAE 160p

Experimental Measurement

Rain Event Top Bottom

Mean Mean
27-Oct-17 9.60 12.21 2747 | -17.87
29-Oct-17 25.23 22.69 19.65 | 5.58
03-Nov-17 23.50 26.88 25.64 | -2.14
07-Nov-17 24.17 22.17 40.60 | -16.44
09-Nov-17 25.83 25.00 25.74 | 0.09
10-Nov-17 11.88 12.38 3391 | -22.04
11-Nov-17 8.20 4.50 8.46 | -0.26
12-Nov-17 26.25 26.25 3352 | -7.27

0.46

12.06

model (Fr) — Season Three

16.48 | -4.27
11.79 | 10.90
1539 | 11.49
2436 | -2.19
15.44 | 9.56
2035 | -7.97
5.08 | -0.58
20.11 | 6.14

7.64

0.40

Proposed ASHRAE Model
Top Bottom

Mean D R> | RMSD | NRMSD | Mean D R? | RMSD | NRMSD
21.86 | -12.26 21.86 | -9.64
14.14 | 11.09 14.14 | 8.56
19.12 | 438 19.12 | 7.75
3224 | -8.07 3224 | -10.07
58t | 703 0.53 | 9.11 0.35 1581 | 6.1 0.60 | 8.72 0.34
27.77 | -15.90 27.77 | -15.40
6.30 1.90 6.30 | -1.80
2740 | -1.15 2740 | -1.15
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Table 4.38. Proposed difference (D), coefficient of determination (R?), root mean square deviation (RMSD), and normalised root mean square
deviation (NRMSD) for predicted Rwar (WDR intensity) (mm/h) by Proposed WDR coefficients for ISO Standard 15927-3 model (0) and

Experimental
Rain Measurement
Event Top Bottom
Mean Mean
13-Nov-17 | 29.50 48.13 36.22 -6.72
18-Nov-17 8.50 13.00 7776 | -69.26
25-Nov-17 | 11.94 11.83 5470 | -42.75
27-Nov-17 | 24.15 27.20 40.50 | -16.35
28-Nov-17 | 21.63 2431 44.89 | -23.27
29-Nov-17 | 25.27 28.27 89.83 | -64.56
01-Dec-17 | 32.40 31.50 67.74 | -35.34
02-Dec-17 | 29.64 31.36 83.39 | -53.75
03-Dec-17 | 36.43 38.14 5575 | -19.32
10-Dec-17 | 20.25 21.90 113.03 | -92.78
17-Dec-17 | 54.17 60.42 29.70 24.46
19-Dec-17 | 20.05 30.95 88.06 | -68.02
25-Dec-17 | 63.23 79.20 69.23 -6.00
26-Dec-17 | 38.21 46.50 35.58 2.63
27-Dec-17 | 59.25 32.10 111.35 | -52.10
31-Dec-17 5.90 6.40 38.76 | -32.86
17-Jan-18 | 40.50 30.00 38.84 1.66
19-Jan-18 | 22.50 17.68 5572 | -33.22
20-Jan-18 | 28.29 30.50 92.10 | -63.82
28-Jan-18 | 62.81 67.50 4431 18.50
30-Jan-18 | 62.00 43.33 50.42 11.58
28-Feb-18 | 23.46 14.61 88.62 | -65.16
04-Mar-18 | 16.31 10.15 23.02 -6.71
08-Mar-18 6.50 5.50 8.27 -1.76
10-Mar-18 7.54 7.01 38.06 [ -30.53
13-Mar-18 | 35.78 20.87 5.17 30.60
15-Mar-18 | 11.53 4.50 29.23 [ -17.70
16-Mar-18 | 15.26 5.99 38.81 -23.54

40.76

ASHRAE STANDARD 160P model (FL) — Season Four

21.73 | 26.39
46.65 | -33.65
32.82 | -20.99
24.30 2.90

2694 | -2.62
53.90 | -25.62
4064 | -9.14
50.03 | -18.68
33.45 4.69

67.82 | -45.92
17.82 | 42.59
52.84 | -21.88
41.54 | 37.66
2135 | 25.15
66.81 | -34.71
23.26 | -16.86
23.30 6.70

3343 | -15.75
55.26 | -24.76
26.59 | 4091

30.25 13.08
53.17 | -38.57
13.81 -3.67
4.96 0.54

22.84 | -15.83
3.10 17.77
17.54 | -13.04
23.28 | -17.30

0.09

2437

0.38

Proposed ASHRAE Model
Top Bottom

Mean D R> | RMSD | NRMSD | Mean D R?> | RMSD | NRMSD
29.40 0.10 29.40 | 18.73
65.33 | -56.83 65.33 | -52.33
4516 | -33.22 4516 | -33.33
3528 | -11.13 3528 | -8.08
37.52 | -15.90 37.52 | -13.21
73.52 | -48.25 73.52 | -45.25
59.88 | -27.48 59.88 | -28.38
70.74 | -41.09 70.74 | -39.38
4476 | -8.33 4476 | -6.62
97.48 | -77.23 97.48 | -75.58
23.47 | 30.70 23.47 | 36.95
71.88 | -51.84 71.88 | -40.93
57.25 597 57.25 | 2195
27.71 10.51 27.71 18.79
9826 | 3901 0.13 33.14 0.35 0826 | -66.16 0.12 | 34.58 0.36
30.53 | -24.63 30.53 | -24.13
30.60 9.90 30.60 | -0.60
4797 | -25.47 47.97 | -30.29
81.64 | -53.36 81.64 | -51.14
39.07 | 23.74 39.07 | 28.43
42.81 19.19 42.81 0.52
78.14 | -54.69 78.14 | -63.54
16.38 | -0.08 1638 | -6.24
5.49 1.02 5.49 0.01
29.01 | -21.48 29.01 | -22.00
3.40 32.37 3.40 17.47
2149 | -9.96 21.49 | -16.99
29.66 | -14.40 29.66 | -23.67

237



4.7.2.5. Summary of Findings — Accuracy of the Predictive Performance of

the Semi-empirical Models Using Proposed WDR Coefficients

Table 4.39 provides a summary of the predictive performance of the semi-empirical
models, i.e., ISO standard 15927-3 and ASHRAE standard 160P models, using proposed
WDR coefficients in estimating Rwd: (mm/h) based on the values of NRMSD derived

from Table 4.35 to Table 4.38.

The predictive performance accuracy of the semi-empirical models for the top and bottom
locations on the windward facade of the building during each season was compared using
the basic WDR coefficients (Table 4.25) and the proposed WDR coefficients (Table
4.39). The NRMSD values decreased when the proposed WDR coefficients were applied
by the semi-empirical models. As a result, the semi-empirical models exhibited
significantly improved accuracy in predictive performance in estimating Rwar (mm/h) for

both locations on the building fagade during the entire year.

Table 4.39. Predictive performance of the ISO and ASHRAE models using
Proposed WDR coefficients for the top and bottom locations on the building facade
for each season (0.20 < NRMSD < 0.50 is relatively accurate)

ISO Standard ASHRAE standard

Seasons 15927-3 Model NRMSD value 160P Model NRMSD value
01 (Top /1 ¢ fatively Accurate 0.36/0.42 Relatively Accurate 0.36/0.36
Bottom)

02 (Top/ Relatively Accurate 0.38/0.31 Relatively Accurate 0.34/0.31
Bottom)

03 (Top /' 1 ¢ jatively Accurate 0.38/0.40 Relatively Accurate 0.35/0.34
Bottom)

04 (Top /1 ¢ jatively Accurate 0.38/0.38 Relatively Accurate 0.35/0.36
Bottom)

The spatial distribution of the WDR on the building fagade is complex, as it is a function
of inherently transient parameters, such as horizontal rainfall intensity (Rn), wind speed
(U), and wind direction (D). The results given in Table 4.39 can justify reliability of the

proposed WDR coefficients to predict the possible harvestable Rwq4r on the windward
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facades using the real-time meteorological data for each tropical season in Kuala Lumpur,

Malaysia.

4.8. Feasibility Analysis of Possible Vertical Harvestable WDR on Building Facade

The height classification in exposure factor (Fg) of the ASHRAE Standard 160P Standard
model (2.8.3.1) allows for more elaborate classification and analysis of building height
in comparison with the wall factor (W) in the ISO Standard 15927-3 model (0). Hence,
in the current section, the ASHRAE exposure factor (Fg) classification is used to
demonstrate the variation of potential WDR harvesting (vertical rainwater harvesting)
from tall building facades. The proposed predicted Rwdr on the building fagade by both
semi-empirical models is calculated, and each season is subjected to the calculations

individually.

The models’ correction factors and parameters are determined based on the information
provided in Section 4.4.1. Proposed WDR coefficients are derived from semi-empirical

equations presented in Table 4.30.

Table 4.40 shows all the proposed WDR coefficients and parameters based on the
different heights to predict the potential harvestable Ryar (mm/h) per square metre (m?)

on the windward fagade of a tall building located in Kuala Lumpur, Malaysia.

Table 4.41 illustrates the seasonal variation of Rwdr (mm/h), wind-driven rain intensity,
for each building height category. The monitoring period for season one includes 9 rain
events, and for seasons 2, 3, and 4, there are 20, 8, and 28 rain events, respectively. In
total, the dataset includes 65 rain events for the entire tropical year. The quantification of

the predicted loads is based on the daily average amount of Rydr (Mean values).
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Table 4.40. Determined parameters for Proposed ISO 15927-3 and ASHRAE
standard 160P models at different heights (m) on building windward facade

Season 1 — Total 9 Rain events

Building Height (m) o Cr Cr o w Uso R, R"® | cos (D-0) F. Fr Fp

<10 0273 | 0.66 | 1.00 | 0.40 | 040 | 1.20 | 1036 | 7.83 1.00 0.305 | 0.70 | 1.00
10-15 0273 | 0.66 | 1.00 | 0.40 | 0.50 | 1.20 | 10.36 | 7.83 1.00 0.305 | 0.80 | 1.00
15-20 0273 | 0.66 | 1.00 | 0.40 | 0.50 | 1.20 | 10.36 | 7.83 1.00 0.305 | 0.90 | 1.00
20-30 0273 | 0.66 | 1.00 | 0.40 | 0.50 | 1.20 | 10.36 | 7.83 1.00 0.305 | 1.10 | 1.00
30-40 0273 | 0.66 | 1.00 | 0.40 | 0.50 | 1.20 | 10.36 | 7.83 1.00 0.305 | 1.20 | 1.00
40-50 0.273 | 0.66 | 1.00 | 0.40 | 0.50 | 1.20 | 10.36 | 7.83 1.00 0.305 | 1.30 | 1.00

>50 0.273 | 0.66 | 1.00 | 0.40 | 0.50 | 1.20 | 10.36 | 7.83 1.00 0.305 | 1.50 | 1.00

Season 2 — Total 20 Rain events

Building Height (m) o Cr Cr o w Uy R, R*® | cos (D-0) F. F: Fp

<10 0.545 | 0.66 | 1.00 | 0.40 | 0.40 | 1.70 | 4.36 3.65 1.00 0.707 | 0.70 | 1.00
10-15 0.545 | 0.66 | 1.00 | 0.40 | 0.50 | 1.70 | 4.36 3.65 1.00 0.707 | 0.80 | 1.00
15-20 0.545 | 0.66 | 1.00 | 0.40 | 0.50 | 1.70 | 4.36 3.65 1.00 0.707 | 0.90 | 1.00
20-30 0.545 | 0.66 | 1.00 | 0.40 | 0.50 | 1.70 | 4.36 3.65 1.00 0.707 | 1.10 | 1.00
30 -40 0.545 | 0.66 | 1.00 | 0.40 | 0.50 | 1.70 | 4.36 3.65 1.00 0.707 | 1.20 | 1.00
40-50 0.545 | 0.66 | 1.00 | 0.40 | 0.50 | 1.70 | 4.36 3.65 1.00 0.707 | 1.30 | 1.00

>50 0.545 | 0.66 | 1.00 | 0.40 | 0.50 | 1.70 | 4.36 3.65 1.00 0.707 | 1.50 | 1.00

Season 3 — Total 8 Rain events

Building Height (m) o Cr Cr o w Uso R, R | cos (D-0) F.. F: Fp

<10 0.165 | 0.66 | 1.00 | 0.40 | 0.40 | 1.43 | 12.29 | 9.10 1.00 0.179 | 0.70 | 1.00
10-15 0.165 | 0.66 | 1.00 | 0.40 | 0.50 | 1.43 | 12.29 | 9.10 1.00 0.179 | 0.80 | 1.00
15-20 0.165 | 0.66 | 1.00 | 0.40 | 0.50 | 1.43 | 12.29 | 9.10 1.00 0.179 | 0.90 | 1.00
20-30 0.165 | 0.66 | 1.00 | 0.40 | 0.50 | 1.43 | 12.29 | 9.10 1.00 0.179 | 1.10 | 1.00
30 -40 0.165 | 0.66 | 1.00 | 0.40 | 0.50 | 1.43 | 12.29 | 9.10 1.00 0.179 | 1.20 | 1.00
40-50 0.165 | 0.66 | 1.00 | 0.40 | 0.50 | 1.43 | 12.29 | 9.10 1.00 0.179 | 1.30 | 1.00

>50 0.165 | 0.66 | 1.00 | 0.40 | 0.50 | 1.43 | 12.29 | 9.10 1.00 0.179 | 1.50 | 1.00

Season 4 — Total 28 Rain events

Building Height (m) o Cr Cr (0] w U R, R | cos (D-0) F. Fy Fp

<10 0.525 | 0.66 | 1.00 | 0.40 | 0.40 | 1.21 8.81 6.79 1.00 0.441 1.00 | 1.00
10-15 0.525 | 0.66 | 1.00 | 0.40 | 0.50 | 1.21 8.81 6.79 1.00 0.441 1.10 | 1.00
15-20 0.525 | 0.66 | 1.00 | 0.40 | 0.50 | 1.21 8.81 6.79 1.00 0.441 1.20 | 1.00
20-30 0.525 | 0.66 | 1.00 | 0.40 | 0.50 | 1.21 8.81 6.79 1.00 0.441 1.30 | 1.00
30 -40 0.525 | 0.66 | 1.00 | 0.40 | 0.50 | 1.21 8.81 6.79 1.00 0.441 1.40 | 1.00
40 - 50 0.525 | 0.66 | 1.00 | 0.40 | 0.50 | 1.21 8.81 6.79 1.00 0.441 1.50 | 1.00

>50 0.525 | 0.66 | 1.00 | 0.40 | 0.50 | 1.21 8.81 6.79 1.00 0.441 1.50 | 1.00

Results in Table 4.41 and Figure 4.36 reveal that the semi-empirical models have

predicted WDR loads (lit/m?) in an ascending trend. Note that the ISO model has the
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same value for heights higher than 10 m, and it is attributed to the constant wall factor
(W), which has less sensitivity to the building height (Figure 2.33), lacks variation across
tall building fagades. However, as previously stated, the ASHRAE model is capable of
predicting for a more variety of height categories on building walls exceeding 10 m
height. Therefore, as Table 4.41 indicates, the model has statistically performed a rational
constant ascending trend from 10 m (the least value) up to >50 m (the highest value)

height on the windward fagade of a tall building.

Table 4.41. Spatial distribution of Mean (daily average) Rwar (WDR intensity)
(mm/h) (annual and seasonal (S01, S02, S03, S04)) at different heights (m) on
building windward facade (per square metre) based on Proposed ISO 15927-3 and
ASHRAE standard 160P models’ WDR coefficients

Season 1 Season 2 Season 3 Season 4 Year (mm/h)
Y G20 QG 7 LY (0 8 S A T | Mean Ry (mm/h) of | Mean Ryg, (mm/h) of| Mean of 65 Rain
Buildin of 9 Rain events 20 Rain events 8 Rain events 28 Rain events events
g
Height Proposed | Proposed | Proposed | Proposed Prop(N Proposed | Proposed | Proposed
(m) ISO- |ASHRAE| ISO- |ASHRAE| ISO- |ASHRAE| ISO- |ASHRAE

Proposed | Proposed
ISO - |[ASHRAE

Mean - Mean Mean - Mean Mean - Mean Mean - Mean Mean - Mean
NW&SW | NW&SW | NW&SW | NW&SW SW | NW&SW | NE&NW | NE&NW
<10 27.08 26.55 35.64 36.57 22.66 22.02 45.52 47.01 32.72 33.04

10-15 33.85 30.34 44.55 41.79 28.33 25.17 56.90 51.71 40.91 37.25

15-20 33.85 34.13 44.55 47.01 28.33 28.31 56.90 56.41 40.91 41.47

20-30 33.85 41.72 44.55 57.46 28.33 34.60 56.90 61.11 40.91 48.73

30 -40 33.85 45.51 44.55 62.69 28.33 37.75 56.90 65.82 40.91 52.94

40-50 33.85 49.30 44.55 67.91 28.33 40.90 56.90 70.52 40.91 57.16

>50 33.85 56.89 44.55 78.36 28.33 47.19 56.90 70.52 40.91 63.24

The better predictive performance of ISO 15927-3 is found for buildings less than 3
storey, given more constant values for the wall factor (W) less than 10 m in height.
Whereas the ASHRAE standard 160P has only one value for heights less than 10 m. But
when it comes to tall building fagades to predict WDR load, the ISO model has only one
constant value for multi-storey buildings (Figure 2.33), and ASHRAE performs better by
providing a wider range of constant values for exposure factor (Fg) for different higher

heights, as can be observed in Table 4.41 and Figure 4.36. This implies that to improve
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the predictive performance of the ISO model for tall buildings, more wall factor (W)

values are required along the facade height.

Over and above, the quantity of harvestable WDR predicted by the proposed WDR
coefficients on the vertical surface of the facade in each season, shows that the higher the
height, the greater the harvested WDR would be. However, the fagade area at the lowest
height (<10 m) also harvests a substantial amount of WDR to supply non-potable or

potable water.

As stated in Section 2.1.1, the report by the Malaysian Water Association has declared a
high level of water consumption in the country (201 Ipcd) and the urgency to reduce it by
18% in conformity with the recommended water usage by the WHO, i.e, 165 liters per
capita per day (Ipcd). It was also specified by the aforementioned survey (2.1.1) that 29%
of household water usage accounts for non-potable usage, which is equivalent to 58 Ipcd.
Based on these statistical data and the predicted harvestable yearly average Rwqr values
(per square metre) that have been illustrated in Table 4.41 and Figure 4.36, the possible
percentage of harvested WDR for non-potable and potable usages (Ipcd) is calculated.

The results are given in Table 4.42 and Figure 4.37.
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Figure 4.36. Illustration of spatial distribution of Mean (daily average) Rwar (WDR
intensity) (mm/h) (annual (65 Rain events) and seasonal (S01, S02, S03, S04)) at
different heights (m) on building windward facade (per square metre) based on the
Proposed ISO 15927-3 and ASHRAE 160P models’ WDR coefficients

243



Table 4.42. Potential reduction non-potable (%) and potable (%) water usages
based on Proposed model prediction of harvestable Rwar (per square metre) at
different heights (m) on building windward facade derived from Table 4.41

Buildin Pr Model Prediction - annual Potential Potential
Helilghdt (1%1) (;ggig(;e ;vif(mni?hcotl)z 1it/m2)u Reduction Reduction
Non-potable (%) Potable (%)
<10 ISO - 32.72 56 23
ASHRAE - 33.04 57 23
1015 ISO - 40.91 70 29
ASHRAE - 37.25 64 26
1520 ISO - 40.91 70 29
ASHRAE - 41.47 71 29
2030 ISO - 40.91 70 29
ASHRAE - 48.73 84 34
ISO - 40.91 70 29
30 -40 ASHRAE - 52.94 91 37
ISO - 40.91 70 29
40-50 ASHRAE - 57.16 98 40
~50 ISO - 40.91 70 29
ASHRAE - 63.24 109 44

The ISO model predicted 23% to 29% for potable usage and 56% to 70% for non-potable
usage reduction per square metre harvesting WDR from the vertical fagade at heights less
than 10 metres to greater than 10 metres, respectively. The ASHRAE model prediction
generated a wide range of values for each height category, i.e., 23% to 44% for potable
usage and 57% to 109% for non-potable usage reduction per square metre harvesting
WDR from the vertical fagade at heights less than 10 metres to greater than 50 metres,
respectively. Note that the annual average Rwdr accounts for the average of 65 rain events

derived from all four tropical seasons.

Note that during the preprocessing and data cleaning phases (Section 4.2), a number of
WDR events, including high-quantity accumulated ones, were excluded as outliers (28
out of 93 rain events). It indicates that, in reality, the quantity of harvested WDR from
the building facade was even higher than what the measured dataset represented.
Moreover, in Section 4.7.2.5, the relatively accuracy of the predictive performance of the
semi-empirical models was validated. Based on these facts and findings, the feasibility of

harvesting WDR from tall building facades from the viewpoint of availability and
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accessibility of sufficient quantity loads, particularly at higher locations, can be

confidently justified to be implemented as a new alternative catchment area in rainwater

harvesting practices.
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Figure 4.37. Illustration of potential reduction non-potable (%) and potable (%)
water usages based on Proposed model prediction of harvestable Rwar (per square
metre) at different heights (m) on building windward facade
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4.9. Summary

This chapter presented the data findings of in-situ measurement, which were categorized
into four tropical seasons of Malaysia. Harvested WDR load (Swdar) and related
meteorological data, i.e., horizontal rainfall amount (Si), wind speed (U), and wind
direction (D), were measured on-site as raw data. Sywqdr amounts were collected from eight
wall-mounted WDR on four fagades of the pilot building. WDR intensity (Rwdr) for each
season and each WDR gauge was calculated. The correlation analyses between R4 and
the related meteorological data were conducted to understand the impact of parameters
on the Rwar. This step was carried out to respond to the second research objective. The
WDR catch ratio was calculated to identify the spatial distribution of the WDR on the
building facade. After the Data Unit Conversion process, the raw data were verified first
through the guidelines derived from the literature review and then the Normality test and
Outlier test (Shapiro-Wilk’s test and Q-Q plot and box plot graphs). The former step
omitted 9 rain events and the latter step 19 rain events. Total 65 rain events out of 93 were

verified as the in-situ dataset for the model validation process.

After the data cleaning process of the in-situ raw data, the impact of dominant
meteorological factors on the spatial distribution of the WDR, catch ratio (1), was
analysed. The results showed that horizontal rainfall intensity (Rn) and wind speed (U)
influenced the catch ratio values significantly on the windward facades. The catch ratio
value () was mainly higher in the rain events that satisfy the conditions of low Ry and

high U simultaneously, such as rain events 14th July and 29th October.

In the next step, the Mean Ry in-situ dataset was compared with the semi-empirical
models’ datasets generated from the two standard equations, namely, ISO Standard
15927-3 and ASHRAE Standard 160P. The cross-comparison analysis was carried out to

evaluate the accuracy performance of the models. Analytical comparative assessments to
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evaluate the predictive performance of the models were conducted through the coefficient
of determination (R?), Normalised root mean square deviation (NRMSD), and
‘Polynomial regression analyses — order 4’ to generate the best-fit line (regression curve)
for the predicted Rwar values. Results showed relatively low (value > 0.5) to relatively
accurate (0.2 <value < 0.5) predictive performance of the models. The WDR coefficients
were refined through the cross-multiplication method. The models incorporated the
proposed WDR coefficients for ISO Standard 15927-3 and ASHRAE Standard 160P. The
proposed predicted Mean Ryqr datasets showed significant improvements in accuracy of
predictive performance of the models in all seasons. It was found that the application of
the refined coefficients to the ISO Standard 15927-3 model (o) and the ASHRAE
Standard 160P model (FL) could relatively accurately predict WDR intensity on tall
building facades. The ISO model illustrated better performance for building heights less
than 10 m, providing more constant values for the wall factor (W) within this range, and
fixed value for greater than 10 m height. The ASHRAE model on the other hand,
illustrated better performance for building height more than 10 m height up to 50 m by

providing a wider range of constant values for exposure factor (Fg).

The ISO model predicted 23% to 29% reduction for potable usage and 56% to 70%
reduction for non-potable usage at heights less than 10 meters to greater than 10 meters.
The ASHRAE model predicted 23% to 44% reduction for potable usage and 57% to 109%

reduction for non-potable usage at heights less than 10 meters to greater than 50 meters.
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CHAPTER 5: CONCLUSION

This chapter provides a summary of research findings addressing each research question
through the corresponding research objective. Afterwards, the overall contribution of the

study, limitations, and recommendations are provided.

5.1. Summary of Findings

The research presented in this thesis aimed to evaluate the possibility of vertical RWH
through measurement and predictive modelling of the Rwdr impinging on the curtain wall
facades of the tall buildings, as a new catchment area. To achieve this goal, this thesis
first reviewed the challenges and potential that tall buildings have offered to urban areas
in terms of their impacts on rainfall-runoff pattern changes and RWH possibilities
(Objective 1). Then in-situ measurements of WDR and related meteorological factors
were carried out (Objective 2), to generate WDR dataset (Objective 3) to validate semi-
empirical models and determine the WDR coefficients for the estimation of the

harvestable Rwdr based on the spatial distribution on tall building facade (Objective 4).

In the following, the main research findings through this thesis are summarised in the

order of each research objective.
5.1.1. Research Objective 1

To explore the feasibility of vertical rainwater harvesting system from wind-driven rain

based on Kuala Lumpur’s weather and vertical expansion pattern.

In the literature review, it was declared that in Malaysia, about 97% of raw water supply
is derived primarily from rivers and in highly developed and populated areas such as
Federal Territory of Kuala Lumpur, the river resources have been fully exploited and 25

out of 189 rivers in Malaysia were announced dead rivers (Section 2.1.1). The Malaysian
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government acts and strategic plans related to sustainable water management, and the
implementation status of RWH in the country were explored and presented in Section
2.2.5. The review showed that nationally, there is an urgency to reduce high level of water
consumption (209 to 228 Ipcd) by 18% in conformity with the recommended water usage

by the WHO (165 Ipcd).

In Section 2.3, it was revealed that apart from the extra pressure that tall buildings put on
the domestic water network (increased demand by residents), their vast vertical fagade
areas create negative impacts on the rainfall-runoff patterns in urban avenues. Distortion
of the runoff process, 3D flow path, and sub-basin division, were addressed as pivotal
challenges created by these tall structures in urban areas. It was learnt that developing
upstream areas without upgrading stormwater infrastructure in downstream areas in

Kuala Lumpur, was resulted in experiencing increasing avenue flooding.

The review also cited that the conventional (2D) horizontal RWH, as the most available
alternative water resource at building scale, in tall buildings as the scope of this research,
has been left on the sidelines due to the unavailability or inadequacy of the rooftop areas

(preferable green roof or recreational functions).

On the other hand, the availability of a great portion (Figure 1.1) of glass curtain walls,
non-absorbent materials (Figure 2.6), in tall buildings as the prospect factor, was brought
to light and explored in this research as a new possible catchment area for VRWH in

tropical climate of Kuala Lumpur with ample annual rainfall.

5.1.2. Research Objective 2

To investigate a complete tropical monsoon season under meteorological condition with
in-situ experiment in Kuala Lumpur for real-time WDR load measurement on facades of

tall buildings.
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In Section 1.3, it was stated that among the three scientific approaches in the field of
building science, i.e., (1) measurements, (2) semi-empirical methods, and (3) numerical
simulations, for WDR load determination on building fagades, the first two methods are
used mainly and frequently together. It was revealed that globally there is a deficiency in
WDR dataset, particularly those derived from long-term in-situ measurements on
building fagade. The prerequisite steps to generate a WDR dataset for semi-empirical

models validation were found out to be:
i.  wall-mounted WDR gauge design and manufacturing,

ii.  experimental measurements; including WDR (Swar) collection and related
meteorological factors, i.e., horizontal rainfall (Sy), wind direction (D), and wind

speed (U).

Acrylic (polymethyl-methacrylate) was chosen for the UM gauge material, because it has
the closest average adhesion water value (0.066 mm) to the glass (0.047 mm) (curtain
walls of tall buildings), which was identified heavy, difficult to fabricate, and most
importantly, not recommended for long-term measurement due to fragility. The pilot
building at UM campus was equipped with 8 WDR gauges, 2 gauges on each fagade; one
on the Top edge and one on the middle (two-third) bottom, to collect the highest and
lowest amounts of WDR loads based on the findings on spatial distribution of the WDR
on building wall (Section 2.7.1). A meteorological mast was installed in the vicinity of
the building. During the one-year measurements, 93 WDR events, equivalent to 119
hours, over 4 tropical seasons were recorded as the in-situ measurement dataset (raw
data). This study conducted the horizontal rainfall (Sn) and WDR (Swar) measurements by
the unit of rainfall event namely ‘event-based’, and wind direction (D) and wind speed
(U) by ‘10-minute’ interval logging. The set-up was exposed to different adjacencies,
provided a real scenario similar to a building located in an urban area with an orientation

facing local prevailing wind (windward facades).

250



Seasonal harvested Swar indicated that season 4 was the highest and season 3 the lowest
receivers. NW and SW, facing the prevailing wind direction, in almost all the seasons
have collected the highest amount of WDR. The NE facade which was not considered
windward fagade in this study, but has received noticeable amount of WDR due to its
exposure to open surrounding area. It reaffirms the effect of surrounding area on the

harvested amount of Swar.

The total annual harvested WDR amounts (Swdr) by 8 gauges were recorded as 940,960
ml, which is equivalent to an average 22.35 mm/h WDR intensity (Rwdr). Out of this
amount of accumulated Swar, the largest amounts were recorded as 25,708; 25,280;
25,000; and 37,650 ml; and the lowest ones as 56, 400, 20, and 34 ml by events in seasons

1, 2, 3, and 4 respectively (Table 4.2).

Annual comparison between the top and bottom gauges based on the fagade orientation,
showed different accumulation patterns, not necessarily all followed the traditional

wetting pattern indicated in the literature review:

= gseveral cases have shown equal amounts,

= afew cases collected higher in bottom gauges,

= several cases have followed the traditional pattern, higher amounts in the top
gauges, i.e., the NE, NW, and SW in season 1, the NW in seasons 3 and 4, and

the SW in seasons 1 and 4 (Figure 4.6).

Thus, it can be reaffirmed that the windward facades have had tendency to follow the

traditional patterns; the higher location, the greater amount of Swar.

The degree of relevancy analysis between seasonal average data of WDR intensity (Rwar),
wind speed (U), and horizontal rainfall intensity (Rn) showed an overall coincide trend
between the parameters. Regardless of rain event duration, the rainfall events (Figure 4.8)

with a greater amount of Ry (mm/h), had greater Rwdar (mm/h); such as seasons 1 and 4
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(Figure 4.8), Ry of 11.57 mm/h and 12.03 mm/h produced Rwdr of 22.54 mm/h and 27.04
mm/h, respectively. As the figure showed the average wind speed (U) over the year has
been approximately steady (4 - 6 km/h), for instance for these two seasons it was the same

4 km/h.

However, the degree of relevancy analysis between daily average data of Rwar, U, and Ry

showed a few sharp rises and falls which can be explained as presence of:
1. wind gust speed,
ii.  duration of rainfall, at that particular rain event.

These two real-time factors have significant influence on the Rwar quantity. For instance,
a long rainfall duration accompanied with a high wind guest resulted in a peak ascension,

or a short rainfall duration resulted in a sudden descension (Figure 4.9).

The comparison analyses of WDR data (raw data) were performed to explore the local
characteristics and impact of meteorological factors, as the dominant factors, on the WDR
intensity (Rwdr) on the building walls during each tropical seasons. Moreover, the raw
WDR data including the meteorological data provided the primary prerequisite for the

model validation; raw in-situ dataset.
5.1.3. Research Objective 3
To generate a valid in-situ WDR dataset for the validation of semi-empirical models.
To meet the third research objective, two steps were taken:
i.  the preprocessing of the raw dataset extracted from WDR in-situ measurements,
ii.  the data cleaning process of the raw dataset for each tropical season.
During the first step:

= all the meteorological data extracted from the excel files of the data logger, were

categorised into 4 seasons and converted from ‘10-minute’ mean intervals to
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‘event-based’ mean values (unit conversions) to proceed with event-based Sy and

Swar values,

= the harvested WDR amounts measured by 8 wall-mounted gauges on each facade
(NE, NW, SW, SE) were categorised into Top (T01-T04) and Bottom (B01-B04)

locations to explore the impact of the ‘height parameter’.

During the second step:

= conformity of data values with the principles and guidelines studied in the
literature review; excluding events with wind speed (U) values greater than 10
m/s and horizontal rainfall (Ry) intensities greater than 20 mm/h, 8 events were

excluded,

= conducting Normality Test (Shapiro-Wilk Test) and Outlier Test. It was found
that WDR intensity values (Rwar) less than 1 mm/h were among the detected

outliers by the software, 20 events were excluded.

The validity of the seasons 1, 2, 3, and 4 datasets was evaluated through the normality

test as 71%, 90%, 61%, and 63%, respectively.

In total, 28 out of 93 rain events were detected as outliers and excluded from the WDR
raw datasets of all 4 seasons in this study. The validated WDR dataset included 65 rain
events for the model validation process. In fulfilling the objective three requirements, the
analyses were followed by determining the windward fagades and calculation of catch

ratios ().

A summary of correlation analyses between catch ratio value (1) as a function of wind
speed (U) and horizontal rainfall intensity (Ryn), to evaluate the impact of U and Ry on

spatial distribution of the WDR on the building wall, are as follows:

= asillustrated in Figure 4.22, the correlation between catch ratio value (1) and wind

speed (U) in all seasons showed that the wind speed is approximately steady
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throughout the year (1 - 2 m/s). In seasons 2 and 3 (homogenous seasons), the
correlation showed an ascending trendline, means the parameters are in a
harmonic pattern (lower U resulted in lower n). In seasons 1 and 4 (heterogeneous
seasons), they were correlated in an inverse relationship; a descending trendline,
which was resulted from diverse rise and fall data values at high rates of

fluctuations in wind speed,

as illustrated in Figure 4.23, the correlation between catch ratio value (1) and
horizontal rainfall intensity (Rn) in all seasons showed that the frequency of
rainfall intensity was greater than 5 mm/h throughout the year. In all four seasons,
the correlation showed a descending trendline. It theoretically, occurs because
when Ry, increases, terminal drop velocity increases, consequently the WDR catch
ratio (1) decreases, which justifies the descending trend pattern of catch ratio with

increasing rainfall intensity,

catch ratio (1) as a function of wind speed (U) and horizontal rainfall intensity
(Rn) was mainly higher in the rain events that satisfy the conditions of high U and

low Ry simultaneously.

5.1.4. Research Objective 4

To determine WDR coefficient constants of the semi-empirical models to refine their

predictive performance accuracy for estimation of harvestable amounts of WDR loads on

building facades in Kuala Lumpur.

After data transformation (ETL) process, two semi-empirical models, i.e., ISO standard

15927-3 and ASHRAE standard 160P, were employed. The validated in-situ dataset were

transformed into ‘event-based averaged value’ to moderate the predicted outputs of the

models (due to involving real-time fluid dynamic parameters). Rwdr (mm/h) was predicted
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by two models and the predicted datasets were compared with the in-situ dataset of Ryar

for each season.

Analytical comparative assessments to evaluate the predictive performance of the two

models for top and bottom locations in each season mainly included:
1. the coefficient of determination (R?),

ii.  normalised root mean square deviation (NRMSD) between the in-situ dataset and

the predicted datasets of the Rwdar (WDR intensity) (mm/h),

iii.  ‘polynomial regression analyses — order 4’ to generate the best-fit line (regression

curve) for the predicted Rwar values.

The accuracy of the predictive performance of the standard models for each location in

each season indicated that ISO and ASHRAE models’ prediction results:

for heterogeneous season 1 were relatively accurate to low,

= for homogenous season 2 were relatively accurate to low,

= for homogenous season 3 were relatively accurate,

= for heterogeneous season 4 were relatively accurate to low,

= for the top locations in general, were relatively accurate,

for the bottom locations, were mostly low accurate.

Following the predictive performance analysis, the in-situ WDR intensity (Rwdr) values
were applied to each model equation in the cross-multiplication method to determine the
WDR coefficients for the ISO (o) and the ASHRAE (Fr) models. The coefficients were
determined for top and bottom locations separately and then converted to the mean (top
and bottom) value as the representative value for the windward facade to proceed further.
This thesis determined the proposed WDR coefficients for the ISO (0.273, 0.545, 0.165,

and 0.525) and ASHRAE (0.305, 0.707, 0.179, and 0.441) models for the tropical seasons
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1, 2, 3, and 4. Then, the proposed Rwdr using the proposed coefficients by the semi-
empirical models was predicted, and the accuracy of the predictive performance of the
proposed models was analysed through the same procedures carried out earlier for the

basic semi-empirical models.

Comparing the accuracy of the predictive performance of the ‘basic’ semi-empirical

models and the ‘proposed’ models using the ‘proposed WDR coefficients’ indicated that:

= the proposed a for the ISO model and the proposed Fr for the ASHRAE model
provided relatively accurate results for both top and bottom locations on the

building facade during the entire year, all four seasons (Table 4.39).

The spatial distribution of the WDR in real-time condition on the building facade is a
complex phenomenon as a function of inherently transient parameters, i.e., Ry and U.
Thus, the achieved results can be considered as representatives of sufficiently promising
WDR coefficients for the semi-empirical models to predict the value of Rwar for each

tropical season in Kuala Lumpur, Malaysia.

Finally, the harvestable WDR loads on tall building facades were predicted following the
height classifications in exposure factor (Fg) of ASHRAE standard 160P model. The
result showed that the higher the building fagade height, the greater the harvested amount

of Rwar would be.

The ISO model predicted 23% to 29% for potable usage and 56% to 70% for non-potable
usage reduction per square meter at heights less than 10 metres to greater than 10 metres,
respectively. The ASHRAE model predicted 23% to 44% for potable usage and 57% to
109% for non-potable usage reduction per square metre at heights less than 10 metres to

greater than 50 metres, respectively.

Given the fact that only 65 out of 93 rain events could be processed as a valid dataset,

(some excluded data comprised high quantities of WDR), it was declared that in reality,
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the ‘quantity of harvestable WDR’ from building facades was even higher in this region
and climate condition. Moreover, considering the relatively accuracy of the predictive
performance of the semi-empirical models, it can be concluded that the possibility of
harvesting VWDR from tall building fagades as a new catchment area, particularly at
higher locations, ‘can be confidently justified and predicted’ by the semi-empirical

models.

5.2. Research Contributions

This thesis includes the following overall contributions:

= Six modifications and customizations were applied (section 3.1.1) in design and
manufacturing the UM wall-mounted WDR gauge to minimise the possible

measurement errors learnt from the literature review.

= This is the first in-situ experimental measurement conducted for a one-year period
to measure WDR loads on the vertical surface of building fagades in the tropical

climate of Kuala Lumpur, Malaysia,

= The research generated a unique WDR dataset derived from real-time in-situ
measurement with high resolution; this dataset will be crucial for the semi-

empirical model’s improvements as well as the CFD model’s validation,

® [In-situ measurements of wind speed (U), wind direction (D), and horizontal
rainfall intensity (Rn), as well as their effects on catch ratios () and WDR
intensity (Rwdr), are the basis of this investigation on the spatial distribution of
wind-driven rain on building fagades. Correlation analyses of the impact of
meteorological data on the WDR catch ratio revealed that rain events with lower
horizontal rainfall intensity (Ry) and higher wind velocity (U) have higher catch

ratio value ().
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Correlation analyses of seasons’ datasets showed seasons two and three as the
homogenous seasons with harmonic pattern, and seasons one and four as the

heterogeneous seasons with high rate of fluctuations.

This research compared the amount of WDR predicted by two semi-empirical
models, i.e., the ASHRAE Standard 160 and the ISO Standard 15927-3, with the
amount of WDR harvested during one year in real-time from the building fagade,
followed by a cross-multiplication method to determine the WDR coefficients for
the ISO (o) and ASHRAE (FL) models. The results showed that in order to
enhance the accuracy performance of the semi-empirical models to predict the
harvestable amount of WDR on a building facade, it is necessary to refine the
WDR coefficients values using long-term in-situ measurements — real-time
meteorological data — for any particular weather condition that falls under the

purview of the study,

To predict the quantity of harvestable WDR on tall building fagades, the
ASHRAE standard 160P model showed higher practicality compared with the
ISO standard 15927-3 model due to offering more classifications in exposure

factor (Fg) at different ranges of heights (> 10 m) on the building fagade,

The quantity of harvestable WDR predicted by the proposed WDR coefficients
confidently justified the possibility of VRWH from the building facade as a new
sustainable alternative catchment area to be implemented in rainwater harvesting
practices, particularly for non-potable water usage to manage the domestic water

supply and the freshwater resources.

This study constructed a systematic methodology for collecting WDR, generating

valid in-situ WDR dataset, validating semi-empirical models, refining WDR
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coeffficients to predict harvestable amount of Rwdr on windward facade of tall

buildings.

5.3. Research Implications

The main outcomes of this research highlighted the promising potential of the study aim.

As such, this work yields the following implications:

The availability of a great portion of glass curtain walls, non-absorbent materials,
in tall buildings as the prospect factor, was brought to light and explored in this
research as a new catchment area for VRWH (via WDR) in the tropical climate

of KL with ample annual rainfall.

To design and manufacture UM WDR wall-mounted gauge as the prerequisite
steps for in-situ WDR measurement. This gauge can be useful for the future
research on WDR measurement in building science as an optimised wall-mounted

WDR gauge.

To generate first in-situ WDR intensity (Rwdr) dataset derived from one-year real-
time measurement in the tropical climate of Kuala Lumpur. It can be applied for
model validations to estimate the amount of harvestable WDR from building
facades in both academia and industry as fagade design criteria for VRWH

practices.

To identify two real-time factors, i.e., ‘wind gust speed’ and ‘duration of rainfall’,
as the main common factors representing the outliers through the degree of
relevancy analysis between daily average data of Rwar, U, and Rn. It can be
included in the data cleaning process assessments prior to generating WDR

datasets.

259



To refine WDR coefficient constants of two frequently used semi-empirical
models; Fr for ASHRAE standard 160P and o for ISO standard 15927-3. It
significantly enhanced accuracy of the predictive performance of the models to
estimate the spatial distribution of the Rwar on tall building facades to harvest in

the tropical climate of Kuala Lumpur.

Application of the proposed WDR coefficients to the models and determining the
harvestable amounts of WDR on tall building fagade based on the ASHRAE range
of constant values for exposure factor (Fg). The proposed predicted WDR dataset
can be used for reference meteorological conditions, e.g. as boundary conditions,

this set of results can be used for any number of further analyses.

To justify possibility of harvesting WDR from tall building fagades particularly

at higher locations as vertical rainwater harvesting (VRWH) practice.

5.4. Recommendations and Future Works

Research on WDR loads on building fagades has a dearth of experimental
datasets. It is necessary to conduct more in-situ measurements on actual building
fagades with different geometries and architectural features in different climates

in order to validate CFD models and refine semi-empirical models,

ASHRAE standard 160P and ISO standard 15927-3 models, two of the most
frequently used semi-empirical models, have been developed based on a limited
number of building geometries and fagade locations via experimental
measurements. Thus, significant discrepancies between in-situ measurements and
the predicted WDR by these semi-empirical models are inevitable. Due to this
fact, it is essential to refine a number of correction factors used in the models to
enhance the accuracy of predictive performance of the model based on the scope

of the research, geographically or geometrically. In this thesis, WDR coefficient
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factors were studied and refined based on the geography (weather condition) and
orientation of the building (windward fagade). As the results revealed, for
instance, the ISO standard needs to develop wall factor values for different
heights, particularly when it comes to tall building facades, and also needs to

consider facade orientation,

This study assumed a perpendicular wind direction (cos 0° = 1) to the
corresponding facade orientation for each rain event. In cases where more
accurate model’s prediction for WDR is required, it is recommended to apply the

measured in-situ wind direction to the WDR relationships,

It should also be noted that, in order to put the findings of this study into practice,
further experimental investigations are required. One of the study's limitations is
that it did not use a real-size tall building facade for measurement. Therefore, there
may be constraints when it comes to adapting this study's methods to real-size
structures. Future research can address these shortcomings of the current one.
Furthermore, in real-practice scenarios, the quantity of precipitation intercepted
by the building fagade could vary with respect to the adjacent building density
and height. To determine how surrounding areas affect the facade’s ability to

collect rainwater, further experiments are necessary,

The in-situ measurement dataset that has been generated in this study can be
subjected to computational fluid dynamic analysis to assess the accuracy of the
predictive performance of the CFD model in estimating the amount of harvestable

WDR at different heights of tall building fagades.
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