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ABSTRACT 

Vegetation is considered a prominent strategy to improve the overall thermal 

performance of a courtyard. Most tropical fully-enclosed courtyard buildings are 

characterised with vegetation, but empirical studies on its effects remain to be limited. 

This study aims to examine the thermal performance of a fully-enclosed vegetated 

courtyard in hot, humid tropical weather, in order to develop design strategies for 

enhancing its performance. Field measurements and computer simulations using Envi-

met V4.2 software and Rayman Pro 2 model were carried out to measure parameters 

such as air temperature, mean radiant temperature, and physiological equivalent 

temperature. Field measurements were conducted on a fully-enclosed courtyard 

building in the Raja Zarith Sofiah library, Universiti Teknologi Malaysia, for 

validation against computer simulations. In addition, five courtyard ratios comprising 

1:1:1, 1:2:1, 1:3:2, 1:2:2, and 1:3:3, were selected and simulated with different leaf 

area density (LAD) values, namely, 0.93 LAD with example of melaleuca 

leucadendron (ml), 7.9 LAD with example of Mesua ferrea (mf), and 9.7 LAD with 

example of ficus benjamina (fb), whereby the percentage of the vegetated area was 

25%, 50%, and 75% respectively. East-West orientation was used for courtyard ratios 

of 1:1:1, 1:2:2, 1:3:3, 1:2:1 and 1:3:2. This is because the East-West orientations are 

the worst scenarios, as they are the most exposed to solar radiation compared to the 

North-South, Northwest-Southwest and Northeast-Southwest orientations for the 

courtyard. The results reveal that 9.7 LAD (fb) recorded the highest average 

temperature reduction of 1.2°C, followed by 7.9 LAD (mf), with an average air 

temperature reduction of 0.71°C, and 0.93 LAD (ml), with an average air temperature 

reduction of 0.34°C. Finally, the study identified the quantity and type of LAD for 

effective shading and evapotranspiration cooling process during the hottest hours. 

Besides, the cooling effects were more significant with a larger percentage of LAD. 

The findings from this research serve as design strategies for the effective use of 

vegetation to enhance courtyard thermal performance. 
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ABSTRAK 

Proses vegetasi dianggap sebagai strategi utama untuk meningkatkan prestasi 

pelesapan haba di halaman dalam bangunan. Kebanyakan halaman dalam bangunan 

tinggi mempunyai ciri-ciri sesuai untuk vegetasi, tetapi kajian empirikal tentang kesan 

pelesapan haba masih terhad. Kajian ini mengkaji prestasi pelesapan haba di halaman 

dalam bangunan beriklim tropika lembab yang panas untuk membangunkan cadangan 

reka bentuk untuk meningkatkan prestasinya. Ukuran bacaan dan simulasi komputer 

menggunakan perisian Envi-met V4.0 dan Rayman Pro 2 dilakukan untuk mengukur 

parameter seperti suhu udara, suhu purata sekeliling, dan suhu setara fisiologi.  Ukuran 

bacaan dijalankan di kawasan halaman dalam bangunan Perpustakaan Raja Zarith 

Sofiah Universiti Teknologi Malaysia, sebagai validasi pengukuran hasil simulasi 

komputer. Di samping itu, lima nisbah halaman yang terdiri dari; 1: 1: 1, 1: 2: 1, 1: 3: 

2, 1: 2: 2, dan 1: 3: 3 telah dipilih dan disimulasikan dengan indeks tumbuh-tumbuhan 

(LAD) yang berbeza iaitu 0.93 LAD dengan contoh maleueuca leucadendron (ml), 7.9 

LAI dengan contoh mesua ferrea (mf), dan 9.7 LAD dengan contoh ficus benjamina 

(fb); yang mana peratusan kawasan vegetasi adalah 25%, 50% dan 75%. Orientasi 

Timur-Barat telah digunakan dengan nisbah 1: 1: 1, 1: 2: 2, 1: 3: 3, 1: 2: 1 dan 1: 3: 2. 

Ini adalah kerana orientasi Timur-Barat melibatkan senario yang paling buruk kerana 

ianya lebih terdedah kepada cahaya matahari berbanding dengan orientasi Utara-

Selatan, Barat Laut-Barat Daya dan Timur Laut-Barat Daya. Kajian mendapati bahawa 

9.7 LAD (fb) mencatatkan pengurangan purata suhu tertinggi sebanyak 1.2°C, diikuti 

oleh 7.9 LAD (mf) dengan pengurangan purata suhu udara sebanyak 0.71°C, dan 0.93 

LAD (ml) dengan pengurangan purata suhu udara sebanyak 0.34°C. Kajian ini juga 

telah mengenal pasti kuantiti dan indeks vegetasi (LAD) bagi teduhan dan proses 

evapotranspirasi yang efektif pada waktu yang paling panas. Kesan penyejukan juga 

lebih berkesan dengan peratusan vegetasi (LAD) yang lebih tinggi. Hasil penemuan 

kajian ini boleh memberikan cadangan reka bentuk untuk penggunaan vegetasi yang 

berkesan untuk meningkatkan prestasi pelesapan haba di kawasan halaman dalam 

bangunan. 

 

 

  



viii 

TABLE OF CONTENTS 

 TITLE PAGE 

 

DECLARATION iii 

DEDICATION iv 

ACKNOWLEDGEMENT v 

ABSTRACT vi 

ABSTRAK vii 

TABLE OF CONTENTS viii 

LIST OF TABLES xii 

LIST OF FIGURES xiii 

LIST OF ABBREVIATIONS xix 

LIST OF SYMBOLS xx 

LIST OF APPENDICES xxi 

CHAPTER 1 INTRODUCTION 1 

1.1 INTRODUCTION 1 

1.2 Problem Statement 3 

1.3 Research Gap 4 

1.4 Research Hypotheses 6 

1.5 Research Aim and Objectives 9 

1.6 Research Questions 9 

1.7 The significance of the Study 10 

1.8 Research Scope and Limitation 11 

1.9 Thesis Organisation 14 

CHAPTER 2 LITERATURE REVIEW     17 

2.1 Introduction 17 

2.2 The Courtyard 17 

2.3 Tropical Climate and Thermal Performance 19 

2.3.1 Solstices and Period of Measurements 19 



ix 

2.3.2 Climate of Malaysia 22 

2.3.3 Thermal Performance Parameters 24 

2.3.3.1 Air temperature 24 

2.3.3.2 Physiological Equivalent Temperature (PET) 24 

2.3.3.3 Mean Radiant Temperature 25 

2.4 Thermal Performance of Courtyards 26 

2.4.1 Courtyard Form, Geometry and Configuration 30 

2.4.2 Courtyard and Orientation 34 

2.5 The Concept of Vegetated Courtyard 43 

2.5.1 Vegetation in the Built Environment 43 

2.5.2 Modification of Microclimate 45 

2.5.3 Air Temperature and Humidity Modification 50 

2.5.4 Leaf Area Index (LAI) and Leaf Area Density (LAD) and 

Trees Canopy 54 

2.5.5 The Effect of Vegetation on Courtyard Thermal 

Performance 61 

2.6 Summary 65 

CHAPTER 3 RESEARCH METHODOLOGY 67 

3.1 Introduction 67 

3.2 Techniques for Outdoor Environment Studies 69 

3.2.1 Experimental Method 70 

3.2.2 Numerical Methods 70 

3.2.3 The Selection of the Software and Simulation Software 71 

3.2.4 Basis for selecting the Simulation Software. 72 

3.2.5 Rayman Pro Model 73 

3.3 Envi-met Model Overview 74 

3.3.1 Envi-met Concept 75 

3.3.2 Envi-met and Ability to Calculate the Climate Variables 76 

3.3.3 General overview of Envi-met model V. 4.2 76 

3.3.4 The conception of the 3D core model 78 

3.3.5 General Approach 80 



x 

3.3.6 Limitations of the Models and Shortcomings of Envi-met

 83 

3.4 Field Measurement Building (Raja Zarith Sofiah Library, 

Universiti Teknologi Malaysia) 84 

3.4.1 Site Survey at Raja Zarith Sofiah Library UTM 85 

3.4.2 Climate and Vegetation Data 89 

3.5 Validation of Envi-met Simulation. 90 

3.5.1 Evaluation of the Model 91 

3.6 Simulation Experiment 93 

3.6.1 Effect of Orientation on Thermal Performance of the 

Courtyard in Tropical Climate 93 

3.6.1.1 Input data for simulation 96 

3.6.1.2 Output data from the simulation 96 

3.6.2 Effect of quantity and types of vegetation on the thermal 

performance of the fully enclosed courtyard. 96 

3.6.2.1 Input data for simulation 105 

3.7 Summary 107 

CHAPTER 4 ANALYSIS, RESULTS, AND DISCUSSION 109 

4.1 Introduction 109 

4.2 Assessing the Environmental Conditions of the Courtyard for the 

Library Building 109 

4.3 Effect of Orientation on Thermal Performance of fully enclosed 

Courtyards 112 

4.3.1 Air Temperature 112 

4.3.2 Mean radiant temperature 123 

4.3.3 Physiological equivalent temperature (PET) 133 

4.3.4 Discussion 142 

4.4 Impact of Quantity and Types of Vegetation on Thermal 

Performance of the Fully Enclosed Courtyard 144 

4.4.1 Air Temperature 144 

4.4.2 Mean Radiant Temperature 160 

4.4.3 Physiological equivalent temperature (PET) 176 

4.4.4 Discussion 191 

4.5 Summary 192 



xi 

CHAPTER 5 CONCLUSION AND RECOMMENDATIONS 195 

5.1 Introduction 195 

5.2 Overall Thesis Conclusion 195 

5.3 Key Findings 196 

5.3.1 Objective one: To assess the environmental conditions of 

the fully enclosed courtyard building 196 

5.3.2 Objective two: Examining the effect of orientation on the 

thermal performance of fully enclosed courtyards 197 

5.3.3 Objective three: Evaluating the quantity and types of 

vegetation that will enhance the thermal performance of the 

fully enclosed courtyard 198 

5.4 Design strategies for enhancing the thermal performance of fully 

enclosed vegetated courtyard for air temperature, mean radiant 

temperature and physiological equivalent temperature 200 

5.5 The contribution of the Study 203 

5.6 Outline for Possible Future Research 204 

REFERENCES 207 

 

  



xii 

LIST OF TABLES 

TABLE NO. TITLE PAGE 

Table 2.1 Variation in the measurement and Simulation dates for research in the 

tropical climate 21 

Table 2.2 Outdoor thermal comfort sensation in a sub-tropical and temperate 

climate (Lin, Matzarakis, & Hwang, 2010) 25 

Table 2.3 Summary of a literature review on courtyard microclimate of different 

region 40 

Table 2.4 Summary of a literature review on courtyard microclimate of tropical 

climate 41 

Table 2.5 Monthly evapotranspiration (ET) for diverse land- cover types for 

whole urban surfaces (Kurn et al., 1994) 53 

Table 2.6 Six landscape strategies analysed (Shashua-Bar et al., 2009) 63 

Table 3.1 Classification of the measurements instruments 90 

Table 3.2  Table showing a detailed simulation test case 95 

Table 3.3 Selected leaf area index for the simulations adopted from Shahidan 

(2015) 97 

Table 3.4 Plan, Section, and Picture of malaleuca leucadendron (ml) with 

0.93LAD 98 

Table 3.5 Plan, Section, and Picture of mesua ferrea (mf) with 7.9LAD 98 

Table 3.6 Plan, Section, and Picture of ficus benjamina (fb) with 9.7LAD 99 

Table 3.7 Detailed simulation test case for courtyard ratio 1:2:1 100 

Table 3.8 Detailed simulation test case for courtyard ratio 1:2:2 101 

Table 3.9 Detailed simulation test case for courtyard ratio 1:3:3 102 

Table 3.10 Detailed simulation test case for courtyard ratio 1:3:2 103 

Table 3.11 Detailed simulation test case for courtyard ratio 1:1:1 104 

Table 4.1 Min, max and an average air temperature of courtyard ratios for          

different orientation 114 

Table 4.2 Min, max and an average mean radiant temperature of courtyard ratios 

for different orientation 124 

Table 4.3 Min, max and an average physiological equivalent temperature of 

courtyard ratios for different orientation 135 



xiii 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

Figure 1.1 Courtyard height, width, direct and reflected solar radiation 7 

Figure 1.2 Courtyard environment with trees and grass to provide shade and 

evapotranspiration. 7 

Figure 1.3 3D of Courtyard environment with trees and grass to provide shade 

and evapotranspiration 8 

Figure 1.4 Research flow chart 13 

Figure 2.1 Some courtyards building in Malaysia: (a) Courtyard of the Melaka 

shop house (b) Courtyard in British council building, Malaysia (c) 

Courtyard in the University Putra Malaysia, Sedang 18 

Figure 2.2 Earth shows the sun solstices differently throughout the year 20 

Figure 2.3 a) Sidney, Australia represents the southern part of the earth.  b) Kuala 

Lumpur, Malaysia represent the middle part of the earth. c) The 

London United Kingdom represents the northern part of the earth 

online source (gaisma.com) 20 

Figure 2.4 Courtyard models according to their wall enclosure 

height.(Ghaffarianhoseini et al. 2015) 29 

Figure 2.5 Air temperature variation height according to the wall enclosure 

height (Ghaffarianhoseini et al., 2015) 29 

Figure 2.6 Rectangular courtyard forms relation between R1 and the R2 ratio 

(Muhaisen 2006) 31 

Figure 2.7 Width to height relationship (Koch-Nielsen 2002.) 32 

Figure 2.8 One and two storey courtyard layouts (Edwards 2006) 33 

Figure 2.9 Various orientation tested through simulations by standardizing the 

H/W ratio. (Ali-Toudert & Mayer 2006) 35 

Figure 2.10 Daily variation of the mean solar radiation intensity on the ground on 

21 September (Shashua-Bar & Hoffman 2003) 36 

Figure 2.11 Sun path on a longitudinal North-South courtyard (Koch-Nielsen, 

2002) 38 

Figure 2.12 Different courtyard orientation, average of hourly air temperature and 

relative humidity Ghaffarianhoseini et al. (2015) 38 

Figure 2.13 The ratio of transmission of radiation in a leaf (Shahidan & Salleh, 

2007) 47 

Figure 2.14 The variation on the influence of shading with low and high albedos 

(Brown and Gillespie, 1995) 50 



xiv 

Figure 2.15 Effect of solar radiation, wind, and shade on the environment (Brown 

& Gillespie 1995) 50 

Figure 2.16 The sequence of transpiration and evaporation method on a single tree 

provided with water. (Pokorny, 2001) 51 

Figure 2.17 The contrast of the amount of shade generated by broad/full canopied 

trees in distinction to the tall canopied tree (Kotzen, 2003) 59 

Figure 2.18 Connection amid shade and height/width of tree canopy (Kotzen, 

2003) 60 

Figure 2.19 The effect of the calculated cooling efficiency of various assumed air 

change rates in the courtyards (Shashua-Bar et al., 2011) 64 

Figure 3.1 Overall research methodology flowchart 68 

Figure 3.2 Interface showing the Rayman software 74 

Figure 3.3 Schematic overview of the Envi-met Model (Huttner & Bruse, 2009)

 77 

Figure 3.4 Figure showing the different types of vertical grids of the Envi-met    

V4.2 model. (Huttner and Bruse, 2009) 79 

Figure 3.5 Window interface for area input data, city longitude, latitude, the north 

arrows, and the area domain and the nesting grid 81 

Figure 3.6 Area input data about the physical obstacles (buildings, vegetation, 

materials) and identifying receptors 81 

Figure 3.7 The images of Raja Zarith Sofiah Library, UTM from google earth                                     

(extracted on 18/03/2017) 86 

Figure 3.8 Layout of the field measurement and the measurement point 87 

Figure 3.9 External view of the field measurement building 87 

Figure 3.10 The surface finish of the courtyard in the study area 88 

Figure 3.11 Trees and concrete slabs in the study area 88 

Figure 3.12 Instruments used in field measurement in the courtyard of the study 

area 89 

Figure 3.13 The predicted and the measured air temperature on 16th July 2017 92 

Figure 3.14 The correlation between the predicted and observed data of the air 

temperature 93 

Figure 3.15 Simulation experiment flow chart 106 

Figure 4.1 Air temperature variation between the courtyard and the outdoor of 

the library building. 110 



xv 

Figure 4.2 Relative humidity variation between the courtyard and the outdoor of 

the library building 111 

Figure 4.3 Variation in the air temperature of the courtyard ratio 1:2:1 for 

different orientations 112 

Figure 4.4 Variation in the air temperature of the courtyard ratio 1:2:2 115 

Figure 4.5 Variation in the air temperature of the courtyard ratio 1:3:3 116 

Figure 4.6 Variation in the air temperature of the courtyard ratio 1:3:2 117 

Figure 4.7 Variation in the air temperature of the courtyard ratio 1:1:1 118 

Figure 4.8 Variation in the air temperature for all the courtyard configuration and 

NE-SW orientation 119 

Figure 4.9 Variation in the air temperature for all the courtyard configuration and 

NW-SE orientation 120 

Figure 4.10 Variation in the air temperature for all the courtyard configuration and 

E-W orientation 120 

Figure 4.11 Variation in the air temperature for all the courtyard configuration and 

E-W orientation 121 

Figure 4.12 Variation in the mean radiant temperature of the courtyard ratio 1:2:1

 123 

Figure 4.13 Variation in the mean radiant temperature of the courtyard ratio 1:2:2

 125 

Figure 4.14 Variation in the mean radiant temperature of the courtyard ratio 1:3:2

 126 

Figure 4.15 Variation in the mean radiant temperature of the courtyard ratio 1:3:3

 127 

Figure 4.16 Variation in the mean radiant temperature of the courtyard ratio 1:1:1

 128 

Figure 4.17   Variation in the mean radiant temperature for all the courtyard 

configuration and NE-SW orientation 129 

Figure 4.18 Variation in the mean radiant temperature for all the courtyard 

configuration and NW-SE orientation 129 

Figure 4.19 Variation in the mean radiant temperature for all the courtyard 

configuration and E-W orientation 130 

Figure 4.20 Variation in the mean radiant temperature for all the courtyard 

configuration and N-S orientation 130 

Figure 4.21 Variation in the physiological equivalent temperature of the courtyard 

ratio 1:2:1 133 



xvi 

Figure 4.22 Variation in the physiological equivalent temperature of the courtyard 

ratio 1:2:2 134 

Figure 4.23 Variation in the physiological equivalent temperature of the courtyard 

ratio 1:3:2 136 

Figure 4.24 Variation in the physiological equivalent temperature of the courtyard 

ratio 1:3:3 137 

Figure 4.25 Variation in the physiological equivalent temperature of the courtyard 

ratio 1:1:1 138 

Figure 4.26 Variation in the physiological equivalent temperature for all the 

courtyard configuration and NE-SW orientation 139 

Figure 4.27 Variation in the physiological equivalent temperature for all the 

courtyard configuration and NW-SE orientation 140 

Figure 4.28 Variation in the physiological equivalent temperature for all the 

courtyard configuration and E-W orientation 140 

Figure 4.29 Variation in the physiological equivalent temperature for all the 

courtyard configuration and N-S orientation 141 

Figure 4.30 Hourly air temperature for 9.7 LAD 144 

Figure 4.31 Hourly air temperature reduction for 9.7 LAD with example of ficus 

benjimina 145 

Figure 4.32 Regression model for 9.7 LAD at E – W orientation 147 

Figure 4.33 Hourly air temperature variation for 9.7 LAD of courtyard ratio 1:2:2

 148 

Figure 4.34 Hourly air temperature reduction for 9.7LAD of courtyard ratio 1:2:2

 149 

Figure 4.35 Regression model for 9.7LAD of courtyard ratio 1:2:2 150 

Figure 4.36 Hourly air temperature variation for 9.7 LAD with the example of 

ficus benjamina of courtyard ratio 1:3:2 151 

Figure 4.37 Hourly air temperature reduction for 9.7 LAD of courtyard ratio 1:3:2

 152 

Figure 4.38        Regression model for 9.7 LAD of courtyard ratio 1:3:2 153 

Figure 4.39 Hourly air temperature variation for 9.7 LAD of courtyard ratio 1:3:3

 154 

Figure 4.40 Hourly air temperature reduction for 9.7 LAD of courtyard ratio 1:3:3

 155 

Figure 4.41 Regression model for 9.7LAD with an example of ficus benjamina 

(fb) of courtyard ratio 1:3:3 156 



xvii 

Figure 4.42 Hourly air temperature variation for 9.7 LAD of courtyard ratio 1:1:1

 157 

Figure 4.43 Hourly air temperature reduction for 9.7 LAI of courtyard ratio 1:1:1

 158 

Figure 4.44 Regression model for 9.7 LAD of courtyard ratio 1:1:1 159 

Figure 4.45 Hourly mean radiant temperature variation for 9.7 LAD of courtyard 

ratio 1:2:1 161 

Figure 4.46 Hourly mean radiant temperature reduction for 9.7 LAD of courtyard 

ratio 1:2:1 162 

Figure 4.47 Regression model for 9.7LAD of courtyard ratio 1:2:1 163 

Figure 4.48 Hourly mean radiant temperature variation for 9.7 LAD of courtyard 

ratio 1:2:2 164 

Figure 4.49 Hourly mean radiant temperature reduction for 9.7 LAD of courtyard 

ratio 1:2:2 165 

Figure 4.50 Regression model for 9.7LAD of courtyard ratio 1:2:2 166 

Figure 4.51 Hourly mean radiant temperature variation for 9.7 LAD of courtyard 

ratio 1:3:2 167 

Figure 4.52 Hourly mean radiant temperature reduction for 9.7 LAD of courtyard 

ratio 1:3:2 168 

Figure 4.53 Regression model for 9.7LAD with an example of ficus benjamina 

(fb) of courtyard ratio 1:3:2 169 

Figure 4.54 Hourly mean radiant temperature variation for 9.7 LAD of courtyard 

ratio 1:3:3 170 

Figure 4.55 Hourly mean radiant temperature reduction for 9.7 LAD of courtyard 

ratio 1:3:3 171 

Figure 4.56 Regression model for 9.7LAI with an example of ficus benjamina (fb) 

of courtyard ratio 1:3:3 172 

Figure 4.57 Hourly mean radiant temperature variation for 9.7 LAD of courtyard 

ratio 1:1:1 173 

Figure 4.58 Hourly mean radiant temperature reduction for 9.7 LAD of courtyard 

ratio 1:1:1 174 

Figure 4.59 Regression model for 9.7 LAD of courtyard ratio 1:1:1 175 

Figure 4.60 Hourly physiological equivalent temperature variation for 9.7 LAD of 

courtyard ratio 1:2:1 177 

Figure 4.61 Hourly physiological equivalent temperature reduction for 9.7 LAD 

of courtyard ratio 1:2:1 178 



xviii 

Figure 4.62 Regression model for 9.7 LAD of courtyard ratio 1:2:1 179 

Figure 4.63 Hourly physiological equivalent temperature variation for 9.7 LAD of 

courtyard ratio 1:2:2 180 

Figure 4.64 Hourly physiological equivalent temperature reduction for 9.7 LAD 

of courtyard ratio 1:2:2 181 

Figure 4.65 Regression model for 9.7 LAD of courtyard ratio 1:2:2 181 

Figure 4.66  Hourly physiological equivalent temperature variation for 9.7 LAD of 

courtyard ratio 1:3:2 182 

Figure 4.67 Hourly physiological equivalent temperature reduction for 9.7 LAD 

of courtyard ratio 1:3:2 183 

Figure 4.68 Regression model for 9.7LAI as an example of 9.7 LAD of courtyard 

ratio 1:3:2 184 

Figure 4.69 Hourly physiological equivalent temperature variation for 9.7 LAD of 

courtyard ratio 1:3:3 185 

Figure 4.70 Hourly physiological equivalent temperature reduction for 9.7 LAD 

of courtyard ratio 1:3:3 186 

Figure 4.71 Regression model for 9.7LAI with an example of 9.7 LAD of 

courtyard              ratio 1:3:3 187 

Figure 4.72 Hourly physiological equivalent temperature variation for 9.7 LAD of 

courtyard ratio 1:1:1 188 

Figure 4.73 Hourly physiological equivalent temperature reduction for 9.7 LAD 

of courtyard ratio 1:1:1 189 

Figure 4.74 Regression model for 9.7LAI with 9.7 LAD as an example of 

courtyard ratio 1:1:1 190 

Figure 5.1 The design strategy for air temperature in enhancing the thermal 

performance of the fully enclosed vegetated courtyard configuration 

1:3:2 200 

Figure 5.2 The design strategy for mean radiant temperature in enhancing the 

thermal performance of the fully enclosed vegetated courtyard 

configuration 1:3:2 201 

Figure 5.3 The design strategy for physiological equivalent temperature in 

enhancing the thermal performance of the fully enclosed vegetated 

courtyard configuration 1:3:2 202 

 

  



xix 

LIST OF ABBREVIATIONS 

LAI - Leaf Area Index 

LAD - Leaf Area Density 

PET - Physiological Equivalent Temperature 

MRT - Mean Radiant Temperature 

AT - Air Temperature 

AR - Aspect Ratio 

SSI - Solar Shadow Index 

CTTC - Cluster Thermal Time Constant  

ET - Evapotranspiration 

GA - Genetic Algorithm 

PSO - Particle Swarm Optimization 

𝐸𝑇𝐶  - Evaporation Time 

𝐾𝑐 - Crop coefficient 

T - Temperature Range 

NE-SW - Northeast-Southwest orientation 

NW-SE - Northwest-Southeast orientation 

N-S - North-South orientation 

E-W - East-West orientation 

ml - malaleuca leucadendron 

mf - mesua ferrea 

fb - ficus benjamina 

CFD - Computational Fluid Dynamics 

UTM - Universiti Teknologi Malaysia 

RMSE - Root Mean Square Error  

d - Degree of agreement  

  



xx 

LIST OF SYMBOLS 

k - kelvin 

% - percentage 

°C - Degree centigrade 

3D - 3 Dimension 

1D - 1 Dimension 

m - metre 

m/s - Metre per second 

g/kg - Gram per kilogram 

h - height 

l - length 

w - width 

   

   

   

   

   

   

   

   

   

   

   

   

   

   

  



xxi 

LIST OF APPENDICES 

APPENDIX TITLE PAGE 

 

Appendix A-Q  Hourly variation, regression and hourly mean reduction of air 

temperature, mean radiant temperature and physiological equivalent 

temperature and design strategies for enhancing the performance of 

fully enclosed vegetated courtyard in Hot Humid Tropics. Error! 

Bookmark not defined.225-275 

 

   



 

1 

CHAPTER 1  

 

 

INTRODUCTION 

1.1 INTRODUCTION 

Many studies have shown that globalization has caused environmental 

pollution, carbon emission, climate change, increasing energy demand and inadequate 

natural resources (Behrens et al., 2007; Inglesi-lotz and Dogan, 2018; Rasul and 

Sharma, 2016; Wang et al., 2018). Over 30% of carbon emission, which is the main 

attribute of climate change, reflected on the quality of thermal performance the 

buildings exhibit (Wang et al., 2018). Therefore, it is necessary to conduct studies to 

improve the thermal performance of buildings. In this context courtyard as a building 

component is one of the sustainable strategies to checkmate the thermal performance 

and improve the microclimate of the building. The adoption of the courtyard in 

buildings solves many problems such as privacy, comfort and less energy usage. In 

addition, the courtyard provides daylight, natural ventilation and thermal performance.  

Meir et al. (1995) believe that applying courtyard structures as a microclimatic 

modifier is considered in many decades. 

 

The solution to the issue of thermal performance focused on finding effective 

passive strategies. The outcome of this step that the designers became more aware of 

traditional strategies that depend on non-mechanical methods, in order to improve the 

comfortable atmosphere. For an example in hot-dry and warm-humid zones cooling is 

a priority than heating,  for this demand many elements support natural techniques 

applied in these buildings for many decades, such as courtyards, mashrabiyya, wind 

towers and ventilation tunnel (Allen G. Noble, 2007;  Rajapaksha et al., 2003; Zain, 

2012). Rajapaksha et al., (2003) in their study focused on the cooling techniques 

around the building, they found that in warm-humid regions, vernacular design 

techniques involved elements in providing a cooling environment such as courtyard, 
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building orientation, shading device, while in the United State of America, a 

ventilation tunnel is accessible in the region. In Middle Eastern countries mashrabiyya 

and ventilation through water elements used in a humid area, whereas in the tropics 

they used courtyard. 

This research will focus on the vegetated courtyard as an element that provides 

cooling to the building. The significant role that is played by the courtyard in building 

design of many regions as shown in warm and humid weather (Ghaffarianhoseini, 

Berardi, & Ghaffarianhoseini, 2015; Muhaisen, 2006). The elements of the courtyard 

have unique advantages in hot and humid climates as passive cooling systems, which 

can cool the building and offers the thermal comfort for users’ (Kubota et al., 2017; 

Sadafi et al., 2011). After many attempts of examining courtyard, designers started to 

introduce the benefit of the courtyard on the early stage of building design, especially 

in green building and offer the best techniques that are compatible with the building 

elements to gain significant microclimatic and thermal impact of the courtyard 

(Rajapaksha & Hyde, 2002; Paula et al., 2014; Zamani et al., 2018). The fully enclosed 

courtyard buildings are commonly used within the hot humid climate for commercial 

or residential purposes.  

However, during the construction or building refurbished, the elements of the 

courtyard as landscaping and water features could add to the building environment 

without changing the structure of the existing building. Various efforts (Kubota et al., 

2014;  Rajapaksha, Nagai, & Okumiya, 2003; Sadafi et al., 2011;  Zakaria, Kubota, & 

Toe, 2015) conducted field measurement or computer simulation, in order to improve 

thermal performance in the buildings by incorporating courtyards as a passive cooling 

technique.  Therefore, the purpose of the study is to develop design strategies to 

enhance the thermal performance of vegetated fully enclosed courtyard for hot humid 

tropics. 
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1.2 Problem Statement 

There is lack of studies of courtyard in the tropics especially Malaysia  

(Ghaffarianhoseini et al., 2015; Sadafi et al., 2011). In general, the size and design of 

the courtyard have a significant influence on its performance (Almhafdy et al., 2013). 

The performance of the courtyard can be optimized by considering the building shape 

and the heat gain control strategy (Kim et al., 2012). The causes of discomfort in the 

courtyard microclimate quality in the Tropics are the high power of solar radiation 

throughout the year and the low wind speed (Ghaffarianhoseini et al., 2015; Yu and 

Hien, 2009). These possible issues increases the air temperature and the heat related 

parameters, (for example, the mean radiant temperature, physiological equivalent 

temperature) in the courtyard (Ghaffarianhoseini et al., 2015). This heat associated 

parameter is also extended to an indoor environment that leads to increased cooling 

loads and energy consumption (Ghaffarianhoseini et al., 2015; Kubota et al., 2014; 

Rajapaksha and Hyde, 2002; Sadafi et al., 2011). The concept of courtyard 

microclimate as it relates to the tropics is crucial as with the climate characteristics of 

Malaysia which caused the global temperature during the daytime to be between 20°C 

to 32°C. While during the night it reduces from 27°C to 21°C, with a relative humidity 

of around 75% to 90% and never went down under 60% (Yunis, 2016). Therefore, 

residential and non-residential building are subjected to significant cooling necessities 

due to the high intensity of heat passing from the courtyard building to the external 

envelope (Kubota et al., 2014; Zakaria et al., 2015; Kubota et al., 2017). The 

residential and non-residential buildings rely on the mechanical cooling system to gain 

indoor thermal comfort, thereby leading to increased energy consumption. 

Most of the courtyard in the tropics, especially Malaysia as keenly observed, 

much vegetation are planted, as it is believed that vegetation moderate the 

microclimate. This moderation is based on the principle of shading and 

evapotranspiration, also provide a better microclimate that is thermally comfortable  

(Ghaffarianhoseini et al., 2015;  Toe and Kubota, 2013). However, this vegetation that 

is planted in the tropical courtyard has limited empirical studies related to the thermal 

performance of the vegetation within the courtyard. Therefore, there is a need to 

address this issue (Ghaffarianhoseini et al., 2015; Sadafi et al., 2011). One of the 
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advantages of planting vegetation in the tropical courtyard is to shade the wanted space 

that will thus decrease solar radiation inside the tropical courtyard. Aside from that, it 

likewise makes evapotranspiration cooling impact which is where water is exchanged 

from land to the atmospheric level and transpiration from plants so as to cool the 

outdoor and it is believed that it affects the indoor condition (Scott et al., 1999; 

Makaremi et al., 2012). Therefore, the types and quantity of vegetation for the thermal 

performance of a fully enclosed courtyard for enhancing the environmental condition 

for a fully enclosed courtyard building in Malaysia is desired. 

 Fully enclosed courtyard building in Malaysia is usually used for a school 

building, student hostel, and offices (Ismail, Mohd Saman, & Hassim, 2014; 

Jamaludin, Hussein, Mohd Ariffin, & Keumala, 2014). Fully enclosed courtyard 

building is located everywhere within Malaysia especially as a public building, but 

limited attention was given on the studies of a fully enclosed courtyard 

(Ghaffarianhoseini et al., 2015; Jamaludin, Hussein, & Tahir, 2018). The need for this 

study is based on the passive design principles to improve the thermal performance of 

the fully enclosed courtyard building, this is in accordance with the issues of 

sustainability. 

1.3 Research Gap 

The literature that is related to courtyard studies focuses on the microclimatic 

functions of the courtyard, thermal functions, and some combined the microclimatic 

and thermal functions of courtyards (Zamani et al., 2018). Many researchers study the 

microclimatic effect of open spaces such as the courtyard( Paula et al., 2014; Taleghani 

et al., 2014; Yang Zhao et al., 2013). Microclimatic and thermal functions are 

procedures that improve the performance of outdoor thermal comfort of the courtyard 

(Kubota et al,. 2017; Zamani et al., 2018). Taleghani (2014) concluded that the 

courtyard offers a comfortable microclimate in comparison to other buildings (Sadafi 

et al., 2011). In another study, Ratti et al. (2003) opined that the courtyard serves as 

protection from the sun in some places and sun collectors in other places. 
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Thermal performance of courtyard was analysed by Aldawoud (2008), 

Moonen et al. (2011), Muhaisen (2006), Muhaisen & Gadi (2006) and Safarzadeh & 

Bahadori (2005). Whereas vegetation effect was analysed in some studies: 

(Ghaffarianhoseini et al., 2015;  Haggag et al., 2014; Mangone et al., 2014; Park et al., 

2012; Shashua-Bar et al., 2011). Past studies were directed on the courtyard and their 

impacts, the majority of these studies were focused on hot-dry climate. Studies on 

courtyard building in the tropics are limited because the focus on buildings in Malaysia 

is based on terraced houses and high rise buildings. (Almhafdy et al., 2013; 

Ghaffarianhoseini et al., 2015; Kubota et al., 2014, 2017; Rajapaksha et al., 2003;  

Tablada and Blocken, 2005; Zakaria and Kubota, 2014). 

The performance of courtyard with vegetation demonstrates a positive 

response to thermal comfort, for instance, Shashua-Bar et al. (2011) demonstrates that 

trees provide more outdoor air temperature reduction compare to shading meshes and 

grass Taleghani et al. (2014) studied on three heat mitigation scene, their findings 

demonstrate that addition of vegetation and water pool in the courtyard lead to a 

reduction in mean radiant temperature and air temperature. In another study, Mangone 

and Linden  (2014) conceived that the presence of vegetated courtyard was found to 

be more effective in reducing the energy consumption and carbon emission of the 

building than just the vegetation shade canopy. This implies that the vegetated 

courtyard does not only provide shade, but it provides evapotranspiration that is a 

combination of evaporation and transpiration and this tends to reduce energy 

consumption in terms of air temperature, mean radiant temperature and physiological 

equivalent temperature. Ghaffarianhoseini et al. (2015) also attest in their study and 

their findings affirmed that abundance vegetation in the courtyard can achieve an 

acceptable level of thermal comfort for the tropics and may enjoy the courtyard by its 

user for a long duration of daytime even during noontime. Also, Toe and Kubota 

(2015), affirmed that vegetation is attributed to the moderation of the courtyard 

microclimate of Chinese shophouse in Melaka, Malaysia. The application of 

vegetation in the courtyard shows positive results toward enhancing the microclimate 

of a courtyard; most studies are conducted in the hot-arid climate, only few that were 

done in the tropical climate. 
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Most of these fully enclosed courtyard buildings are large and have vegetation, 

but there are limited empirical studies associated with the performance of the fully 

enclosed courtyard with vegetation (Jamaludin et al., 2014). Therefore, a gap in 

knowledge is identified, and there is a need to bridge the gap. This study intends to 

bridge the gap in knowledge.  

 

1.4 Research Hypotheses 

The study hypothesizes that the thermal performance of a fully enclosed 

courtyard in a tropical climate can be improved by: 

(i) Optimum courtyard configuration and orientation can be determined                   

through shading from solar radiation. 

(ii) Appropriate Leaf Area Index (LAI) quality and quantity of vegetation 

can be used to achieve shading and evapotranspiration cooling effects. 

(iii) Thermal performance of fully enclosed courtyard can be improved by 

introducing appropriate Leaf Area Index (LAI) quality and quantity of 

vegetation. 
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Figure 1.1 Courtyard height, width, direct and reflected solar radiation 

  

 

Figure 1.2 Courtyard environment with trees and grass to provide shade and 

evapotranspiration. 
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Figure 1.3 3D of Courtyard environment with trees and grass to provide 

shade and evapotranspiration 

Figure 1.1 explain the propositions that the courtyard with the height of 15m is 

exposed to direct sunlight. The height (15m) is selected due to the fact that most 

courtyards within Malaysia have similar height and within the range of 10m – 15m 

(Jamaludin et al., 2014), also refers to as low rise building (Ismail et al., 2014; 

Jamaludin et al., 2014; Bulus et al., 2017). The sunlight is reflected from the floor, 

walls and in all direction, thereby making the courtyard microclimate to be 

uncomfortable. Orienting the courtyard in a different orientation (N – S; E – W; NE – 

SW; NW – SE) will enhance the shading effect of the courtyard thereby improving the 

courtyard microclimate. 

Figure 1.2 and 1.3 explain the proposition that by introducing the trees with 

grass the direct sunlight is blocked by providing shades and evapotranspiration cooling 

effect from the trees leaves thereby improving the courtyard microclimate. 
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1.5 Research Aim and Objectives 

The research aim is to examine the thermal performance of a fully enclosed 

vegetated courtyard in a hot humid climate in order to develop design strategies for 

enhancing the thermal performance of courtyards. 

The objectives of this research are: 

(a) To assess the environmental conditions of the fully enclosed courtyard in 

the hot humid tropics. 

(b) To examine the effect of configuration and orientation on the thermal 

performance of fully enclosed courtyards in a hot humid tropics. 

(c) To evaluate the quantity and types of vegetation in the form of leaf area 

density (LAD) that will enhance the thermal performance of fully enclosed 

courtyards in the hot humid tropics. 

(d) To develop design strategies for enhancing the thermal performance of 

fully enclosed courtyards in a hot humid tropics. 

 

1.6 Research Questions 

The literature review showed that vegetation has the potential of enhancing the 

courtyard microclimate positively. Therefore, the following research questions are 

formulated in order to understand the hypotheses.  
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(i) What are the environmental conditions of a fully enclosed courtyard in a 

hot humid tropics? 

(ii) What is the effect of configuration and orientation on the thermal 

performance of a fully enclosed courtyard in a hot humid tropics? 

(iii) What is the effect of the quantity and types of vegetation on the thermal 

performance of a fully enclosed courtyard in a hot humid climate? 

How can the performance of a fully enclosed courtyard in hot humid tropics be 

enhanced using vegetation?   

1.7 The significance of the Study 

The significance of this study lies on the increasing architects, landscape 

architects, and designers’ awareness on the importance of manipulating quantity and 

types of vegetation on the thermal performance of the courtyard at the design stage to 

improve the courtyard microclimate condition. The effects of quantity and type of 

vegetation on the thermal performance of the courtyard study might add theoretical 

knowledge to the existing literature.  

Furthermore, the study can help the architect, landscape architect, and designer 

by providing methods for improving the investigation of the courtyard microclimate 

and its impact on the sustainability design. The importance of this study could help the 

researchers to analyse their results better, the vegetated courtyard and the sustainability 

design phenomenon would be better understood. A better quantity and types of 

vegetation could reduce undesirable solar radiation. Thus, help to improve the climatic 

condition of the courtyard microclimate, and in turn, this will help in reducing the 

energy consumption of courtyard buildings and create a thermally healthy 

environment. The relationship between the fully enclosed vegetated courtyard 

environment and indoor is based on the principle of shading from the vegetation that 

blocked the solar radiation. By convection and radiation the indoor would also be 

affected thereby reducing the heat gain and the indoor temperature thereby providing 

better indoor thermal condition. 
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1.8 Research Scope and Limitation 

This study focusses on the impact of the quantity and types of vegetation on 

the fully enclosed courtyard with 15 metres high wall in a hot humid climate. The 

environmental microclimate factors, for example, air temperature, mean radiant 

temperature, and the physiological equivalent temperature was identified as the 

primary parameters of the study. It prompts the investigation of the quantity and types 

of vegetation on the thermal performance to improve the fully enclosed courtyard 

microclimate, which thus influence the indoor condition of the fully enclosed 

courtyard. One week from 11th – 17th July 2017 was chosen for checking, gathering 

the climatic data from the fully enclosed courtyard at Raja Zarith Sofiah Library, 

Universiti Teknologi Malaysia. In any case, data on a typical sunny day on 16th July 

2017 was picked to be utilized as input for simulation and details analysis to 

demonstrate the investigation. 

The present research was numerically conducted utilizing a free professional 

climate and urban environment analysis software program that is intended to simulate 

the aim and objectives of the investigation which is Envi-met 4.2 and Rayman pro 2 

model. The investigation had utilized the numerical method for the following reason. 

Firstly, field measurement was led in a genuine existing fully enclosed 

courtyard building (Raja Zarith Sofiah Library Universiti Teknologi Malaysia) so as 

to have an underlying idea on the impact of the courtyard microclimate contrasting 

with the outdoor environment. 

Also, it is an extremely exhausting task to look at the stated objectives as the 

complexity of planting and nurturing the types of vegetation to be utilized in the 

research; it will take time. Consequently, the study proposes that the investigation is 

numerically conducted. Thirdly, the minor irregularity of data could happen during 

field measurement; sensor probes sensitivity may sometimes need adjustment-a 

limited sensor such as solar radiation probe which in turn relies on the simulation data 

instated.  
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This study focuses on quantifying the benefits of fully enclosed vegetated 

courtyard on its thermal performance. The study also considered the grass cover as 

part of the vegetation alongside with the Leaf Area Density (LAD) of the trees adopted. 

Also, due to the inadequate database the leaf area density (LAD) in Malaysia, the 

selected leaf area density, LAD in this research is adopted from the previous study by 

Shahidan (2011)
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Figure 1.4 Research flow chart 
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1.9 Thesis Organisation 

Chapter one: introduces the concept of passive design in the building, in 

which courtyard is one. It discusses the issue of the study, the research gap, the 

research question, research aim and objectives. In addition, further discussion on the 

scope and the limitation of the current study, the significance was presented. Thesis 

organisation and the summary of the thesis are also presented. 

Chapter two reviews the history of the courtyard in Malaysia, courtyard 

vernacular building and types of the courtyard. It further reviews the general overview 

of the courtyard, this involves courtyard and ventilation, courtyard and environment, 

thermal comfort in the courtyard, thermal performance and courtyard, courtyard forms 

and geometry, courtyard and orientation. The concept of the vegetated courtyard was 

reviewed. This chapter also discusses the different climate region, including the hot 

humid tropical climate, Malaysia location and its urban climate that influences the 

study. 

Chapter three describes the methodology of the study. The different methods 

that were employed in outdoor studies were reviewed in this chapter. It also discusses 

the appropriate method for the current study, the compatible software model and a 

general overview of the selected software. It illustrates the case study and the field 

measurement procedures. Validation and evaluation of the software are presented in 

this chapter. It discusses the procedure to achieve objective one. The simulation 

procedure to achieve objective two, the input data for the simulation and the output 

data from the simulation was presented. It further discusses the procedure to achieve 

objective three, this involves the selection of the vegetation for the simulation. 

Chapter four: This chapter covers the results of the comparative analysis 

study that focus on air temperature, mean radiant temperature and physiological 

equivalent temperature reduction on thermal performance of vegetated fully enclosed 

courtyard. It further presents the result and discussion on examining the effect of 

orientation on the basis of the air temperature, mean radiant temperature and 

physiological equivalent temperature of the selected courtyard ratio. The chapter also 
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presents result and discussion on evaluating the quantity and types of vegetation that 

will enhance the performance of fully enclosed courtyard considering also air 

temperature, mean radiant temperature and physiological equivalent temperature.  

Chapter five: discusses the conclusion of the thesis. Additionally, the results 

of developing the design strategies for enhancing the thermal performance of a 

vegetated fully enclosed courtyard was presented. This chapter also provides 

recommendation and potential research for future studies, advice, and suggestions for 

architects, landscape architects, planners, and developers are included. 

 

 

 

 



 

207 

REFERENCES 

 

 

Abbaas, E. S., Saif, A. A., Munaaim, M., & Othuman Mydin, M. A. (2018). Influence 

of Courtyard Ventilation on Thermal Performance of Office Building in Hot-

Humid Climate: A Case Study. In E3S Web of Conferences (Vol. 34, pp. 1–8). 

https://doi.org/10.1051/e3sconf/20183402053 

 

Abdulkareem, H. A. (2016). Thermal comfort through the microclimates of the 

courtyard. A critical review of the middle-eastern courtyard house as a climatic 

response. Procedia-Social and Behavioral Sciences, 216, 662-674. 

 

Ahmed, A. Q., Ossen, D. R., Jamei, E., Manaf, N. A., Said, I., & Ahmad, M. H. (2015). 

Urban surface temperature behaviour and heat island effect in a tropical 

planned city. Theoretical and Applied Climatology, 119(3–4), 493–514. 

https://doi.org/10.1007/s00704-014-1122-2 

 

Akbari, H., Shea Rose, L., & Taha, H. (1999). Characterizing the Fabric of the Urban 

Environment : A Case Study of Sacramento , California. Lbnl. 

https://doi.org/(No. LBNL--44688). Ernest Orlando Lawrence Berkeley 

National Lab., CA (US). 

 

Al-Hafith, O., Satish, B. K., Bradbury, S., & De Wilde, P. (2017). The Impact of 

Courtyard parameters on its shading level An experimental study in Baghdad, 

Iraq. Energy Procedia, 134, 99–109. 

https://doi.org/10.1016/j.egypro.2017.09.539 

 

Al-Hemiddi, N. a, & Megren Al-Saud, K. a. (2001). The effect of a ventilated interior 

courtyard on the thermal performance of a house in a hot–arid region. 

Renewable Energy, 24(3–4), 581–595. https://doi.org/10.1016/S0960-

1481(01)00045-3 



208 

Aldawoud, A. (2008). Thermal performance of courtyard buildings. Energy and 

Buildings, 40(5), 906–910. https://doi.org/10.1016/j.enbuild.2007.07.007 

Ali-Toudert, F., & Mayer, H. (2006). Numerical study on the effects of aspect ratio 

and orientation of an urban street canyon on outdoor thermal comfort in hot 

and dry climate. Building and Environment, 41(2), 94–108. 

https://doi.org/10.1016/j.buildenv.2005.01.013 

 

Ali-Toudert, F., & Mayer, H. (2006b). Numerical study on the effects of aspect ratio 

and orientation of an urban street canyon on outdoor thermal comfort in hot 

and dry climate. Building and Environment, 41(2), 94–108. 

https://doi.org/10.1016/j.buildenv.2005.01.013 

 

Allen G. Noble. (2007). Traditional Buildings. I.B.Tauris & Co Ltd 6 Salem Road, 

London W2 4BU 175 Fifth Avenue, New York NY 10010 www.ibtauris.com. 

Almhafdy, A., Ibrahim, N., Ahmad, S. S., & Yahya, J. (2013). Analysis of the 

Courtyard Functions and its Design Variants in the Malaysian Hospitals. 

Procedia - Social and Behavioral Sciences, 105, 171–182. 

https://doi.org/10.1016/j.sbspro.2013.11.018 

 

Almhafdy, A., Ibrahim, N., & Sh Ahmad, S. (2019). Impacts of Courtyard Geometrical 

Configurations on Energy Performance of Buildings. Environment-Behaviour 

Proceedings Journal, 4(10). https://doi.org/10.21834/e-bpj.v4i10.1637 

 

Asawa, T., Hoyano, A., & Nakaohkubo, K. (2008). Thermal design tool for outdoor 

spaces based on heat balance simulation using a 3D-CAD system. Building and 

Environment, 43(12), 2112–2123. 

https://doi.org/10.1016/j.buildenv.2007.12.007 

 

Attia, S. (2006). The role of landscape design in improving the microclimate in 

traditional courtyard-buildings in hot arid climates. In The 23rd Conference on 

Passive and Low Energy Architecture (pp. 1–7). Retrieved from 

http://www.unige.ch/cuepe/html/plea2006/Vol1/PLEA2006_PAPER746.pdf 

Bay, Joo-Hwa, Ong, B.-L. (2006). Tropical Sustainable Architecture: Social and 

Environmental Dimensions. Architectural Press, Elsevier, 312. 



 

209 

Behrens, A., Giljum, S., Kovanda, J., & Niza, S. (2007). The material basis of the 

global economy Worldwide patterns of natural resource extraction and their 

implications for sustainable resource use policies, 4. 

https://doi.org/10.1016/j.ecolecon.2007.02.034 

 

Berkovic, S., Yezioro, A., & Bitan, A. (2012). Study of thermal comfort in courtyards 

in a hot arid climate. Solar Energy, 86(5), 1173–1186. 

https://doi.org/10.1016/j.solener.2012.01.010 

 

Boulard, T., Roy, J. C., Pouillard, J. B., Fatnassi, H., & Grisey, A. (2017). Modelling 

of micrometeorology, canopy transpiration and photosynthesis in a closed 

greenhouse using computational fluid dynamics. Biosystems Engineering, 158, 

110–133. https://doi.org/10.1016/j.biosystemseng.2017.04.001 

 

Brown, R. D., & Gillespie, T. J. (1995). Microclimate landscape design: Creating 

thermal comfort and energy efficiency, 208. 

 

Bruse, M. (2004). ENVI-met v.3.0: Updated Model Overview, (March), 1–12. 

Bulus, M., Hamid, M. B., & Wah, L. Y. (2017). Courtyard as a Passive Cooling 

Strategy in Buildings, 4(1), 48–55. https://doi.org/10.11113/ijbes.v4.n1.159 

 

Che, H. Z., Shi, G. Y., Zhang, X. Y., Arimoto, R., Zhao, J. Q., Xu, L., & Chen, Z. H. 

(2005). Analysis of 40 years of solar radiation data from China, 1961–

2000. Geophysical Research Letters, 32(6). 

        https://doi.org/10.1029/2004GL022322 

 

Cummings, L., & Cummings, L. (2017). A Shadow of the Future : A Proposal for 

Construction of A Solar Shade and its Implementation through International 

Cooperation Implementation through International Cooperation. 

Dahlan, N. D., Jones, P. J., Alexander, D. K., Salleh, E., & Dixon, D. (2008). Field 

measurement and subjects’ votes assessment on thermal comfort in high-rise 

hostels in Malaysia. Indoor and Built Environment, 17(4), 334–345. 

https://doi.org/10.1177/1420326X08094585 

 



210 

Dili, A. S., Naseer, M. A., & Varghese, T. Z. (2010). Passive environment control 

system of Kerala vernacular residential architecture for a comfortable indoor 

environment: A qualitative and quantitative analyses. Energy and Buildings, 

42(6), 917–927. https://doi.org/10.1016/j.enbuild.2010.01.002 

 

Dimoudi, A., & Nikolopoulou, M. (2003a). Vegetation in the urban environment: 

microclimate analysis and benefits. Energy and Buildings, 35, 69–76. 

 

Dimoudi, A., & Nikolopoulou, M. (2003b). Vegetation in the Urban Environment. 

Energy and Buildings, 35, 69–76. 

 

Doan, Q. Van, Kusaka, H., & Ho, Q. B. (2016). Impact of future urbanization on 

temperature and thermal comfort index in a developing tropical city: Ho Chi 

Minh City. Urban Climate, 17, 20–31. 

https://doi.org/10.1016/j.uclim.2016.04.003 

 

Edwards, B. (2006). Courtyard housing : past, present, and future. Taylor & Francis. 

Edwards, B. (2006). Courtyard Housing: Past, Present and Future. Search. Retrieved 

from 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Courtyard+

Housing+:+Past+,+Present+and+Future#0%5Cnhttp://scholar.google.com/sc

holar?hl=en&btnG=Search&q=intitle:Courtyard+housing:+past,+present+and

+future%230 

 

Edwards et al. (2006). Courtyard Housing - Past, Present & Future. (First Edit). 

Taylor & Francis. 

 

Elbir, T. (2003). Comparison of model predictions with the data of an urban air quality 

monitoring network in Izmir, Turkey. Atmospheric Environment, 37(15), 

2149–2157. https://doi.org/10.1016/S1352-2310(03)00087-6 

 

Emmanuel, R. (2005). Thermal comfort implications of urbanization in a warm-humid 

city: The Colombo Metropolitan Region (CMR), Sri Lanka. Building and 



 

211 

Environment, 40(12), 1591–1601. 

https://doi.org/10.1016/j.buildenv.2004.12.004 

 

Evyatar Erell, D. P. and T. W. (2011). Urban Microclimate:Designing the Spaces 

Between Buildings. https://doi.org/10.1017/CBO9781107415324.004 

 

Fahmy, M., Sharples, S., & Yahiya, M. (2010). LAI based trees selection for mid 

latitude urban developments: A microclimatic study in Cairo, Egypt. Building 

and Environment, 45(2), 345–357. 

https://doi.org/10.1016/j.buildenv.2009.06.014 

 

Farea, T. G., Ossen, D. R., & Isah, A. D. (2012). Common Configuration of Light-

Well in High-Rise Residential buildings in Kuala Lumpur. 4th International 

Network for Tropical Architecture (INTA), (DECEMBER), 1–8. 

 

Fatima, A., Musis, C. R. De, Cristina, M., & Nogueira, D. A. (2018). Sky view factor 

and thermal comfort analysis using hemispheric images from Google Street 

View and wavelet in an urban ecosystem of the Brazilian Cerrado. CIENCIA 

NATURAL, 40(26), 1–15. https://doi.org/10.5902/2179460X28619 

 

Gamage, W., Lau, S., Qin, H., & Gou, Z. (2017). Effectiveness of air-well type 

courtyards on moderating thermal environments in tropical Chinese 

Shophouse. Architectural Science Review, 60(6), 493–506. 

https://doi.org/10.1080/00038628.2017.1383230 

 

Garratt, J. R. (1990). Boundary layer climates. Earth-Science Reviews (Vol. 27). 

https://doi.org/10.1016/0012-8252(90)90005-G 

Ghaffarianhoseini, A., Berardi, U., & Ghaffarianhoseini, A. (2015). Thermal 

performance characteristics of unshaded courtyards in hot and humid climates. 

Building and Environment, 87, 154–168. 

https://doi.org/10.1016/j.buildenv.2015.02.001 

 

Gherri, B. (2015). Assessment of Daylight Performance in Buildings. WIT Press 

Ashurst Lodge, Ashurst, Southampton, SO40 7AA, UK. 



212 

Givoni, B. (1991). Impact of planted areas on urban environmental quality: A review. 

Atmospheric Environment. Part B, Urban Atmosphere, 25(3), 289–299. 

https://doi.org/10.1016/0957-1272(91)90001-U 

 

Goshayeshi, D., Shahidan, M. F., Khafi, F., & Ehtesham, E. (2013). A review of 

researches about human thermal comfort in semi-outdoor spaces. European 

Online Journal of NAtural and Social Science, 2(4), 516–523. 

 

Grêt-Regamey, A., Celio, E., Klein, T. M., & Wissen Hayek, U. (2013). Understanding 

ecosystem services trade-offs with interactive procedural modeling for 

sustainable urban planning. Landscape and Urban Planning, 109(1), 107–116. 

https://doi.org/10.1016/j.landurbplan.2012.10.011 

 

Gromke, C., Blocken, B., Janssen, W., Merema, B., van Hooff, T., & Timmermans, 

H. (2015). CFD analysis of transpirational cooling by vegetation: Case study 

for specific meteorological conditions during a heat wave in Arnhem, 

Netherlands. Building and Environment, 83. 

https://doi.org/10.1016/j.buildenv.2014.04.022 

 

Gulyás, Á., Unger, J., & Matzarakis, A. (2006). Assessment of the microclimatic and 

human comfort conditions in a complex urban environment: Modelling and 

measurements. Building and Environment, 41(12), 1713–1722. 

https://doi.org/10.1016/j.buildenv.2005.07.001 

 

Guo, H., Murray, F., & Lee, S. C. (2002). Emissions of total volatile organic 

compounds from pressed wood products in an environmental chamber. 

Building and Environment, 37(11), 1117–1126. 

https://doi.org/10.1016/S0360-1323(01)00107-X 

 

Haggag, M. A., & Elmasry, S. K. (2011). Integrating passive cooling techniques for 

sustainable building performance in hot climates with reference to the UAE. 

WIT Transactions on Ecology and the Environment, 150, 201–212. 

https://doi.org/10.2495/SDP110181 

 



 

213 

Haggag, M., Hassan, A., & Elmasry, S. (2014). Experimental study on reduced heat 

gain through green façades in a high heat load climate. Energy and Buildings, 

82, 668–674. https://doi.org/10.1016/j.enbuild.2014.07.087 

 

Halawa, E., Van Hoof, J., & Soebarto, V. (2014). The impacts of the thermal radiation 

field on thermal comfort, energy consumption and control - A critical 

overview. Renewable and Sustainable Energy Reviews, 37, 907–918. 

https://doi.org/10.1016/j.rser.2014.05.040 

 

Hamlyn, J. G. (2013). Plants and Microclimate A Quantitative Approach to 

Environmental Plant Physiology. University Printing House, Cambridge CB2 

8BS, United Kingdom Published (Vol. 53). 

https://doi.org/10.1017/CBO9781107415324.004 

 

Heisler, G. M. (1986). Effects of individual trees on the solar radiation climate of small 

buildingsa. Urban Ecology, 9(3–4), 337–359. https://doi.org/10.1016/0304-

4009(86)90008-2 

 

Hisarligil, H. (2013). Sustainability in Energy and Buildings. Smart Innovation, 

Systems and Technologies, 22, 59–69. https://doi.org/10.1007/978-3-642-

36645-1 

 

Hooi, D., Toe, C., & Kubota, T. (2013). Development of an adaptive thermal comfort 

equation for naturally ventilated buildings in hot – humid climates using 

ASHRAE RP-884 database, 278–291. 

Höppe, P. (1999). The physiological equivalent temperature - a universal index for the 

biometeorological assessment of the thermal environment. International 

Journal of Biometeorology, 43(2), 71–75. 

https://doi.org/10.1007/s004840050118 

 

Hussin, M. Z., Hamid, M. H. A., Zain, Z. M., & Rahman, R. A. (2010). An Evaluation 

Data of Solar Irradiation and Dry Bulb Temperature at Subang under 

Malaysian Climate, 55–60. 

 



214 

Huttner, S. (2012). Further development and application of the 3D microclimate 

simulation ENVI-met. Mainz: Johannes Gutenberg-Universitat in Mainz, 147. 

Retrieved from http://ubm.opus.hbz-nrw.de/volltexte/2012/3112/ 

 

Huttner, S., & Bruse, M. (2009). Numerical modeling of the urban climate - a preview 

on ENVI-MET 4.0. The Seventh International Conference on Urban Climate, 

(July), 1–4. 

 

Hwang, R. L., Lin, T. P., & Matzarakis, A. (2011). Seasonal effects of urban street 

shading on long-term outdoor thermal comfort. Building and Environment, 

46(4), 863–870. https://doi.org/10.1016/j.buildenv.2010.10.017 

 

Hyde, R. (2008). Bioclimatic Housing, Innovative Design For Warm Climate. (R. 

Hyde, Ed.). Cromwell Press, Trowbridge. 

 

Inglesi-lotz, R., & Dogan, E. (2018). The role of renewable versus non-renewable 

energy to the level of CO 2 emissions a panel analysis of sub- Saharan Africa 

’ s В ig 10 electricity generators. Renewable Energy, 123, 36–43. 

https://doi.org/10.1016/j.renene.2018.02.041 

 

Ismail, R., Mohd Saman, H., & Hassim, M. (2014). Evaluation of Medium-Rise 

Reinforced Concrete Building Performance under Low Intensity Earthquake 

Effect. Applied Mechanics and Materials, 661, 106–110. 

https://doi.org/10.4028/www.scientific.net/amm.661.106 

 

Jacobs, A. F. G., Ronda, R. J., & Holtslag, A. A. M. (2003). Water vapour and carbon 

dioxide fluxes over bog vegetation. Agricultural and Forest Meteorology, 

116(October 2002), 103–112. 

 

Jamaludin, A. A., Hussein, H., Mohd Ariffin, A. R., & Keumala, N. (2014). A study 

on different natural ventilation approaches at a residential college building with 

the internal courtyard arrangement. Energy and Buildings, 72, 340–352. 

https://doi.org/10.1016/j.enbuild.2013.12.050 

 



 

215 

Jamaludin, A. A., Hussein, H., & Tahir, K. (2018). Satisfaction of Residents Towards 

Internal Courtyard Buildings, 18(2), 61–69. 

 

Jamei, E., Rajagopalan, P., Seyedmahmoudian, M., & Jamei, Y. (2016). Review on 

the impact of urban geometry and pedestrian level greening on outdoor thermal 

comfort. Renewable and Sustainable Energy Reviews, 54, 1002–1017. 

https://doi.org/10.1016/j.rser.2015.10.104 

 

Johansson, E. (2006). Influence of urban geometry on outdoor thermal comfort in a 

hot dry climate: A study in Fez, Morocco. Building and Environment, 41(10), 

1326–1338. https://doi.org/10.1016/j.buildenv.2005.05.022 

 

Jonckheere, I., Fleck, S., Nackaerts, K., Muys, B., Coppin, P., Weiss, M., & Baret, F. 

(2004). Review of methods for in situ leaf area index determination Part I. 

Theories, sensors and hemispherical photography. Agricultural and Forest 

Meteorology, 121(1–2), 19–35. 

https://doi.org/10.1016/j.agrformet.2003.08.027 

 

Kedissa, C., Outtas, S., & Belarbi, R. (2017). The impact of height / width ratio on the 

microclimate and thermal comfort levels of urban courtyards. International 

Journal of Sustainable Building Technology and Urban Development, 

7628(June), 1–10. https://doi.org/10.1080/2093761X.2017.1302830 

 

Kim, G., Soo, H., Sub, T., Schaefer, L., & Tai, J. (2012). Comparative advantage of 

an exterior shading device in thermal performance for residential buildings. 

Energy & Buildings, 46, 105–111. 

https://doi.org/10.1016/j.enbuild.2011.10.040 

 

Konya, A. (1982). Design Primer for Hot Climates. Building Services Engineering 

Research and Technology (Vol. 3). 

https://doi.org/10.1177/014362448200300207 

 



216 

Kottek, M., Grieser, J., Beck, C., Rudolf, B., & Rubel, F. (2006). World map of the 

Köppen-Geiger climate classification updated. Meteorologische Zeitschrift, 

15(3), 259–263. https://doi.org/10.1127/0941-2948/2006/0130 

 

Kotzen, B. (2003). An investigation of shade under six different tree species of the 

Negev desert towards their potential use for enhancing micro-climatic 

conditions in landscape architectural development. Journal of Arid 

Environments, 55(2), 231–274. https://doi.org/10.1016/S0140-

1963(03)00030-2 

 

Kouki Hikosaka, Tomo’omi Kumagai, A. I. (2016). Canopy Photosynthesis: From 

Basics to Applications (Vol. 42). Springer Science+Business Media Dordrecht 

2016. https://doi.org/10.1007/978-94-017-7291-4 

 

Krüger, E. L., Minella, F. O., & Rasia, F. (2011). Impact of urban geometry on outdoor 

thermal comfort and air quality from field measurements in Curitiba, Brazil. 

Building and Environment, 46(3), 621–634. 

https://doi.org/10.1016/j.buildenv.2010.09.006 

 

Kubota, T., & Ahmad, S. (2006). Wind Environment Evaluation of Neighborhood 

Areas in Major Towns of Malaysia. Journal of Asian Architecture and Building 

Engineering, 5(1), 199–206. https://doi.org/10.3130/jaabe.5.199 

 

Kubota, T., Hooi, D., Toe, C., & Ossen, D. R. (2014a). Field Investigation of Indoor 

Thermal Environments in Traditional Chinese Shophouses with Courtyards in 

Malacca Malaysia , using field measurements and focuses on the cooling 

effects of courtyards . Journal of Asian Architecture and Building Engineering, 

13(1), 2–9. 

 

Kubota, T., Hooi, D., Toe, C., & Ossen, D. R. (2014b). Field Investigation of Indoor 

Thermal Environments in Traditional Chinese Shophouses with Courtyards in 

Malacca Malaysia , using field measurements and focuses on the cooling 

effects of courtyards . The results indicate, (January), 2–9. 

 



 

217 

Kubota, T., Zakaria, M. A., Abe, S., & Toe, D. H. C. (2017). Thermal functions of 

internal courtyards in traditional Chinese shophouses in the hot-humid climate 

of Malaysia. Building and Environment, 112, 115–131. 

https://doi.org/10.1016/j.buildenv.2016.11.005 

 

Kurn, D. M., Bretz, S. E., Huang, B., & Akbari, H. (1994). The Potential for Reducing 

Air Temperature and Energy Consumption Through Vegetative Cooling. 

Energy & Environment. 

 

Lalic, B., & Mihailovic, D. T. (2004). An Empirical Relation Describing Leaf-Area 

Density inside the Forest for Environmental Modeling. Journal of Applied 

Meteorology, 43(4), 641–645. https://doi.org/10.1175/1520-

0450(2004)043<0641:AERDLD>2.0.CO;2 

 

Lam, J. C., Tsang, C. L., Yang, L., & Li, D. H. W. (2005). Weather data analysis and 

design implications for different climatic zones in China, 40, 277–296. 

https://doi.org/10.1016/j.buildenv.2004.07.005 

 

Law, B. E., Cescatti, A., & Baldocchi, D. D. (2001). Leaf area distribution and 

radiative transfer in open-canopy forests: implications for mass and energy 

exchange. Tree Physiology, 21(12–13), 777–787. 

https://doi.org/10.1093/treephys/21.12-13.777 

 

Lewandowski, C. M. (2015). The American heritage dictionary of the The English 

language,  Houghton Mifflin Harcourt. 

Lin, T. P., Matzarakis, A., & Hwang, R. L. (2010). Shading effect on long-term 

outdoor thermal comfort. Building and Environment, 45(1), 213–221. 

https://doi.org/10.1016/j.buildenv.2009.06.002 

 

Makaremi, N., Salleh, E., Jaafar, M. Z., & GhaffarianHoseini, A. (2012). Thermal 

comfort conditions of shaded outdoor spaces in hot and humid climate of 

Malaysia. Building and Environment, 48, 7–14. 

https://doi.org/10.1016/j.buildenv.2011.07.024 

 



218 

Mangone, G., Kurvers, S. R., & Luscuere, P. G. (2014). Constructing thermal comfort: 

Investigating the effect of vegetation on indoor thermal comfort through a four 

season thermal comfort quasi-experiment. Building and Environment, 81, 410–

426. https://doi.org/10.1016/j.buildenv.2014.07.019 

 

Mangone, G., & van der Linden, K. (2014). Forest microclimates: Investigating the 

performance potential of vegetation at the building space scale. Building and 

Environment, 73, 12–23. https://doi.org/10.1016/j.buildenv.2013.11.012 

 

Matzarakis, A., & Amelung, B. (2008). Physiological Equivalent Temperature as 

Indicator for Impacts of Climate Change on Thermal Comfort of Humans. 

Seasonal Forecasts, Climatic Change and Human Health, 161–172. 

https://doi.org/10.1007/978-1-4020-6877-5_10 

 

Matzarakis, A., & Mayer, H. (2000). Atmospheric conditions and human thermal 

comfort in urban areas. 11th Seminar on Environmental …, (November). 

Matzarakis, A., Mayer, H., & Iziomon, M. G. (1999). Applications of a universal 

thermal index : physiological equivalent temperature, 76–84. 

 

Matzarakis, A., & Rutz, F. (2010). No Title. 

 

Matzarakis, A., Rutz, F., & Mayer, H. (2010). Modelling radiation fluxes in simple 

and complex environments: Basics of the RayMan model. International 

Journal of Biometeorology, 54(2), 131–139. https://doi.org/10.1007/s00484-

009-0261-0 

 

Mayer, H., & Höppe, P. (1987). Thermal comfort of man in different urban 

environments. Theoretical and Applied Climatology, 38(1), 43–49. 

https://doi.org/10.1007/BF00866252 

McKean, E. (2006). Concise Oxford American Dictionary. (E. McKean, Ed.) (First 

Edit). Oxford University Press. 

 



 

219 

Meir, I. A. (2000). Courtyard microclimate: A hot arid region case study. Architecture 

City Environment, Proceedings of the 17th PLEA International Conference, 

Cambridge, James & James, London, 218–223. 

 

Meir, I. a., Pearlmutter, D., & Etzion, Y. (1995). On the microclimatic behavior of two 

semi-enclosed attached courtyards in a hot dry region. Building and 

Environment, 30(4), 563–572. https://doi.org/10.1016/0360-1323(95)00018-2 

 

Meir, P., Grace, J., & Miranda, A. C. (2000). Photographic method to measure the 

vertical distribution of leaf area density in forests. Agricultural and Forest 

Meteorology, 102(2–3), 105–111. https://doi.org/10.1016/S0168-

1923(00)00122-2 

 

Mekhilef, S., Safari, A., Mustaffa, W. E. S., Saidur, R., Omar, R., & Younis, M. A. A. 

(2012). Solar energy in Malaysia: Current state and prospects. Renewable and 

Sustainable Energy Reviews, 16(1), 386–396. 

https://doi.org/10.1016/j.rser.2011.08.003 

 

Montes, F., Pita, P., Rubio, A., & Cañellas, I. (2007). Leaf area index estimation in 

mountain even-aged Pinus silvestris L. stands from hemispherical 

photographs. Agricultural and Forest Meteorology, 145(3–4), 215–228. 

https://doi.org/10.1016/j.agrformet.2007.04.017 

 

Moonen, P., Dorer, V., & Carmeliet, J. (2011). Evaluation of the ventilation potential 

of courtyards and urban street canyons using RANS and LES. Journal of Wind 

Engineering and Industrial Aerodynamics, 99(4), 414–423. 

https://doi.org/10.1016/j.jweia.2010.12.012 

 

Muhaisen, A. S. (2006). Shading simulation of the courtyard form in different climatic 

regions. Building and Environment, 41(12), 1731–1741. 

https://doi.org/10.1016/j.buildenv.2005.07.016 

Muhaisen, A. S., & Gadi, M. B. (2006). Effect of courtyard proportions on solar heat 

gain and energy requirement in the temperate climate of Rome. Building and 

Environment, 41(3), 245–253. https://doi.org/10.1016/j.buildenv.2005.01.031 



220 

Nasir, R. A., Ahmad, S. S., Zain-Ahmed, A., & Ibrahim, N. (2015). Adapting Human 

Comfort in an Urban Area: The Role of Tree Shades Towards Urban 

Regeneration. Procedia - Social and Behavioral Sciences, 170, 369–380. 

https://doi.org/10.1016/j.sbspro.2015.01.047 

 

Ng, E., Chen, L., Wang, Y., & Yuan, C. (2012). A study on the cooling effects of 

greening in a high-density city: An experience from Hong Kong. Building and 

Environment, 47(1), 256–271. https://doi.org/10.1016/j.buildenv.2011.07.014 

 

Nouri, A. S., Costa, J. P., Santamouris, M., & Matzarakis, A. (2018). Approaches to 

outdoor thermal comfort thresholds through public space design: A review. 

Atmosphere, 9(3). https://doi.org/10.3390/atmos9030108 

 

Nugroho, A. M., Ahmad, M. H., & Ossen, D. R. (2007). A Preliminary Study of 

Thermal Comfort in Malaysia ’ s Single Storey Terraced Houses. Journal of 

Asian Architecture and Building Engineering, 6(1), 175–182. 

https://doi.org/10.3130/jaabe.6.175 

 

Oke, T. R., Crowther, J. M., McNaughton, K. G., Monteith, J. L., & Gardiner, B. 

(1989). The Micrometeorology of the Urban Forest [and Discussion]. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 

324(1223), 335–349. https://doi.org/10.1098/rstb.1989.0051 

Park, M., Hagishima, A., Tanimoto, J., & Narita, K. (2012). Effect of urban vegetation 

on outdoor thermal environment: Field measurement at a scale model site. 

Building and Environment, 56, 38–46. 

https://doi.org/10.1016/j.buildenv.2012.02.015 

 

Pérez, G., Coma, J., Sol, S., & Cabeza, L. F. (2017). Green facade for energy savings 

in buildings: The influence of leaf area index and facade orientation on the 

shadow effect. Applied Energy, 187, 424–437. 

https://doi.org/10.1016/j.apenergy.2016.11.055 

 



 

221 

Picot, X. (2004). Thermal comfort in urban spaces: Impact of vegetation growth. Case 

study: Piazza della Scienza, Milan, Italy. Energy and Buildings, 36(4), 329–

334. https://doi.org/10.1016/j.enbuild.2004.01.044 

 

Pierce, L. L., & Running, S. W. (1988). Rapid estimation of coniferous forest leaf area 

index using a portable integrating radiometer. Ecology, 69(6), 1762–1767. 

https://doi.org/10.2307/1941154 

 

Pokorny, J. (2001). Dissipation of solar energy in landscape — controlled by 

management of water and vegetation. Renewable Energy, 24, 641–645. 

 

Qaid, A., Bin Lamit, H., Ossen, D. R., & Raja Shahminan, R. N. (2016). Urban heat 

island and thermal comfort conditions at micro-climate scale in a tropical 

planned city. Energy and Buildings, 133, 577–595. 

https://doi.org/10.1016/j.enbuild.2016.10.006 

 

Rajapaksha, I., Nagai, H., & Okumiya, M. (2003). A ventilated courtyard as a passive 

cooling strategy in the warm humid tropics. Renewable Energy, 28(11), 1755–

1778. https://doi.org/10.1016/S0960-1481(03)00012-0 

 

Rajapaksha, U., & Hyde, R. A. (2002). Passive modification of air temperature for 

thermal comfort in a courtyard building for Queensland. The Proceedings of 

the International Conference Indoor Air, Monterey, USA, 860–865. 

Rasul, G., & Sharma, B. (2016). The nexus approach to water – energy – food security : 

an option for adaptation to climate change an option for adaptation to climate 

change. Climate Policy, 16(6), 682–702. 

https://doi.org/10.1080/14693062.2015.1029865 

 

Ratti, C., Raydan, D., & Steemers, K. (2003). Building form and environmental 

performance: Archetypes, analysis and an arid climate. Energy and Buildings, 

35(1), 49–59. https://doi.org/10.1016/S0378-7788(02)00079-8 

Robitu, M., Musy, M., Inard, C., & Groleau, D. (2006a). Modeling the influence of 

vegetation and water pond on urban microclimate. Solar Energy, 80(4), 435–

447. https://doi.org/10.1016/j.solener.2005.06.015 



222 

Robitu, M., Musy, M., Inard, C., & Groleau, D. (2006b). Modeling the influence of 

vegetation and water pond on urban microclimate. Solar Energy, 80(4), 435–

447. https://doi.org/10.1016/j.solener.2005.06.015 

 

Rodríguez-Algeciras, J., Tablada, A., Chaos-Yeras, M., De la Paz, G., & Matzarakis, 

A. (2018). Influence of aspect ratio and orientation on large courtyard thermal 

conditions in the historical centre of Camagüey-Cuba. Renewable Energy. 

https://doi.org/10.1016/j.renene.2018.01.082 

 

Sadafi, N., Salleh, E., Haw, L. C., & Jaafar, Z. (2011). Evaluating thermal effects of 

internal courtyard in a tropical terrace house by computational simulation. 

Energy and Buildings, 43(4), 887–893. 

https://doi.org/10.1016/j.enbuild.2010.12.009 

 

Safarzadeh, H., & Bahadori, M. N. (2005). Passive cooling effects of courtyards. 

Building and Environment, 40(1), 89–104. 

https://doi.org/10.1016/j.buildenv.2004.04.014 

 

Santamouris, M., Papanikolaou, N., Koronakis, I., Livada, I., & Asimakopoulos, D. 

(1999). Thermal and air flow characteristics in a deep pedestrian canyon under 

hot weather conditions. Atmospheric Environment, 33(27), 4503–4521. 

https://doi.org/10.1016/S1352-2310(99)00187-9 

 

Scott, K., Simpson, J., & McPherson, E. (1999). Effects of tree cover on parking lot 

microclimate and vehicle emissions. Journal of Arboriculture, 25(May), 129–

142. 

Shahid, S., Pour, S. H., Wang, X., Shourav, S. A., & Minhans, A. (2017). Impacts and 

adaptation to climate change in Malaysian real estate. 

https://doi.org/10.1108/IJCCSM-01-2016-0001 

 

Shahidan, M. (2011). The potential optimum cooling effect of vegetation with ground 

surface physical properties modification in mitigating the urban heat island 

effect in Malaysia, 424. 

 



 

223 

Shahidan, M. F. (2015a). Potential of Individual and Cluster Tree Cooling Effect 

Performances through Tree Canopy Density Model Evaluation in Improving 

Urban Microclimate. Current World Environment, 10(2), 398–413. 

https://doi.org/10.12944/CWE.10.2.04 

 

Shahidan, M. F. (2015b). Potential of Individual and Cluster Tree Cooling Effect 

Performances through Tree Canopy Density Model Evaluation in Improving 

Urban Microclimate. Curr. World Environ, 10(2), 398–413. 

 

Shahidan, M. F., & Jones, P. (2008). Plant canopy design in modifying urban thermal 

environment: theory and guidelines. 25th Conference on Passive and Low 

Energy Architecture, Dublin, (October). 

 

Shahidan, M. F., Jones, P. J., Gwilliam, J., & Salleh, E. (2012). An evaluation of 

outdoor and building environment cooling achieved through combination 

modification of trees with ground materials. Building and Environment, 58, 

245–257. https://doi.org/10.1016/j.buildenv.2012.07.012 

 

Shahidan, M. F., & Salleh, E. (2007). Effects of Tree Canopies on Solar Radiation 

Filtration In a Tropical Microclimatic Environment. Plea, 400–406. 

Shahidan, M. F., & Shariff, M. K. M. (2005). Tropical microclimate indicators for the 

Malaysian urban landscape. ASEAN Postgraduate Seminar Universiti Malaya, 

(January). 

 

Shahidan, M. F., Shariff, M. K. M., Jones, P., Salleh, E., & Abdullah, A. M. (2010). A 

comparison of Mesua ferrea L. and Hura crepitans L. for shade creation and 

radiation modification in improving thermal comfort. Landscape and Urban 

Planning, 97(3), 168–181. https://doi.org/10.1016/j.landurbplan.2010.05.008 

 

Shashua-Bar, L., & Hoffman, M. E. (2000). Vegetation as a climatic component in the 

design of an urban street. An empirical model for predicting the cooling effect 

of urban green areas with trees. Energy and Buildings, 31(3), 221–235. 

https://doi.org/10.1016/S0378-7788(99)00018-3 

 



224 

Shashua-Bar, L., & Hoffman, M. E. (2002). The Green CTTC model for predicting the 

air temperature in small urban wooded sites. Building and Environment, 

37(12), 1279–1288. https://doi.org/10.1016/S0360-1323(01)00120-2 

 

Shashua-Bar, L., & Hoffman, M. E. (2003). Geometry and orientation aspects in 

passive cooling of canyon streets with trees. Energy and Buildings, 35(1), 61–

68. https://doi.org/10.1016/S0378-7788(02)00080-4 

 

Shashua-Bar, L., Pearlmutter, D., & Erell, E. (2009). The cooling efficiency of urban 

landscape strategies in a hot dry climate. Landscape and Urban Planning, 

92(3–4), 179–186. https://doi.org/10.1016/j.landurbplan.2009.04.005 

 

Shashua-Bar, L., Pearlmutter, D., & Erell, E. (2011). The influence of trees and grass 

on outdoor thermal comfort in a hot-arid environment. International Journal 

of Climatology, 31(10), 1498–1506. https://doi.org/10.1002/joc.2177 

 

Shashua-Bar, L., Tzamir, Y., & Hoffman, M. E. (2004). Thermal effects of building 

geometry and spacing on the urban canopy layer microclimate in a hot-humid 

climate in summer. International Journal of Climatology, 24(13), 1729–1742. 

https://doi.org/10.1002/joc.1092 

Shinzato, Paula, D. D. H. S., Skelhorn, C., Lindley, S., Levermore, G., Sozer, H., Lee, 

Y. S., Campus, S. (2014). Thermal Comfort through the Microclimates of the 

Courtyard. A Critical Review of the Middle-eastern Courtyard House as a 

Climatic Response. Life Science Journal, 4(September), 159–166. 

https://doi.org/10.1016/j.ijsbe.2015.12.001 

 

So, F., Shokouhian, M., & So, A. (2017). Traditional courtyard houses as a model for 

sustainable design : A case study on BWhs mesoclimate of Iran. 

https://doi.org/10.1016/j.foar.2017.04.004 

Soflaei, F., Shokouhian, M., & Mofidi Shemirani, S. M. (2016). Traditional Iranian 

courtyards as microclimate modifiers by considering orientation, dimensions, 

and proportions. Frontiers of Architectural Research. 

https://doi.org/10.1016/j.foar.2016.02.002 

 



 

225 

Soflaei, F., Shokouhian, M., & Shemirani, S. M. M. (2015). Investigating of Iranian 

Traditional Courtyard as Passive Cooling Strategy (A Field Study on BS 

climate). International Journal of Sustainable Built Environment, (December). 

https://doi.org/10.1016/j.ijsbe.2015.12.001 

 

Spangenberg, J., Shinzato, P., Johansson, E., & Duarte, D. H. S. (2008). Simulation of 

the influence of vegetation on microclimate and thermal comfort in the city of 

São Paulo. Rev. SBAU Piracicaba, 3(2), 1–19. 

https://doi.org/10.1016/j.solener.2005.06.015 

 

Stadt, K. J., & Lieffers, V. J. (2000). MIXLIGHT: A flexible light transmission model 

for mixed-species forest stands. Agricultural and Forest Meteorology, 102(4), 

235–252. https://doi.org/10.1016/S0168-1923(00)00128-3 

 

Steven, M. D., Biscoe, P. V., Jaggard, K. W., & Paruntu, J. (1986). Foliage cover and 

radiation interception. Field Crops Research, 13(C), 75–87. 

https://doi.org/10.1016/0378-4290(86)90012-2 

 

Stunder, M., & SethuRaman, S. (1986). A statistical evaluation and comparison of 

coastal point source dispersion models. Atmospheric Environment. 

 

Sun, S., Xu, X., Lao, Z., Liu, W., Li, Z., García, E. H., & Zhu, J. (2017). Evaluating 

the impact of urban green space and landscape design parameters on thermal 

comfort in hot summer by numerical simulation. Building and 

Environment, 123, 277-288. https://doi.org/10.1016/j.buildenv.2017.07.010 

 

Svensson, M. K. (2004). Sky view factor analysis - Implications for urban air 

temperature differences. Meteorological Applications, 11(3), 201–211. 

https://doi.org/10.1017/S1350482704001288 

Swaid, H. (1992). Intelligent urban forms (IUF) a new climate-concerned, urban 

planning strategy. Theoretical and Applied Climatology, 46(2–3), 179–191. 

https://doi.org/10.1007/BF00866098 

 



226 

Tablada, A., & Blocken, B. (2005). The influence of courtyard geometry on air flow 

and thermal comfort: CFD and thermal comfort simulations. PLEA2005 - The 

22nd Conference on Passive and Low Energy Architecture., (November), 13–

16. 

 

Taleghani, M. (2014). Dwelling on Courtyards. 

 

Taleghani, M., Martin Tenpierik, & Dobbelsteen,  and A. van den. (2012). 

Environmental impact of courtyards-a review and comparison of residential 

courtyard buildings in different climates ENVIRONMENTAL IMPACT OF 

COURTYARDS —. Journal of Green Building, Volume 7,(April), 1–24 Pages. 

https://doi.org/10.3992/jgb.7.2.113 

 

Taleghani, M., Tenpierik, M., & van den Dobbelsteen, A. (2014). Indoor thermal 

comfort in urban courtyard block dwellings in the Netherlands. Building and 

Environment, 82, 566–579. https://doi.org/10.1016/j.buildenv.2014.09.028 

 

Taleghani, M., Tenpierik, M., van den Dobbelsteen, A., & Sailor, D. J. (2014). Heat 

in courtyards: A validated and calibrated parametric study of heat mitigation 

strategies for urban courtyards in the Netherlands. Solar Energy, 103, 108–124. 

https://doi.org/10.1016/j.solener.2014.01.033 

 

Tan, Z., Lau, K. K. L., & Ng, E. (2016). Urban tree design approaches for mitigating 

daytime urban heat island effects in a high-density urban environment. Energy 

and Buildings, 114, 265–274. https://doi.org/10.1016/j.enbuild.2015.06.031 

Tangang, F. T., Juneng, L., & Ahmad, S. (2007). Trend and interannual variability of 

temperature in Malaysia : 1961 – 2002, 141, 127–141. 

https://doi.org/10.1007/s00704-006-0263-3 

 

Tanimoto, J., Hagishima, A., & Chimklai, P. (2004). An approach for coupled 

simulation of building thermal effects and urban climatology. Energy and 

Buildings, 36(8), 781–793. https://doi.org/10.1016/j.enbuild.2004.01.019 

 



 

227 

Thorsson, S., Rocklöv, J., Konarska, J., Lindberg, F., Holmer, B., Dousset, B., & 

Rayner, D. (2014). Mean radiant temperature - A predictor of heat related 

mortality. Urban Climate, 10(P2), 332–345. 

https://doi.org/10.1016/j.uclim.2014.01.004 

 

Trenkle, R. (1988). The absorption of solar energy in a courtyard. Energy and 

Buildings, 11(1–3), 309–317. https://doi.org/10.1016/0378-7788(88)90047-3 

 

Wang, N., Phelan, P. E., Harris, C., Langevin, J., Nelson, B., & Sawyer, K. (2018). 

Past visions , current trends , and future context : A review of building energy 

, carbon , and sustainability. Renewable and Sustainable Energy Reviews, 

82(January 2016), 976–993. https://doi.org/10.1016/j.rser.2017.04.114 

 

Willmott, C. (1982). Some comments on the evaluation of model performance. 

Bulletin of the American Meteorological Society. 

https://doi.org/10.1175/1520-0477(1982)063<1309:SCOTEO>2.0.CO;2 

Willmott, C. J., Ackleson, S. G., Davis, R. E., Feddema, J. J., Klink, K. M., Legates, 

D. R., & Rowe, C. M. (1985). Statistics for the evaluation and comparison of 

models. Journal of Geophysical Research: Oceans, 90(C5), 8995-9005. 

        https://doi.org/10.1029/JC090iC05p08995 

 

Wilmers, F. (1990). Effects of vegetation on urban climate and buildings. Energy and 

Buildings, 15(3–4), 507–514. https://doi.org/10.1016/0378-7788(90)90028-H 

 

Wong, N. H., Kardinal Jusuf, S., Aung La Win, A., Kyaw Thu, H., Syatia Negara, T., 

& Xuchao, W. (2007). Environmental study of the impact of greenery in an 

institutional campus in the tropics. Building and Environment, 42(8), 2949–

2970. https://doi.org/10.1016/j.buildenv.2006.06.004 

 

Yang, A.-S., Juan, Y.-H., Wen, C.-Y., & Chang, C.-J. (2017). Numerical simulation 

of cooling effect of vegetation enhancement in a subtropical urban park. 

Applied Energy, 192, 178–200. 

https://doi.org/10.1016/j.apenergy.2017.01.079 

 



228 

Yang, X., Zhao, L., Bruse, M., & Meng, Q. (2013). Evaluation of a microclimate 

model for predicting the thermal behavior of different ground surfaces. 

Building and Environment, 60, 93–104. 

https://doi.org/10.1016/j.buildenv.2012.11.008 

 

Yaşa, E., & Ok, V. (2014). Evaluation of the effects of courtyard building shapes on 

solar heat gains and energy efficiency according to different climatic regions. 

Energy and Buildings, 73, 192–199. 

https://doi.org/10.1016/j.enbuild.2013.12.042 

 

Yu, C., & Hien, W. N. (2009). Thermal Impact of Strategic Landscaping in Cities: A 

Review. Advances in Building Energy Research (ABER), 3(1), 237–260. 

https://doi.org/10.3763/aber.2009.0309 

 

Zain, Z. (2012). The Structural System of Traditional Malay Dwellings in Sambas 

Town West Kalimantan , Indonesia. International Journal of the Malay World 

and Civilisation, 30(1), 139–158. 

 

Zakaria, M. A., & Kubota, T. (2014). Environmental Design Consideration for 

Courtyards in Residential Buildings in Hot-humid Climates : A Review, 1(1), 

45–51. 

 

Zakaria, M. A., Kubota, T., & Toe, D. H. C. (2015). The Effects of Courtyards on 

Indoor Thermal Conditions of Chinese Shophouse in Malacca. Procedia 

Engineering, 121, 468–476. https://doi.org/10.1016/j.proeng.2015.08.1094 

 

Zamani, Z., Heidari, S., & Hanachi, P. (2018). Reviewing the thermal and 

microclimatic function of courtyards. Renewable and Sustainable Energy 

Reviews, 93(March 2017), 580–595. 

https://doi.org/10.1016/j.rser.2018.05.055 

 

Zhang, C. (2016). Measuring the response canopy emissivity spectra to leaf area index 

variation hyperspectral data. International Journal of Applied Earth 



 

229 

Observations and Geoinformation, 47, 153–162. 

https://doi.org/10.1016/j.jag.2016.01.002 

 

 

 




