
論文 / 著書情報
Article / Book Information

題目(和文)

Title(English) Evaluation of integrated passive cooling methods to improve the
outdoor and indoor microclimates of a residential house in Japan

著者(和文) デル リオ デニス マリア アレハンドラ

Author(English) Maria Alejandra Del Rio Denis

出典(和文)  学位:博士(工学),
 学位授与機関:東京工業大学,
 報告番号:甲第11651号,
 授与年月日:2020年9月25日,
 学位の種別:課程博士,
 審査員:淺輪 貴史,中村 芳樹,大風 翼,鍵 直樹,村田 涼

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第11651号,
 Conferred date:2020/9/25,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


 

 

 

 

 
2020 PhD Thesis 

Evaluation of integrated passive cooling methods to improve the 

outdoor and indoor microclimates of a residential house in Japan 

 

 

 

 

 

 

 

 

 

 

 

Maria Alejandra Del Rio Denis 

Supervisor: Associate Prof. Takashi Asawa 

School of Environment and Society 

Department of Architecture and Building Engineering  

Graduate major in Urban Design and Built Environment 

Tokyo Institute of Technology 
 

 

 

 

 

 

 

 

 



ii 
 

Acknowledgments 

 

I would like to thank Prof. Takashi Asawa for his precious guidance and support during these four 

years. At first, I want to sincerely thank him for giving me the opportunity to pursue doctoral course in his 

laboratory. His patience, advice, perseverance and optimism encouraged me to never give up during difficult 

times, and his guidance helped me to improve as a researcher and successfully complete this doctoral course. 

I also want to thank Ms. Yukari Hirayama and Misawa Homes Institute of Research and Development for 

their collaboration in the project. Without their support, case study and technology, this research would not 

have been possible. I also want to gratefully thank my labmates who always showed support and 

consideration towards one another, and made the laboratory a pleasant place to work.  

I also cannot forget to mention the Embassy of Japan in Panama and Monbukagakusho (MEXT) 

scholarship for placing trust in me and giving me the opportunity to study in Japan.  Tokyo Institute of 

Technology is one of the most prestigious universities in the world and I am happy to be a part of it.   

Finally, I want to acknowledge my family and friends for their love, patience and support which 

served as encouragement for me to give my best in this doctoral course.   

This thesis is dedicated to all the people who believed in me Thank you!  

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Abstract 

 

In urban and suburban areas, hot outdoor thermal environment in summer months make it difficult to 

maintain a comfortable indoor thermal environment using only natural ventilation. A two-step research, 

comprising a field measurement and CFD simulation, was conducted to study and improve the outdoor and 

indoor microclimates of a house using passive cooling methods (PCMs), including evaporative cooling 

louver, vegetation, and sunscreen, installed in the semi-outdoor space and different ventilation settings at the 

indoor space, respectively. First, a field measurement was conducted to evaluate the microclimate in a semi-

outdoor space under different amounts of solar radiation, surrounding vegetation, and distances from louver 

to window to find the best way that accumulates at most the cool air generated by the louver. Best results 

were found when the semi-outdoor space was exposed to low solar radiation, was fully surrounded by 

vegetation, and when the louver was closer to the window. Second, the modeling method of PCMs for CFD 

simulation were demonstrated using literature-based values and the field measurements. It also demonstrated 

model validity by comparing the obtained results with field measurements. The results show that CFD 

simulation with detailed modeling of these elements can replicate vertical temperature distributions at four 

different positions across the semi-outdoor space and indoor space. The maximum difference in air 

temperature between the measurements and simulation results was 0.7–1 °C. The sensitivities of each passive 

cooling element on the microclimates formed in both semi-outdoor and indoor spaces were confirmed. 

Finally, CFD simulations were conducted to find the best combination of PCMs and indoor conditions to 

improve the natural ventilation of the house in hot days of summer. 
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CHAPTER 1. INTRODUCTION 

 

1.1. Background 

 

 Microclimate: the relationship between climate, site and building. 

The way cities are shaped has an important impact on the urban microclimate; and local climate varies 

significantly within a small area due to changes in altitude and rainfall. Therefore, urbanization or the 

replacement of natural vegetation with constructed buildings and infrastructure generates a unique local 

environment or microclimate around buildings [1]. Urban microclimate directly influences building energy 

consumption and indoor thermal comfort [2]. Ideally, the microclimate that is created around the building 

must do to make for a comfortable interior and exterior environment around the building [3].  

In Japan, traditional houses were adapted to the very hot and humid summers to maximize the natural 

ventilation using post-and-bean construction which allowed the lightweight paper wall panels to be moved 

out of the way in the summer. The engawa (Figure 1.1) provided a semi-outdoor space with the large 

overhanging roofs which shaded the house. Moreover, traditional houses also counted with a large outdoor 

space with garden and ponds which allowed for a comfortable outdoor and indoor microclimate [4]. 

 

Figure 1.1  The engawa in a japanese traditional house 

However, with the expansion of urban and suburban areas, the combination of factors such as reduced 

vegetation (reduced evapo-transpiration processes), excess of heat stored by construction materials, 

decreased long-wave radiation from urban areas, reduction of wind speed due to wind sheltering by buildings 

[cited by [3] and consequent reduced convective removal form urban surfaces to the atmosphere [5], causes 

much higher temperatures than rural areas – namely  the urban heat island (UHI) effect.   
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The UHI effect in combination with compact design of houses with reduced green spaces makes for an 

uncomfortable outdoor and indoor microclimate thus reducing the potential use of natural ventilation during 

summers.   

 

 The heat island effect, human health and energy usage in buildings.  

With expansion of the urban scale, the mitigation of the UHI effect has become increasingly important 

[2]. Residents spend 85-90% of their time indoors, thus the indoor air quality is closely related to human 

health [6]. Air temperature is one of the most important parameters that gives us sense of comfort. Thus, the 

UHI effect in combination with compact design of houses with reduced green spaces has made it difficult to 

live comfortably in the hot-humid summer heat of Tokyo only using passive cooling methods such as natural 

ventilation and solar shading. In these circumstances residents opt to use air conditioners instead of natural 

ventilation to maintain a comfortable indoor thermal environment. エラー! 参照元が見つかりません。 

(TMG, 2017) shows that the ownership of room air conditioners have increased over the years and is 

expected to increase due to global warming.  

 

  Figure 1.2 Trends in the ownership rates of home appliances in Tokyo (1992-2014) 

 

Although air conditioners offer a fast solution to improve the indoor microclimate, its constant use can 

worsen the indoor air quality of a building due to lack of fresh air which can affect the health of occupants 
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and productivity, namely the sick building syndrome. In addition, it increases the anthropogenic heat which 

worsen the UHI effect. Therefore, it is important to provide a comfortable indoor thermal environment during 

summer by improving the outdoor microclimate. In return, users can opt for either using natural ventilation 

or air conditioners (mixed mode ventilation) to maintain a comfortable indoor microclimate. 

Moreover, in the summer of 2018, eastern and western Japan experienced unprecedentedly hot summer 

conditions. Figure 1.3 shows mean temperature anomalies (deviations from the baseline) with the highest 

record since 1946 –of 2.8 ºC and 1.7 ºC above normal; where Kumagaya in Saitama Prefecture recorded a 

maximum temperature of 41.1 ºC (JMA, 2018). Hence, due to urbanization, the UHI effect and global 

warming, it is important to optimize buildings in terms of energy demand considering local urban 

microclimates [3].  

 

 

Figure 1.3  Seasonal mean temperature anomaly (ºC) for Japan in summer 2018. 

 

 Passive cooling methods. 

To mitigate severe thermal environment caused by UHI, the microclimate surrounding existing 

buildings can be altered to promote a comfortable indoor environment. The usage of passive cooling methods 

[7,8] in cities and residential areas is an adaptive measure employed to deal with such severe thermal 

environments. Figure 1.4 shows the three tier approach to sustainable design of buildings. Passive cooling 

design focuses on heat gain control and heat dissipation in a building in order to improve the indoor thermal 

comfort with low or no energy consumption (first and second tier). These techniques include: 
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 Heat avoidance techniques: Considering that east and west walls receive most of the high solar radiation 

during the day; basic building design need to be taken into consideration to minimize the heat gain in 

the building. Thus, ideally, heat avoidance techniques (passive building design) must start in the early 

design stage of a building – before construction. Strategies include floor plan and building form, 

windows (location, type, etc.) and shading (outdoor vegetation, shading devices, etc.), high albedo 

colors (reflect solar radiation), thermal insulation, and control of internal heat sources [4]. 

 Heat dissipation techniques: Natural ventilation is the most known passive cooling technique to 

dissipate heat inside the house. This technique is better applied in combination with heat avoidance 

techniques. There are different ventilation and heat dissipation techniques for cooling the building with 

low to no energy including: cooling with ventilation (comfort ventilation or night flush cooling), radiant 

cooling (night), evaporative cooling, and earth coupling. 

 

 

Figure 1.4 Three tier approach to sustainable design of buildings [4] 

 

1.1.3.1. Vegetation 

In respect of improving the outdoor thermal environment in existing buildings, it is evident that the 

usage of trees and green covers is one of the most effective ways [7,8]. Considering that, the thermal 

environment in rural areas is significantly cooler than urban areas due to the predominance of vegetation. 

Several studies have shown that urban greening is beneficial to the outdoor microclimate because it reduces 

the air and surface temperatures compared with those in non-vegetated areas due to characteristics of urban 

greening such as evapotranspiration (if regularly irrigated), small heat capacity, shading, and radiation 

attenuation due to the presence of foliage [9–12]. Trees also help to mitigate the greenhouse effect, filter 

pollutants, mask noise, prevent erosion, and calm human observers [13]. Srivanit and Hokao [11] showed 
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that the green space was 0.7–1.4 °C cooler than non-green spaces with a maximum reduction of 2.3 °C. 

Yoshida et al. [14] showed that the air temperature under a tree canopy during daytime was ~1 °C lower on 

average throughout the measurement period compared with that in open space. Berry et al. (2013) [cited by 

[12]] demonstrated that tree shade could reduce wall surface temperatures by up to 9 °C and external air 

temperatures by up to 1 °C. Lee et al. [15] studied the effects of a small planted area with watering outside 

a window, and the results showed that the ambient temperature was reduced by 2 °C. In addition, the use of 

plants for passive cooling of buildings can also reduce air infiltration by modifying wind speed and direction 

and they can limit nocturnal thermal losses, blocking outgoing long-wave radiation fluxed with large 

canopies [cited by [16].  

Urban trees, alone or in combination with shading, can create a cooler environment in summer so 

buildings will consume less energy for air conditioning [12,17]. However, with urbanization, there is limited 

amount of green spaces to grow trees and shrubs to achieve a higher cooling performance. Thus, alternative 

solutions that combine multiple passive cooling methods are required to improve the microclimate of 

compact urban areas. 

1.1.3.2. Evaporative cooling 

Direct evaporative cooling is the simplest and oldest form of air conditioning [8], and one of the most 

effective ways of passive cooling for buildings and urban spaces in hot regions [cited by [18]. Evaporative 

cooling cools the air by direct contact with water; cooling from its dry bulb-temperature to its wet bulb 

temperature if the water is fully vaporized. When the ambient humidity is increased, the cooling efficiency 

becomes lower because of the limitations in the amount of vapor that could be added to the air [19]. The 

limit of the evaporative cooling potential is given by the wet bulb temperature of the air to be cooled [cited 

by [8]. Evaporative cooling systems are dependent on climatic conditions and although is expected to be 

more effective in a hot and dry climate, studies [20,21] have shown that they can function even under hot 

and humid climates. The summer season in Japan is characterized by hot and humid weather with abundant 

rainfall but the relative humidity decreases to approximately 50% during daytime in sunny days. The use of 

evaporative cooling is a widely used passive cooling method in Japanese traditional vernacular houses as 

well [22]. Therefore, evaporative cooling has a cooling potential to improve microclimate in hot hours in 

Japan. The development of practical passive cooling methods to improve the microclimate of outdoor spaces 

in Japan during summer has been studied extensively [15,23–25]. He and Hoyano (2010) developed a passive 
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evaporative cooling wall (Figure 1.5a) constructed of porous ceramics with high water hold and soak up 

ability that can reduce the air temperature passing by around 2.0°C during summer daytime. Hirayama et al. 

(2014) [24] developed an evaporative cooling louver (Figure 1.5b, Figure 1.6), which can lower the air 

temperature by approximately 3.0 °C at maximum within the vicinity of the louver. The evaporative cooling 

louver is a stand-alone aluminum louver system coated with hydrophilic resin, porous particles, and 

photocatalyst (TiO2) to disperse water over the entire surface with a small amount of water supply. 

Approximately 3.6 L/(m2h) of water is dripped continuously from the top of the louver. The airflow can 

easily pass through the slats to cool the air. The louver provides (1) shade against direct solar radiation, (2) 

radiation cooling, and (3) ventilation cooling with cooled airflow, and (4) provide privacy near the window. 

Moreover, the louver stands-alone with independent foundation (350x350 mm); offering practical 

applications for its installation in limited outdoor spaces. Even though the louver improves the microclimate 

within its vicinity, its actual performance inside buildings has not yet been evaluated. Therefore, more 

information on the cooling effect of the louver, either alone or in combination with other passive cooling 

methods, is required to provide design recommendations for generating cool microclimates inside buildings. 

Other technologies include evaporative cooling pavement system or retentive water cooling pavement [26]. 

 

 

Figure 1.5. Overview of stand-alone evaporative cooling technologies. (a) Passive evaporative cooling 

wall (b) Evaporative cooling louver. 

(a) (b)
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Figure 1.6. Details of the evaporative cooling louver. Left to right: dimensions, passive cooling effects, 

watering method, image of louver watering. 

 

 

1.1.3.3. Natural ventilation 

Natural ventilation (NV) - based on pressure differences created by wind and buoyancy driven 

ventilation - is one of the main techniques to moderate temperature in buildings [27]. The usage of NV in 

buildings have demonstrated significant potential of energy savings [6] and improvement on occupant 

satisfaction and indoor air quality in favorable climatic conditions [28]. The usage of NV is dependent on 

the window opening behavior of occupants, determined by the outdoor microclimate [29,30]. Therefore, in 

order to use natural ventilation to moderate temperature in buildings there is need to mitigate the hot outdoor 

thermal environment. Moreover, although NV by opening a window seems simple, the combination of wind 

and buoyancy driven ventilation can oppose or complement each other depending on the position of the 

opening and the wind direction. In addition, other parameters such as wing walls, horizontal overhangs, 

window types, inlet and outlet sizes and location, insect screens, roof vents, fans, building layout, indoor 

partitions and placement of furniture can affect natural ventilation. Hence, predicting and controlling the 

indoor environment in window-based ventilation systems remains essentially an open issue [30].  

 Driving forces of natural ventilation: The pressure difference driving the airflow is a function of two 

driving forces: wind and buoyancy. Air flows either because of natural convection currents, caused by 

differences in temperature, or because of differences in pressure. Wind pressures are generally positive 

on the windward side of a building and negative on the leeward side. The occurrence and change of 

wind pressures on building surfaces depend upon wind speed and wind direction relative to the building 

shape, location, surroundings. Moreover, the stack effect due to air temperature difference causes 

density differentials and pressure differences that drive the air to move. Thus, even the lowest wind 

speeds will induce pressure distribution on the building envelope that will also act to drive airflow [31].  

1.80 m

1.80 m

Effects of the louver

1. Provides shade against 

direct solar radiation

2. Provides radiative cooling

3. Provides ventilation 

cooling with cooled airflow
Supply water by the 

tap water pressure

Water tube
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 Ventilation strategies: Figure 1.7 shows the airflow path defined by different ventilation modes: single-

sided ventilation, cross ventilation and stack ventilation [31]. Single-sided ventilation is the least 

attractive natural ventilation solution because it causes lower ventilation rates. Cross ventilation is 

usually driven by wind-generated pressure differences inducing positive pressures on windward faces 

and negative pressures on leeward surfaces. Stack effect is created by air temperature differences when 

the indoor air temperature is higher than outdoors which causes indoor warm air (less dense air) to rise 

and exit through a high level opening such as roof window or a roof vent. Thus, the stack effect causes 

air movement by air temperature differences inducing cool air from a low level window (opening) and 

exiting warm air through a high level window.  

 

 

Figure 1.7. Example of natural ventilation techniques. Left to right: single sided ventilation, cross 

ventilation and stack ventilation. 

 

 Previous studies on outdoor and indoor microclimates 

The design of sustainable and comfortable urban spaces and buildings has become increasingly 

important [cited by [32]. Specifically, studies on urban microclimate are gaining popularity [33]; and several 

researchers have studied methods to improve the urban microclimate [32–35]; however, only a few of them 

have studied its effect on the indoor thermal environment [36]. Moreover, extensive studies have been 

conducted on natural ventilation [27,29,30,37–41] related to building design and ventilation techniques (e.g. 

the size and location of ventilation openings, building orientation and layout, balconies in building facades 

and other protrusions) [cited by [36]. However, only a few of them have focused on studying the relationship 

between outdoor and indoor microclimate to improve natural ventilation [15,36,42]. Yuan et al [36] studied 

the effect of vertical farming on natural ventilation of a residence using CFD simulation and found that is 

possible to improve the natural ventilation by appropriately modifying vegetable arrangement and vegetable 

species. Toe and Kubota [42] studied and proposed passive cooling techniques to improve the relationship 
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between the indoor-outdoor temperature of houses. Lee at al., [15] studied the cooling effect of plants in the 

indoor space – wind speed was reduced but cool air flowed inside.  

Moreover, Table 1.1 shows a list of previous research that investigate outdoor microclimate and indoor 

microclimate. Most of the research that have carried out field measurements on outdoor, indoor or 

combination of both microclimates records its data with one measurement point height at around 1 to 2 

meters above the ground. However, few researches have considered studying outdoor and indoor 

microclimate by collecting data using multiple point heights.  

Table 1.1. Previous research on outdoor and indoor microclimates 

Author Research Outdoor Indoor 

Measurement 

point height 

Height 

[m] Methodology 

[11] 

Cooling effect of 

greening 
o  

Single 1.5 m 

Field 

measurement 

[14] 

Cooling effect of 

greening 
o  

Single 1.0 m 

Field 

measurement 

[43] 

Summer microclimate 

of a residence  

o  

Single 1.2 m 

Field 

measurement 

and CFD 

[44] 

Summer microclimate 

of a semi-enclosed space 

o  

Single 1.2 m  

Field 

measurement 

and CFD 

[10] 

Effect of urban 

vegetation on outdoor 

thermal environment 

o  

Single 

10 cm 

(scale 

model) 

Field 

measurement 

[45] 

Evaluation of natural 

ventilation potential 
o o 

Single 1.0 m 

Field 

measurement 

[46] 

Windows parameters on 

indoor natural 

ventilation  

 o 

Single 1.0 m 

Field 

measurement 

and CFD 

[47] 

Evaluation of natural 

ventilation potential 
o o 

Single 1.0 m 

Field 

measurement 

[42] 

Passive cooling 

techniques for 

improving indoor 

thermal comfort 

o o 

Multiple 

0.5 m, 

1.0 m, 

1.5 m, 

2.0 m, 

2.5m, 

etc. 

Field 

measurement 

[15] 

Cooling effects of plants 

on natural ventilation 

o o 

Multiple 

0.1 m, 

0.4 m, 

0.6 m, 

1.0 m, 

1.2 m, 

etc. 

Field 

measurement 
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1.2. Purpose of research 

Considering the above mentioned backgrounds and viewpoints, there is need for studying the 

application of passive cooling methods simultaneously to improve the outdoor and indoor microclimate 

during summer months in urban / suburban houses with limited outdoor spaces. To fill this research gap, this 

study adopts field measurement and microclimate modelling using computer fluid dynamics (CFD) to 

investigate the effects of passive cooling methods (PCMs) and ventilation strategies for improving the 

outdoor and indoor microclimate of a house during summer. Both conducting field experiments and CFD 

simulation are important because the measured microclimate data can be used to verify the CFD model, 

which can be used to conduct multiple parametric studies.  The PCMs used in this study comprises 

evaporative cooling louvers [24], vegetations and sunscreen.  

This study was carried out to find the most effective: (1) PCMs configuration for optimal cool 

microclimate formation in a semi-outdoor space; (2) ventilation strategies for optimal induction of cool air 

formed in a semi-outdoor space for natural ventilation; in order to provide design recommendations for 

generating cool microclimates inside buildings. 

 

 Novelty  

 This study adopts field measurements and microclimate modeling using CFD simulation. 

 Conducts studies in both the outdoor and indoor microclimates of a house. 

 Studies the application of passive cooling methods simultaneously for improving the outdoor and 

indoor microclimates. 

 Uses multiple measurement points horizontally and vertically to evaluate the vertical temperature 

distribution in outdoor, semi-outdoor and indoor spaces. 

 

 

1.3.  Thesis structure 

The thesis structure shown in Figure 1.8 is comprised of the following parts: 

 Chapter 1: Motivation (research background) and purpose of research. 
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 Chapter 2: Field experiment of outdoor microclimate and indoor microclimate for a house with multiple 

PCMs in a semi-outdoor space. This study examines the characteristics of the distribution of cool air 

formed in a semi-outdoor space by PCMs in front of a window. The capability of the PCMs is evaluated 

in terms of inducing the cool air from the outdoor environment to the indoor environment for natural 

ventilation. 

 Chapter 3: Modeling and validation of CFD simulation using the field experiment results.  

 Chapter 4: Sensitivity analysis of different settings and combinations of PCMs is performed using the 

validated CFD simulation. 

 Chapter 5: Optimization of the outdoor and indoor microclimates using the validated CFD model to 

find the best PCMs configuration and best ventilation strategies for optimal cool microclimate 

formation and induction of cool air. Evaluation of the effect of different wind directions in the optimized 

case.  

 Chapter 6: Conclusions and future work 

 

Figure 1.8 Thesis structure 

Chapter 1: 
Motivation and purpose of research

Chapter 2: 
Field measurement  of outdoor and 

indoor micrcolimate of a house 
using PCMs.

Chapter 3: 
Modeling and validation of CFD 

simulation

Chapter 4: 
Sensitivity analysis of PCMs 

using CFD

Chapter 5: 
Optimization of outdoor and 

indoor microclimate using CFD

Chapter 6:
Conclusion and future work
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CHAPTER 2.  FIELD MEASUREMENT 

 

2.1. Case study 

 Background: Brief history of Japan’s path to energy-saving architecture 

Japan, as the second largest economy in the word, has been long troubled with energy supply due to the 

low self-sufficient rate of energy. In 1980s, with the continuously rising yen, Japan, as an export and trading 

giant, placed great importance on reduction of energy cost with the view of improving the market 

competitiveness of its products. By the late 1980s, with the continuous improvement of Japanese living 

standard, energy saving and global warming prevention became a concern, and in 1997 Japan signed the 

Kyoto Protocol. Since then, Japanese government have taken several control measures to improve the effect 

of energy saving and greenhouse gases emission reduction of the architecture. Thus, due to the force of law 

and the attraction of policy support, Japan’s green architecture has grown hugely - achieving remarkable 

results through decades of unremitting efforts. Accordingly, architecture enterprises in Japan have carried 

out lots of studies and development on energy-saving architecture, and we can take a cue from Misawa 

Homes [48].  

 

 Target residential area 

Misawa Homes Co., Ltd. is one of the largest developers of residential homes in Japan. Its own research 

facility –   Misawa Homes Institute of Research and Development Co., Ltd. (MHIRD) – carries out lots of 

studies and development on energy-saving architecture.  In 2014, Japanese Government decreed that more 

than half of the newly built homes in the country by 2020 should be Zero Energy Homes (ZEH) [49]. In 

recent years, Misawa homes have focused on microclimate design, which strives to produce a comfortable 

indoor environment throughout the year by taking advantage of the natural environment, climate and 

geographic features of the site. The concept of microclimate design has been implemented in large scale for 

the development of M-Smart City Kumagaya (Saitama, Japan) – a suburban city at 60 km north of Tokyo 

Kumagaya City in Saitama prefecture known for severely hot weather during summer caused by very hot 

winds from Tokyo and Chichibu basin in the west of the prefecture. In addition, the city has no issues of 

noise or air pollution. Consequently, it is important to transform the city into a “refreshing town” in order to 



13 
 

make the residential houses with high natural ventilation efficiency – thus more energy efficient - in 

comparison to houses built in Tokyo area [49].  

 

 Climate of Kumagaya City  

Kumagaya City has a humid subtropical climate and one of the hottest summers in Japan. Historically, 

the air temperature in this city has reached 39.8 and 39.7 °C in June 2011 and September 2000, respectively 

[50]. In addition, in the summer of 2018, the city recorded a maximum temperature of 41.1ºC [JMA, 2018]. 

Recent weather data (2007-2017) (Table 2.1) for the city indicate that evaporative cooling has a cooling 

potential of 4.6−8.9 °C due to the water pressure deficit of air and wet surface during summer. Prevailing 

wind direction during winter is NNW and summer SSE. Natural ventilation may be used especially in the 

transition seasons (after the hottest season). The time of using air conditioning during summer in Tokyo 

could be shortened up to 300 hours. 

Table 2.1. Dry-wet bulb temperature difference (2007-2017) 

 Dry bulb 

temp. 

Relative 

Humidity 

Wet bulb 

temp. 

Dry-Wet 

bulb temp. 

Time 

 ℃ % ℃ ℃ h/yr 

over 

32℃ 

33.9 48.7 25.0 8.9 229 

30 - 32℃ 30.9 55.5 23.8 7.1 197 

28 - 30℃ 28.9 60.7 23.0 5.9 319 

26 - 28℃ 26.9 67.0 22.2 4.6 503 

 

 

 Characteristics of the passive house  

The houses are highly insulated and airtight. The walls and floors are wooden panels that consist of 75-

mm-thick 24 kg/m3 high-grade glass wool, and the ceiling is insulated with 200-mm-thick glass wool. The 

windows are made of plastic sashes with double-glazed, low-emissivity glass containing argon gas between 

the glass panes. The heat loss coefficient per unit floor area of the house is 1.77 W/ (m2K). The home is 

equipped with photovoltaic system as well as gas co-generation system and controlled by newly developed 

home energy management system [HEMS] [49].  

2.1.4.1. Passive cooling technologies 

 Natural ventilation: In conventional houses, occupants manually control natural ventilation. In contrast, 

these houses have a unique system that senses outdoor and indoor temperature to automatically control 
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the opening or closing the air intake opening and heat exhaust sky window. The system also controls 

the room air conditioner to minimize the cooling energy. Air conditionings turn off as the outdoor 

temperature becomes 3°C lower than indoor temperature and simultaneously air-intake opening and 

heat exhaust sky window are opened.  

 Evaporative cooling: MHIRD also introduced passive cooling technologies which uses evaporative 

cooling such as: vegetation, sprinklers, water retentive interlocking blocks at the walkway and parking 

(cools the temperature around feet), and the evaporative cooling louver (Figure 1.6) – (located at face 

level). Even though it is known that the louver improves the microclimate within its vicinity, its actual 

performance inside buildings has not yet been evaluated. Therefore, this field measurement uses the 

evaporative cooling louver in combination with other passive cooling methods to evaluate the 

generation of cool microclimate inside buildings.  

 

2.2. Methodology 

 House selected for the field measurement 

A detached two-story passive house located in the suburban residential complex – M-Smart City 

(N36°8′50.6′′, E139°23′19.1′′) – was selected for this study. As mentioned in the previous section this passive 

house has already a high energy performance due to its features. However, there is still need to investigate 

the effects of passive cooling methods (PCMs) on outdoor and indoor microclimates. Figure 2.1 shows the 

floor plan of the house. The surroundings of the house include a road facing northeast, two detached two-

story houses one facing the southeast façade and the other facing the northwest façade, and an empty lot 

facing the southwest façade. The southwest courtyard was selected as the outdoor area for the experiment, 

whereas the common space that shares the kitchen, living room, and dining room was chosen as the indoor 

area, with a total area and volume of 29.8 m2 and 71.55 m3, respectively.  
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Figure 2.1 Floor plan of the house. (a) first floor (b) second floor 

 

 

 

Section (Fig. 9)

Courtyard

Common indoor space

(a)

Section (Fig. 9)

(b)
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 Experimental design 

Figure 2.2 shows the target area of the house selected for the study: the southwest courtyard and the 

indoor area, which represents the outdoor and indoor microclimate, respectively. PCMs comprising an 

evaporative cooling louver (Figure 1.6, Figure 2.3); surrounding vegetation (potted plants and planted trees) 

(Figure 2.2, Table 2.2, Figure 2.5); and a sun screen (solar transmittance: 4.9 %) were installed in front of 

two windows facing the courtyard, creating two semi-outdoor spaces: Space A and Space B. The distance 

between the louver and window (L-W) for Space A is 1 m and for Space B is 2.8 m. The water supply amount 

during the experiment was 1.8 L/ (m2h) per evaporative cooling louver’s vertical plane (Figure 2.3). The 

temperature of the water was 25.0 ºC. Furthermore, the ground was covered with grass and the number of 

potted plants surrounding each semi-outdoor space was varied, as shown in Table 2.2. 

 

 

Figure 2.2. PCMs settings for (a) Day 1 and (b) Day 2. Left to right: Floor plan and view of southwest 

facade. 

2.8 m

Space A

Common indoor space: 

Target area

1.0 m
Space B

(a)

(b)
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Table 2.2. Amount of vegetation surrounding the semi-outdoor space for each case.  

Photograph of vegetation  

 

 

 

 

 

        

Total 

Amount that 

surrounds the 

semi-outdoor 

space 

 

Drawing representation  

   

 

 

  

 

Type of vegetation 
Flower Flower Quercus 

glauca 

Fraxinus 

griffithii 

Quercus 

glauca 

Fraxinus 

griffithii 

Amelanchier 

canadensis 

Styrax 

japonicus  

Size (m) 

Height (pot) 0.20 0.35 0.35 0.35 0.35 0.35 Planted Planted 

Height (plant) 0.50 0.55 2.50 2.40 2.30 2.00 2.00 3.50 

ø (plant) 0.60 0.70 0.50 0.90 0.40 0.80 0.60 0.80 

Amount of 

vegetation per 

case 

Case 1 5 4 2 0 0 0 1 0 12 Maximum 

CASE 2 3 3 0 1 0 1 0 1 9 Half 

CASE 3 3 7 1 1 1 1 1 0 15 Maximum 

CASE 4 0 0 0 0 0 0 0 1 1 None 
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Figure 2.3. Close-up views of the louver watering. 

 Ventilation settings 

Apart from installing PCMs in the semi-outdoor space for improving the outdoor microclimate, the 

indoor conditions were fixed to determine the best ventilation settings that will induce outdoor cool air into 

the indoor space. Table 2.3 and Figure 2.4 show the ventilation settings used in the experiments. The 

ventilation settings included: 

 Inflow (windward ventilation): Leaving the sliding window “fully open” or “half-open” with exterior 

shutter. 

Flow between rooms or cross ventilation: Opening the kitchen door or using a blower door installed in 

the living room door (Figure 2.4c. In general, a blower door is used between outdoor and indoor spaces to 

measure the airtightness of a building. For this study, blower door was installed to experimentally check the 

relationship between ventilation amount and cool air induction. Because experimental periods with 

appropriate weather conditions were limited, so we applied such an experimental setting. Thus, the blower 

door was used between indoor spaces to force air movement by air aspiration in order to determine the rate 

of indoor ventilation needed to improve the intake of cool air through the window.  

 Outflow (leeward ventilation): Stack ventilation for heat exhaust using a sky window. 

For reference, all the other doors and windows were closed. Moreover, the airtightness of the common space 

was 5.6 cm2/m2 because the air vents, windows, and indoor doors were not sealed. The amount of aspirated 

air was set at 710–730 m3/h, which is equivalent to 10 times the volume of the common space, by assuming 

the air change rate at natural ventilation.  
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Table 2.3. Louver watering conditions and ventilation settings for each case 

Case Subcase 
Duration of 

experiment 
Time (min) 

Louver 

watering 

Vegetation 

watered 

Ventilation setting (Cross ventilation + Stack ventilation) 

Window 

opening 

Window area 

(m) 
Room ventilation 

Air 

aspiration 

(m3/h) 

Sky 

window 

CASE 1 

CASE 2 

C1 

Day 1 

14:30–16:25 

25 No No Fully open 0.7 × 2.0 
Open kitchen 

door 
— Open 

C2 25 Yes Yes Half open 0.7 × 1.0 
Open kitchen 

door 
— Open 

C3 25 Yes No Half open 0.7 × 1.0 Blower door 710–730 Open 

C4 25 Yes No Fully open 0.7 × 2.0 
Open kitchen 

door 
— Open 

CASE 3 

CASE 4 

C5 

Day 2 

12:20–13:35 

15 No No Fully open 0.7 × 2.0 Blower door 710–730 Open 

C6 15 Yes Yes Half open 0.7 × 1.0 Blower door 710–730 Open 

C7 15 Yes No Fully open 0.7 × 2.0 Blower door 710–730 Open 

C8 15 Yes No Half open 0.7 × 1.0 Blower door 710–730 Open 

Note: There was a 5-min break between each subcase in order to change the ventilation settings. 

 

Figure 2.4. Location and photos of ventilation settings. 

a) 

b) 
c) 

d) 

Section through Space B 

Courtyard 
Indoor space 

a) Half window open b) Full window open c) Blower door d) Ceiling fan, sky window 
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2.3. Experimental cases 

The experiment was conducted during September (transition seasons) when conditions were favorable 

for PCMs use; i.e., after an intensive cooling season, extending the time and period during which natural 

ventilation could be used.  The field measurements were carried out over the course of six days and two days 

were specifically chosen (September 12, 2016 (Day 1) and September 17, 2016 (Day 2)) to evaluate the 

formation of cool microclimate under cloudy and sunny conditions, respectively. Figure 2.5 shows the close-

up PCMs settings for each case as follows: 

 CASE 1: Space A fully surrounded by vegetation under cloudy conditions (Day 1). 

 CASE 2: Space B partially surrounded by vegetation under cloudy conditions. 

 CASE 3: Space A fully surrounded by vegetation under sunny conditions (Day 2). 

 CASE 4: Space B without surrounding vegetation under sunny conditions. CASE 4 subcase C5 is the 

default condition because there was no vegetation, the louver was not watered, and the L-W distance 

was longer.  

    
(a) 

    
(b) 

Figure 2.5. Close-up views for each case in (a) Day 1 (b) Day 2. Left to right. CASE 1, CASE 2, CASE 3 

and CASE 4. 
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2.4. Data collection 

Field measurements were conducted to evaluate the microclimate created by the PCMs and induction 

of cool air based on the ventilation settings. The data recorded include the general weather conditions outside 

the semi-outdoor space as well as the vertical air temperature distribution and wind conditions inside the 

semi-outdoor space and indoor space. The details of the equipment used for the experiments and measuring 

points are presented in Table 2.4. Figure 2.6 and Figure 2.7 shows the photos and locations of the measuring 

points. Table 2.5 shows the detail location of points for wind speed and wind direction at the outdoor, semi-

outdoor and indoor space. The weather conditions, namely, horizontal solar radiation, ambient temperature 

(𝑇𝑎𝑚𝑏), relative humidity, wet bulb temperature (𝑇𝑤𝑏), outdoor wind speed (𝑊𝑆𝑜𝑢𝑡), and outdoor wind 

direction (𝑊𝐷𝑜𝑢𝑡) were recorded outside the semi-outdoor space at 1.5 m above the ground level (GL + 1.5 

m). The vertical air temperature distribution inside the semi-outdoor space was recorded at the back of the 

louver (𝑇𝑙𝑜) from GL + 0.1 m to GL + 1.5 m; and center of the semi-outdoor space (𝑇𝑠𝑜𝑝) from GL + 0.1 m 

to GL + 2.0 m. In addition, the wind speed (𝑊𝑆𝑠𝑜𝑝) and wind direction (𝑊𝐷𝑠𝑜𝑝) were recorded at GL + 1.0 

m. Furthermore, the air temperature inside the window (𝑇𝑤𝑖𝑛) and center of the indoor space (𝑇𝑐𝑖𝑛) were 

recorded from GL + 0.5 m to GL + 2.5 m (or 0.1 m above the floor level (FL + 0.1 m) to FL + 2.0 m). The 

wind speed inside the window (𝑊𝑆𝑤𝑖𝑛) and wind direction (𝑊𝐷𝑤𝑖𝑛) were recorded from FL + 0.3 m to FL 

+ 1.7 m (refer to Table 2.5).  

Table 2.4. Measurement equipment 

Measured parameter Equipment Accuracy 

Horizontal solar radiation  Thermopile pyranometer ±5% 

Representative ambient 

temperature 
T-type 0.1-mm thermocouple inside ventilated tube 

0.1°C 

Air temperature  T-type 0.1-mm thermocouple (with shield) 0.1°C 

Representative relative humidity 
Resistance change-type humidity sensor (Model: CHS-

MSS, TDK Corporation, Japan) 

±3% 

(<90%RH) 

±5% 

(>90%RH) 

Wind velocity and direction  
3-axis ultrasonic anemometer (Model: CYG-81000, R.M. 

Young Company, USA)  

±2° 

±0.1m/s 

Wind velocity and direction  
Ultrasonic wind sensor (Model: WMT52, Vaisala 

Corporation, Finland)  

±5° 

±0.3m/s 

Thermograph  
Infrared camera (Model: Thermo GEAR G100,  Nippon 

Avionics Co.,Ltd., Japan) 

±2°C 

Blower door  Airtightness performance instrument  

Data 
Data logger (Model: LR5400, Hioki E.E. Corporation, 

Japan) 
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(a) Thermocouple with shield (b) Tamb, Solar radiation, RH, WSout, WDou 

 

 
(c) Tsop, WSsop, WDsop (d) Twin, Tcin, WSwin, WDwin 

Figure 2.6. Photo of the measurement equipment. 

 

Figure 2.7. Location of measurement points. E.g. for Space A. (a) Air temperature (b) Wind speed and 

direction 

 

       

    

  𝒊 

GL + 2.5 m (FL + 2.0 m)

GL + 2.0 m (FL + 1.5 m)

GL + 1.5 m (FL + 1.0 m)

GL + 1.0 m (FL + 0.5 m)

GL + 0.5 m (FL + 0.1 m)

GL + 2.2 m (FL + 1.7 m)

GL + 1.5 m (FL + 1.0 m)

GL + 0.7 m (FL + 0.3 m)

     , 

     

   𝒊 

     

  𝒊 

(a) (b)
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Table 2.5. Detail location of measurement points for wind speed and wind direction. 

Outdoor space 

 

 
Semi-outdoor space  Space A Space B 

 

                    

No point installed 

Inside window Space A Space B 

 

  

 

 

𝑊𝑆𝑤𝑖𝑛 , 𝑊𝐷𝑤𝑖𝑛 

(GL + 2.2 m) 

 (GL + 1.4 m) 

 (GL + 0.7 m) 

𝑊𝑆𝑜𝑢𝑡  , 𝑊𝐷𝑜𝑢𝑡  

(GL + 1.5 m) 

𝑊𝑆𝑠𝑜𝑝  , 𝑊𝐷𝑠𝑜𝑝  

(GL + 1.0 m) 
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All of the data were recorded within 1-s intervals. The house used for conducting the field measurement 

was neither furnished nor occupied. Hence, the measuring equipment were the only sources of heat. In 

addition, the indoor space was revised with thermographs and the surface temperature was almost equivalent 

to the air temperature. This implies that the MRT (Mean Radiant Temperature) hardly affects the 

experimental results.  

 

2.5. Results 

 Weather conditions 

Figure 2.8 shows the weather conditions before and during the field measurements for Day 1 and Day 

2. On Day 1, the solar radiation is more than 500 W/m2 before 13:30 and the solar radiation is low with an 

average of 85 W/m2 during the experiment (from 14:20 to 16:25). In contrast, on Day 2, the solar radiation 

is less than 300 W/m2 before 11:30 whereas the solar radiation is high with an average value of 567 W/m2 

during the experiment. This shows that when measurements were conducted; Day 1 had cloudy conditions 

whereas Day 2 had sunny conditions. In addition, the average 𝑊𝐷𝑜𝑢𝑡 is 0.6 and 0.7 m/s for Day 1 and Day 

2, respectively, while the average 𝑊𝐷𝑜𝑢𝑡 falls within a range of 163–169°, indicating that the wind direction 

is approximately perpendicular to the windows. The average relative humidity values are 52% and 50% for 

Day 1 and Day 2, respectively, indicating that the conditions are favorable to reduce the ambient temperature 

using direct evaporative cooling. Based on the difference between the ambient temperature and wet bulb 

temperature (𝑇𝑎𝑚𝑏 – 𝑇𝑤𝑏), the PCMs have the potential to reduce the 𝑇𝑎𝑚𝑏 by an average of 7.1 and 7.8 °C 

for Day 1 and Day 2, respectively. These values correspond to the theoretical maximum potential of the 

evaporative cooling louver at a relative humidity of 100%. 
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(a) 

 

 

(b) 

Figure 2.8. Weather conditions before and during the experiment. (a) Day 1 (b) Day 2. 

 

  Surface temperature of the louver 

Figure 2.9 shows the surface temperatures of the louver for Day 1 and Day 2 when it is dry, wet 

(previously watered), and while it is being watered. 𝑇𝑠𝑜𝑢𝑡 is the surface temperature of the louver collected 

by thermographs (Figure 2.9); and 𝑇𝑠 is the surface temperature recorded using a thermocouple located at 

the upper side of a slat. Figure 2.9a shows that when the louver is dry, the 𝑇𝑠𝑜𝑢𝑡 is higher than the 𝑇𝑎𝑚𝑏 by 

3.6 °C and the 𝑇𝑠 is higher than the 𝑇𝑎𝑚𝑏 and the 𝑇𝑤𝑏 by 1.3 and 9.6 °C, respectively.  In contrast, further 
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reductions are observed when the louver is continuously watered and the values vary in accordance with the 

amount of solar radiation for each day. On Day 1 (Figure 2.9b), it can be seen that the 𝑇𝑠𝑜𝑢𝑡 is lower than 

the 𝑇𝑎𝑚𝑏 with a difference of 2.3 °C. 𝑇𝑠 is lower than the 𝑇𝑎𝑚𝑏 by 4 °C whereas it is higher than the 𝑇𝑤𝑏 by 

3.1 °C. On Day 2 (Figure 2.9d), it can be seen that the 𝑇𝑠𝑜𝑢𝑡 is less than the 𝑇𝑎𝑚𝑏 by 1 °C. The 𝑇𝑠 is lower 

than the 𝑇𝑎𝑚𝑏 by 2.9 °C whereas it is higher than the 𝑇𝑤𝑏 by 4.3 °C. This indicates that the 𝑇𝑠𝑜𝑢𝑡 is typically 

2 °C higher than the 𝑇𝑠 when the louver is both dry and watered, regardless of the amount of solar radiation. 

Moreover, the most significant reduction of the 𝑇𝑠 is observed on Day 1, where the 𝑇𝑠 decreases by 6.2°C 

when the louver is watered.  

 

 

Figure 2.9. Thermal images for the louver under different watering conditions and solar 

radiation.  

 

b) Day 1 (15:36) – Watered louvera) Day 1 (14:05) – Dry louver

d) Day 2 (12:51) – Watered louver
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 Air temperature and wind conditions inside the semi-outdoor space 

2.5.3.1. Air temperature at the back of the louver before and after the louver is 

watered  

Figure 2.10 shows the comparison of the air temperature at the back of the louver (𝑇𝑙𝑜) before and after 

the louver is watered for each case. It can be observed from Figure 2.10a,c that after the louver begins to be 

watered at 14:55 and 12:35 on Day 1 and Day 2 (Table 2.3), it takes ~5–8 min for the 𝑇𝑙𝑜  to reach to 

maximum reduction before it eventually stabilizes at GL + 0.1 m. After the louver is watered, the 𝑇𝑙𝑜 is 

reduced by 3.1, 2.6, and 3.2 °C at GL + 0.1 m for CASE 1, CASE 2 and CASE 3, respectively. In contrast, 

for CASE 4 (Figure 2.10d), there is no significant reduction in the 𝑇𝑙𝑜 even after the louver is watered.   

 

  

     (a) CASE 1             (b) CASE 2 

  

    (c) CASE 3                      (d) CASE 4 

Figure 2.10. Air temperature at the back of the louver before and after the louver is watered for (a) CASE 

1, (b) CASE 2, (c) CASE 3 and (d) CASE 4.  

Tamb Tlo(GL+1.5m) Tlo(GL+1.0m) Tlo(GL+0.5m)

Tlo(GL+0.1m) Twb Solar radiation
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Furthermore, Figure 2.11 shows the average vertical air temperature distribution difference (𝑇𝑎𝑑𝑖𝑓𝑓) 

between the air temperature at the back of the louver (𝑇𝑙𝑜) and the ambient temperature (𝑇𝑎𝑚𝑏) before and 

after the louver is watered for each case. On Day 1 for CASE 1 (Space A)  Figure 2.11a shows that when the 

louver is dry (subcase C1) the 𝑇𝑙𝑜 is lower than the 𝑇𝑎𝑚𝑏 by 0.4–1.2 °C below GL + 0.5 m whereas the 𝑇𝑙𝑜 

is higher than the 𝑇𝑎𝑚𝑏 by 0.2–0.4 °C above GL + 1.0 m. In contrast, when the louver is watered (subcases 

C2, C3, and C4), the 𝑇𝑙𝑜  is lower than the 𝑇𝑎𝑚𝑏 by 0.8–4.1°C at all points; i.e., from GL + 1.5 m to GL + 0.1 

m. This indicates that when the louver is dry the 𝑇𝑙𝑜  is reduced due to shading effect of the PCMs whereas 

after the louver is watered the 𝑇𝑙𝑜  is reduced due to the evaporative cooling effect; i.e., the 𝑇𝑙𝑜 is further 

reduced by 1.2–2.8 °C from GL + 1.5 m to GL + 0.1 m. The result for CASE 2 (Space B) (Figure 2.11b) is 

similar to CASE 1, where the shading effect reduces the 𝑇𝑙𝑜  below GL + 0.5 m while the watered louver and 

vegetation reduces the  𝑇𝑙𝑜  at all measuring points. For CASE 3 (Space A) Figure 2.11c shows that the  𝑇𝑙𝑜  

is reduced at all measuring points when the louver is wet (previously watered) (subcase C5) by 0.5–1.4°C 

from GL + 1.5 m to GL + 0.1 m. After the louver is watered (subcases C6, C7, and C8), the average 𝑇𝑙𝑜  is 

reduced by 0.2–4.1°C at all measuring points. This indicates that when the louver is watered the reduction 

of the 𝑇𝑙𝑜  is only 2.7 °C at GL + 0.1 m. This clearly shows the effect of solar radiation on the generation of 

cool air at the back of the louver  because the cooling effect of PCMs is more difficult to achieve with sunny 

conditions (Day 2). Therefore, the evaporative cooling effect is stronger for CASE 1 (cloudy conditions) 

compared with that for CASE 3, which is indicated by the higher reduction of the 𝑇𝑙𝑜  from GL + 1.5 m to 

GL + 0.1 m. Moreover, for CASE 4 as shown in Figure 2.11d there is no significant difference in the vertical 

temperature distribution between wet and watered louver. When the louver is wet (subcase C5), the 𝑇𝑙𝑜  is 

less than 𝑇𝑎𝑚𝑏 by 0.1–0.5 °C below GL + 1.5 m and after the louver is watered (subcases C6, C7, and C8), 

the average 𝑇𝑙𝑜  is less than 𝑇𝑎𝑚𝑏 by 0.1–0.6 °C at all measuring points. Based on the results for CASE 1, 

CASE 2, and CASE 3 in Figure 2.11, the maximum reduction of 𝑇𝑙𝑜  (4.1 °C) is achieved at GL + 0.1 m - the 

point nearest to the ground. In contrast, the maximum reduction of 0.6 °C for 𝑇𝑙𝑜  is achieved at GL + 0.1 m 

for CASE 4. This demonstrates that surrounding the semi-outdoor space with vegetation improves the 

evaporative cooling effect at the back of the louver. 
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Figure 2.11. Vertical air temperature difference (Tlo - Tamb) at the back of the louver before and after the 

louver is watered for each case.  

 

 Air temperature at the center of the semi-outdoor space after the louver is 

watered 

Figure 2.12 shows the vertical air temperature distribution difference (𝑇𝑎𝑑𝑖𝑓𝑓 ) between the air 

temperature at the center of the semi-outdoor space (𝑇𝑠𝑜𝑝) and the ambient temperature (𝑇𝑎𝑚𝑏). Results in 

this section show the capability of each case to accumulate cool air generated by the louver in the semi-

outdoor space. For CASE 1 (Figure 2.12a), the average 𝑇𝑠𝑜𝑝 is higher than the 𝑇𝑎𝑚𝑏 by 0.1°C at GL + 2.0 m 

when the louver is watered (subcases C2, C3, and C4) while 𝑇𝑠𝑜𝑝 is lower than 𝑇𝑎𝑚𝑏 by 0.5–2.8 °C below 

GL + 1.5 m. For CASE 2 (Figure 2.12b), the average 𝑇𝑠𝑜𝑝 is equal to 𝑇𝑎𝑚𝑏 at GL + 2.0 m whereas the 

average 𝑇𝑠𝑜𝑝 is lower than 𝑇𝑎𝑚𝑏 by 0.4–2.1°C from GL + 1.5 m to GL + 0.1 m. In contrast to Figure 2.11a-

b, the cool air generated at the back of the louver tends to accumulate in the semi-outdoor space at points 

below GL + 1.5 m while the 𝑇𝑠𝑜𝑝 is 0.1 °C higher than the 𝑇𝑎𝑚𝑏 at GL + 2.0 m. For CASE 3 (Figure 2.12c)  

the average 𝑇𝑠𝑜𝑝 is higher than the 𝑇𝑎𝑚𝑏 by 0.1–1.7 °C at points above GL + 1.0 m whereas the average 𝑇𝑠𝑜𝑝 

is lower than the 𝑇𝑎𝑚𝑏 by 1.0–3.3 °C at points below GL + 0.5 m for subcases C6, C7, and C8. The result 

difference between CASE 1 (Day 1) and CASE 3 (Day 2) demonstrates the effect of the solar radiation has 

on the accumulation of cool air at the semi-outdoor space. For CASE 3 heated air is accumulated in the semi-

outdoor space, thus the accumulation of cool air can be seen up to point GL + 0.5 m. These results indicate 

in order to accumulate cool air at higher levels above the ground it is essential to protect the semi-outdoor 

space from high solar radiation. Moreover, for CASE 4 (Figure 2.12d),the  𝑇𝑠𝑜𝑝 is higher than the 𝑇𝑎𝑚𝑏 at 

all measuring points. These results demonstrate that surrounding the semi-outdoor space with vegetation 
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does not only improve the cooling efficiency of the louver but also keeps the cool air accumulated in the 

semi-outdoor space. 

 

Figure 2.12. Vertical air temperature difference (Tsop - Tamb) at the center of the semi-outdoor space before 

and after the louver is watered for each case.  

 

Furthermore, the effect of the distance between Space A and Space B on the accumulation of cool air 

generated by the louver is analyzed by comparing the difference between the air temperature at the center of 

the semi-outdoor space (𝑇𝑠𝑜𝑝) and air temperature at the back of the louver (𝑇𝑙𝑜) for CASE 1 and CASE 2. 

These cases are chosen because the 𝑇𝑙𝑜 values are similar and the primary difference between both cases is 

the distance between the points 𝑇𝑠𝑜𝑝 and 𝑇𝑙𝑜. Table 2.6 shows the air temperature difference (𝑇𝑑𝑖𝑓𝑓) for each 

case, which is defined as the difference between the 𝑇𝑠𝑜𝑝 and the 𝑇𝑙𝑜. It can be seen that the cooling effects 

are reduced by 0.3–1.3 °C and 0.6–2.0 °C in Space A and Space B, respectively. Thus, it can be deduced 

that the cool air generated by the louver is dissipated as the distance of the semi-outdoor space is increased.  

Table 2.6. Relationship between the formation of cool microclimate and the distance between the center of 

the semi-outdoor space and back of the louver. 

Distance between the 

measuring point 𝑇𝑙𝑜 and 𝑇𝑠𝑜𝑝 

Space A = 0.5 m  Space B = 1.4 m 

Case CASE 1  CASE 2 

Height 𝑇𝑙𝑜  

[°C] 

𝑇𝑠𝑜𝑝 [°C] [𝑇𝑑𝑖𝑓𝑓] 

[°C] 

 𝑇𝑙𝑜  

[°C] 

𝑇𝑠𝑜𝑝 [°C] [𝑇𝑑𝑖𝑓𝑓] 

[°C] 

GL + 1.5 m 26.9 27.2 0.3  26.7 27.3 0.6 

GL + 1.0 m 26.7 27.1 0.4  26.4 27.1 0.7 

GL + 0.5 m 26.0 26.4 0.4  26.2 26.6 0.5 

GL + 0.1 m 23.6 24.9 1.3  23.6 25.6 2.0 
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 Wind speed at the center of the semi-outdoor space 

Figure 2.13 shows the wind conditions outside and inside Space A. As shown in Figure 2.2 and Figure 

2.5, Space A (CASE 1) and Space B (CASE 3) even though both are fully surrounded by vegetation, the 

arrangement of the potted plants is different. Wind conditions for CASE 1 indicate that the average 𝑊𝑆𝑜𝑢𝑡 

is 0.6 m/s and the average 𝑊𝐷𝑜𝑢𝑡 is SSE. In contrast, the wind conditions change inside the semi-outdoor 

space (Space A), where the average 𝑊𝑆𝑠𝑜𝑝 is reduced to 0.3 m/s and the average 𝑊𝐷𝑠𝑜𝑝 changes to WSW. 

For CASE 3, the average 𝑊𝑆𝑜𝑢𝑡 is 0.7 m/s and the average 𝑊𝐷𝑜𝑢𝑡 is south. In contrast, the value of 𝑊𝑆𝑠𝑜𝑝 

increased to 0.8 m/s and the average 𝑊𝐷𝑠𝑜𝑝 remained as south. Therefore, there is reduction of wind speed 

in Space A for CASE 1 whereas there is no reduction of wind speed for CASE 3. This difference is likely 

because in CASE 1, a tall potted plant (Quercus glauca) blocks a portion of the louver whereas in CASE 3, 

the louver is completely exposed and therefore, the wind passes through the louver slats at a higher speed. 

These results show the importance of arrangement of vegetation when using the evaporative cooling louver 

to maximize the wind passing through the louver salts.  

 

 

Figure 2.13. Wind speed and wind direction outside and inside Space A for (a) CASE 1 and (b) CASE 3. 

 

 Air temperature and wind speed inside the window based on ventilation settings  

2.5.6.1. Induction of cool air  

Figure 2.14 shows the variation in air temperature inside the window for different ventilation settings 

(Table 2.3). For CASE 1 and CASE 2 on Day 1 when the louver is dry (subcase C1) values of 𝑇𝑤𝑖𝑛 are equal. 

After the louver is watered (subcases C2, C3, and C4), the average 𝑇𝑤𝑖𝑛  in CASE 1 is reduced by 0.1–0.5 

°C at all measuring points in contrast to CASE 2. Thus, even though 𝑇𝑠𝑜𝑝 for CASE 1 and CASE 2 is similar, 
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𝑇𝑤𝑖𝑛was not reduced because 𝑇𝑤𝑖𝑛  is higher than 𝑇𝑎𝑚𝑏  (Figure 2.14b). This suggested that the cool air 

accumulated in Space B was dissipated before it reached the window; due to the combination of the large 

louver window (L-W) distance and the amount of vegetation that partially surrounded the semi-outdoor 

space. Moreover, as shown in Figure 2.14c-d, when the louver is wet (subcase C5), the 𝑇𝑤𝑖𝑛 values for CASE 

3 are lower than those for CASE 4 by 0.5–0.6 °C at points below GL + 2.0 m on Day 2. However, the value 

of 𝑇𝑤𝑖𝑛 is 0.4 °C higher at GL + 2.5 m. This result implies that the solar radiation had a larger effect on 

CASE 3 compared with that in CASE 4, where the perpendicular wall may have provided added shade to 

the window. Moreover, when the louver is watered (subcases C6, C7, and C8), the average  𝑇𝑤𝑖𝑛 values for 

CASE 3 are lower than those for CASE 4 by 0.6–0.9 °C at points below GL + 2.0 m, while the average  𝑇𝑤𝑖𝑛 

is 0.9 °C higher at GL + 2.5 m. The results confirm the induction of cool air for CASE 1 and CASE 3. The 

lack of induction of cool air for CASE 2 and CASE 4 is likely because the large L-W distance in Space and 

amount of vegetation in CASE 2, whereas Space B in CASE 4 is not surrounded by vegetation at all. Thus, 

both configurations affected the accumulation of cool air generated by the watered louver, and the cool air 

did not reach the window.   

 

Figure 2.14. Vertical air temperature difference (Twin – Tamb) inside the window before and after the louver 

is watered for each case.  
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 Effect of ventilation settings on the wind speed 

Figure 2.15 shows the variation of wind speed inside the window (𝑊𝑆𝑤𝑖𝑛) for different ventilation 

settings. It can be observed from Figure 2.15a-b that the 𝑊𝑆𝑤𝑖𝑛 at GL + 0.7 m increases by 0.05 m/s with 

blower door (subcase C3) compared to that with open kitchen door (subcase C2). This indicates that when 

the rate of air change between rooms is increased, the wind speed of the cool air crossing the window 

increases, which confirms the importance of using indoor cross ventilation for improving natural ventilation. 

Furthermore, it is found that the wind speed is influenced by the window area. When the window is half 

open (subcases C2, C3, C6, and C8), the 𝑊𝑆𝑤𝑖𝑛 is ~0.10 m/s at GL + 2.2 m, indicating that there is almost 

no air crossing the window in that area due to the shutter. Under the shutter (GL + 1.4 m and GL + 0.7 m), 

the average 𝑊𝑆𝑤𝑖𝑛 values are 0.20 and 0.15 m/s for Space A and Space B, respectively. In contrast, when 

the window is fully open, there is a slight variation of the wind speed from GL + 2.2 m to GL + 0.7 m, where 

the average 𝑊𝑆𝑤𝑖𝑛 values are 0.20 and 0.15 m/s for the window in Space A and Space B, respectively. This 

indicates that the incoming wind speed is generally higher for the window in Space A compared to that for 

Space B. 

 

Figure 2.15. Wind speed inside the window before and after the louver is watered for each case.  
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 Effect of ventilation settings and wind speed on the air temperature 

Figure 2.14 and Figure 2.15 show the air temperature difference and wind speed inside the window for 

each case based on the ventilation settings. The air temperature difference is defined as the difference 

between the air temperature inside the window (𝑇𝑤𝑖𝑛) and the ambient temperature (𝑇𝑎𝑚𝑏). Figure 2.14a-c 

show that the 𝑇𝑤𝑖𝑛  values are higher when the window is half open (subcases C2, C3, C6, and C8) compared 

with those when the window is fully open (subcases C4 and C7) at points above GL + 2.0 m. This confirms 

that the presence of shutter increases the 𝑇𝑤𝑖𝑛 values on both days due to the lack of ventilation. In contrast, 

there is a reduction of the 𝑇𝑤𝑖𝑛 values when the window is fully open because there is ventilation across the 

window, which helps keep the air temperature inside the window cooler. Moreover, at points below GL + 

1.5 m, the induction of cool air for CASE 1 is improved when the window is half open (subcase C3) and the 

𝑊𝑆𝑤𝑖𝑛 is 0.22 m/s. This shows that the induction of cool air improves as the wind speed increases for CASE 

1. For CASE 3, the indoor air is kept cooler when the window is half open (subcase C6) and the 𝑊𝑆𝑤𝑖𝑛 is 

less than 0.2 m/s. The 𝑇𝑤𝑖𝑛  increases when 𝑊𝑆𝑤𝑖𝑛  exceeds 0.2 m/s, where the window is half open (subcase 

C8). This is because the cool air at 𝑇𝑠𝑜𝑝 is accumulated near the ground below GL + 0.5 m, thus when wind 

crossing the window is higher, the hot air is induced. This confirms cool outdoor microclimate is necessary 

in order to improve indoor microclimate.  

2.6. Analysis of results 

 Cool microclimate formation in the semi-outdoor space.  

2.6.1.1. Effect of solar radiation 

The effect of solar radiation on the formation of cool microclimate at the semi-outdoor space is apparent 

by comparing the results for CASE 1 and CASE 3 (Figure 2.12a, c). For CASE 3 the 𝑇𝑠𝑜𝑝 values were higher 

than those for CASE 1 by 0.3–1.6 °C from GL + 0.5 m to GL + 2.0 m, even though the semi-outdoor space 

is fully surrounded by vegetation in both cases. Thus, the height of accumulated cool air is higher by 1.0 m 

for CASE 1 (low solar radiation) compared with that for CASE 3 (high solar radiation). The discrepancy 

between CASE 1 and CASE 3 is likely due to the difference in the amount of solar radiation, which heats 

both the sunscreen and window. Hence, the heated air accumulates in the semi-outdoor space, which limits 

the formation of cool air below GL + 0.5 m on Day 2. Hence, in order to accumulate cool air at higher levels 
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above the ground, it is essential to protect the semi-outdoor space from high solar radiation by applying an 

alternative horizontal shading device. 

2.6.1.2. Effect of louver window distance 

The effect of louver-window (L-W) distance on the formation of cool microclimate is evident by 

comparing the results for CASE 1 and CASE 2 on Day 1 because the space between 𝑇𝑙𝑜 (Figure 2.11) and 

𝑇𝑠𝑜𝑝  (Figure 2.12) is surrounded by vegetation for both cases. However, the distance between the louver 

and center of the semi-outdoor space is different for both cases. Table 2.6 shows the air temperature 

difference (𝑇𝑠𝑜𝑝 − 𝑇𝑙𝑜) for CASE 1 and CASE 2. The results showed that the cooling effects are reduced by 

0.3–1.3 °C and 0.6–2.0 °C for CASE 1 and CASE 2, respectively. This indicates that the cool air generated 

by the louver is dissipated when the distance between the louver and center of the semi-outdoor space is 

increased. Hence, in order to utilize the cool air generated by the PCMs for natural ventilation, a shorter L-

W distance is recommended.  Wong et al.  (cited by [51]) found that the cooling effect increased with a 

temperature reduction of 3.3 °C when the distance between the living wall system (LWS) and the wall was 

15 cm. In contrast, they found that the temperature reduction was reduced to 1.6 °C when the distance 

between the LWS and the wall was increased to 30 cm. Likewise, Chen et al. [52] found reducing the distance 

between the LWS and wall surface resulted in higher cooling effect. In contrast, a larger L-W distance was 

used in this work compared with those in previous studies, which indicates that the distance and surrounding 

vegetation also affects the accumulation of cool air at the semi-outdoor space. Furthermore, the combination 

of L-W distance and vegetation surrounding the semi-outdoor space has a direct effect on the formation of 

cool microclimate. Although the 𝑇𝑠𝑜𝑝 values for CASE 1 and CASE 2 are similar, the cool air in the semi-

outdoor space does not reach the window for CASE 2 (Figure 2.14b) because Space B distance is larger and 

is partially surrounded by vegetation and thus, the cool air is dissipated. In contrast, Space A (which is fully 

surrounded by vegetation) is shown to have the highest accumulation of cool air generated by the louver. 

Moreover, as seen in Figure 2.13 the presence of vegetation reduces the wind speed, which confirms well 

with the results of Lee et al. [15], who concluded that the wind speed outside the window is reduced by 

placing potted plants close to the window. The presence of plants and watering created a cool air which 

flowed into the indoor space during the daytime. Similarly, the results obtained in this study showed that the 

formation of cool microclimate is significantly improved significantly when the semi-outdoor space is fully 
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surrounded by vegetation. This might be owed to the fact that the vegetation may be prevent the cool air 

from dissipating.  

2.6.1.3. Effect of the wind speed 

In a previous research Hirayama et al. (2018) analyzed the individual effects of the louver and 

vegetation on the wind speed and air temperature reductions [25]. Results showed that wind speed reduction 

was approximately 20 % when using the individual louver and vegetation, and the reduction in air 

temperature was 0.8-1.1°C when watered. It was concluded that the louver and vegetation contribute toward 

a decrease in air temperature, rather than the wind speed. In this study, the wind conditions inside the semi-

outdoor space were only recorded inside Space A. Therefore, the effect of wind speed on the air temperature 

could be seen in CASE 1 and CASE 3. In CASE 1, the wind speed reduced from 0.6 m/s to 0.3 m/s between 

the outside and inside of the semi-outdoor space, and a reduction in air temperature was observed below GL 

+ 1.5 m in the semi-outdoor space when the louver was watered. In contrast, in CASE 3, the wind speed did 

not change between the inside and outside of the semi-outdoor space, and the reduction in air temperature 

was observed only below GL + 0.5 m in the semi-outdoor space. Therefore, there was a trade-off relation 

between the reduction in wind speed and that of the air temperature for these cases.  However, despite CASE 

1 and CASE 3 being configured with surrounding vegetation; the amount of solar radiation was different. 

Hence, if compared, the effect of wind speed cannot be definite. This is because solar radiation is already 

affecting the formation of cool air and the air temperature inside the window in Space A, as seen above in 

GL+0.5 m in Figure 2.12c and GL+2.5 m in Figure 2.14c, respectively.  

 

 Induction of cool air 

Based on the results shown in Figure 2.14, induction of cool air can be seen for CASE 1 and CASE 3, 

where both semi-outdoor spaces have a short L-W distance and is fully surrounded by vegetation, which 

facilitates the formation of cool air until the window. The induction of cool air is most pronounced for CASE 

1 (subcase C3), where the window is half open and a blower door is used. This results in the highest reduction 

of  𝑇𝑤𝑖𝑛 while the 𝑊𝑆𝑤𝑖𝑛 is increased to 0.22 m/s at the point nearest to the floor (GL + 1.5 m or FL + 0.1 

m). However, the 𝑇𝑤𝑖𝑛  increases at the points above GL + 1.5 m, which indicates that the lack of ventilation 

worsens the indoor air temperature. The best results are obtained when the window is fully open (subcase 

C4), which provides ventilation through the window. This provide a cooler vertical 𝑇𝑤𝑖𝑛 distribution unlike 
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where the window is half open. Based on the results for CASE 1, the induction of cool air can be improved 

if the wind speed of the air across the window is more than 0.2 m/s. However, for CASE 3, the high solar 

radiation reduces the cool air formed in the semi-outdoor space. Thus, the indoor air is kept cooler when the 

𝑊𝑆𝑤𝑖𝑛 is less than 0.2 m/s and the window is half open (subcase C6). According to Toe and Kubota [42], 

the indoor air temperature can be reduced during the daytime by minimizing cross ventilation with the hot 

outdoor air, which maintains a relatively low indoor air temperature. Hence, in order to maintain a cool 

indoor air temperature at all times, it is necessary to monitor the air temperature outside the window. The 

wind speed of the air crossing the window needs to be increased in order to induce cool air into the house, 

which can be achieved by promoting cross ventilation indoors with the window fully open. However, to 

prevent the induction of hot outdoor air into the house, it is crucial to restrict cross ventilation indoors by 

closing the doors and leaving the shutter or window half open. This reduces the wind speed of the air crossing 

the window, which helps maintain a cooler air distribution indoors. Moreover, shutting the window 

completely is undesirable on sunny days with high solar radiation because this will significantly increase the 

indoor air temperature. This is confirmed by the 𝑇𝑤𝑖𝑛 values at points above GL + 2.0 m when the window 

is half open. Shutting the windows completely can also affect the indoor air quality. 

 

2.7. Summary 

A field measurement was carried out to find the best configuration of PCMs to improve the outdoor and 

indoor microclimate of a passive cooling house during hot and humid summer in Japan. The PCMs included 

an evaporative cooling louver, vegetation, and sunscreen installed outside two windows in the southwest 

façade of the house. In addition, ventilation settings were implemented simultaneously to evaluate the 

induction of cool air into the indoor space. Among the cases studied, CASE 1 exhibited the best PCMs 

configuration to create a cool microclimate at the semi-outdoor space, with the combined effect from (1) 

watered louver (2) semi-outdoor space fully surrounded by vegetation, (3) shorter louver-window distance 

(1 meter), (4) sunscreen, and (5) low solar radiation. In contrast, the worst results were obtained in CASE 4, 

which was expected as the semi-outdoor space was exposed to high solar radiation, was not surrounded by 

vegetation, and had a large louver-window distance (2.8 m). Moreover, for CASE 1, the air passing through 

the watered louver was decreased by approximately 1.0-4.0 °C from 1.5 m to 0.1 m above the ground, 
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respectively. In addition, low solar radiation showed a better cool microclimate formation, 0.5-3.0 °C, up to 

1.5 meters at the center of the semi-outdoor space. In contrast, when exposed to high solar radiation, the 

cooling effect of the louver was 1.0−3.0 ° C, up to 0.5 m above the ground. This demonstrates that protecting 

the semi-outdoor space from solar radiation can significantly improve the formation of cool air. This includes 

surrounding the semi-outdoor space with vegetation. The presence of vegetation reduced the air temperature 

passing through the louver by 0.1−3.5 ° C (CASE 3) compared with those for the case with no surrounding 

vegetation (CASE 4). Hence, no cool air was formed in CASE 4. Moreover, the cooling effect of the louver 

is dissipated as the louver-window distance increase (from CASE 1 to CASE 2). Thus, a shorter louver 

window distance (1-m) showed to be more effective for cool microclimate formation because the cool air 

generated by the louver could be accumulated until the window.  

With respect to ventilation settings, their effects varied according to the microclimate formed at the semi-

outdoor space. For cool outdoor air (CASE 1), opening the window fully and a wind speed above 0.2 m/s 

induced cool air. However, a minimal wind speed and half-open window was preferable when the outdoor 

air was hot (CASE 3) which kept the indoor air temperature cooler. The ventilation settings showed that it 

is possible to control the wind speed passing through the window, with improving indoor cross ventilation 

which increased the wind speed passing through the window. This indicates the importance of indoor cross 

ventilation in improving natural ventilation and induction of cool air. 
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CHAPTER 3. MODELING AND VALIDATION OF PASSIVE 

COOLING METHODS FOR CFD SIMULATION 

 

3.1. Background 

 Limitations of the field measurement  

In this chapter, the data obtained in the field measurement is used to validate a CFD model. Previous 

field measurements (Chapter 2) showed that cool microclimate can be formed in a semi-outdoor space using 

combined PCMs under certain conditions (e.g. CASE 1). However, the cool outdoor microclimate formed 

at the semi-outdoor space was not properly induced for improving the indoor microclimate with natural 

ventilation. Therefore, further studies need to be carried out in order to evaluate in detail the effects of the 

outdoor microclimate generated by PCMs and effects of indoor conditions. Field measurements are generally 

performed at a limited number of points, thus only the investigated variables can be analyzed. Meanwhile, 

numerical simulation can provide detailed information on any investigated variable in the entire 

computational domain [cited by [33]. Field measurements can be used for validating the CFD model. 

Therefore, the validated CFD model can be used to performed comparative analyses based on different 

scenarios.   

 

 Previous studies using numerical simulation to evaluate the effects of outdoor 

and indoor microclimates. 

There has been considerable research focusing on urban microclimate modeling and its validation. 

Microclimates formed by surrounding buildings [53,54], vegetation [55,56], and cool materials [57] have 

been simulated using numerical models in urban spaces; this enables the assessment of their effects on human 

thermal comfort [58]. However, most the microclimate simulations target a specific height around 1–2 m 

from the ground and discuss the two-dimensional (2D) horizontal distribution of these microclimates.  

Numerical simulations have been also applied to assess the thermal and energy performance of 

buildings, including the effects of envelope materials (e.g., wall materials, phase change materials) [59–61]. 

There has also been intensive research into numerical simulations to evaluate the effects of outdoor 

microclimates on the indoor environment as passive cooling techniques [62]. This includes evaluation of the 
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effects of the outdoor radiation environment on the solar heat gain of buildings [3,63], the outdoor wind 

environment on the natural ventilation of buildings [64–66], the outdoor microclimate on building thermal 

performance [67–69] and energy demands [2,70–75], and outdoor overheating, including urban heat islands, 

on the energy demand of buildings [5,76]. In particular, vegetation models have been applied to numerical 

simulations to evaluate solar shading [16,77–79], wind break [6], and overall cooling effects [80,81] derived 

from vegetation on the indoor thermal environment. The effects of cool pavements and materials on building 

energy use and thermal environment have also been evaluated [82,83]. However, there has been limited 

discussion on the effects of cool microclimates for a spatial scale less than 1 m, with the detailed vertical 

distribution formed by vegetation and cool materials. Furthermore, the combined effect of multiple elements 

(e.g., vegetation and cool materials) has received less attention [15]. This is primarily due to the complexity 

of calculating two semi-independent spaces (outdoor and indoor) simultaneously, whilst considering the 

physical phenomena at the surface and in the vicinity of space components. Thus, there is clearly a gap of 

numerical simulations that study outdoor and indoor microclimate simultaneously. There has been 

insufficient modeling and validation of CFD simulation of microclimate formed by combined PCMs.  

 

3.2. Methodology 

 CFD simulation 

A numerical CFD technique was chosen to conduct the simulations. scSTREAM (MSC software, 

Tokyo, Japan) commercial software is used to solve the steady Reynolds-averaged Navier–Stokes (RANS) 

equations in order to evaluate the average flow and temperature fields during the target evaluation time. 

Most natural ventilation studies presented in the past have used the RANS approach [38]. To assess the 

performance of RANS, detailed validation studies are required using high-resolution, well-defined and well-

documented reduced-scale or full-scale experiments [38]. The non iso-thermal calculation is conducted with 

a buoyancy effect by using the Boussinesq approximation. Our research uses the coupled indoor–outdoor 

CFD simulation (Figure 3.1); i.e., performed at multiple scales by combining building and indoor scales, 

because it resolves the outdoor and indoor wind flow within the same computational domain and is able to 

capture the dynamic interaction between the outdoor and indoor environment at the window openings [84] 

– ideal to conduct natural ventilation studies [33]. A study by Straw et al. (2000) [85] reported in their 

publication that coupled indoor–outdoor CFD simulation provided more accurate results.  
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Figure 3.1. (a) Coupled and (b) decoupled approach for analysis of natural ventilated buildings [86] 

 

 Field experiment case selected for the validation of the CFD model 

Among the several cases reported in the field measurements (Chapter 2), CASE 1 CASE 2 subcase C4 

(Table 2.3) was used to validate the CFD simulation. This experimental case was selected as the PCMs and 

the ventilation settings with windows fully open were set to maximize the cooling effect with natural 

ventilation. Figure 3.2 shows the floor plan of the case study with the experimental settings of the selected 

case as follows: (1) the analysis area where air flows inside the house; (2) the openings for inflow (sliding 

windows), flow between rooms (kitchen door), and outflow (ceiling window); (3) the target area, comprised 

of the semi-outdoor spaces (Spaces A and B) and the indoor space. The air passing across the rooms and the 

kitchen door would flow out through the ceiling window located on the stair hall (Figure 3.2b). These 

conditions were used to validate the numerical simulation (Figure 3.3). 
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Figure 3.2. Experimental settings of CASE 1 and CASE 2 subcase C4 selected for validation of CFD 

model. 

 

Figure 3.3 View of PCMs in semi-outdoor spaces: (a) the field measurement and (b) the simulation.  
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 Modeling the building inside CFD software.  

Figure 3.4 shows the flow chart of the research method for the validation. As observed collected 

information such floor plans of the house, photography and in situ measurement were used to build the 3D 

building model. The building in the case study was modeled directly into the CFD software, combining 

building and indoor scales (multiple scale) which enables researchers to conduct coupled analysis – for 

natural ventilation studies [cited by [33]. Figure 3.5b shows the building model (exterior walls, roof, indoor 

partitions, kitchen counters, and PCMs. In addition, the measurement points are placed in similar locations 

to the field experiment for comparison of air temperature and wind speed. After the trial and error process 

showed in the appendix section (Figure 0.14) it is found that using multiple measurement points instead of 

single measurement points has a better accuracy when comparing field measurement data with validation 

data because it captures the actual air temperature around the measurement point.  

 

 
 

Figure 3.4. Flow chart of research method. 

 

 

 Computational geometry, domain and grid 

 Table 3.1 lists the calculation conditions used for the simulation. The size of the computational domain 

(calculation area), shown in Figure 3.5, was based on the best practice guidelines for CFD set by Franke et 

Thermography

CFD simulation

Modeling

ValidationField measurement

Microclimate Air temperature, Wind speed

Photography

Plan data of the house

Plan data

Literatures

Surface temperatures

Tree and vegetation

3D building model

Evaporative cooling louver 

Window net

Data sources

(Vertical, Horizontal)(Semi-outdoor, Indoor)

Heat transfer models

Weather data

Inflow, temperature Steady RANS

Comparison
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al. [87], Tominaga et al. [88], and Blocken [89], that is, a distance of 5H from the building to the top and 

sides of the computational domain and a distance of 15H between the building and the outlet boundary 

downstream of the building [38]. The resulting dimensions of the domain are shown in Table 3.1. To predict 

the flow field around a building with acceptable accuracy, a fine grid arrangement is required to resolve the 

flows near the corners, with a stretching ratio of the adjacent grid of 1.3 or less [88]. A relationship also 

exists between the size of the mesh and convergence. Moreover, because the building model is complex and 

there are some materials with large aspect ratio 100-mm mesh was used, as shown in Table 3.1. Furthermore, 

the computational domain was discretized by a hexahedral mesh containing approximately 12 million 

elements, with an expansion ratio of 1.1.  

 

 

Figure 3.5. (a) Computational domain and flow boundaries; (b) building model and cell division. 

 

Table 3.1. Computational settings. 

Calculation area 133.9 m (x) x 123.9 m (y) x 43.2 m (z) 

Expansion ratio 1.1 

Mesh size 0.1 m x 0.1 m x 0.1 m 

Number of elements 12,723,092 

Turbulence model Standard k-model 

Inflow boundary Fixed velocity  

X component: 0.29 m/s 

Y component: 0.95 m/s 

Z component: 0 m/s 

Outflow boundary Natural outflow 

Wall boundary Upper boundary: Freeslip 

 Ground boundary: Nonslip 

Scheme for convection 

terms 
QUICK  

Convergence criteria 1E-5 for all variables 

Cycles 1000 

5H

15H

Fixed 

inflow 

Fixed

inflow 

Natural 

outflow

Natural 

outflow

5H

15H

Xmax

Ymin

Ymax

Xmin

(a) (b)
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 Boundary conditions 

3.2.5.1. Setting the inflow conditions 

Setting the inflow conditions for an isolated building is one of the most crucial parts because of the 

replication of flow fields. The simulation for an isolated building condition can be comparable to the 

experiment in the site because at the moment the field experiment was conducted, there was no building 

facing the semi-outdoor space and windward windows – thus there was no obstruction of air flow. In order 

to evaluate the microclimate in the semi-outdoor space and cooling effects into indoor thermal environment 

using CFD simulation, wind conditions (direction and speed) at these spaces are important. Therefore, in 

order to find the most optimal wind direction and speed, the rose wind shown in Figure 3.6 and Figure 3.7 

are analyzed (for location of measurement points refer to Table 2.5). As observed the average outdoor wind 

speed and direction is 0.6 m/s at SSE (164 degrees). Several simulations for validation (Appendix Section 

A.2) of the case were carried out with average wind directions, however this did not replicate the outdoor 

and indoor microclimates. In contrast to the results from the field experiment shown in Figure 3.7, when 

SSE was set as the fixed inflow, the window for Space B acted as windward and Space A as leeward. 

Moreover, during the validation process using average wind speed for fixed inflow did not replicate the value 

at 𝑊𝑆𝑜𝑢𝑡. Thus, using predominant outdoor wind speed and directions for an isolated building was not a 

good approach. Several trials and errors were conducted to find the appropriate wind direction that replicates 

incoming wind for windows in Space A and Space B, together with the formation of cool microclimate at 

the semi-outdoor space. Therefore, in the CFD simulation, appropriate inflow boundary conditions were set 

to fit the wind conditions in both spaces (i.e., 𝑊𝑆𝑜𝑢𝑡,𝑊𝑆𝑤𝑖𝑛) to the field experiment. As a result, it was 

found that setting the inflow conditions to SSW at 1 m/s replicates the accumulation of cool air at the semi-

outdoor space and the induction of cool air in the field experiment (result section). Thus, fixed inflow is set 

at the inflow boundary (Xmin, Ymin). A velocity of 1 m/s (maximum 𝑊𝑆𝑜𝑢𝑡 recorded during the case) is 

set at a height of 1.5m. The wind direction is SSW (197 degrees) the coordinates for X and Y are 0.29 m/s 

and 0.95 m/s, respectively, for obtaining a velocity of 1 m/s (see Table 3.1). Moreover, 197 degrees is the 

average value of the maximum and minimum 𝑊𝐷𝑜𝑢𝑡  value recorded in the selected case from the field 

measurement. In addition, the average relative humidity recorded of 56% is set. For the turbulence model, 

the standard k-ε model is used, thus the turbulent kinetic energy and dissipation is set as 0.173 m2/s2 and 

0.0069 m2/s3, respectively. Natural outflow is set at the outlet boundary (Xmax and Ymax). 
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(a) (b) 

Figure 3.6. Rose wind for the (a) outdoor space and (b) semi-outdoor space for CASE 1 CASE 2 subcase 

C4.   
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 [m/s] 

  
GL + 2.2 m 

  
GL + 1.4 m 

  
GL + 0.7 m 

(a) (b) 

Note: Air velocity at 0.05 m/s is stagnant.  

Figure 3.7. Rose wind for the incoming wind speed to the indoor space for (a) Space A and (b) Space B 

for CASE 1 CASE 2 subcase C4.  
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3.2.5.2. Setting wall boundary conditions 

For the ground boundary, the log law condition was applied to the flow fields. For the top boundary of 

the computational domain, a symmetry boundary condition (slip wall) was used.  

3.2.5.3. Setting thermal boundary conditions 

The surface temperature of the building elements was based on thermal images (Figure 3.8) taken by 

an infrared camera (Thermo GEAR G100, Nippon Avionics Co., Ltd., Tokyo, Japan) during the experiment. 

The heat transfer coefficients used for the outdoor and indoor geometry were 11.6 W/m2k and 9.5 W/m2k, 

respectively [90], which included the effect of solar radiation. Appendix section 2.3 (Table 0.2) shows how 

the thermal boundary conditions were set for each part of the building.   

 

 

 

Figure 3.8. Thermal image used to estimate the surface temperature. Left to right: Southwest façade; 

Space A; Space B; Inside Space B; Louver and sunscreen; pots, soil and vegetation.  

 

 Detailed modeling 

3.2.6.1. Modeling of plants 

Plants were modeled with the same sizes and locations as the experiment using a cylindrical shape, as 

shown in Figure 3.9 and Table 3.2. As shown in Table 3.2, the leaf area density (LAD) and drag coefficient 

(Cd) were estimated by observing the foliage density of each type of plant using photos taken during the 

experiment. Accordingly, different LAD and Cd were assigned to each foliage density found (high-density 

24.5 32.0 39.5 [ºC]
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type 1 (HD1), high-density type 2 (HD2), low-density type 1 (LD1), high-density type 3 (HD3), and low-

density type 2 (LD2). The values used for LAD and Cd of plants and trees were based on the resistance [91] 

and turbulent model B by Mochida (2008) [92] (see Table 3.3). For the ground cover inside the semi-outdoor 

space (HD3 and LD2), as the surface temperature is significantly lower than that of plants (refer to Figure 

3.9), LAD and Cd were estimated to achieve a higher cooling effect than the plants due to the watered soil. 

A previous study [93] showed that the average porosity for various tree densities was 0.91, 0.69, and 0.42 

for one, two, and three trees, respectively. When porosity is reduced, more flow is forced around the plant. 

Moreover, the fitting equation of permeability in turbulent flow has high accuracy when the vegetation 

porosity ranges from 0.9 to 1.0 [94]. Thus, for HD and LD types, porosities of 0.90 and 0.99 were assigned, 

respectively. The average surface temperatures, shown in Figure 3.9, were derived from thermal images 

taken during the experiment. As observed, the 𝑇𝑠 of the vegetation was 28.0 °C with direct solar radiation 

(dashed black), 27.5 °C when semi-shaded, and 26.5 °C when shaded (inside white square) during the 

evaluation time. In addition, the 𝑇𝑠 of the ground cover was 23.0 °C inside the semi-outdoor space and 25.5 

°C near the window in Space B. Furthermore, the model constant 1.8 was chosen because it can accurately 

reproduce the velocity deficit effect downwind of the trees and has been shown to result in good 

correspondence between calculations and measurements [92]. The convective heat transfer coefficient of 

plants and trees (CHTC) is based on Asawa et al. [95] and estimated by the following equation: 

 

𝐶𝐻𝑇𝐶 = 7.9𝑣 + 17.2, 
(Equation 3.1)  

 

where 𝑣 [m/s] is the inflow fixed velocity for the entire crown. The CHTCs are double the value given 

by the Jürges relation formula [95]. The CHTCs of the ground cover were derived from Hagishima et al. 

(2000) [96] and are shown in Table 3.2. Moreover, a constant moisture flux of 0.1 g/m2s was set for the 

vegetation with high foliage density, that is, HD1, HD2, and HD3. 
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Table 3.2. Size of vegetation and plant canopy settings. 

Type of 

vegetation 
Plant parameters Density  Cd 

LAD 

[m2/m3] 

CHTC 

[W/m2k] 
Porosity 

Potted flowers 

 

 

Ø: 0.60–0.70 m 

Height: 0.50–0.55 m 

 

HD1 

 

0.50 5.34 25.1 0.90 

Potted trees: Fraxinus griffithii and Quercus glauca 

 

 

Ø: 0.80–0.90 m 

Height: 2.00–2.40 m 

HD2 0.59 5.59 25.1 0.90 

LD1 0.63 3.61 25.1 

 

0.99 

 

 

 

Ø: 0.40–0.50 m 

Height: 2.30–2.50 m 

LD1 0.63 3.61 25.1 0.99 

Existant trees: Amelanchier canadensis, Styrax japanicus 

 

  

Ø: 0.60–0.80 m 

Height: 2.00–3.50 m 

LD1 0.63 3.61 25.1 0.99 

Ground cover: Semi-outdoor space 

 

 

 

 
HD3 0.80 0.70 20 0.90 

 

 

LD2 0.50 5.0 20 0.99 

HD1: high-density type 1; HD2: high-density type 2; HD3: high-density type 3; LD1: low-density type 1; LD2: low-

density type 2. Model constant Cp1: 1.8 

HD1 

HD2 

LD1 

LD1 

LD1 
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Figure 3.9. Location and surface temperature of vegetation in Space A and Space B. 

 

Table 3.3. Model B: Resistance (drag) and turbulence caused by planted area 

Type 𝑭𝒊 𝑭𝒌 𝑭𝜺 Model constant 

Model B 𝜌𝐿𝐴𝐷𝐶𝑑𝑢𝑖𝑉 𝜌𝐿𝐴𝐷𝐶𝑑𝑉
3 

𝜀

𝜅
𝐶𝑝𝑖𝐹𝑘 𝐶𝑝1 = 1.8 

 

 

3.2.6.2.  Modeling of porous media: evaporative cooling louver and window net 

The evaporative cooling louver has a complex geometry with an acute angle toward the windward 

direction, which is considered to result in less drag with a higher evaporative cooling effect [24]. To save 

calculation load and time with appropriate drag and cooling effects, the evaporative cooling louver was 

modeled as a porous media anisotropic model containing a solid and fluid as an alternative to generating fine 

mesh elements. As shown in Figure 3.10a, the length and height of the louver were 1.8 m, and the louver 

thickness was set to 0.1 m to match the mesh size. Similarly, the window net was modeled as porous media, 

with length and height based on one panel of the sliding window (0.70 m × 2.10 m), and a thickness of 0.1 

m. The inputs of the porous media (louver and window net), which include the CHTC, surface area ratio 

(surface area / volume mesh), porosity (volume ratio / volume mesh), fixed temperature, cross-sectional area 

ratio (area / area mesh), and pressure loss are shown in Table 3.4. For the CHTC of the louver, the heat 

transfer model of the louver developed by Hirayama et al. (2018) [97] was employed. The CHTC [W/m2k] 

of the louver was based on the following equation:  

23.0 °C

25.5 °C

23.0 °C

26.5 °C
28.0 °C

27.5 °C

Flowers
Fraxinus 

griffithii

Quercus 

glauca

Amelanchier Canadensis

Styrax japanicus
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𝐶𝐻𝑇𝐶 = 22.17𝑣 + 16.22, (Equation 3.2) 

where 𝑣 is the inflow fixed velocity [m/s].  

 

 

Figure 3.10. Model inputs for porous media (surface area ratio, porosity, and cross-sectional area ratio) for 

(a) the louver model and (b) the window net model. Left to right: photo; dimensions; front view (Y axis); 

side view (X axis).  

 

Table 3.4. Model inputs for the porous media: anisotropic model. 

Porous 

media 

CHTC 

[W/m2k] 

Surface area 

ratio [m2/m3] 
Porosity  

Fixed 

temperature 

[°C] 

Cross-sectional 

area ratio  

Pressure 

loss [Pa] 

     Front Side  

Louver 38.39 (2) 39.2 0.79 23.5 0.66 0.21 Table 5 

Window 

net 
11.6 2.60 0.99 

No heat 

generation 
0.26 0.002 Table 5 

 

 

 

One mesh

2
8
�‹

3
�‹

2
4
�‹

One mesh

0.1 m

X axis

Y axis

Z axis

X axis

Y axis

Z axis

(a)

(b)



53 
 

As seen in Table 3.4, a fixed surface temperature of 23.5 °C (watered) was assigned to the louver, and 

no heat generation was assigned to the window net in order to avoid affecting the surrounding air 

temperature. For the surface area ratio, porosity, and cross-sectional area ratio, the data of one mesh was 

inputted as shown in Figure 3.10. Therefore, the front view (Y axis) and side view (X axis) of one mesh were 

used to calculate the surface area, volume ratio, and cross-sectional area ratio. For the louver, the surface 

area used to calculate the ratio was obtained by multiplying the circumference of one slat (0.153 m) by the 

number of slats in one mesh (2.5 slats) and the thickness of the mesh (0.1 m). The volume ratio of one mesh 

used to calculate the porosity was obtained by multiplying the volume of one slat by the number of slats in 

one mesh and the thickness of one mesh. Similarly, the same data was calculated for the window net by 

assuming an area of one hole of the net of 1.2 mm2 and a wire thickness of 0.2 mm. The results are shown 

in Table 3.4; and details of the calculations are shown in the Appendix (section A.2).  

Moreover, the pressure loss variations of the louver and window net are shown in Table 3.5. The 

pressure loss of the louver was obtained from the analysis model of Hirayama et al. (2018) [97], and the 

window net was estimated from the model of Noda et al. (2014) [46], which used a similar net size (i.e., 

net4). Moreover, a moisture of 1.177 g/s was set for the louver based on the evaporation rate of the louver 

(Figure 3.11) at the time of the field experiment; i.e., 16:00-16:25.  

Table 3.5. Model inputs for the porous media: pressure loss variation 

Evaporative cooling louver [97] Window net [98] 

Wind speed 

[m/s] 

Pressure loss 

variation [Pa] 

Wind speed 

[m/s] 

Pressure loss 

variation [Pa] 

0.00 0.00 0.00 0.00 

0.25 0.20 0.75 2.50 

1.00 3.11 1.90 8.00 

4.00 38.77 2.90 16.00 

  4.00 25.00 

 

 

Figure 3.11. Evaporation rate of the louver [24] 
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The porous media uses the following equations for momentum (Equation 3.3), energy for fluid media 

(Equation 3.4) and solid media (Equation 3.5): 

Momentum equation for porous media:     

 

𝜕𝜌𝐹𝑢𝑖
𝜕𝑡

= −
𝜕𝑢𝑗𝜌𝐹𝑢𝑖
𝜕𝑥𝑗

−
𝜕𝜎𝑖𝑗
𝜕𝑥𝑗

+ 𝜌𝐹𝑔𝑖 + 𝜍𝑖 (Equation 3.3) 

  

 

Energy equation for fluid media: 

 

𝜕𝛼𝐹𝜌𝐹𝐶𝑃𝐹𝑇𝐹
𝜕𝑡

= −
𝜕𝑢𝑗𝜌𝐹𝐶𝑃𝐹𝑇𝐹

𝜕𝑥𝑗
+
𝜕

𝜕𝑥𝑗
𝐾𝐹
𝜕𝑇𝐹
𝜕𝑥𝑗

+ 𝜒ℎ(𝑇𝑠 − 𝑇𝐹) + 𝛼𝐹𝑞𝐹 
(Equation 3.4) 

 

Energy equation for solid media: 

 

𝜕𝛼𝑆𝜌𝑆𝐶𝑆𝑇𝑆
𝜕𝑡

=
𝜕

𝜕𝑥𝑖
𝐾𝑆𝛼𝑖𝑗

𝜕𝑇𝑆
𝜕𝑥𝑗

+ 𝜒ℎ(𝑇𝐹 − 𝑇𝑆) + (1 − 𝛼𝐹)𝑞𝑆 (Equation 3.5) 

where 𝑢𝑖 is the mean velocity in the i direction [m/s]; 𝑢𝑗 is the mean velocity for the j direction [m/s]; 

𝜎𝑖𝑗 is the stress tensor [Pa] ; 𝑔𝑖 is the gravitational acceleration in the i direction [m/s2]; 𝜍𝑖 is the pressure 

loss in the i direction per unit length [Pa/m];  𝛼𝐹 is the porosity of porous media [-];  𝜌𝐹 is the fluid density 

[kg/m3];  𝜌𝑆 is the solid density [kg/m3]; 𝐶𝑃𝐹 is the specific heat of fluid at constant pressure [J/(kg K)];  𝐶𝑆 

is the specific heat of solid [J/(kg K)];  𝐾𝐹 is the heat conductivity of fluid [W/m];  𝐾𝑆 is the heat conductivity 

of solid [W/m]; 𝑇𝐹 is the fluid temperature [K]; 𝑇𝑆 is the solid temperature [K];  𝑞𝐹 is the heat generation in 

fluid per unit volume [W/m3];  𝑞𝑆 is the heat generation in solid per unit volume [W/m3];  𝛼𝑖𝑗 is the tensor of 

area ratio [-]; 𝜒 is the surface area ratio (contact ratio between the fluid and solid per unit volume) [m2/m3]; 

and ℎ is the convective heat transfer coefficient [W/(m2 K)]. 
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 Solver settings 

The three dimensional (3D) steady RANS equations were solved with a standard k-model. Second-

order upwind discretization schemes were used for the momentum and turbulence equations. The Quadratic 

Upstream Interpolation for Convective Kinematics (QUICK) scheme was used for convection terms. This 

scheme solves advection terms by using both upwind and downwind values, resulting in a more accurate 

calculation compared with using the 1st order upwind values alone. Convergence is obtained when all 

variables reached and are stable at 1 x10-5, i.e., 1000 cycles, because calculation needs to be finished after 

sufficient convergence of the solution [88]. Therefore, stricter convergence criteria are required to check that 

there is no change in the solution.  

 

3.3. Results  

 Vertical temperature distribution for each measurement point between 

experiment and validation. 

Figure 3.12 compares the vertical temperature distribution for each measurement point for the semi-

outdoor and indoor spaces between the results of the experimental case selected for the validation (CASE 1 

CASE 2 subcase C4) and the simulation results. Table 3.6 and Figure 3.14 shows the correlation and 

deviation between the experiment and simulation at each measurement point. Figure 3.13 compares the wind 

speed for the outdoor, semi-outdoor, and indoor spaces between the experiment and simulation. According 

to the vertical temperature distribution in Figure 3.12, cool air formation occurs near the ground in the semi-

outdoor spaces (Space A and Space B) both in the experiment and simulation, indicating that the cooling 

effects of the PCMs are replicated in the simulation. In general, the results for Space A and Space B show a 

good correlation between the experiment and simulation (Table 3.6). The coefficient of determination (R2) 

for all points lies between 0.93 and 0.99, and the root mean square error (RMSE) is between 0.2 and 0.5 

except 𝑇𝑤𝑖𝑛 , demonstrating that the model accurately predicts the data. However, for the point 𝑇𝑤𝑖𝑛  at Space 

A, an RMSE of almost 0.9 is obtained. This is because the model overpredicts the wind speed through the 

window (𝑊𝑆𝑤𝑖𝑛). The 𝑊𝑆𝑤𝑖𝑛 is approximately 0.2 m/s (Figure 3.13) higher than that recorded during the 

experiment. It is assumed that this causes 𝑇𝑤𝑖𝑛 to be slightly cooler because more cool air flows through the 

window, resulting in a maximum air temperature difference of 0.7–1.0 °C for GL + 0.5 m to GL + 2.5 m 

(Figure 3.12a). Nevertheless, good correlation is observed for 𝑇𝑐𝑖𝑛(air temperature in the center of the indoor 
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space / representative indoor air temperature) in both Space A and Space B, indicating that the model 

accurately predicts the indoor air temperature. Overall, the vertical air temperature distribution shows a good 

trend between the experiment and simulation, demonstrating that the model can effectively predict the 

conditions observed during the experiment.  

 

Figure 3.12. Vertical air temperature distribution between the experiment and simulation in semi-outdoor 

and indoor space for (a) Space A and (b) Space B. 

 

Figure 3.13. Wind speed in the outdoor (WSout), and semi-outdoor (WSsop), and indoor space (WSwin) 

between the experiment and simulation.  
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Table 3.6. Correlation and deviation between the experiment and simulation. 

 Space A  Space B 

Point RMSE MSE R2 RMSE MSE R2 

Tlo 0.27 0.07 0.95 0.32 0.10 0.97 

Tsop 0.40 0.16 0.98 0.25 0.06 0.96 

Twin 0.89 0.79 0.97 0.14 0.02 0.93 

Tcin 0.29 0.09 0.99 0.35 0.12 0.94 

R2, coefficient of determination; RMSE, root mean square error; MSE, mean squared error 

 

 

Figure 3.14. Correlation plot between exper iment and validation 
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 Contour images: Air temperature, relative humidity and wind speed. 

 Figure 3.15 shows different contour images of the air temperature, relative humidity and wind speed 

of the validation case at GL + 1.5 m, Space A and Space B. The contour images clearly show the tradeoff 

between the air temperature and relative humidity where the cooling effect of the watered louver and 

vegetation reduces the air temperature and increases the relative humidity. At the center of the semi-outdoor 

Space A, the relative humidity increased from 56% to about 62% at a height of 1.5 m above the ground (GL 

+ 1.5m). In contrast, the air temperature was reduced from 27.5 °C to 26.6°C at GL + 1.5m. Thus, relative 

humidity increased by 6% while air temperature was reduced by 0.9 °C. As observed the evaporation is 

higher near the ground (below GL + 0.5 m) due to the combined effect of the watered louver, ground floor 

and surrounding vegetation in Space A. Thus, the coolest air tend to accumulate near the ground. Meanwhile 

the cool air accumulation between GL + 0.5 m and GL + 2.0 m flows through the window and slightly cools 

the indoor space. For Space B, the coolest air similar to Space A was accumulated near the ground up to GL 

+ 0.5 m. However, cool air above GL + 0.5 m did not reach the window mostly due to the large L-W distance, 

half surrounding vegetation and wind direction which dissipated cool air through the sides. These results 

match to the conclusions found in the field measurement (Chapter 2) where for Space B the cool air generated 

by the louver could have potentially dissipate through the side prior to reaching the window. Therefore, to 

obtain a higher cooling effect (cool breeze) in the indoor space, the watered louver should be installed close 

to the window.  
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Figure 3.15. Contour image sections for the air temperature, wind speed and relative humidity of the 

validation case: (a) GL + 1.5 m, (b) Space A and (c) Space B 
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3.4. Analysis of results 

The validation results of the CFD simulation with detailed modeling of PCMs show that this model can 

effectively predict the cooling effect of PCMs for a semi-outdoor spaces. The maximum difference in air 

temperature between the experiment and simulation was obtained at 𝑇𝑤𝑖𝑛  (0.7–1 °C) in Space A. This 

difference is considered acceptable for CFD simulations, considering the model simplification and 

assumptions (i.e., average steady-state flow calculations in the CFD, limited boundary conditions, imperfect 

agreement with experimental conditions), and considering the following points. Previous studies that 

compared experimental and simulated air temperatures in outdoor spaces with cool materials and vegetation 

reported a mean absolute error of 1.34 °C on average, 3.67 °C as a maximum, and 0.27 °C as a minimum 

[57]. The reported R2 was 0.92 on average, 0.99 as a maximum, and 0.66 as a minimum. In this validation, 

the R2 was between 0.93 and 0.99 for all measurement points. Therefore, these results show better accuracy 

than that previously reported in the literature. 
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CHAPTER 4. SENSITIVITY ANALYSIS OF PASSIVE COOLING 

METHODS USING VALIDATED CFD MODEL. 

 

 

4.1. Introduction 

Previous chapter showed that the CFD model can accurately predict the conditions of the field 

experiment. Accordingly, the CFD model can be used to investigate the individual effect of the PCMs. 

Therefore, in this chapter a sensitivity analysis is conducted to observe if the CFD model can also predict 

the watering conditions of the louver. Moreover, to investigate the effectiveness of each PCMs on the 

formation of cool microclimate at the semi-outdoor space.  

 

4.2. Methodology 

Simulation cases for the sensitivity analysisTable 4.1 shows the simulation conditions between the base 

case (case S-0), presented in the previous chapter, and simulation cases for the sensitivity analysis cases S-

0–S-5. As observed in Table 13, to ensure controlled conditions, only one variable was changed at a time. 

The sensitivity analysis mainly focuses on replicating and analyzing the formation of cool air in a semi-

outdoor space. Thus, the settings in the semi-outdoor space were changed whereas the settings in the indoor 

space were kept constant. Case S-0 was used as the base case for the sensitivity analysis to analyze the 

cooling effects of the PCMs under various conditions, including louver watering conditions and the amount 

of PCMs. The effect of louver watering conditions is represented by cases S-0–S-2. The effect of the amount 

of PCMs on the formation of cool air is represented by cases S-3–S-5. Only the sunscreen was kept installed 

in the semi-outdoor space in order to maintain the initial thermal boundary conditions for the building 

elements and ground cover. In order to simulate different watering louver conditions, the surface temperature 

of the louver (𝑇𝑠) was modified. For the watered louver condition, according to the results of the field 

measurement (Figure 2.9), the 𝑇𝑠 of the watered louver was approximately 4 °C lower than 𝑇𝑎𝑚𝑏; thus, 23.5 

°C was applied. Moreover, when the louver was wet, 𝑇𝑠 was approximately 2 °C lower than 𝑇𝑎𝑚𝑏; thus, 25.5 
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°C was applied. For the dry louver, 𝑇𝑠 was set to 29 °C because solar radiation during the experiment was 

relatively low. 

Table 4.1. Simulation cases for the sensitivity analysis 

Simulation cases PCMs in the semi-outdoor space 
Louver 

watering 

Louver Ts 

[°C] 

Vegetation 

watering 

Validation case S-0 louver, vegetation1, sun screen watered 23.5 watered 

Sensitivity 

analysis 

case S-1 louver, vegetation sun screen wet 25.5 watered 

case S-2 louver, vegetation, sun screen dry 29.0 watered 

case S-3 louver, sun screen watered 23.5 - 

case S-4 vegetation, sun screen -  watered 

case S-5 sun screen -  - 
1Vegetation: Potted flowers and trees. The ground cover was watered at all times. The vegetation Ts is shown in 

Figure 3.9.  

 

4.3. Results and analysis 

Figure 4.1 to Figure 4.8 show the sensitivity analysis results for the formation of cool air in the semi-

outdoor space and the subsequent cooling effect in the indoor space for different louver watering conditions 

(case S-0 - S-2) and amount of PCMs (case S-3 - S-5). 

Figure 4.1 and Figure 4.2 shows the vertical air temperature distribution results in semi-outdoor and 

indoor spaces for Space A and Space B. Figure 4.3, Figure 4.4, Figure 4.5 shows the air temperature, wind 

speed and relative humidity contours, respectively, for each case at the measurement point GL + 1.5 m, that 

is, 1.5 m above the outdoor ground or 1.0 m above the indoor floor level. In addition, Figure 4.6, Figure 4.7 

and Figure 4.8 show the air temperature, wind speed and relative humidity contours section, respectively, 

for Space A and Space B.  

 Watering conditions of the evaporative cooling louver 

The results in Figure 4.1 for cases S-1 and S-2 show that, when the watering stops and the 𝑇𝑠 of the 

louver is increased, the evaporative cooling effect of the louver, shown in the 𝑇𝑙𝑜, is significantly reduced. 

In case S-1, when the louver is wet, the cooling effect of the 𝑇𝑙𝑜 from GL + 0.1 m to GL + 1.5 m is reduced 

by approximately 1.8–0.6 °C for Space A and 1.7–0.5 °C for Space B, in contrast to the initial case S-0. 

Moreover, when the louver is dry in case S-2, the cooling effect at the 𝑇𝑙𝑜 from GL + 0.1 m to GL + 1.5 m 

is further reduced by approximately 3.4–1.3 °C for Space A and 4.3–1.2 °C m for Space B. The evaporative 

cooling effect between the watered and dry louver is also shown in the results of the relative humidity in 

Figure 4.5 and Figure 4.8. As expected when the louver is dry the evaporative cooling effect is lost and thus 
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the relative humidity does not increases. In contrast, when the louver is watered, the air temperature is 

reduced and relative humidity increases. This confirms that the model can also reproduce the evaporative 

effect of the watered louver by increase in relative humidity.  

For the 𝑇𝑠𝑜𝑝 (measurement point at the center of the semi-outdoor space), the reduction of the cooling 

effect differs greatly between Space A and Space B because of the louver-window (L-W) distance. The L-

W distance is 1 m for Space A and 2.8 for Space B. Thus, for Space A in case S-1, the cooling effect at the 

𝑇𝑠𝑜𝑝 is reduced by approximately 1.3–0.4 °C from GL + 0.1 m to GL + 2.0 m. In contrast, for Space B in 

case S-1, the cooling effect at 𝑇𝑠𝑜𝑝 is only reduced by approximately 0.35–0.1 °C from GL + 0.1 m to GL + 

2.0 m. This demonstrates that the cooling effect is reduced with increasing distance from the evaporative 

cooling louver. Thus, a shorter L-W distance is preferable when the evaporative cooling louver (watered) is 

used for the formation of cool air in a semi-outdoor space. This is confirmed when observing the air 

temperature contours at GL + 1.5 m in Figure 4.3, and Figure 4.6 for cases S-0 and S-1, where the formation 

and cooling effect (watered and wet louver) is better for Space A than for Space B. For Space B, the 

combination of factors such as the L-W distance, amount of vegetation, and wind direction directly affects 

the chances of cool air reaching the window – indoor space. Thus, at a larger L-W distance, the generation 

of cool air in the semi-outdoor space and flow of cool air into the indoor space is more difficult than at a 

shorter L-W distance in Space A. Furthermore, according to Figure 4.1, for case S-2, the cooling effect at 

𝑇𝑠𝑜𝑝 from GL + 0.1 m to GL + 2.0 m is reduced by 2.3–0.9 °C for Space A and 0.5–0.4 °C for Space B. In 

addition, when the louver is dry (case S-2), there is no formation of cool air in the semi-outdoor space (Figure 

4.3, Figure 4.6  case S-2); thus, 𝑇𝑙𝑜 and 𝑇𝑠𝑜𝑝 at point GL + 1.5 m are similar to the ambient temperature. 

Furthermore, Figure 4.1 (point 𝑇𝑐𝑖𝑛), Figure 4.3, Figure 4.6 (cases S-0 and S-1) show that the generation of 

cool air in the semi-outdoor Space A cannot be effectively extend into the indoor space with the current 

indoor variables (window-opening conditions, indoor door opening, and leeward openings; see Figure 22). 

This is clearly seen by comparing cases S-0, S-1, and S-2, where no significant difference is observed in 

𝑇𝑐𝑖𝑛. Even though there is a difference for the Twin value in Space A, in reality, this point cannot be properly 

reproduced, as described in the previous section. Thus, only points 𝑇𝑙𝑜, 𝑇𝑠𝑜𝑝, and 𝑇𝑐𝑖𝑛 are appropriate for a 

comparative analysis. 
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Figure 4.1. Vertical air temperature distribution in semi-outdoor and indoor spaces between watered, wet, 

and dry louvers for (a) Space A and (b) Space B. 

 

 

Figure 4.2. Vertical air temperature distribution in semi-outdoor and indoor spaces for different amounts 

of PCMs in (a) Space A and (b) Space B. 
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Figure 4.3. Horizontal air temperature contour section at GL + 1.5 m for cases S-0 – S-5. 

 

Figure 4.4. Horizontal wind speed contour sections at GL + 1.5 m for cases S-0 – S-5. 
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Figure 4.5 Horizontal relative humidity contour sections at GL + 1.5 m for cases S-0 – S-5  
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(a) 

 

(b) 

 

Figure 4.6 Vertical air temperature contour section at (a) Space A and (b) Space B for cases S-0 – S-5.  
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(a) 

 

(b) 

Figure 4.7 Vertical wind speed contour sections at (a) Space A and (b) Space B for cases S-0 – S-5.  
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(a) 

 

 
(b) 

 

Figure 4.8 Vertical relative humidity contour sections at (a) Space A and (b) Space B for cases S-0 – S-5. 
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 Amount of passive cooling methods in the semi-outdoor space 

This section analyzes the individual effect of each PCMs. As shown in Table 4.1, all PCMs were applied 

to case S-0; case S-3 had no vegetation, case S-4 had no louver, and case S-5 had no louver and no vegetation. 

The vertical air temperature distribution in these cases is presented in Figure 4.2. As expected, for cases S-

0 and S-3, a shorter L-W distance and use of the evaporative cooling louver results in a higher cooling effect 

(𝑇𝑙𝑜) and better formation of cool air (𝑇𝑠𝑜𝑝) in Space A. Moreover, when the vegetation is removed in case 

S-3, the air temperature at 𝑇𝑙𝑜 in Space A only increases by approximately 0.3–0.1 °C for GL + 0.1 m to GL 

+ 1.0 m in contrast to when the louver is removed in cases S-4 and S-5, where the air temperature at 𝑇𝑙𝑜 

increases by 2.5–1.0 °C and 1.9–0.9 °C for GL + 0.1 m to GL + 1.5 m, respectively. In contrast, for Space 

B, the lack of vegetation in case S-3 results in a further increase at 𝑇𝑙𝑜 of approximately 0.7–0.1 °C for GL 

+ 0.1 m to GL + 1.5 m, which is twice the cooling effect lost in Space A at all points.  

Furthermore, the comparison of the results in Figure 4.6 and Figure 4.7 for Cases S-0 (louver + 

vegetation) and Case S-3 (louver only) show that when the vegetation is removed the wind speed crossing 

the window in Space A increases. Moreover, even though the vegetation is removed the cooling effect is not 

lost. This is because the evaporative cooling effect of the louver is higher than the vegetation. The surface 

temperature of the watered louver (23.5°C) was closer to the wet bulb temperature owing to the higher 

evaporation rate, in contrast to that of the vegetation (26.5°C) was 3°C higher owing to the lower 

transpiration rate through stomata. Therefore, removing the vegetation installed in a short L-W distances 

(Space A) allowed for the cool air generated by the louver to be induced into the indoor space.  In contrast, 

for a large louver window distance (Space B), the presence of vegetation is beneficial as it prevents the cool 

air from dissipating near the louver thus extending its cooling effect.   

This suggests that the use of surrounding vegetation is more beneficial for obtaining a higher cooling 

effect and generating more cool air at a larger L-W distance than at a shorter L–W distance in Space A. This 

is more explicitly shown in Space B for cases S-4 and S-5, where the air temperature at case S-4 𝑇𝑠𝑜𝑝 

increases by 0.5–0.1 °C for GL + 0.1 m to GL + 1.5 m, in contrast to case S-5, where the air temperature in 

𝑇𝑠𝑜𝑝 increases by 1.5–0.1 °C. 
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 Cooling the indoor space 

For cases with wet and watered louvers, the accumulation of cool air in the semi-outdoor space for case 

S-0, S-1 and S-3 is evident in Space A (Figure 4.3, and Figure 4.6). In contrast, the cool air formed by the 

louver does not reach the window in Space B mostly due to the large L-W distance and wind, which clearly 

contributes to dissipation of cool air through the side. Regarding the presence of vegetation, a comparison 

of case S-3 and case S-0 shows that the cool air generated in the semi-outdoor space is more easily dissipated 

when the vegetation is removed in both Space A and Space B. Moreover, comparing cases S-0 and S-3 

(Figure 4.3, Figure 4.4, Figure 4.6 and Figure 4.7), the wind speed through the window is higher in case S-

3 due to the lack of vegetation, which allows more cool air to flow through the window, further cooling the 

indoor space. Thus, although vegetation enhances the cooling effect near the louver, it can prevent cool air 

from further dissipating into the indoor space. This suggests that vegetation is not necessary for a shorter L-

W distance. For cases S-0 and S-4 (Figure 4.3, Figure 4.4, Figure 4.6, Figure 4.7), vegetation has different 

effects on the wind speed and flow of air because the combination of vegetation and louver significantly 

reduces the wind speed in case S-0, unlike in case S-4 without the louver, where only vegetation results in a 

higher wind speed through the window. Generally, the use of solar shading (sunscreen) alone (case S-5) 

results in the worst-case scenario. As seen in the indoor space, a better cooling effect is observed when using 

the watered louver (cases S-0 and S-3). In addition, a comparison between Space A and Space B reveals that 

a shorter L-W distance is more beneficial for cooling the indoor space than a longer L-W distance, where 

controlling the wind direction and inducing cool air is more difficult. Moreover, the results for all cases 

reveal that the ventilation strategies employed during CASE 1 CASE 2 subcase C4 (Table 2.3, Figure 22) 

restricted indoor flow due to a lack of more leeward openings. Moreover, all the cases in the field 

measurement had the same indoor conditions for leeward; i.e., ceiling window open, which confirms the 

reason why in all the results the induction of cool air was restricted. In general, the results show that the 

louver is effective for indoor cooling if a combination of proper installation (shorter L-W distance) and 

indoor ventilation strategies are applied. 
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4.4. Summary 

A sensitivity analysis was carried out to analyze the cool microclimate formation at the semi-outdoor space 

using the validated CFD model case S-0. Thus, case S-0 was used as the base case. For case S-1 and case S-

2 the louver watering conditions were changed to wet and dry, respectively. For case S-3 to case S-5 the 

amount of PCMs were changed by removing the surrounding vegetation, louver and both, respectively. The 

comparison of results between cases S-0 and S-2 showed a significant difference on the formation of cool 

microclimate at the semi-outdoor spaces: Space A and Space B. As expected, the watered louver resulted in 

a higher cooling effect, however, Space A had a better performance due to the short louver window (L-W) 

distance which facilitated the cool air formation at the semi-outdoor space.  This demonstrated that the 

cooling effect is reduced with increasing distance from the evaporative cooling louver. Moreover, 

comparison between case S-0 and S-3 showed that for a short L-W distance vegetation might not be 

beneficial because it limits the dissipation of cool air into the indoor space. In general, cool microclimate is 

formed when: (1) louver is continuously watered; (2) L-W distance is short; (3) horizontal shading device is 

applied to shade the semi-outdoor space and window. And (4) appropriate indoor condition are applied to 

induce the cool air (results showed that current ventilation settings are not good for inducing the cool air). 

For this chapter the variables at the indoor space were not investigated.  
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CHAPTER 5. OPTIMIZATION OF OUTDOOR AND INDOOR 

MICROCLIMATES USING CFD SIMULATION 

 

5.1. Introduction 

Chapter 2, and Chapter 4 confirmed that the best configuration of PCMs to form a cool microclimate 

in the semi-outdoor space is when the evaporative cooling louver is watered and closer to the window, i.e., 

Space A. Also, results for Space B showed difficulties forming a cool microclimate at a longer distance from 

the window. Moreover, for both indoor spaces the cool microclimate formed at the semi-outdoor space was 

not properly utilized for indoor cooling. Thus in this chapter, we investigate the best PCMs and indoor 

condition configurations to improve the formation of cool air at the semi-outdoor space and induction of 

cool into the indoor space using the validated CFD model (base case S-0). 

5.2. Methodology 

 Optimization cases 

Table 5.1 shows the base case (case S-0) and the cases studied in this chapter (case S-6–S-10) to find 

the best PCMs and indoor condition configuration for optimizing the outdoor and indoor microclimates of 

the case study. As observed the variables studied at the semi-outdoor space included L-W distance for Space 

B; GL (ground level) – FL (floor level) distances; and wing wall (refer to Figure 5.1). Wing walls are vertical 

solid panels placed alongside of windows perpendicular to the wall on the windward side of the house. They 

are used to accelerate the natural wind speed due to the pressure differences created by the wing wall and 

direct wind flow through windows. Moreover, indoor conditions investigated included type of window used 

(windward ventilation); increasing indoor porosity of the building / cross ventilation (opening indoor doors); 

and leeward ventilation. As noticed variables such louver watering conditions; sunscreen; L-W distance for 

Space A; amount of vegetation;  do not appear in Table 5.1 because these are constants used throughout all 

cases in this chapter. The variables changed for each of the cases are shown in Table 5.1. As observed, 

variables applied to Case S-6 modify the air flow of the house; variables for Case S-7 shortens the L-W 

distance of Space B by 1 m; variables for Case S-8 shortens the ground level floor level (GL – FL) distance 

for both Space A and Space B; variables for Case S-9 proposes to change the window type; and variable for 
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Case S-10 proposes to use the same L-W distance of Space A for Space B. The cases shown in Table 5.1 

were carefully selected after several trial and error cases (Appendix Table 0.3) were conducted to find the 

variables that influence the formation of cool microclimate at the semi-outdoor space and the induction of 

cool air into the indoor space.   

Table 5.1. Cases for improving the passive cooling design using CFD model. 

Simulation 

cases 

Semi-outdoor space  Indoor conditions 

L-W 

distance 

Space B 

[m] 

GL – FL 

distance 

[m] 

Wing 

wall 

Windward 

ventilation 

Cross ventilation  Leeward 

ventilation 

Case S-0 2.8 0.4 No Sliding window Open kitchen 

door 

Ceiling window 

Case S-6 2.8 0.4 Yes Sliding window Open kitchen and 

living room doors 

Ceiling window 

+ entrance door 

open 

Case S-7 1.8 0.4 Yes 

Case S-8 1.8 0.2 Yes 

Case S-9 1.8 0.2 Yes Casement window 

Case S-10 1.0 0.2 Yes 

Sunscreen, L-W distance for Space A, louver watering conditions and amount of vegetation at each space are kept 

constant.  

 

 

Figure 5.1. Example of (a) excellent and (b) poor cross ventilation performance by location of wing walls 

[99]. 
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 Design process for optimization  

This section explains the decision process for each of the variables applied in each case for improving 

the passive cooling design of the CFD model. In general, to ensure good ventilation, openings should be 

parallel to the axis of the prevailing wind [100]. As shown in case S-0 Figure 4.3, the window in Space A 

received most of the prevailing wind – acting as a windward (positive pressure). Therefore, the cool air 

generated by the louver was easily accumulated at the semi-outdoor space and induced. In contrast, for Space 

B, since the cool air follows the same movement as the wind direction, it was dissipated and did not reach 

the window due to the large “louver to window distance” and air flow derived from the building geometry. 

As seen in case S-0 Figure 4.3 the wind speed crossing the window is nearly null. Moreover, the indoor 

space was not effectively cooled, demonstrating different requirements for optimization of Space A and 

Space B.  

The following sections explain the design process (Figure 5.2) in detail and the results obtained after 

each optimization. The design process consists of the following steps of analysis, problem identification, 

implementation of hypothetical solution, and verification improvement of model. Each simulation is 

optimized in each step (by trial and error) until the desired outcome is reached. For this study, the optimized 

design was achieved when the averaged indoor air temperature was reduced to a minimum of 1 °C (i.e., 27 

°C) as the criteria, in contrast to the field measurement results. Previous studies (T. Sawachi et al., 1987; H. 

Habara et al., 2005; H. Habara, 2015) have shown that the usage of air conditioners by building users 

decreases by less than 20% when the air temperature is kept below 28 ºC.  

 

 
 

Figure 5.2. Flow chart of the process for passive cooling design using CFD simulation. 
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5.2.2.1. Optimization in case S-6: natural ventilation design.  

Natural ventilation design is the first priority because it can instantly change airflow patterns inside 

buildings. Since this is a case study, variables such as architectural design of the house, window placement, 

orientation of the house, among others, could not be modified. Thus, for case S-6 the natural ventilation is 

improved by pressure difference. According to the simulation results, the most noticeable issues in case S-0 

included nearly null 𝑊𝑆𝑤𝑖𝑛  for Space B and low cross ventilation inside the house. Therefore, to improve 

wind-driven ventilation, there is a need to force positive pressure at the window in Space B and increase the 

overall cross ventilation inside the house. Therefore, for case S-6, the following variables are used: (1) a 

wing wall added to Space B – wing walls increase the pressure difference and facilitate the motion of air 

through building openings [100]. (2) Living room door – found at the wall parallel to windward windows – 

is opened to facilitate the airflow inside the house. This adds one more negative pressure, increasing the 

porosity inside the building and improving the inflow through the window in Space B. Also (3) the entrance 

door is opened for easier exit of the hot air trapped inside the house. Results are shown in the section 3.1 of 

this chapter. 

5.2.2.2. Optimization in case S-7 and S-8: semi-outdoor space design  

After improving the natural ventilation design, the second priority is to improve the formation of cool 

air at the semi-outdoor space, especially for Space B. According to the results from case S-0 and case S-6, 

Space A has a better performance. However, for Space B, the large louver-window distance (2.8 m) reduces 

the cooling effect into the indoor space. Therefore, for the second optimization case S-7 the PCMs were 

shifted one meter closer to the window, resulting in a louver-window distance of 1.8 m. Potted vegetation 

and sunscreen was moved along, too, while planted trees were kept in their original position. In addition, to 

further improve the availability of cool air outside the windows in Space A and Space B, the ground level-

floor level distance was reduced. Thus, for the third optimization case S-8 – a floor slab was added to the 

semi-outdoor space and the PCMs were shifted vertically 0.2 m. Results are shown in section 3.2 of this 

chapter. 

5.2.2.3. Optimization in case S-9: Induction of cool air 

Currently, the window has a simple opening – horizontal sliding – where only 50% of the airflow is 

induced (Figure 5.3). These types of windows do not affect the pattern or velocity of airflow except near the 

window as the airstream flows through the opening [100].Thus, because only 50% of the airflow is induced, 
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most of the cool air at the semi-outdoor space is not used for indoor cooling. Therefore, to improve the 

induction of cool air, the window is opened 100% in Space A and Space B. Large windows are required to 

maximize natural ventilation, but at the same time, any sunlight that enters through these large windows 

increases discomfort [4]. For this study, it is possible to open the window 100% since the PCMs provide a 

shelter from direct exposure of strong winds during summer. The effectiveness of windows in controlling 

air movement depends not only on the opening size but also on the type of window [100]. Vertical-vane 

openings influence both the pattern and velocity, with a particular effect on the airflow pattern [100]. Double 

casement windows are versatile, as the sashes can be inswinging or outswinging. In addition, sashes can be 

open one at a time, or both, allowing better control of the desired airflow. Thus, for the fourth optimization 

case S-9 a double casement window was applied. In this case the type of double casement window opens 

outwards (outswinging) to direct the maximum of cool air into the indoor space. 

 

 

Figure 5.3. Example of percentage of incoming inflow according to window type. 

 

5.2.2.4. Optimization in case S-10: Equal L-W distance for both semi-outdoor spaces. 

In order to make a fair comparison of the cooling effect between Space A and Space B into the indoor 

space, an equal L-W distance is needed. Therefore, for the last optimization – case S-10, the PCMs were 

shifted 0.8 m closer to the window for Space B, so that both semi-outdoor spaces had the same L-W distance 

of 1.0 m. 
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5.3. Results 

Figure 5.4 and Figure 5.5 show the vertical air temperature and wind speed distribution at the semi-

outdoor and indoor space; and Figure 5.6,  Figure 5.7, and Figure 5.8 show the air temperature and wind 

speed contours for GL + 1.5 m, Space A and Space B, respectively, for each case investigated in this chapter 

(Table 5.1). 

 Results for the optimization in case S-6 

As observed in Figure 5.6 and Figure 5.8 for case S-6, when the case S-0 is modified to case S-6 with 

the variables in Table 5.1, the airflow through window in Space B significantly improves. Moreover, the air 

movement from windward windows to the entrance door is clearly observed (Figure 5.6b). Furthermore, 

Figure 5.5 shows that most of the improvement was observed for the indoor air temperature (𝑇𝑐𝑖𝑛) in Space 

B with an average reduction of 0.7 °C. This clearly demonstrates the importance on prioritizing natural 

ventilation design, which improved the airflow through the window thus inducing the cool air (available 

outside the window) into the indoor space. This case proves that the way air moves in and around a building 

is an unsteady, complex phenomenon, being highly affected by design choices and very much dependent on 

the dynamics of both the internal and the external environment [30]. 

 

 Results for the optimization in case S-7 and case S-8 

Results show that shifting the PCMs in Space B closer to the window allowed: (1) Space A to be more 

exposed to the outdoor wind resulting in a slight increase on the wind speed through the window (Figure 

5.5); and (2) to improve the formation of cool microclimate in Space B (Figure 5.8). This resulted in an 

improvement on the induction of cool air into the indoor space for Space A and Space B. The average indoor 

air temperature (𝑇𝑐𝑖𝑛) was reduced 0.4 °C and 0.8 °C for Space A and Space B, respectively, in contrast to 

case S-0. Moreover, most of the cool air is accumulated near the ground (Figure 5.4, Figure 5.7, Figure 5.8). 

Therefore, for case S-8 a floor slab was added (explained in section 2.2.2) to investigate if there is a further 

reduction in the air temperature. Results show that the 𝑊𝑆𝑤𝑖𝑛 increased to an average of 0.6 m/s and 0.4 m/s 

for Space A and Space B, respectively, which resulted in an average 𝑇𝑐𝑖𝑛  reduction of 0.7 °C for Space A 

and 1.3 °C for Space B, in contrast to case S-0. 
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 Results for the optimization in case S-9 

After analyzing results from case S-8, it is seen that one of the major factors affecting the effective 

usage of cool microclimate formed in the semi-outdoor space, is the window type. Results in Figure 5.6 

shows a significant improvement after the window type is changed. Not only is the cool air effectively 

induced (reducing 𝑇𝑐𝑖𝑛 to an average of 1.0 °C for Space A and 1.2 °C for Space B – in contrast to case S-

0), but the wind speed through the window is also decreased to 0.4 m/s and 0.2 m/s for Space A and Space 

B, respectively, as shown in Figure 5.5. Even though the wind speed through the window was slightly lower 

– 0.2 m/s which is barely noticeable but comfortable [4] – the induction of cool air was obtained through 

natural convection. In addition, increasing the windward window area allowed more cool air to be induced 

into the indoor space. Case S-9 shows that increasing the window area can improve the induction of cool air 

by increasing the amount of air that enters the house.  

 

 Results for the optimization in case S-10 

In addition, in order to compare the cooling effects of Space A and Space B into the indoor space with 

similar PCMs configurations, Space B was adjusted to have the same L-W distance as Space A. Results in 

Figure 5.4 shows that for the indoor space in Space A, the average indoor air temperature reduction in 𝑇𝑐𝑖𝑛 

was maintained at 1 °C. Whereas for Space B the average 𝑇𝑐𝑖𝑛 was significantly reduced (in contrast to S-0) 

from 1.2 °C (Case S-9) to 1.6 °C. As observed in Figure 5.6, Space A is twice the size of the indoor space 

connected to Space B. Thus, this could be the reason why different 𝑇𝑐𝑖𝑛 reductions were obtained. This 

demonstrates that the cooling effect of PCMs into the indoor space is more likely to be more efficient if 

installed outside a smaller indoor space. In addition, case S-9 and case S-10 demonstrated that different L-

W distance can be applied to obtain the desired cooling effect. For instance (case S-9) showed that a shorter 

L-W distance (1.0 m) is effective in cooling a larger indoor area, while a larger L-W distance (1.8 m) – which 

can be used as an outdoor patio – has the same indoor cooling effect with a smaller indoor area. 
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Figure 5.4. Vertical air temperature distribution at the semi-outdoor and indoor spaces at (a) Space A and 

(b) Space B for case S-0 and cases S-6-S-10. 

 

 

Figure 5.5. Vertical wind speed distribution at the indoor space (WSwin) for (a) Space A and (b) Space B 

for case S-0 and cases S-6-S-10. 
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Figure 5.6. Horizontal (a) air temperature and (b) wind speed contour sections at GL + 1.5 m for Cases S-

0, S-6 – S-10.  
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Figure 5.7.Vertical (a) air temperature and (b) wind speed contour sections for Space A for cases S-0, S-6 

– S-10.  

 

Case S-0 Case S-6 Case S-7

Case S-8 Case S-9 Case S-10
(a)

Case S-0 Case S-6 Case S-7

Case S-8 Case S-9 Case S-10
(b)

[m/s]

[°C]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

23.5 24.0 24.5 25.0 25.5 26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5



83 
 

 

 

Figure 5.8. Vertical (a) air temperature and (wind speed) contour sections for Space B for case S-0 and 

cases S-6 – S-10. 
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5.4. Summary of optimization 

This chapter investigates the improvement of the outdoor and indoor microclimate of a house using 

CFD simulation. The study consisted in modifying variables in the CFD model of case S-0 to find the best 

PCMs configuration and indoor conditions that will reduce the indoor air temperature to about 1 °C. The 

cases were optimized from case S-6 to case S-10 (Table 5.1). Case S-6 studied the pressure differences by 

adjusting the windward ventilation; ventilation between indoor rooms; and leeward ventilation with the 

variables (wing wall, opening indoor doors and opening the entrance door) in order to induce the cool air 

already available with the existent PCMs configurations. The results of case S-6 demonstrated that in order 

to utilize the cool microclimate by the PCMs; firstly proper natural ventilation techniques needs to be 

implemented – thus natural ventilation should be the first investigated variable when passive cooling 

designing with CFD simulation. Case S-7 utilized the same configurations of case S-6; where induction of 

cool air is already improved; to additionally tackle the L-W distance issues of Space B – which has a large 

L-W distance. Therefore, for case S-6 the PCMs in Space B were shifted 1.0 m closer to the window in order 

improve the cool microclimate formation. Results showed that the indoor air temperature for Space A and 

Space B was reduced to about 0.4 and 0.8 °C, respectively. Moreover, Figure 5.4 shows that most of the cool 

air is accumulated near the ground. Therefore, it was important to investigate the improvement of the indoor 

microclimate if this air is utilized. Thus, for case S-8 the PCMs were shifted 0.2 m above the ground by 

adding a floor slab in order to have less height difference between the semi-outdoor space and indoor space. 

Results showed that the indoor air temperature was reduced 0.7 °C for Space A and 1.3 °C for Space B, in 

contrast to case S-0. For indoor space A, the cooling effect of the PCMs are not as strong as with Space B, 

even though the cool microclimate formation is better in Space A due to the short L-W distance.  Thus, to 

further induce the cool air available outside the window for both Space A and Space B, the window type was 

changed to casement window in case S-9 because the current window type is sliding and only allows 50% 

of the cool air to be induced. Thus, for case S-9 the induction of cool air by window type is investigated. 

Results shows that the indoor air temperature is reduced to 1.0 °C for Space A and 1.2 °C for Space B, in 

contrast to case S-0. This showed that the casement window (1) slightly decreased the wind speed, however 

(2) induced more cool air – increasing ventilation by natural convection. Moreover, results for case S-9 

showed that the right combination of variables at the semi-outdoor and indoor space (Table 5.1) can improve 

the outdoor and indoor microclimates of the house. Furthermore, one more case was investigated in order to 
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study the formation of cool microclimate with similar PCMs configuration – L-W distances. Thus for case 

S-10 the PCMs in Space B were shifted 0.8 m so both Space A and Space B have the same L-W distances. 

Results showed that the indoor air temperature for Space B was further reduced from 1.2 (case S-9) to 1.6 

°C in contrast to case S-0. This case demonstrated that cooling efficiency of the PCMs is determined not 

only by L-W distance but also by size of the indoor space adjacent to the PCMs; where, a smaller indoor 

space is easier to cool. This study demonstrates that is possible to use CFD simulation for passive cooling 

design during early stages of a project. 

  

 

5.5. Performance of case S-9 with different wind directions. 

In the previous section the case S-0 (base CFD model validated in Chapter 3) was optimized in order 

to tackle problems such as formation of cool microclimate in Space B and the induction of cool air into the 

indoor space. Moreover, the natural ventilation design of the house was optimized as well. Results were 

based on the best optimization for a stable wind direction and wind speed. Thus, in this section the design of 

Case S-9 will be evaluated under different wind direction conditions in order to observe how the cool outdoor 

and indoor microclimate formed by the current PCMs and ventilation conditions perform under different 

wind direction conditions. The case S-9 was selected because it shows the best application of PCMs 

according to semi-outdoor space size and indoor space size.  

 

 Wind direction settings 

Table 5.2 shows the simulation cases that will be evaluated in this section. As observed, the initial case 

S-0 has a wind direction of SSW. Thus, the remaining wind directions that fall between 90 degrees 

perpendicular to the window; i.e., SE to SW is evaluated. The variable settings for Case S-9 are used. Thus, 

the base case used in this chapter is Case S-9 with SSW wind direction; Case S-11 is the case S-9 with 

changed wind direction to South; and so on, as observed in Table 5.2. For cases S-14 and S-15, one side of 

the window for Space A was removed to allow wind to be induced into the indoor space because the wind 

direction is not perpendicular to the window, i.e., SE and SW, respectively.  
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Table 5.2. Simulation cases for evaluation of performance of Case S-9 under different wind directions. 

Simulation 

case 

Wind direction Flow boundary conditions Variables 

 Fixed inflow Natural outflow 

Case S-9 SSW  

(197 degrees) 

(Xmin, Ymin)  

X component =0.29 m/s 

Y component = 0.95 m/s 

Z component = 0 m/s 

(Xmax, Ymax) Case S-9 

Case S-11 S  

(180 degrees) 

(Ymin) 

X component =0 m/s 

Y component = 1 m/s 

Z component = 0 m/s 

(Ymax) Case S-9 

Case S-12 SSE  

(163 degrees) 

(Xmax, Ymin)  

X component =-0.29 m/s 

Y component = 0.95 m/s 

Z component = 0 m/s 

(Xmin, Ymax) Case S-9 

Case S-13 SE  

(135 degrees) 

(Xmax, Ymin)  

X component =-0.7 m/s 

Y component = 0.7 m/s 

Z component = 0 m/s 

(Xmin, Ymax) Case S-9 

Case S-14 SE  

(135 degrees) 

(Xmax, Ymin)  

X component =-0.7 m/s 

Y component = 0.7 m/s 

Z component = 0 m/s 

(Xmin, Ymax) Case S-9 + no right 

side of the window 

for Space A 

Case S-15 SW  

(225 degrees) 

Xmin and Ymin  

X component =-0.7 m/s 

Y component = 0.7 m/s 

Z component = 0 m/s 

(Xmax, Ymax) Case S-9 + no left 

side of the window 

for Space A  

 

 Results for Case S-9 under different wind directions 

5.5.2.1. Formation of cool air at the semi-outdoor spaces 

Figure 5.9, Figure 5.10, and Figure 5.11 shows the air temperature and wind speed contours for Case 

S-9 under different wind directions. As observed formation of cool air at the semi-outdoor space was easier 

to obtain for Space B under all wind directions in contrast to Space A. For Space A, the cases that performed 

the best were under SSW and S wind direction. This implies that for Space A, locating the louver in front of 

the window does not guarantee that the cool air will be induced or dissipated into the indoor space. The main 

difference from Space A and Space B is the building geometry; where, Space A has no walls blocking or 

affecting the wind direction, thus the cool air follows the wind direction. In contrast for Space B, there are 

walls to the left and right which protects the semi-outdoor from unstable winds which makes the formation 

of cool air easier.  
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5.5.2.2. Induction of cool air into the indoor spaces 

Wind speed crossing the window is necessary in order to induce the cool air accumulated at the semi-

outdoor space. This is confirmed and observed more clearly for Space B; where despite there is accumulation 

of cool air at the semi-outdoor space in Case S-15, the cool air was not induced into the indoor space. Among 

all cases for Space B, only case S-15 (SW) showed difficulties for inducing the cool air. Moreover, among 

all cases for Space A and Space B, more induction of cool air was obtained for Space B in contrast to Space 

A. This confirms that the performance of the evaporative cooling louver will vary according to where it is 

installed; where factors such as predominant wind direction; and building geometry are crucial. For this case 

in particular, the case study is placed in a residential area where the predominant wind direction during 

summer is SSE. Thus this study demonstrates that the best placement for the evaporative cooling louver for 

this particular house is for Space B because the evaporative cooling effect into the indoor space can be obtain 

in most of the wind directions.  
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Figure 5.9. Horizontal (a) Air temperature and (b) wind speed contour sections at GL + 1.5 m for 

optimized Case S-9 under different wind directions. 
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Figure 5.10. Vertical (a) Air temperature and (b) wind speed contour sections for Space A for Case S-9 

under different wind directions. 
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Figure 5.11. Vertical (a) Air temperature and (b) wind speed contour sections for Space B for Case S-9 

under different wind directions.
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Figure 5.12. Summary of all cases and variables. 

Cases WDout 

Semi-outdoor space Wingwall 

1 m 

Space B 

Indoor conditions 

PCMs 
Louver 

watering 

L-W distance [m] 
GL – FL [m] 

Windward 

ventilation 

Cross 

ventilation 

Leeward 

ventilation Space A Space B 

Validation Case S-0 
SSW 

 

Louver 

(L), 

vegetation 

(V), 

sunscreen 

(S) 

watered 1 2.8 0.4 
No 

 

Sliding 

window 

Open kitchen 

door 
Sky window 

Sensitivity 

analysis 

Case S-1 

SSW 

L, V, S wet 1 2.8 

0.4 No 
Sliding 

window 

Open kitchen 

door 
Sky window 

Case S-2 L, V, S dry 1 2.8 

Case S-3 L, S watered 1 2.8 

Case S-4 V, S - - - 

Case S-5 S - - - 

Optimization 

Case S-6 

SSW L, V, S watered 1 

2.8 0.4 

Yes 

Sliding 

window 
Open kitchen 

and living 

room doors 

Sky window 

+ entrance 

door open 

Case S-7 1.8 0.4 

Case S-8 1.8 0.2 

Case S-9 1.8 0.2 Casement 

window Case S-10 1.0 0.2 

Evaluation 

with different 

wind 

directions 

Case S-11 S 

L, V, S watered 1 1.8 
 

0.2 
Yes 

Casement 

window 

Open kitchen 

and living 

room doors 

Sky window 

+ entrance 

door open 

Case S-12 SSW 

Case S-13 SE 

Case S-14 SE 

Case S-15 SW 

 

 

 

 



92 
 

CHAPTER 6. CONCLUSION 

In the hot-humid summer climate of Tokyo, a combination of factors such as reduced green spaces and 

increasingly compact house design in urban and suburban areas has made it difficult to maintain a 

comfortable indoor microclimate using only passive cooling methods such as natural ventilation and solar 

shading. In order to improve natural ventilation in urban residences, outdoor microclimate design using a 

combination of passive cooling methods (PCMs) is recommended. This study analyzes the formation of 

outdoor and indoor microclimates of a house located in one of the hottest cities in Japan by using combined 

PCMs and indoor conditions. The PCMs included an evaporative cooling louver, vegetation, and sunscreen 

installed outside two windows in the southwest facade of the house. The study was carried out in several 

parts in order to evaluate the best configuration of PCMs on forming a cool microclimate and best indoor 

conditions for inducing the cool air. First, a (1) field measurement was conducted. Among the cases in the 

field measurement studied, CASE 1 exhibited the best PCMs configuration and CASE 4 the worst. It was 

found that combination of watered louver, surrounding vegetation and shorter louver-window distance 

provided a better microclimate than when no vegetation and a large louver window distance was used. 

Induction of cool air was not fully obtained during the field measurement. Thus, in order to conduct a 

parametric study a (2) CFD simulation was conducted and validated using field measurement data. The 

results showed good correlation between the experiment and simulation for Spaces A and B. The R2 for all 

points was between 0.93 and 0.99, and the RMSE was between 0.2 and 0.5 except for Twin, demonstrating 

that the model accurately predicts air temperature. The validated case was then used to conduct a (3) 

sensitivity analysis to reproduce the cooling effect between different louver watering conditions; and effect 

of different amount of PCMs in the formation of cool microclimate. (4) Finally an optimization of the 

validated case is conducted in order to find the best PCMs and indoor conditions that improves both outdoor 

microclimate and indoor microclimate simultaneously. Moreover, the best optimization method was 

evaluated under different wind directions.  
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6.1.  Recommendations for generation of cool microclimates inside buildings  

After analyzing all cases it was found that in order to generate cool microclimates inside buildings a 

combination of (1) reduction of ambient temperature and (2) improving the natural ventilation is necessary: 

 (1) Reduce outdoor ambient temperature by shading walls and windows, using evaporative cooling 

materials (vegetation, louver).   

 (2) Improve natural ventilation of the house by increasing the porosity of the building (windward and 

leeward openings). In general to guarantee natural ventilation windward openings should be located 

perpendicular to the prevailing wind during summer. 

According to the results in this study the usage of evaporative cooling louver for cooling indoor spaces 

is limited. Table 6.1 shows the recommendations for using the louver for forming cool microclimates inside 

buildings. Evaporative cooling louver can reduce indoor air temperatures to about 1-2 °C, depending on the 

size of the indoor space, the smaller the indoor space the higher the cooling effect. 

Table 6.1. Use of the evaporative cooling louver for cooling indoor spaces 

 Recommended Avoid 

1 Install louver in a semi-enclosed* outdoor space. 
Install louver in an open*outdoor 

space. 

2 Shade surroundings (wall, window, floor)  

3 
Install louver close to the target area. Up to 1.5 meters apart from 

the window.  
Install louver far from the target area.  

4 Use to aid mixed mode ventilation.  

5 
Install louver parallel to the window and perpendicular to the 

predominant wind direction during summer. 

Installing the louver without careful 

consideration of wind direction, and 

location of openings. 

6 

Use watered louver when the relative humidity is about 50-70% 

and outdoor temperatures below 29 °C (outdoor temperatures are 

not too hot). 

Use watered louver when the relative 

humidity is above 70%, outdoor 

temperatures above 29 °C or very hot 

outdoor air temperature, in this case air 

conditioning is recommended. 

7 Used during daytime. 

Used during nighttime.  

More difficult to evaporate water and 

get high cooling effect. 

8 House has indoor partitions, target area is enclosed. 

House has an open floor plan; cool air 

is dissipated faster and cooling effect 

is lost. 

9 

Stack and cross ventilation. Windward + leeward ventilation 

(opposite sides of the room). Cool air travels further and cools 

the target indoor space. 

Single sided ventilation. Cool air is not 

induced, it returns to same opening 

(windward and leeward opening are 

the same). 

*Semi-enclosed: Space B (case S-9), *open: Space A. 
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An open floor plan is considered effective for houses located in countries with year round hot and humid 

climate and fully naturally ventilated. That said, Japan has four seasons and therefore houses in Japan need 

to be well insulated and airtight for high energy efficiency. They need to conserve heat during winter and 

cool during summer, thus a house with partitions will allow for each room to have a specific microclimate 

and thus conserve energy depending on its use. This said, a house with partitions can also be a well natural 

ventilated house (transition seasons) if a proper interior design and location of windows and indoor openings 

(doors) allow for optimal use of the differential pressure generated across the building, thus promoting cross 

and stack ventilation.  

Figure 6.1 shows an example for recommended sizes for windward and leeward openings. As observed, 

for leeward openings these can be designed / installed around 1.5 meters above the floor level for cross 

ventilation and a clerestory window for stack ventilation in order to dissipate the hot air while maintaining 

the cool air inside the house.  

The case study used has a compact design and obstacles (staircase / corridor) which impede smooth air 

movement. In addition, the case study did not count with many leeward openings, thus the optimization cases 

demonstrated that adding leeward openings improve natural ventilation. Therefore, the design of interior 

partitions and location of window is crucial to guarantee appropriate natural ventilation. 

 

 

Figure 6.1 Example of sizes for windward and leeward opening for generating cool microclimates inside 

buildings 
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6.2. Future works 

This study confirmed the formation of cool microclimates using PCMs and indoor conditions under 

certain conditions; i.e., building site, location of PCMs according to building geometry, location of windows, 

size of indoor space, and wind directions. Therefore, future studies can evaluate the PCMs when applied in 

other buildings located in dense suburban areas; i.e., with surrounding buildings. Results can be useful in the 

development of guidelines for installation of PCMs in semi-outdoor spaces to improve the outdoor 

microclimate of compact houses and thus the indoor microclimate. Moreover, thermal comfort with standard 

effective temperature (SET*) will be conducted to evaluate the improvement of indoor microclimate using 

best combined PCMs and indoor conditions.  

 

Night purge ventilation  

This study focused on evaluating the cooling effect of the evaporative cooling louver in the common 

area (kitchen, living room and dining room) with daytime ventilation. In general, the louver is recommended 

for daytime use - higher evaporative cooling effect – and window opening is safe. However, further studies 

can be carried out to analyze the extended effect of low surface temperature of outdoor elements (louver and 

vegetation) for night purge ventilation for rooms located in second floor or above (in balconies) because is 

more safe to keep windows open at nighttime (due to safety it is not recommended  to open windows in the 

first floor). Moreover, the main purpose of night purge is inducing cool outdoor air into indoor spaces to 

store “coolness” in building structure and materials during night time. In this view, night purge needs higher 

heat capacity for building structure and materials (e.g. concrete). The target house of this study has wooden 

structure with less heat capacity. Therefore, it is important to add materials with higher heat capacity (e.g. 

phase change materials) into the house when applying night purge. 
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APPENDIX 

A.1 Field measurement 

Air temperature results (1 minute average) 

CASE 1 (Day 1) 

 

Figure 0.1. Air temperature at the back of the louver (Tlo)  for CASE 1 (Space A) before and after the 

louver is watered. 

 

Figure 0.2. Air temperature at the center of the semi-outdoor space (Tsop) for CASE 1 (Space A) before 

and after the louver is watered. 

 

Figure 0.3. Air temperature inside the window (Twin) for CASE 1 (Space A) before and after the louver is 

watered. 
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CASE 2 

 

Figure 0.4. Air temperature at the back of the louver (Tlo) for CASE 2 (Space B) before and after the 

louver is watered. 

 

Figure 0.5. Air temperature at the center of the semi-outdoor space (Tsop) for CASE 2 (Space B) before and 

after the louver is watered. 

 

Figure 0.6. Air temperature inside the window (Twin) for CASE 2 (Space B) before and after the louver is 

watered. 
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CASE 3 (Day 2) 

 

 

Figure 0.7. Air temperature at the back of the louver for CASE 3 (Space A) before and after the louver is 

watered. 

 

Figure 0.8. Air temperature in the center of the semi-outdoor space for CASE 3 (Space A) before and after 

the louver is watered. 

 

Figure 0.9. Air temperature inside the window for CASE 3 (Space A) before and after the louver is 

watered. (Data for Twin at GL + 2.5 m was defectuous) 
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CASE 4 

 

Figure 0.10. Air temperature at the back of the louver for CASE 4 (Space B) before and after the louver is 

watered. 

 

Figure 0.11. Air temperature in the center of the semi-outdoor space for CASE 4 (Space B) before and 

after the louver is watered. 

 

Figure 0.12. Air temperature inside the window for CASE 4 before and after the louver is watered. 
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A.2 CFD validation (case S-0) 

Validation process 

 

Figure 0.13. Flow chart of process for CFD validation 
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Trial and error validation cases 

Table 0.1. Trial and error cases for validation.  

Validation 

trials 

Computational settings Inflow boundary 
Outflow 

boundary 

Thermal 

boundary 

Porous 

media - 

Window net 

Measurement 

data points 

(Figure 0.14) 

Solver 

setting 
Cycles 

Convergence 

criteria 

Computational 

domain size [mm] 

Mesh 

size 

[mm] 

Size 
Fixed 

velocity 

Tamb, WSout 

[m/s], WDout 
Size 

Natural 

outflow 

CHTC 

(W/m2k) 
without Single 

VT-1 

Simple, 1st 

order 

upwind 

300 1E-04 
60000 x 100000 x 

40000 

200 x 

200 x 

200 

3.5H Ymin 29, 1, South 10H Ymax 

8 (inside), 

23 

(outside) 

No Single 

VT-2 

Simple, 1st 

order 

upwind 

300 1E-04 
60000 x 80000 x 

25000 

200 x 

200 x 

200 

3.5H Ymin 
27.8, 1, SSE x=-

0.3, y=1 
7H Ymax 

8 (inside), 

23 

(outside) 

No Single 

VT-3 

Simple, 1st 

order 

upwind 

300 1E-04 
60000 x 85000 x 

40000 

100 x 

100 x 

100 

3.5H Ymin 27.9, 1, South 7H Ymax 

10.3 

(inside) 

11.4 

(outside) 

No Single 

VT-4 

Simple, 1st 

order 

upwind 

100 1E-04 
75000 x 85000 x 

40000 

100 x 

100 x 

100 

3H 
Ymin, 

Xmax 

27.9, 1.2, SSE x=-

0.5, y=1.2 
7H Ymax 

10.7 

(inside), 

11.8 

(outside) 

No Single 

VT-5 

Simple, 1st 

order 

upwind 

100 1E-04 
75000 x 85000 x 

30000 

100 x 

100 x 

100 

3H 
Ymin, 

Xmax 

27.9, 1.2, SSE x=-

0.5, y=1.2 
7H Ymax 

10.7 

(inside), 

11.8 

(outside) 

No Single 

VT-6 

Simple, 1st 

order 

upwind 

300 1E-04 
84000 x 152000 x 

42000 

100 x 

100 x 

100 

 Ymin 
27.9, 1.2, SSE x=-

0.5, y=1.2 
 Ymax 10.3 (all) No Single 
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VT-7 

Simple, 1st 

order 

upwind 

300 1E-04 
84000 x 152000 x 

42000 

100 x 

100 x 

100 

 Ymin 
27.9, 1.2, SSE x=-

0.5, y=1.2 
 Ymax 10.3 (all) No Single 

VT-8 

Simple, 1st 

order 

upwind 

300 1E-04 
84000 x 152000 x 

42000 

100 x 

100 x 

100 

 Ymin 
27.9, 1.2, SSE x=-

0.5, y=1.2 
 Ymax 9.5 (all) No Single 

VT-9 
Detail, 

QUICK 
350 1E-06 

152000 x 152000 

x 42000 

100 x 

100 x 

100 

5H 
Ymin, 

Xmax 

27.5, 1.2, SSE x=-

0.5, y=1.2 
15H 

Xmin, 

Ymax 

9.5 

(inside), 

11.6 

(outside) 

No Single 

VT-10 
Detail, 

QUICK 
500 1E-06 

84000 x 152000 x 

42000 

100 x 

100 x 

100 

5H Ymin 27.5, 1, South 15H Ymax 

9.5 

(inside), 

11.6 

(outside) 

No Single 

VT-11 
Detail, 

QUICK 
300 1E-06 

152000 x 152000 

x 42000 

100 x 

100 x 

100 

5H 
Xmin, 

Ymin 

27.5. 1, SSW 

x=0.17 m/s, 

y=0.98 m/s 

15H 
Xmax, 

Ymax 

9.5 

(inside), 

11.6 

(outside) 

No Multiple 

VT-12 
Detail, 

QUICK 
350 1E-06 

139600 x 139100 

x 43200 

100 x 

100 x 

100 

3H 
Xmin, 

Ymin 

27.5, 0.9, SSW                      

x = 0.1 m/s,  y=0.9 

m/s 

15H 
Xmax, 

Ymax 

9.5 

(inside), 

11.6 

(outside) 

No Multiple 

VT-13 
Detail, 

QUICK 
350 1E-06 

154000 x 290300 

x 43200 

100 x 

100 x 

100 

5H 
Xmin, 

Ymin 

27.5, 0.9, SSW                      

x = 0.1 m/s,  y=0.9 

m/s 

15H 
Xmax, 

Ymax 

9.5 

(inside), 

11.6 

(outside) 

Yes Multiple 

VT-14 
Detail, 

QUICK 
1500 1E-05 

154000 x 290300 

x 43200 

100 x 

100 x 

100 

5H 
Xmin, 

Ymin 

27.5, 0.9, SSW                      

x = 0.1 m/s,  y=0.9 

m/s 

15H 
Xmax, 

Ymax 

9.5 

(inside), 

11.6 

(outside) 

Yes Multiple 

VT-15 
Detail, 

QUICK 
800 1E-05 

154000 x 290300 

x 43200 

100 x 

100 x 

100 

5H 
Xmin, 

Ymin 

27.5, 0.9, SSW                      

x = 0.1 m/s,  y=0.9 

m/s 

15H 
Xmax, 

Ymax 

9.5 

(inside), 

11.6 

(outside) 

Yes Multiple 
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Case S-0 
Detail, 

Quick 
1000 1E-5  

100 x 

100 x 

1000 

5H 
Xmin, 

Ymin 

27.5, 1, SSW 

X=0.29, y=0.95 
15H 

Xmax, 

Ymax 

9.5 

(inside), 

11.6 

(outside 

Yes Multiple 

 

 

      
(a) VT -1 (b) Case S-0 

 

Figure 0.14. Example for comparison for (a) single and (b) multiple measurement points during validation trial and error cases.
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Thermal boundary condition settings 

Table 0.2. Thermal boundary condition settings. 

Spaces Part Ts [°C] CHTC 

Outdoor space    

 

Outdoor ground 30.5 11.6 

 

Ground below 

pots 

25.5 11.6 

 

Blocks 29.0 11.6 

 

Ground sides 26.5 11.6 

 

Southwest walls 30.0 11.6 

 

Northeast walls 30.5 11.6 

 

31.5 11.6  
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Roof 31.5 11.6 

Semi-outdoor space    

 

Base of wall 

(GL+0.0 to + 0.4 

m) 

27.5 11.6 

 

Walls inside 

semi-outdoor 

space 

29.0 11.6 

 

Sunscreen 30 11.6 

 

Window for 

Space A and 

Space B. 

30.0 and 29.5 11.6 

 

Wet shaded soil  21.0 11.6 

 

Unshaded pots 30.5 11.6 
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Shaded pots 28.5 11.6 

 

Soil in pots 24.0 11.6 

Indoor space    

 

Indoor walls first 

floor (1) 

southwest 

31.5 9.5 

 

Indoor walls (3) 

- northeast 

30.5 9.5 

 

Indoor walls (2)  29.5 9.5 

 

Floor inside 

window for 

Space A and 

Space B 

31 and 30  

 

Floor 29.5 9.5 
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Ceiling first 

floor 

30 9.5 

 

Walls second 

floor 

29.5 9.5 

 

Roof ceiling 31.0 9.5 

 

Second floor 

ceiling 

30.0 9.5 

 

Louver settings - Calculations for the porous media 

Ratio (surface area / volume) 

 

Surface area (circumference of a slat and number of louvers) = 0.153*0.1*2.56 

Volume of mesh = 0.1*0.1*0.1 

Ratio (surface area / volume) = 39.2 m2/m3 
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Porosity 

Porosity = 1 – (volume ratio of primary material in porous media) 

Therefore, first the volume ratio (one mesh) is calculated according to the louver’s dimensions:  

 

 

 

 

 

 

 

 

  

 

Volume ratio (0.063*0.026*0.5*0.1*2.56) / (0.1*0.1*0.1) = 0.21 

Volume of a triangle = 0.063*0.026*0.5 

Length of one mesh = 0.1 

Louver slats in one mesh = 2.56 

Volume of one mesh = 0.1*0.1*0.1 

Porosity = 1 – 0.21 = 0.79 

 

Cross section area ratio 

X axis = (0.063*0.026*0.5*2.56) / (0.1*0.1) = 0.21 

Y axis = (0.1*0.026*2.56) / (0.1*0.1) = 0.66 
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A.3 Optimization study: Trial and error cases 

Trial and error cases for the optimization 

Table 0.3. Trial and error cases for optimization of outdoor and indoor microclimates. 

Case Semi-outdoor space design Indoor space design   

 
L-W distance for 

Space B [m] 

Surrounding 

vegetation 

GL – FL difference 

[m] 
Outdoor (out) to indoor (in) ventilation In -In In - Out 

Indoor 

furniture and 

partitions 

Opt.* 

cases 

Va- 

ria- 

bles 
 

Exp.* New Exp. New Exp. New Space B Space A and Space B Space A       

Trial 

No. 
2.8 1.8 1  1 2 3 0.4 0.2 0 Wingwall 

Window 

casement 

double 

Window 

sliding 

double 

Window open 

100% no glass 
Door Door 

Fur- 

niture 

Par- 

titions 
  

1 0    1   0             1 

2 0     1  0        1     2 

3  1  0    0             1 

4  1  0    0        1     2 

5  1  0      1           2 

6  1  0     1       1  1   4 

7  1  0      1      1  1 1  5 

8 0     0       0     1         1 1     
Case S-

6 
3 

9   1   0       0     1         1 1     
Case S-

7 
4 

10   1   0         1   1         1 1     
Case S-

8 
5 

11  1  0     1  1     1 1 1   6 

12   1 0     1  1     1 1 1   6 

13  1  0     1  1    1 1 1    6 

14   1 0     1  1  1   1 1 1   7 

15  1  0     1  1   1  1 1    6 
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16  1  0     1  1   1  1 1    6 

17  1     1  1  1   1  1 1    7 

18  1     1  1  1 1    1 1    7 

19   1   0         1   1 1       1 1     
Case S-

9 
6 

20     1 0         1   1 1       1 1     
Case S-

10 
6 

*Exp. = existent experiment settings. *Opt. = optimization. 


