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Abstract 
 
Multi-residential buildings in Thailand's urban areas have significant issues regarding 

indoor environmental quality (IEQ). These buildings, typically designed with single-

sided ventilation, tend to suffer from inadequate ventilation, particularly in thermally 

free-running buildings. This leads to poor IEQ, especially for low-socioeconomic 

groups. Natural ventilation, as a passive cooling strategy, offers benefits in enhancing 

thermal comfort, sustainability, and cost-effectiveness.  

Three phases of the study were established for investigating the potential of passive 

design options by focussing on natural ventilation to improve IEQ. Phase 1 involved 

physical measurements to assess current indoor environmental conditions and 

occupant perception surveys to characterise typology and typical buildings. These 

measurements provided base case data for Phase 2, where Computational Fluid 

Dynamics (CFD) and building simulation models were developed to explore factors 

affecting natural ventilation and thermal behaviour, both outdoors and indoors. In 

Phase 3, potential design options for improving IEQ were evaluated, involving 

consultations with Thai building professionals. The study revealed that the optimal 

design scenario could improve thermal comfort by up to 21.9% compared to the 

original room configuration. This optimal case also maintained healthier relative 

humidity levels 5% longer. During the rainy season, these benefits were even more 

obvious, with a 42.3% increase in thermal comfort and a 56% increase in periods of 

healthy humidity levels. Additionally, the optimal design consistently achieved natural 

ventilation rates exceeding 0.2 m.s-1, occasionally reaching up to 0.4 m.s-1 at the 

occupant level, signifying a substantial improvement. The research proposes design 

options, focusing on passive cooling through natural ventilation for new multi-

residential buildings in urban areas.  
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1 Introduction 
_________________________________________________________________ 

 Research Context and Contribution 
The rapid growth of complex residential buildings in urban areas has caused an 

obstruction of wind flow and solar radiation in recent decades. (Arnfield 2003; Garcia-

Nevado et al. 2016) (see Figure 1- 1). The obstruction exacerbates both outdoor and 

indoor thermal comfort, especially in tropical climates. (Lau et al. 2019; Rodriguez and 

D'Alessandro 2019). Additionally, ineffective design of those buildings, such as the 

limited openable area of window on one façade causes poor ventilation. In turn, poor 

ventilation impacts the ability to remove internally generated moisture, which 

exacerbates the development of mould (Nitmetawong et al. 2019). This impacts living 

comfort and increases the risk of respiratory diseases and, later on mental illness for 

occupants (Heseltine and Rosen 2009). Numerous studies around the world show that 

the most vulnerable or disadvantaged populations are frequently located in areas with 

poorer environmental quality(Evans and Kantrowitz 2002; Jun et al. 2011; Sharifi and 

Khavarian-Garmsir 2020). Low socioeconomic groups tend to suffer worse health due 

to inadequate indoor environmental quality, which requires economic solutions to 

tackle the issue. Therefore, this research focuses on multi-dwelling residences that 

are thermally free-running (no air conditioning or thermal services) and generally 

populated by low-socioeconomic groups.  

Thailand's population in 2019�was 66,558,935 people (NationalStatisticalOffice 2021) 

and the UN estimates the population projecting to be 71,801,279 people in 2023 

(UnitedNations 2022). In 2021, 52.16% of the population lived in urban areas 

(WorldBank 2021). Many urban cities in Thailand have a population of more than 1,000 

people per square kilometre and are defined as dense cities. For example, 3,625 

people per square kilometre, 1,540 people per square kilometre and 1,413 people per 

square kilometre in Bangkok, Chiang Mai and Khon Kaen urban areas, respectively. 

Additionally, the population density has increased by approximately 8% in the last 

decade. This causes an increasing number of multi-storey buildings in the urban area 

and vicinity by over 20% in the last five years (Center 2020) and over 1.2 million people 

live in Bangkok's high-density residential zones (AdministrativeStrategyDivision 

2018).   
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High residential density can evoke low indoor air quality and unsatisfactory living 

conditions, causing health risks to residents (Li et al. 2011). These high-rise blocks 

could lead to severe sky obstructions and inadequate air ventilation, especially on the 

lower floor. Such lower-floor rooms generally suffer from being overshaded by nearby 

buildings, which further affects indoor ventilation, obstructs daylight, and results in 

mould growth on furniture and interior surfaces (Juangjandee 2017). Additionally, 

ineffective design of those buildings, such as the limited window of free-running 

buildings cause poor ventilation, which in turn causes high moisture load, which 

commonly results in the presence of mould (Nitmetawong et al. 2019) In other words, 

restricted indoor air circulation can bring about high moisture accumulation and 

enhance mould growth, particularly in tropical climates (ASHRAE 2009). (see Figure 

1- 2). This significantly impacts living comfort and increases the risks of respiratory 

diseases, such as Allergic Rhinitis, Hypersensitivity Pneumonitis, or Bronchitis, 

moisture-associated skin damage and later on mental illness for occupants (ASHRAE 

2009; Heseltine and Rosen 2009; Valtonen 2017; LeBlanc 2019). Symptoms caused 

by living in moisture buildings commonly begin with mild, then increase harmfulness 

to the respiratory tract; eventually, these symptoms may turn into chronic (Valtonen 

2017). 

 

 
Figure 1- 1 High-residential area in Thailand  
(Source: Author) 
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According to previous research on the complex residential buildings in tropical areas 

indicated that indoor relative humidity values were commonly greater than 80 %RH, 

which is above a critical standard value of thermal comfort condition for almost the 

whole day. On the lower floor rooms, there is the additional issue of overshading by 

nearby buildings, which further affects indoor ventilation and results in mould on 

furniture and interior surface (Juangjandee 2017; Silveira et al. 2019). Although, 

Thailand has launched urban regulations, including building coverage ground ratio, 

open space ratio, and setback regulation to relieve and overcome WKRVH�EXLOGLQJV¶�

environmental problems. Such regulations are failing to prevent dampness and mould 

(Chowdhury et al. 2009). These indoor conditions have emerged as an environmental 

hazard indicator of health risk that raises an urgent need for some concerns. 

In the absence of mechanical services, the main strategy available is to reduce the 

build-up of internal thermal gains and humidity generated from occupant activities 

through natural (Cook 1989; Sreshthaputra 2003). Increasing the ventilation rate can 

reduce the condensation rate, which is a significant factor in mould proliferation in 

buildings (Silveira et al. 2019).  

Although the benefits of natural ventilation are widely acknowledged, there is a lack of 

practical design guides for the modern architectural context (Mumovic and 

Santamouris 2013; Wang and Malkawi 2019). Most previous research associated with 

strategies for improving natural ventilation or thermal comfort has focused on 

traditional residential building or detached house (Prajongsan and Sharples 2012). 

However, the strategies are less practised in complex residential buildings 

(Rajagopalan et al. 2014). The complex residential buildings tend to be designed with 

free-running building planning, which assumes all windows are open to obtain 

maximum natural ventilation all day and night (Sreshthaputra 2003), however, it does 

not account for the limited external air movement due to the proximity of the buildings 

and single-sided window. 

This research is to investigate the potential of passive design options focussing on 

natural ventilation to improve the indoor environment in thermally free-running 

apartment dwellings in Thailand's climate conditions.  
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Figure 1- 2 Illustration of problems caused by solar and wind flow obstructed by 
nearby building 
(Source: Author) 

 Aims 
The aim of this research is to investigate the potential of passive design options 

(focussing on natural ventilation) to improve indoor environment quality²specifically 

relative humidity, thermal comfort, and natural ventilation in thermally free-running 

apartment dwellings in Thailand's climate conditions. 

 Research Objectives 
1. Evaluate the current situation regarding indoor environmental quality in apartment 

blocks in Thailand, particularly air temperature, relative humidity, and air speed.  

2. Characterise typology and key features of typical apartments in Thailand 
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3. Establish the relationship between key features of typical buildings in Thailand and 

FXUUHQW�RFFXSDQWV¶�SHUFHSWLRQV�ZLWK�UHJDUG�WR�WKHLU�LQGRRU�HQYLURQPHQWDO�TXDOLW\ 

4. Investigate the influence of external factors on natural ventilation in apartment 

blocks in Thailand. External factors include wind speed, apartment position within the 

building, building height, proximity/ direction and density of nearby buildings 

5. Investigate the influence of internal factors on natural ventilation in apartment blocks 

in Thailand. Internal factors include room planning, room orientation, room inlet and 

outlet size, room outlet location, etc. 

6. Create and validate design options to improve the indoor environmental conditions 

in residential apartment block in Thailand. The effectiveness of the designs will be 

evaluated using CFD and validated with built environment professionals in Thailand 

 Scope and Focus 
Scope²Mechanical services for indoor environment quality impact carbon emissions 

(resulting in climate impacts) and affordability. They are not usually provided in multi-

residential dwellings for low socio-economic groups in Thailand. The potential of 

passive design strategies to improve indoor environmental quality is being investigated 

for multi-residential dwellings in Thailand. 

  - The potential of passive design options is proposed based on Thailand 

weather data, current building standards and regulations. 

- This study applies a combination of methods. Quantitative strategies include: 

physical measurement and monitoring to explore typical apartment features, statistical 

analysis of survey results on occupant perceptions, computational fluid dynamic 

analysis of airflow in the vicinity of the building and within the apartments, culminating 

in analysis of design options.  Qualitative analysis is applied to the results of semi-

structured interviews exploring the perceptions of the design options with built 

environment professionals in Thailand.  

Focus - evidence indicates that key occupant concerns are: 

x limited internal ventilation because of the single-sided ventilation 

window  

x High relative humidity ± in some cases resulting in mould formation 
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x Uncomfortably high temperatures in summer 

This investigation proposes to explore the potential of passive design strategies to 

address these issues. Primarily aim will be to improve natural ventilation in typical 

multi-residential dwellings, for the climatic conditions in Chiang Mai, Thailand. 

 Thesis Structure  
The thesis is structured in the following way: 

Chapter 2 contains the literature review. The review covers the Thailand Climate and 

thermal comfort conditions. The effects of high relative humidity are considered. 

Practical passive cooling solutions in tropical climates are discussed. Previous solar 

chimney research and methods, which have been utilised in each research, are also 

examined and analysed.  

Chapter 3 contains the Methodology. This chapter begins with research methods and 

selected methods in relation to research objectives. Then, each method is explained, 

including physical measurements, questionnaire, selection of criteria to be analysed, 

Computational Fluid Dynamics (CFD) analysis, and interview.  

Chapter 4 analyses the results of physical measurements and considers how internal 

SDUDPHWHUV�DIIHFW�RFFXSDQWV¶�URRP�SHUFHSWLRQ�LQ�7KDLODQG��7KH�UHVXOW�LV�HPSOR\HG�to 

validate CFD in relation to site data. 

Chapter 5 covers the results of occupant perception survey. This chapter starts with 

the reliability of the survey, then the analysis of demographics, physical environment 

factors and perception and satisfaction of occupants. The typical apartment block 

characteristics are discussed. 

Chapter 6 contains discussion of external CFD sensitivity analysis. The external 

factors influencing on natural ventilation of apartment blocks in Thailand are 

discussed. 

Chapter 7 contains CFD sensitivity analysis of internal apartment blocks. Typical 

apartment block characteristics derived from the resident questionnaire (Chapter 5) 

are used as a base case for investigating the internal factors of the apartment room's 

natural ventilation. CFD is used to investigate each scenario. The analysis of the 
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natural ventilation influencing factors is developed to be framework of passive design 

strategy for apartment dwellings in Thailand.  

Chapter 8 analyses the consultation on the design options with Thai built environment 

professionals.  

Chapter 9 discusses the thesis. This chapter compares the research results to those 

in a related field and discusses the significance of the study. 

Chapter 10 concludes the thesis and provides suggestions for future research. 

Chapter 11 includes references 
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2 Literature Review 
_________________________________________________________________ 

 Introduction 
According to the research issue presented in Chapter 1, multi-residential buildings in 

Thailand's urban areas typically have low indoor environmental quality (IEQ). This 

issue adversely affects vulnerable or economically disadvantaged populations, which 

tend to reside in places with poor environmental conditions. Low socioeconomic 

groups, in particular, have worse health conditions as a result of inadequate IEQ, 

emphasising the need for cost-effective solutions to the problem. Given this 

demographic's socioeconomic limits, deploying typical HVAC systems may be 

prohibitively costly. As a result, passive design emerges as a potential and practical 

solution. 

Passive design strategies play a crucial role in leveraging natural elements and 

climatic conditions to effectively regulate temperature, humidity, and airflow within 

buildings (Bhamare et al. 2019). This approach, when properly implemented, can 

significantly improve the indoor environmental quality (IEQ) of multi-residential 

buildings in Thailand. The effectiveness of passive design strategies is significantly 

influenced by the region's climate conditions. Therefore, to provide a comprehensive 

framework for this research, the literature review commences by delving into 

Thailand's climate, thermal comfort, and prevalent building challenges. This in-depth 

understanding of the context serves as the foundation for investigating applicable 

passive cooling strategies and exploring suitable materials within the Thai context. The 

subsequent review of methodology then delves into relevant studies. 

This chapter presents a review of previous research and theories relevant to the 

research aim, focusing on the following topics:  

x Thailand's climate and thermal comfort (Section 2.2): This section explores 

Thailand's climate and thermal comfort conditions. It involves a detailed 

analysis of temperature, relative humidity, wind speed, and wind direction and 

their implications for thermal comfort. 

x Dehumidification (Section 2.3): This section includes a review of strategies for 

mitigating humidity in buildings and a recommended thermal comfort range for 

health benefits.  
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x Passive cooling theory (Section 2.4): This part of the literature review describes 

principles and relevant research on passive cooling. This includes analysing 

stack ventilation work, design principles and practices, and their effectiveness 

in various building contexts, emphasising solar chimney.   

x Recycled materials (Section 2.5): Recycled materials can provide properties 

comparable to those of raw materials, while simultaneously contributing to 

environmental, and economical sustainability. This section provides material 

comparisons regarding thermal properties, embodied carbon, water vapour 

resistance, and reaction to fire. 

x Summary and research gap (Section 2.6): This section provides an overview of 

the key findings from the literature review and addresses the research gap.   

x Exploring research methods (Section 2.7): A review of methodologies 

employed in previous research is analysed and described in this section. This 

includes insights into both quantitative and qualitative methods. Three main 

phases of research method exploring includes 1) methods for investigating 

current situation about multi-residential building context 2) methods for 

exploring the potential design solutions by evaluating factors affecting natural 

ventilation performance and 3) methods for investigating design options.  
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 Thailand Climate and Thermal Comfort 
Thailand is a country in Southeast Asia classified as equatorial winter dry (Aw) inland 

and equatorial monsoon (Am) on the coast by the Köppen-Geiger climate 

classification. Most of Thailand has a tropical savanna habitat type while the majority 

of the south and eastern tip of the east have a tropical monsoon climate; besides, parts 

of the south have a tropical habitat (Beck et al. 2018). According to the Thai 

Meteorological Department, it is characterised by: 

x high rainfall  

x high humidity ranging average relative humidity around 68-76%RH 

(ThaiMeteorologicalDepartment), with more than 80%RH emerging almost 

50% of the days in June, August, September and October (see Figure 2- 1) 

x mean temperature range is relatively high, around 25.5-28.6°C throughout the 

year (ThaiMeteorologicalDepartment), with a maximum temperature of 34.69ºC 

in April (see Figure 2- 1) 

x mean average daily global solar radiation is between 93.97-717.45 Wh.m-2 

(see Figure 2- 2) 

Due to minimal temperature differences, the wind speed tends to be low (less than 4 

m.s-1) (ThaiMeteorologicalDepartment 2014) (see Figure 2- 3, Figure 2- 4), resulting 

in poor air circulation in certain areas. The pattern of surface wind directions is featured 

by the monsoon system. The pattern of wind flow, stream flows and reducing wind 

acceleration at the ground level are changed by urban configuration; mainly, the 

velocity of wind around the area obstructed from other buildings or negative pressure 

areas is around 0.3-1.2 m.s-1, which would cause discomfort of living from low natural 

ventilation rates (Stathopoulos 2009). 
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Figure 2- 1 shows the monthly average temperature and relative humidity of 
Thailand.  
(Source: Author adapted data from Climate Consultant 6.0) 
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Figure 2- 2 shows the monthly average global radiation of Thailand.  
(Source: Author adapted data from Climate Consultant 6.0) 

 

 
Figure 2- 3 shows the monthly wind speed in Thailand.  
(Source: Author adapted data from Climate Consultant 6.0) 
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Figure 2- 4 shows the relationship between wind speed and direction in 
Thailand.  
(Source: Climate Consultant 6.0) 

2.2.1 Wind direction and wind speed 

2.2.1.1 Wind direction frequency 
&KLDQJ�0DL¶V�ZLQG�GDWD�IURP�0HWHRQRUP������� is analysed to determine annual and 

seasonal wind speed and direction distributions. The wind direction in Chiang Mai is 

highly directional. The most common wind in summer and winter blows from the south 

and north, respectively, while the wind frequently comes from both the south and 

south-west in the rainy season. The annual wind speed is commonly between 2-4 m.s-

1 (see Figure 2- 5). The wind speed rarely rises above 10 m.s-1.  
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Figure 2- 5 The annual wind direction frequency in Thailand. 
(Source: Author adapted data from Meteornorm 7.3.2) 

Thailand's climate can be divided into three seasons which are: 

x Summer (mid-February to mid-May)  

The south wind mostly prevails over Chiang Mai in summer. The most common wind 

speed is between 2 to 4 m.s-1. However, the wind rarely reaches above 8 m.s-1 in this 

season (see Figure 2- 6). 
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Figure 2- 6 The wind direction frequency of summer season in Thailand. 
(Source: Author adapted data from Meteornorm 7.3.2) 

x Rainy season (mid-May to mid-October)  

The wind is almost coming from the south and south-west respectively. The most 

common wind speed is between 2 to 4 m.s-1 (see Figure 2- 7). The south and the 

southwest never rise over 8 m.s-1.  

 

 

Figure 2- 7 The wind direction frequency of rainy season in Thailand. 
(Source: Author adapted data from Meteornorm 7.3.2)  
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x Winter (mid-October to mid-February) 

The wind direction frequency comes from North. The most common wind speed is 

yellow colour, which is between 2-4 m.s-1 (see Figure 2- 8), in contrast, the wind hardly 

ever reaches above 8 m.s-1 in this season. 
 

 

Figure 2- 8 The wind direction frequency of winter season in Thailand. 
(Source: Author adapted data from Meteornorm 7.3.2) 

The rapid growth of urbanisation creates congested locations, which has a significant 

effect on reducing wind velocities and changing wind patterns. Apartment blocks in a 

metropolis also interrupt the wind flow, which leads to insufficient air ventilation in the 

room (Ng and Cheng 2012; Gan and Chen 2016) (see Figure 2- 9���$FFRUGLQJ�WR�7KDL¶V�

Ministerial Regulation No 55 of Interior Floor Building Control (Interior 2000), each unit 

of apartment must have a minimum area for dwelling purposes of not less than 20 m2 

and must have the height of not less than 2.6 m for a room used for residential purpose 

and 1.5 m  for balcony, in addition, the minimum width of building corridor of the 

apartment is 1.5 m. In terms of natural ventilation system, Thai regulation no 39 

indicates that a room in a free-running building must have a total area of doors, window 

or air vents on the side adjacent to outside air not less than 10 % of the area of such 

room, not including the area of the void adjacent to other room or corridor within the 

building (JapanInternationalCooperationAgency 2003). Indoor air speed in tropical 
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climate conditions should be at least 0.4 m.s-1 to increase the evaporation rate of 

human skin for achieving thermal comfort, and the open planning design could 

improve air velocity inside buildings (Tantasavasdi et al. 2001), as cited in (Aflaki et al. 

2015). However, apartment room planning with a double-load corridor in Thailand 

typically has single-sided natural ventilation, which can be categorised into three types 

(see Figure 2- 10). The single-sided ventilation design limits the indoor wind speed 

inside apartment blocks (Farea et al. 2012). These residential buildings are merely 

planned regarding the environmental and geographical matters; this, consequently, 

leads to inefficient thermal comfort of the residents (Humphreys 1978). Since the 

effective depth for single-side natural ventilation is a measure of the extent of fresh 

outside air into living space, the deepest from penetration in certain rooms can 

decrease fresh air velocity until 0 m.s-1 (Allocca et al. 2003).  

 

 
Figure 2- 9 Sample features of the actual situation of complex and dense 
residential buildings in Thailand's urban areas 
(Source: Author) 
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Figure 2- 10 Three room typologies constructed in the urban areas in Thailand, 
especially among low socioeconomic residential building zone.  
(Source: Author) 

Thermal Comfort is generally based on the inhabitants¶ satisfaction with thermal 

sensation with certain environmental factors, including mean radiant temperature, air 

movement, air temperature, humidity, the activities being performed and the clothes 

worn (Fanger 1970), which is also a key parameter for healthy indoor air quality 

(Wagner et al. 2007). Bio-Climatic Chart was the first graphical thermal comfort index 

conducted by Olgyay in 1963; it was intended to apply to free-running buildings with 

natural ventilation and suggested that the summer comfort range could be shifted to 

higher relative humidity and temperature as wind speeds increase. The boundary of 

the comfort zone of the chart had been defined in the dimensions of 21-30 °C and 30-

65%RH (Jitkhajornwanich 2006). In 1976 Givoni argued that the chart was only 

effective for less difference between indoor and outdoor temperature level or 

lightweight building. Givoni published a new chart called Building Bio-Climatic Chart, 

which showed the relationship between indoor temperature and passive design 

strategies and suggested that passive cooling could provide indoor thermal comfort 

for living in tropical areas. Many researchers attempt to find a thermal comfort 

prediction in the form of a single index, such as Fanger's proposed Predicted Mean 

Vote (PMV) (Fanger 1970). An extension of the PMV was suggested as an expectancy 

factor for naturally ventilated environments in hot regions (Fanger and Toftum 2002; 

Sadafi et al. 2011). Alternative theory, some researchers addressed that ASHRAE 

Standard 55, an adaptive model of thermal comfort for naturally ventilated building, is 

more practical than ASHRAE RP 884 because of the longer-term seasonal data 

collected (De Dear and Brager 2002; Toe and Kubota 2013). However, ASHRAE 

Standard 55 is effective in winter conditions, with a mean radiant temperature (MRT) 
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above 19°C (Andrew Corney et al. 2018). Many thermal comfort studies have 

discovered that the comfort ranges differed from the predictions of the thermal comfort 

standard based on the predictive equation. Thermal satisfaction is a complex 

subjective response to the environment, meaning the range of thermal comfort is not 

fixed (Djongyang et al. 2010). It depends on the perception of people and climate 

factors indicated by a new thermal comfort zone. Recent studies review the perception 

of the thermal comfort level of people who live in tropical regions, which may be more 

acclimated to their environment and shift their thermal comfort sensation from other 

climates(Busch Jr 1990). Additionally, once acclimated with heat tolerance, body 

performance in heat improves, so the time to reach a state of body exhaustion can 

double(González-Alonso et al. 1999).  

Due to the acclimatisation effects, Jitkhajornwanich, 2006, who surveyed, measured 

and distributed questionnaires of thermal sensation and responses from Thai people 

in vernacular buildings, thermal comfort could be shifted into a new dimension which 

reported that 25.6-31.5 °C for temperature range and 62.2-90.0% RH for relative 

humidity which was higher in the range of temperature and relative humidity than the 

RULJLQDO�2OJ\D\¶V�FRPIRUW�]RQH�(Jitkhajornwanich 2006). This new comfort zone might 

be acceptable for the thermal comfort range in tropical climates; however, a 

significantly higher percentage of relative humidity can contribute to mould growth in 

buildings. Other field studies in naturally ventilated buildings in tropical climates are 

presented in Table 2- 1. These showed that the range of temperature, relative humidity 

and indoor air velocity preferences were 21-35°C, 20-90%RH and 0.09-1.60 m.s-1, 

respectively. Tantasavesdi et al. recommended that the upper limit of thermal comfort 

in Thailand can be extended to 29.1°C, 29.9°C and 31.3°C when increasing airspeed 

of 0.2 m.s-1, 0.4 m.s-1and 1.0 m.s-1respectively (Tantasavasdi et al. 2001). In tropical 

areas, people tend to prefer more air movement between 0.3 m.s-1and 0.9 m.s-1 when 

air temperature ranges from 28-34 °C and the humidity exceeds 60%RH (Gong et al. 

2006; Buonocore et al. 2018). The upper-temperature limit can rise by 1 °C when 

increased air speed of 0.275 m.s-1. ASHRAE 2017 identified the optimal airspeed 

range for the cooling effect to be between 0.2 m.s-1 and 1.0 m.s-1 (ASHRAE 2017). The 

required ventilation rate was 10 L.s-1 or 0.01 m³.s-1. In addition, the required airspeed 

for light or primarily sedentary activities should not exceed 0.8 m.s-1. The Bio-Climatic 

chart also suggested that natural cooling can maintain indoor thermal comfort. It allows 
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for adjustment of air temperature, defining thermal comfort zone regarding 

acclimatisation effects. Therefore, this research has selected this thermal comfort 

range as a baseline and applied it as a criterion for the study in CFD sensitivity: indoor 

(Chapter 7). The annual relationship between temperature and relative humidity of 

Thailand on the Bio-Climatic chart shows that a great number of the times are out of 

WKH� ³DFFHSWHG´�FRPIRUW�]RQH� �6HH Figure 2- 11). The temperature ranges between 

22.3°C and 29.3 °C. Relative humidity ranges from 20 %RH to 80%RH. Natural 

YHQWLODWLRQ�IURP�����P�VØï�WR�1.0 P�VØï�FDQ�H[WHQG�WKH�WKHUPDO�FRPIRUW�UDQJH�WR������&-

34.3 °C and 20%RH-100%RH (Givoni 1992).  

 

 
Figure 2- 11 Annual relationship between outdoor air temperature and outdoor 
relative humidity in Thailand  
(Source: Author adapted data from Climate Consultant 6.0) 
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Table 2- 1 Thermal comfort preference in ventilated buildings in tropical climates 

Year 
 
  

Building 
Type 
  

Type of 
Study 
  

Location 
  

Air Temperature (°C) 
  

Relative Humidity 
(%Rh)  

Air 
Movement 
(m.s-1) 

Ref. 

 Min Max Average Min Max Average Min-Max 
1963 Residential   21.0 35.0  35.0 65.0  0.10.-0.40 (Olgyay 2015) 
1976    20.0 30.0  20.0 80.0  2.00 (Givoni 1992) 

1991  
thermal 
chamber Singapore    27.9   70.0  

(De Dear and 
Leow 1990) 

1998 Educational field study Malaysia    26.3   73.0  
(Zain-Ahmed et 
al. 1998) 

2000 Educational field study Bangkok    27.2 70.0 80.0  0.20 
(Khedari et al. 
2000b) 

2003 Residential field study Bangkok  25.6 31.5  62.2 90.0   
(Jitkhajornwanic
h 2006) 

2010 
Educational 

and 
Residential 

field study China 23.5 27.4    70.0  
(Zhang et al. 
2010) 

2013  Office  field study  China    30.0    60.0 1.60 (Zhai et al. 
2013) 

2018  Residential  
thermal 
chamber China  22.9  30.7   50.0  70.0    

(Zhang et al. 
2018) 

2018 Educational field study Brazil 29.0 30.0    60.0 0.20-1.00 (Cândido et al. 
2011) 

2019 Educational field study Mexico 25.6 28.2  48.8 60.0  0.09-0.17 (López-Pérez et 
al. 2019) 

2019 Educational field study Mexico 26.7 31.9  48.8 60.0  0.11-0.17 (López-Pérez et 
al. 2019) 

 



22 

Poor natural ventilation is reported as a significant challenge to residential occupancy, 

which increases the chance of indoor mould growth and also increases sick building 

syndrome, such as increasing respiratory illness, short-term work absence among 

office workers, and other health illness (Milton 2000; Heseltine and Rosen 2009). To 

explicate this notion, referring to Juangjandee, 2017 collected data of outdoor and 

indoor temperature and humidity level of the room in complex residential buildings 

area, Thailand; it shows that the temperature and humidity level outside the apartment 

are inverse relation. However, the result in indoor area is that the temperature is stable 

with a typical indoor humidity level of 80% RH which exceeds the comfort zone of bio-

climatic chart (see Figure 2- 12). Moreover, mould can be found in these places 

(Juangjandee 2017). Sedlbauer showed that the internal air temperature 20-30°C 

along with the humidity 80%RH occurring at least 6 hours was the ideal range of 

enhancing mould growth in buildings (Sedlbauer 2001). Udawattha et.al  addressed 

that poor ventilation in building, tropical climate, with the circumstances of temperature 

from 15 to 30°C and relative humidity above 60%RH could promote mould emergence 

(Udawattha et al. 2018). The majority of mould proliferation is due to environmental 

and climatic condition. 

Relationship of Temperature  
of Outdoor and Indoor 

 

Relationship of Relative Humidity  
of Outdoor and Indoor  

 

Figure 2- 12 Temperature and Relative Humidity Level of Outdoor and Indoor 
Complex Residential Buildings 
(Source: Juangjandee, 2017) (Juangjandee 2017) 
 

 Dehumidification 
World Health Organisation (WHO) 2019 identified ³0RLVWXUH�FDQ�EH�WUDQVSRUWHG�LQ�ERWK�

vapour and the liquid phase by diffusion, convection, capillary suction, wind pressure 

DQG�JUDYLW\´(Othman et al. 2015). Moisture influences the performance and durability 
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of building materials, and moisture transmission significantly impacts the construction 

and maintenance of buildings (Cengel 2007). Environmental Protection Agency (EPA), 

2013 recommended 2 ways of controlling moisture problems: preventing water 

condensation and limiting wet areas (Othman et al. 2015). Basic humidity parameters 

can be defined into 3 types (Cengel 2014);  

1. 6SHFLILF�KXPLGLW\��Ȗ��LV�WKH�PDVV�RI�ZDWHU�YDSRXU�WR�WRWDO�PDVV�RI�WKH�PRLVW�DLU� 

2. Absolute humidity (dv) is the water vapour density  

3. Relative humidity (ࢥ), is one of the humidity parameters involving saturation, is 

the percentage of water vapour in the room air relative to the total amount of 

vapour in the same atmospheric room air at a particular temperature and also 

a measure of air ability to absorb moisture. Warm air can hold more moisture 

than cold air, which means that the capacity to hold moisture increases 

following the increase in temperature. While the moisture content remains the 

same, relative humidity decreases.  

Relative humidity is considered as a significant impact on human thermal sensation 

and thermal comfort; for example, people would feel hot and sticky and skin moisture 

tends to increase discomfort at high relative humidity in tropical climate(Level 2017). 

In addition, when the internal space of buildings reaches high relative humidity levels 

for long periods, this can lead to mould and bacteria growth in such rooms. Building 

occupants may notice odours and various health problems such as breathing 

difficulties, allergic responses and aggravation of respiratory. Furthermore, in hot and 

humid climates, even air conditioning units are unable to control latent load and 

relative humidity of the exceeding thermal comfort (Karagiozis and Salonvaara 2001). 

:KLOH�7KDL¶�VKLIWHG�WKHUPDO�FRPIRUW�LQIRUPHG�WKDW�WKH�UDQJH�RI�VDWLVIDFWRU\�LQ�UHODWLYH�

humidity was 62.2-90.0% RH, many researchers suggested that the relative humidity 

should be between 40-���5+�LQ�KDELWDEOH�DUHDV�WR�PLQLPLVH�ELRDHURVROV¶�JURZWK�OHYHO�

(see Figure 2- 13). This rises the need of specific building design or application to 

reduce the internal moisture in the air. 
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Figure 2- 13 Recommend indoor relative humidity for optimal health benefit  
(Source: Arundel et.al, 1986) (Arundel et al.  1986) 

Relative humidity has a significant effect on thermal comfort since it is a measure of 

air ability to absorb moisture, besides human body dissipate heat through the 

evaporative process (Cengel 2007). High relative humidity reduces heat rejection by 

evaporation while low relative humidity spurs it up. According to the bio-climatic chart 

representing relationship between temperature and moist air, relative humidity can be 

curbed by raising indoor temperature or reducing moisture content (Davies 2004). 

Raising indoor temperature is the strategy of increasing the air capacity comparing 

with the moist air in such rooms, this solution is not suitable for occupied space in 

tropical climate because it would bring people feel overheated which leads to 

discomfort. In tropical area, ventilation plays the key role in heat exchange between 

body and the environment. Indoor moisture content can be reduced to outdoor levels 

by inducing the air movement. This also has the advantage of making human body 

can feel cooler (1 ºC temperature reducing for air movement of 0.6 m.s-1) (Khat et al. 

2015).  

The ventilation factor also causes air and moisture to flow through building openings. 

However, naturally ventilated buildings tend to receive thermal diversity and extend a 

wider range of thermal perceptions, both preferences and tolerances. The appropriate 

air movement is required to achieve a comfortable condition. 
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 Passive Cooling 
Passive Cooling refers to the techniques used to transfer indoor heat to natural heat 

sink (Santamouris and Asimakopoulos 1996) . These techniques aim to provide a 

satisfactory level of comfort condition with minimum energy consumption. Passive 

cooling techniques can be categorised into 5 methods, which is heat avoidance, earth 

coupling, evaporative cooling, radiative cooling and ventilative cooling (Cook 1989).  

x Firstly, heat avoidance is classified into microclimate and solar control-based 

methods. The building microclimate is significantly affected by the atmospheric 

condition around the building, such as designing a landscape or green roof for 

achieving internal cooling effect and using roof pond to reduce heat flux. Solar 

control is the technique of reducing internal solar heat gains and achieving more 

efficient daylight through building envelopes, such as shading devices, aperture 

control, glazing design and building orientation. This method is suggested for 

high solar radiation areas, such as Thailand.  

x Secondly, earth coupling is useful in temperate climates where the ground 

temperature is in the comfort zone. The average Thailand ground temperature 

(26.1-29.2ºC (ThaiMeteorologicalDepartment)) is the upper limit of the comfort 

zone which is probably unsuitable for Thailand.  

x Thirdly, evaporative cooling is commonly used in hot-dry and temperate 

climates where the sensible heat in the air stream can easily exchange for the 

latent heat of wet surfaces. This method is unsuited for buildings in tropical 

climates like Thailand because of further mould problems. 

x Fourthly, radiative cooling is the process of diurnal heat absorbing and then 

radiating to the cooler or night sky which is limited in hot-dry climates (Bhamare 

et al. 2019).  

x The last method is ventilation for passive cooling, which uses surrounding air 

as a heat sink, dissipating the excess heat of the building to atmospheric air via 

various modes of air movement. The ventilation technique is normally used in 

tropical climates for physiological cooling by promoting convective heat transfer 

and evaporative heat loss from the human skin and preventing thermal 

discomfort due to moist skin (Sreshthaputra 2003; Prajongsan and Sharples 

2012). Additionally, increasing the ventilation rate can reduce the condensation 
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rate, which is a major factor in mould proliferation in buildings (Silveira et al. 

2019). 

Ventilation is considered the most applicable to the tropical climate of Thailand and 

will be considered in more detail in Section 2.4.1. 

2.4.1 Natural Ventilation for Passive Cooling 
Natural ventilation potential, as a passive cooling strategy in building, is based on air 

movement from three climate phenomena, namely wind speed, wind direction and the 

temperature difference between indoor and outdoor air. This is seen as an effective 

method to increase the degree of thermal comfort, reduce operation costs and improve 

air quality and a viable alternative to air conditioning (Aflaki et al. 2015). According to 

experimental analysis of residential ventilation, Zhang suggested that high relative 

humidity can be reduced by increasing natural ventilation (Zhang et al. 2019). Natural 

ventilation can be categorised into 2 types which is 1) wind force and 2) stack effect 

ventilation of thermal force.  

2.4.2 Wind Force Ventilation 
The operation of wind force ventilation is closely related to the position of opening in 

the space to be ventilated. These can be considered as cross and single-sided 

ventilation. 

Cross ventilation is normally the primary strategy for cooling building, for example 

opening on different walls, where the amount of air going inwards and outwards 

through the different apertures. While single-sided ventilation is known to be less 

efficient than cross-ventilation because it is difficult for wind to move inwards and 

outward through the same opening on the same side of the building (Caciolo et al. 

2011) (see Figure 2- 14a, b).  

Considering this in application, we find that apartments with double-loaded corridor 

often have to rely on one opening to a space and therefore, only have single-sided 

ventilation. For some periods in tropical climates, there are less difference of air 

pressure between inside and outside buildings, limiting air movement (Wahab and 

Ismail 2012). In addition, over the past few decades, passive ventilation strategies are 

less practiced in complex residential buildings since the wind-flow is obstructed by the 

surrounding buildings in high density urban areas (Rajagopalan et al. 2014). People 

normally spend the majority of their time indoors, and most of the time spent indoors 
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is at their residences (Klepeis et al. 2001). Unfortunately, the space and air ventilation 

in an apartment are limited, resulting in inadequate indoor environmental quality (IEQ), 

which would affect the occupants wellbeing (Nitmetawong et al. 2019). Due to the 

many limitations, wind forced ventilation can only applied to certain climates conditions 

(Levermore 2002; Allocca et al. 2003). Architects tend to continue design free-running 

buildings to obtain a maximum of natural ventilation without a proper understanding in 

climate patterns. The penetration can even bring unwanted heat and moisture from 

outside the building causing decrease the indoor comfort condition, especially when 

the outdoor temperature is higher than the indoor temperature, the room tends to 

receive more heat from the rule of heat transfer. Hence, this should make more natural 

forces of wind or buoyancy to introduce fresh air and distribute it into buildings for the 

benefit of the occupants (Sreshthaputra 2003).  

Faced with these difficulties, it is appropriate to investigate stack ventilation as an 

alternative strategy to provide air flow through the space. 

 

 
Figure 2- 14 Different types of ventilation: a. single-sided ventilation, b. cross 
ventilation and c. stack ventilation. 
(Source: Author adapted data from Dekay,2014) (DeKay and Brow n 2013) 
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2.4.3 Stack Ventilation 
Stack ventilation relies on the difference between the air pressure at upper and lower 

levels and is sometimes called buoyancy-driven flow (see Figure 2- 14c). Whereas 

previous research concurred that cross ventilation is more effective than stack 

ventilation in tropical regions, indoor air of single-sided ventilated room still fewer 

differences in temperature between the indoor and outdoor environments (Aflaki et al. 

2015)Buoyancy-driven flow can enhance the effective ventilation pass through the 

single-sided ventilation room design. The efficiency of these techniques depends on 

significant factors, such as the temperature difference, vertical distance between inlet 

and outlet, pressure discrepancies between the leeward and windward sides of a 

building, and other factors like building material, internal layout, and division.  

Previous studies showed that stack ventilation in building can replace hot and moist 

air with fresh air. Aflaki et al. reviewed that ventilation shaft as a component of building 

façades can improve the performance of buoyancy-driven ventilation of the building in 

the tropical region (Aflaki et al. 2015). Prajongsan and Sharples investigated that the 

average wind speed in the room without a ventilation shaft was insufficient to produce 

a cooling effect in Bangkok tropical climatic conditions compared with the room with 

the ventilation shaft installed. The ventilation shafts could extend comfort level hours 

by 37.5-53.6 % (Prajongsan and Sharples 2012). Termah and Shenashir showed that 

buildings in compact urban areas in Iran could have more air circulated by the 

application of ventilation shaft which was suggested for tropical climate (Aflaki et al. 

2015). Much research provided information that storey buildings could improve indoor 

air quality and comfort conditions and reduce energy use in buildings. 

While natural stack ventilation can offer a weak stack effect, various passive strategies 

have been proposed to enhance the buoyancy effect to achieve a satisfactory degree 

of thermal comfort, such as a Trombe wall, double-skin façade, and solar chimney. 

Trombe wall is the strategy of absorbing solar energy. The energy can be used for 

heating at a later time and at the same time to power a convection current in the 

building (Zamora and Kaiser 2009). Trombe wall mainly consists of an exterior glazing 

cover, a massive wall and an air channel between them (Zhang et al. 2016) (see Figure 

2- 15). The stored solar heat gained is released to the indoor space through heat 

conduction, convection and radiation between massive wall and indoor space. In part 
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of air circulation, the low temperature air from the room enters into air gap through the 

lower vent, then is heated and flows up and returns back to the interior space via upper 

vent with high temperature(Zamora and Kaiser 2009). Trombe wall can be adapted to 

different climates such as hot-dry and temperate regions. However, the radiated part 

of Trombe wall would promote over-heated interior space in the tropical areas due to 

the reversing thermo-circulation. Many researchers have studied to improve the 

efficiency of the Trombe wall. For example, they propose reducing heat loss in the 

wall, extending the transferring time of the solar absorption, enhancing the air flow rate 

in the air channel, and implementing a Trombe wall for dehydrating fruit (Dimoudi 

2009; Zhang et al. 2016).  

 

 
Figure 2- 15 Schematic diagram of Trombe wall 
(Source: Author) 

Double-skin façade (DSF) is defined as a particular type of exterior building envelope 

comprising an external glazing layer, an air cavity and internal plane glass (Barbosa 

and Ip 2014). The air movement in the air gap is mainly due to the buoyancy of the 

warm air inside the cavity compared to the cooler air outside. The air inside the cavity 

is heated by solar radiation and then exhausted to the top of the cavity which is 

adapted for improving thermal condition under various climates. In cold regions, DSF 

is expected to provide heat exchange and store heat in the internal skin layer to 

improve thermal comfort; in contrast, DSF can reduce solar heat gain in the hot regions 

for the desirable indoor temperature (Barbosa and Alberto 2019). For promoting fresh 

air in natural ventilation building, the opening is usually designed in different wall of a 

DSF for enhancing the air pass through the occupant space before exhausting through 
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the DSF (Ding et al. 2005) (see Figure 2- 16). The main advantages of DSF are 

providing natural ventilation, improving thermal comfort, and promoting daylight 

without electricity consumption (Pasquay 2004). However, DSF has the disadvantage 

of high construction and maintenance costs. Since there is little difference between 

indoor and outdoor temperatures in tropical regions, DSF is not as effective and results 

in poor ventilation, which can lead to unwanted heat transfer into the interior 

space(Gratia and De Herde 2004; Wong et al. 2008). 

 

 
Figure 2- 16 Schematic diagram of Double-skin facade 
(Source: Author) 

 

 
a. wall solar chimney  

 

 
b. roof solar chimney  

Figure 2- 17 Schematic diagram of solar chimney: a. wall solar chimney and b. 
roof solar chimney  
(Source: Author)  
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The solar chimney is a strategy to maximise indoor-outdoor temperature differences 

by utilising solar heat gain, where there is usually a small temperature difference 

between the inside and outside of the building. The combined convection and radiation 

inside a solar chimney contribute appreciable air movement and enhances ventilation. 

Solar chimney is considered to be more advantageous in ventilation than Trombe wall 

and double- skin façade because solar chimney can be extended over the height of 

the building, also more flexible in the width to integrated with new buildings and 

existing buildings (Chatzipoulka 2011). This strategy is considered suitable for the 

tropical climate and is explained in more detail in Sections 2.4.3.1 and 3.1. 

2.4.3.1 Solar Chimney  
Solar chimney is based on natural air movement forced by the pressure stratification 

caused by air density variation in the chimney defined as a thermo-syphoning air 

channel driving. The buoyancy of the air is a result of air warming through solar energy. 

The chimney is mainly utilised ventilation for enhancing passive cooling or passive 

heating (Bhamare et al. 2019). Solar chimney operates in three different functions, 

including natural ventilation (air gap), passive heating (a glass cover with high solar 

transmissivity) and thermal insulation modes (see Figure 2- 17, Figure 2- 18). Main 

advantage of solar chimney is easy integrating to building which does not require 

specific architectural needs and construction. Solar chimney can be a ventilated 

façade for inducing indoor air exhausted to the outdoor through the upper opening 

(Dimoudi 2009). Furthermore, solar chimney is flexible to combine with other passive 

cooling strategies, e.g. Trombe wall and ventilation façade to further thermal comfort 

condition.  

The major disadvantage of solar chimney is difficult controlling the indoor air from 

bringing unwanted heat and humid air into the building as well as other natural 

ventilated devices(Dimoudi 2009). There are two main types of chimney attached to 

buildings which are a wall and a roof solar chimney (see Figure 2- 17). A wall solar 

chimney is a vertical channel attached to the external wall of a building, while solar 

chimney based on roof is the application integrated with gable roofs. This research will 

PDLQO\�LQYHVWLJDWH�RQ�D�VRODU�FKLPQH\�DWWDFKHG�EXLOGLQJ¶V�ZDOO�Eecause the chimney 

can provide more ventilation for multi-storey building.  
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Figure 2- 18 Solar chimney work 
(Source: Author) 

This technique consists of an external glass cover, air gap at the middle and opaque 

wall. Many researchers have studied different solar chimney typologies, environment, 

materials, and configuration to discover a better alternative to a passive ventilation 

building (see Table 2- 2). For example, Hirunlabh et al. investigated a modified wall 

solar chimney consisting of a glass cover, air gap, and black metallic plate, insulation 

and plywood at the internal wall in a single-room test house in Thailand, and found 

that it increased the air mass flow rate reach 0.01-0.02 kg.s-1 (Hirunlabh et al. 1999). 

Another experiment on a solar chimney with a glazed external surface adjoining a 

painted matt black wall in Malaysia showed that there was no reverse airflow if 

changed the air gap from 0.1 m to 0.3 m (Ong and Chow 2003). Using solar chimney 

could reduce annual energy consumption by 50%(Miyazaki et al. 2006). 

Interestingly, the Coănda Effect is the phenomenon of surface effect. This effect 

promotes a change in pressure at the parallel surface for enhancing the ventilation to 

cling room surfaces, such as ceiling or wall, from a hydraulic feedback circuit (Boyes 

2009; Richardson 2020). The more movement of mass flow along the surfaces creates 

the more distributed ventilation in the room (ZHIVOV et al. 2001; Zhao et al. 2004). In 

addition, this jet discharging effect supplied at some surface area or wall angle can 

become attached (ZHIVOV et al. 2001).  
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Previous research has shown that an inclined ventilated chimney can enhance natural 

ventilation, identifying 45 degrees as the optimal angle (Bassiouny and Korah 2009). 

The design of ventilated chimneys can draw parallels with many aspects of duct 

design, particularly concerning duct angles and layout. It is essential in ductwork 

design to minimise turns or bends, as each deviation can significantly reduce airflow 

efficiency. However, it is challenging in building design to completely avoid 

incorporating turns or angles due to the complexities and limitations of building layout. 

The recommended angle range for fluid flow is between 30 and 45 degrees (ASHRAE 

2009).Triangular corners in ventilated chimney results in higher thermal performance 

for natural ventilation compared to other configurations (Dhahri et al. 2021). 

 

 
Figure 2- 19 four main factors of solar chimney performance 
(Source: Author) 

The performance of solar chimney depends on four main factors, which are 

environment configuration, installation condition,  and materials (Shi et al. 2018) (see 

Figure 2- 19). These factors are explained below. 

Environment 

The environment relates to weather and climatic conditions such as solar radiation, 
external wind speed and direction. The intensity of solar radiation is the most 

essential factor of the solar chimney performance. The higher solar heat flux results in 
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the higher air temperature inside solar chimney cavity which can enhance more 

ventilation mass flow (Manca et al. 2014). However, the relationship between the heat 

input and heat gains depends on the thermal efficiency of the system, such as material 

property, dimension (Chatzipoulka 2011). Manca 2014 found that doubling solar 

radiation from 300 W.m-1 to 600 W.m-1 could increase almost 30% of air speed at the 

outlet. The air speed in the cavity can be raised almost 40% in case of increasing solar 

radiation from 200 W.m-1 to 600 W.m-1(Chen et al. 2003). Mathur et.al specified that 

there is a linear relationship between air speed in the cavity and solar radiation (Mathur 

et al. 2006). (Manca et al. 2014) 

External wind speed significantly influences on the solar chimney performance since 

the wind can induce negative or positive pressure at the solar chimney outlet. Some 

analytical studies on solar chimney define the effect of wind as windless condition. 

However, an experimental studies also point out that even the solar chimney without 

considering the wind effect could produce natural ventilation by 1.13-2.26 ACH, the 

solar chimney analysing wind effect could enhance up to 7.5-15.1% comparing with 

the other one (Khedari et al. 2000a; Chungloo and Limmeechokchai 2007). Dai et.al 

suggested that the building can be designed by considering solar radiation and 

ambient temperature to enhance ventilation during windless condition (Dai et al. 2003). 

Some researchers addressed that the effect of wind speed would reduce the solar 

chimney performance when solar radiation is higher than 700 W/m2 (Al-Kayiem et al. 

2014; Shi et al. 2018).  

The direction is another relevant climate condition of solar chimney performance. The 

orientation must be carefully determined according to the location. For example, south-

west and west orientations are the most useful for northern latitude (Dimoudi 2009). 

Koronaki  discovered that the performance of solar chimney facing to the west and 

east received almost 50% solar radiation higher than the chimney facing to the south 

in Mediterranean regions (Koronaki 2013). Various solar chimney studies were 

designed the chimney facing to the south (See table 2-2). The orientation must be 

carefully chosen according to the site of operation.  

Configuration 

The height of the solar chimney wall refers to the vertical air gap. A higher height can 

promote a better performance because the high-pressure difference in the chimney 
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cavity causes rising mass flow rate. Al-Kayiem et.al (Al-Kayiem et al. 2014), Lee and 

Strand (Lee and Strand 2009) also identified that extending the chimney height 

resulted in obtaining higher air speed in the chimney cavity. 

The cavity gap strongly influences the mass flow rate. A higher cavity gap could 

enhance of mass flow rate (Balocco 2002; Ong and Chow 2003). In contrast, It was 

argued that the flow rate in the cavity not always increases by a greater size of the air 

gap. This is because a larger cavity gap would cause reversing heat flow back to the 

room (Lee and Strand 2009). 

The inlet opening connected to the room area can be used to regulate the ventilation 

and isolate the chimney from the room (Dimoudi 2009). Many experimental studies 

design inlet width homogenise to the chimney width (Chatzipoulka 2011). Whereas an 

equal inlet and outlet areas is beneficial the improvement of solar chimney 

performance, the larger outlet area can lead more mass flow rate comparing to the 

equal size one (Shi et al. 2018). Much research has not included the outlet geometry 

as a parametric analysis because the outlet is normally designed at the top of the solar 

chimney wall with the equal plan and area as chimney cavity. Previous studied have 

showed that the total range of inlet-to-outlet area ratio is between 0.13 and 7.50 (See 

Table 2- 2). 

Some studies explored the effect of the chimney height and depth separately, while 

the others studied the effect of the relationship between the chimney height and depth 

called height-to-gap ratio. While certain previous research investigated that the 

optimum height/ gap ratio was 10 (Bouchair 1989; Li et al. 2004; Wei et al. 2011), the 

suggested optimum height/gap ratio was not applicable for all solar chimney types 

(Chatzipoulka 2011). Mathur et.al 2006 experimented nine different combinations of 

the stack height and air gap width in spite of non-reporting the most suitable aspect 

ratio. Another experimental study discovered that extending the air gap area where 

remaining all other conditions results in the increasing mass flow rate significantly 

(Chen et al. 2003). (Mathur et al. 2006) 

Installation condition 

The installation condition represents the aperture of the room, such as window, door, 

or other opening which can bring fresh air to the room. The aperture of the room can 

promote circulated airflow.  
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Materials 

The materials represent the materials used for glazing, solar absorber, and thermal 
insulation.  

Although several properties of glazing material are important to the performance of 

a solar chimney performance which are transmissivity, reflectivity and absorptivity, 

transmissivity is more important to the performance comparing to the other factors. 

High glazing transmissivity is significant for increasing the outlet temperature and also 

inducing ventilation rate (Lee et al. 2015; Shi et al. 2018). Harris and Helwig, 2007 

found that using a low-emissivity coating at internal surface of the glazing could 

improve 10% of the mass flow in the chimney. Low-emissivity finishing refers to 

allowing radiation to transmit but limiting the emission of radiation back to the 

surrounding. Determination of the ratio of transparent and opaque envelope ratio and 

the properties of glazing materials are integral to minimize heat gain in high 

temperature areas, such as tropical climates (Kim and Todorovic 2013). In addition, 

transparent property of glazing can improve indoor illuminance. Most of previous 

selected studies chose glass as a glazing material for the solar chimney (see Table 2- 

2). (Harris and Helwig 2007) 

Higher solar absorptivity of the stack wall is one important factor on the solar heat gain 

in the air gap ± it controls how much of the solar radiation can get to the air gap. The 

higher heat gain can promote higher mass flow in the chimney (Chatzipoulka 2011). 

Lee and Strand found that increasing absorptivity of the back wall of a ventilation stack 

from 0.25 to 1.0 would rise the mass flow rate up to 57% (Lee and Strand 2009). An 

experimental study on the impact of solar absorber combined with solar chimney 

showed a linear relationship between absorptance property and mass flow rate 

(Pavlou et al. 2009). Emissivity of the solar absorber is another key factor to the solar 

chimney performance. Consequently, various researchers selected different materials 

to be the stack wall of the chimney, such as aluminium, brick and cement plaster, 

however most of them determined black painted covering on the wall (see Table 2- 2). 

Several researchers have employed metal back wall to be the stack wall because of 

the low inertia property of its material (Adam et al. 2002; Chen et al. 2003; Bansal et 

al. 2005; Mathur et al. 2006). Metal back wall can improve higher mass flow rate during 

daytime, while high thermal mass in the cavity, such as concrete and bricks, can retain 
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heat to facilitate mass flow rate for nighttime (Chatzipoulka 2011). Thus, the material 

selection depends on activity, purpose and location of its building. 

Thermal insulation material is used for reducing the transmission of heat flow. 

Thermal insulation is recommended for resistance of heat transfer in the chimney 

cavity. High thermal insulation, low thermal conductivity, can improve the mass flow 

by retaining heat in the cavity (Miyazaki et al. 2006).While certain researchers did not 

identify the insulation properties or types, they still located to be the part of the solar 

chimney in their studies. The insulation materials in previous research showed that 

several materials were chosen i.e. mineral fibre, polystyrene, glass wool (see Table 2- 

2).  
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Table 2- 2 A summary of influencing factors and methods in previous selected solar chimney studies 
Environment Material usage Configuration Method 

Ref. orient
ation 

climate solar 
radia 
tion 
(w.m-2) 

glazing material 
(mm) 

stack wall 
(mm) 

thermal insulation 
(mm)  

width 
(m) 

stack 
height 
(m) 

air 
gap 
(m) 

ratio 
(height/ 
gap) 

Inclin
ation 
(º) 

inlet 
area 
(m2) 

outlet 
area 
(m2) 

ratio 
(inlet/ 
outlet) 

south Temperate 671-
843 

glazed 
surface 

N/A brick wall 100 N/A 50 0.20 2.00 0.20 10.00 90 N/A N/A N/A E, A 
(Afonso 
and 
Oliveira 
2000) 

N/A Temperate 100-
500 

glass N/A aluminium N/A heavily 
insulation 

N/A 1.00 2.00 0.10-
0.30 

6.70-
20.00 

30-90 0.10-
0.30 

0.10-
0.30 

0.33-
3.00 

E, A 
(Adam 
et al. 
2002) 

N/A Temperate 200-
1,000 

polymethyl 
methacryl
ate 

N/A matt black 
aluminium 

N/A N/A 100 0.93 1.03 0.02-
0.11 

9.30-
51.30 

90 0.02-
0.10 

0.02-
0.10 

0.20-
5.00 

E, A 
(Burek 
and 
Habeb 
2007) 

south Temperate 1,367 glass 3 black 
painted 
aluminium 

1.5 fibreglass 50 0.74 1.00 0.11 9.09 30-90 N/A N/A N/A A 
(Sakoni
dou et 
al. 2008) 

N/A Temperate 120-
650 

N/A N/A asbestos 
board 

5 glass wool 
Blanket 

10 0.50 1.50 0.10-
0.50 

3.00-
15.00 

75-90 0.05-
0.25 

0.05-
0.25 

0.20-
5.00 

E, A 
(Zhai et 
al. 2005) 

south Temperate 205-
762 

float glass 4 black 
painted 
aluminium 

1 thermocol 
(EPS) sheet 

50 1.00 1.00 0.13-
0.33 

3.01-
7.69 

90 0.13-
0.24 

0.13-
0.33 

0.40-
1.85 

E, A 
(Bansal 
et al. 
2005) 

N/A Temperate 200-
1,000 

polymethyl 
methacryl
ate 

5- 
10 

matt black 
aluminium 

2.5 mineral fibre 100
-
130 

1.00 0.50-
2.00 

0.02-
0.15 

3.33-
100.00 

90 0.02-
0.15 

0.02-
0.15 

0.13-
7.50 

E 
(Ryan 
and 
Burek 
2010) 

south Temperate 289.96 glass 6 black 
coating 
material 

N/A N/A 50 1.10 14.00 0.20 70.00 90 N/A N/A N/A A, C 
(Wei et 
al. 2011) 

N/A Temperate 200-
400 

heated 
Wall 

N/A high 
density 
board  

15 mineral fibre  50 1.00 2.00 0.40-
1.20 

1.7-5.0 90 0.40-
1.20 

0.40-
1.20 

0.33-
3.00 

E 
(Jing et 
al. 2015) 

E: Experimental Method, A: Analytical Method, C: Computational Fluid Dynamics 
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Table 2- 2 A summary of influencing factors and methods in previous selected solar chimney studies (continued) 
Environment Material usage Configuration Method 

Ref. orient
ation 

climate solar 
radia 
tion 

(w.m-2) 

glazing material 
(mm) 

stack wall 
(mm) 

thermal insulation 
(mm)  

width 
(m) 

stack 
height 

(m) 

air 
gap 
(m) 

ratio 
(height/ 

gap) 

Inclin
ation 

(º) 

inlet 
area 
(m2) 

outlet 
area 
(m2) 

ratio 
(inlet/ 
outlet) 

N/A Continental 120-
958 

endotherm
ic glass 

N/A cement-
sand 
plaster 

9.5 polyurethan
e  

100 1.00 1.00 0.1-
0.6 

1.67-
10.0 

90 0.1-
0.6 

0.1-
0.6 

0.17-
6.00 

E 
(Liu et 
al. 2015) 

south Tropical 988 glass 6 cement 
plaster 
and clay 
brick 

140 - - 2.00 5.55 1.00 5.55 90 2.25 2.00 1.13 C 
(Leng et 
al. 2019) 

south Tropical 200-
650 

glass 4 matt black 
painted 
laminated 
polyuretha
ne sheet 

22 polystyrene 50 0.45 1.88 0.10-
0.30 

6.25-
18.75 

90 0.05 0.05-
0.14 

0.36-
1.00 

A 
(Ong 
and 
Chow 
2003) 

N/A N/A 200-
600 

Plexiglass 3 stainless 
steel shim 

N/A polystyrene 50 0.62 1.50 0.10-
0.60 

15-25 90 0.68 0.68 1.00 E, A 
(Chen et 
al. 2003) 

south Arid 700 glass N/A black 
painted 
aluminium 

1 thermocol 
(EPS) sheet 

250 1.00 1.00 0.35 2.86 90 0.30 0.35 0.86 E, A 
(Mathur 
et al. 
2006) 

south Arid N/A glass 5 black 
painted 
galvanized 
sheet 

0.4 polystyrene 60 1.00 2.00 0.10-
0.30 

6.67-
20.00 

30-45 0.10-
0.30 

0.10-
0.30 

0.33-
3.00 

E 
(Saifi et 
al. 2012) 

south Arid 1,000 glass 3 absorber 
plate 

N/A N/A N/A 2.13 4.57 1.83 2.50 90 1.12 1.12 1.00 E 
(Lal et 
al. 2013) 

N/A Arid 240-
800 

glass 4 black 
painted 
ductile 
steel plate 

1 glass wool 50 0.97 2.25 0.15 15.00 90 0.24 1.07 0.23 E, A 
(Amori 
and 
Moham
med 
2012) 

south Arid 0-820 glass 4 matt black 
painted 
reinforced 
concrete 

300 plywood 150 1.00 4.50 0.30 15.00 90 0.20 0.07 2.86 E 
(Arce et 
al. 2009) 

E: Experimental Method, A: Analytical Method, C: Computational Fluid Dynamics 
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Table 2- 2 A summary of influencing factors and methods in previous selected solar chimney studies (continued) 
Environment Material usage Configuration Method 

Ref. orient
ation 

climate solar 
radia 
tion 

(w.m-2) 

glazing material 
(mm) 

stack wall 
(mm) 

thermal insulation 
(mm)  

width 
(m) 

stack 
height 

(m) 

air 
gap 
(m) 

ratio 
(height/ 

gap) 

Inclin
ation 

(º) 

inlet 
area 
(m2) 

outlet 
area 
(m2) 

ratio 
(inlet/ 
outlet) 

N/A Arid 240-
800 

glass 4 black 
painted 
ductile 
steel plate 

1 glass wool 50 0.97 2.25 0.15 15.00 90 0.24 1.07 0.23 E, A 
(Amori 
and 
Moham
med 
2012) 

south Arid 0-820 glass 4 matt black 
painted 
reinforced 
concrete 

300 plywood 150 1.00 4.50 0.30 15.00 90 0.20 0.07 2.86 E 
(Arce et 
al. 2009) 

N/A Arid 150-
750 

glass 4 matt black 
aluminium 

1 - - 2.00 2.00 0.05-
0.15 

13.3-
40.0 

15-60 0.06-
0.37 

0.10-
0.30 

0.20-
3.70 

E, A 
(Imran 
et al. 
2015) 

Total range 0 - 
1,367 

 0.02-
2.00 

0.50-
14.00 

0.02-
1.83 

3.00-
70.00 

15-90 0.02-
2.25 

0.02-
2.00 

0.13-
7.50 

 

E: Experimental Method, A: Analytical Method, C: Computational Fluid Dynamics 
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Many researchers have investigated the solar chimney integrating with other 

techniques for inducing higher air flow rate, maintaining more comfortable indoor 

thermal conditions (Zhai et al. 2011) or other environmental conditions. These include 

integrating solar chimney with double skin façade (DSF), or Trombe wall.  

Integrating solar chimney with DSF  

The glazed solar chimney comprised of two layers of glazing walls with air gap in 

between could induce air speed up to 0.13-0.28 m.s-1 (Zhai et al. 2011). The technique 

of glass-glass wall allows daylight to pass through the building which can improve 

daylight level in the building. Sung et.al. 2013 studied the enhancement of natural 

ventilation through DSF with a solar chimney channel for a multi-storey building in 

Korea. The result of this research showed that natural ventilation inside the double 

skin façade connected with solar chimney would be increased and the annual cooling 

load could be decreased by 2.84% compared to a non-solar chimney. The effect of 

configuration of solar chimney combined with DSF were investigated and the result 

showed that DSF can enhance natural ventilation (Gan 2006). For multi-storey 

buildings in Thailand, solar chimney was investigated by Punyasompum et.al. 2019, 

which the result showed that connected solar chimney was more effective than the 

separated one (see Figure 2- 20). Ding et.al, 2005, Sung et.al, 2013 and Abraham, 

2018 studied solar chimney connected with DSF to enhance the stack effect, they 

found that applying solar chimney to the upper part of DSF could enhance airflow rate, 

additionally increasing the chimney height would stimulate more airflow rate of the 

intermediate space of multi-storey building. Numerous studies have established that 

DSF utilisation combined with solar chimney can enhance the chimney performance. 

However, DSF is more advantage for heating ventilation in winter and not practical for 

cooling ventilation in summer because it would induce overheat and high cost (Gan 

1998; Harris and Helwig 2007). (Abraham and Ming 2018) (Sung et al. 2013) (Punyasompun et al. 2009) (Ding et al. 2005) (Sung et al. 2013) 

Solar chimney combined with Trombe wall 

Research on solar chimney combine with modified Trombe wall for a house in Thailand 

condition was conducted by Khedari et.al. 2003, this would save cooling energy 

consumption up to 30%. (Khedari et al. 2003) 
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Figure 2- 20 Schematic diagram of wall-based solar chimney in multi-storey 
building: a. separated solar chimney and b. combined solar chimney  
(Source: Author) 

Three main methods have been used to investigate the performance of air flow in 

solar chimney, these are:  

x Experimental investigation of airflow in real or controlled laboratory conditions.  

This has been used to test the ventilation effect of solar chimney geometry, 

inclination angle and meteorological parameters (Afonso and Oliveira 2000; 

Ziskind et al. 2002; Chen et al. 2003; Mathur et al. 2006). Some of them also use 

analytical or numerical modelling for validating their experimental studies (Barozzi 

et al. 1992; Spencer et al. 2000).  

x Analytical study XVLQJ� PDWKHPDWLFDO� PRGHOV� IRU� SUHGLFWLQJ� VRODU� FKLPQH\V¶�

performance.  Mathematic models can be divided, by their inputs, into 4 types 

which are proportional relationship between airflow rate and individual parameter, 

volumetric flow depending on temperature differences, volumetric flow based on 

the difference of air density between inside and outside, and volumetric flow based 

on solar radiation (Shi et al. 2018). Most of the studies defined steady state heat 

transfer equations on their model, based on the uniform air temperature distribution 

along the chimney height (Chatzipoulka 2011). Many researchers developed a 

steady state with one-dimensional heat flow finite difference model (Zriken and 

Bilgen 1985; Ward and Derradji 1987; Bouchair 1989; Bansal et al. 1993). Ong, 
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2003 use a mathematical model setting up steady-state models in order to 

investigate performance of different solar chimney geometries under varying 

climatic conditions. Afonso and Oliveira, 2000 developed a simplified model and a 

computer programme to investigate the ventilative performance in the chimney, 

which was a development of mathematical and numerical model. Based on the 

classical opening equation, a number of empirical models for predicting single-

sided natural ventilation were developed can be discovered in the literature (Ai et 

al. 2015; Zhong et al. 2022) (Ong 2003) (Afonso and Oliveira 2000) 

Q=CdAටଶȁȁ


 

where Q is ventilation rate (m.s-3), Cd is discharge coefficient, A is the opening 

area (m2), |ǻP| is pressure difference (Pa) and ȡ is density (kg.m-3). The limitation 

of analytical method is the study required assumptions and simplifications to 

generate a closed question, which could impact on the accuracy of the results. 

x Computational fluid dynamics (CFD) ± this technique has been increasing in 

popularity as computation power has become more available. CFD directly solves 

for the fluid dynamic properties governing airflow movement by solving the 

governing Navier-Stokes equations. Although the CFD is computational 

complexity, simulation result can provide a detailed description of airflow patterns 

around and in buildings. The computational method is defined as accurate 

temperature distribution, pressure and air velocity prediction. Some studies proved 

that an applying of both CFD model and analytical method was good for predicting 

the air flow and temperature distribution in the solar chimneys (Dimoudi 2009). 

Some studies used thermal model for predicting surface and air temperature and 

mean flow rate first, then entering the results into the CFD model for calculating 

the new stack flow and flow rate. Most of the CFD modelling investigation carried 

out in steady state (Zhai et al. 2011). The accuracy of CFD results is depended on 

the quality of grid size, boundary condition, turbulence model and numerical 

technique.  

 Recycled Materials 
Recycled material is a product having been used before and then treated through a 

process to create a new material form (CambridgeUniversityPress 2020). This material 

usually differs IURP� WKH� RULJLQDO� SXUSRVH� XVDJH� RI� WKH�PDWHULDO¶V� SUHYLRXV� OLIH� �see 
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Figure 2- 21), for example plastic drainpipes made from the reclaimed plastic drinking 

bottles, concrete made from recycled aggregate, and thermal insulation made from 

newspapers. There are 3 different sources of recycled materials: materials collected 

from manufacture of a primary material, materials collected from waste product in 

manufacturing processes, and material collected after use. Recycling not only reduce 

pollution released from waste disposal, but also decreases the need of conventional 

raw materials (Addis 2012; Asdrubali et al. 2015).  

 

 
Figure 2- 21 Diagram of different life cycle of materials 
(Source: Author adapted data from Addis, 2012) (Addis 2012) 

The optimization of stack ventilation performance with lowest price is the main 

challenge of designing the chimney (Harris and Helwig 2007; Shi et al. 2018). 

Additionally, sustainable material selection should consider on factors impacting on 

the environment like embodied carbon or Life-Cycle Assessment (LCA). Both 

embodied and Life-Cycle Assessment of building components have become more and 

more essential, in order to take into account either the whole carbon producing or 

energy consuming from extraction to demolition (Dong and Ng 2015; Schiavoni et al. 

2016). Embodied Carbon is the carbon footprint of a material which is used to assess 

greenhouse gases(GHGs) released from cradle to grave (Jones). Life-Cycle 

Assessment (LCA) is an analysing technique associated with environmental impacts 

through the material life cycle (Kubba 2012).  

Recycled material is an alternative material that can provide the same properties as 

the raw material and correspond with sustainability, high quality, and appropriate 
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budget for construction. Even much research determined that the price and exergy of 

using recycled materials are lower than that of the raw materials, designer or architects 

rarely specify recycled products to use as architectural materials. This is because the 

limited information of material specification, recycled material market and lower 

acceptance in construction industry (Mansikkasalo et al. 2014; Oyedele et al. 2014). 

Less progress in integration of recycled materials with construction projects. A theory 

of a circular economy has been introduced to the construction sector for enable the 

future building materials (Addis 2012). The understanding of recycled material 

conditions would implement circular solution in the built environment (Kozminska 

2019).  

Three influencing performance factors of solar chimney materials are glazing 

properties, absorber properties, and thermal insulation (Shi et al. 2018).  

2.5.1 Glazing 
Windows are glazed apertures of building envelope which typically consist of single or 

multi-layer glazing, e.g. glass or plastic. The solar heat gain through the windows is a 

correspondent of cooling load in high outdoor temperature regions (Cengel and Ghajar 

2015). Whereas higher R-Value or thermal resistance shows a higher insulating of 

different temperature between indoor and outdoor, the higher U-value of the glazing 

plays an important role in increasing heat to transfer through its material. The higher 

glazing layers refer to the lower heat transfer, for example clear single glazing has 

more double times of u-value compare to double glazing (Kubba 2012). Glazing 

material of solar chimney would enhance higher temperature in the chimney cavity for 

buoyancy effect, that is why most of the solar chimney in previous research have been 

designed with single glazing (Chen et al. 2003; Chantawong et al. 2006; Arce et al. 

2009; Saifi et al. 2012). Single glass also has the lowest embodied carbon comparing 

with other glazing materials (see Table 2- 3). Additionally, glazing type brings up the 

solar heat gain (SHGC) of the building which refers to transmitted, reflected and 

absorbed properties of such material. However, for improving indoor daylight in warm 

temperature, glazing material should allow the visible solar radiation transmitted, 

conversely limit the infrared solar radiation to prevent heat re-radiated in the interior 

(Cengel and Ghajar 2015). Thus, glazing material selection should be done in 

accordance with the building function.  
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Glass is a 100% recyclable and endless recycling, which means that the properties of 

this recycled glass has the same material property of the typical window glass. 

Recycled glass can be used to make a wide variety of purpose more than just bottles 

and containers, such as window float glass, walls, tiles, aggregate, and fences 

(Confederation 2020). The recycled glass has a 20% reduction in embodied energy 

compared with new glass (Munn and Soebarto 2004). 

Table 2- 3 Embodied carbon and thermal properties of glazing materials 
(Source: (Hammond and Jones 2019), (ASHRAE 2009)) 
Materials Embodied 

Carbon 
U-Value Visible 

transmittance 
SHGC 

kgCO2e.kg-1 W.m-2.K-1 
Glass, Single Glazing  1.44 5.91 0.90 0.86 
Glass, Double Glazing, 
6.4 mm air space 

1.63 3.12 0.81 0.76 

Glass, Triple Glazing, 
6.4 mm air space 

1.75 2.16 0.74 0.68 

Polycarbonate 7.62 0.56 0.81 0.82 

2.5.2 Absorber  
Due to enhancing buoyancy effect in the solar chimney cavity, the absorptivity and 

emissivity of the absorber are the primal factors of chimney performance (Shi et al. 

2018). Most of the studies design matt-black coated on the absorber because the 

absorptivity and emissivity of black coating are 0.98 and 0.98 respectively (see Table 

2- 5). Additionally, much research has selected aluminium to be the material of stack 

wall in tropical climates, it is result from low inertia and low construction cost (Yusoff 

et al. 2010; Tan and Wong 2013,2014).  

Recycled materials are alternative supplied which have equivalent properties as raw 

building materials. Unfortunately, few studies have designed absorber with recycled 

materials. Alvarez et.al 2004, Murali et.al 2020, and Rajesh and Choudary 2020 

experimented using various recycled aluminium cans to be an absorber plate of solar 

collectors and discovered that the collectors increased thermal efficiency, which 

maximised the efficiency reaching 74%. Kishk et.al 2019 also applied reused 

aluminium cans and plate as absorber plate in the solar collector of agricultural drying 

process; these materials in the collector could improve thermal efficiency and reduce 

moisture content in the room. Absorber plate made from recycled aluminium imply to 

have sustainable environment (Rajesh and Choudary 2017). (Alvarez et al. 2004) (Murali et al. 2020) (Rajesh and Choudary 2016) (Kishk et al. 2019) 
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Table 2- 4 Embodied carbon and thermal properties of aluminium  
(Source: Hammond and Jones,2019 and Cengel and Ghajar,2015) (Hammond and Jones 2019) (Cengel and Ghaj ar 2015) 

Material Average 
Embodied 
Carbon  

Effective 
recycled 
content  

Density Thermal 
Conductivity  

Specific 
Heat 

note 

kg CO2e .kg-1 % kg.m-3 W.m-1.K-1 kJ.kg-1.K-1 

Aluminium - All 
Data Collected 

8.72 N/A 2739 222.00 0.90 Data on 
recycled 
aluminium 
is not 
provided  

Aluminium profile 8.78 
Aluminium, Cast 6.16 
Aluminium, sheet 5.54 

 
Table 2- 5 Solar radiative properties of materials 
(Source: Cengel and Ghajar,2015) (Cengel and Ghajar 2015) 
Material Solar 

absorptivity 
Emissivity 
at 300K 

Ratio Solar transmissivity 

  Įs İ Įs.İ-1 Ĳs 
Aluminium 

    

  Polished 0.09 0.03 3 
 

  Anodized 0.14 0.84 0.17 
 

  Quartz-overcoated 0.11 0.37 0.3 
 

Foil 0.15 0.05 3 
 

Galvanized sheet metal 
    

  Clean, new 0.65 0.13 5 
 

  Oxidized, weathered 0.8 0.28 2.9 
 

Glass, 3.2 mm thickness 
    

  Float or tempered 
   

0.79 
  Low iron oxide type 

   
0.88 

Metal, plated 
    

  Black sulfide 0.92 0.1 9.2 
 

  Black cobalt oxide 0.93 0.3 3.1 
 

  Black nickel oxide 0.92 0.08 11 
 

  Black chrome 0.87 0.09 9.7 
 

Paints 
    

  Black (Parsons) 0.98 0.98 1 
 

  White, acrylic 0.26 0.9 0.29 
 

  White, zinc oxide 0.16 0.93 0.17 
 

Plexiglass, 3.2 mm 
thickness 

   
0.9 

Porcelain tiles, white 
(reflective glazed surface) 

0.26 0.85 0.3 
 

Steel 
    

  Mirror-finish 0.41 0.05 8.2 
 

  Heavily rusted 0.89 0.92 0.96 
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2.5.3 Thermal insulation 
Thermal insulation can prevent substantial heat flow from one side of the insulation to 

another side (Li and Ren 2011). There are five mains different criteria to classify 

thermal insulation (Vrána 2007):  

1) type of the substance: inorganic and organic insulation 

2) structure: fibrous, porous, and granulated insulation 

3) shape: loose (back fill, wool) and flat (board, felt, mat) 

4) binder content: binder-free and containing binder 

5) fire reaction: non-combustible, limited combustibility and combustible 

Three characterisations of insulation materials are mostly considered (Schiavoni et 

al. 2016):  

2.5.3.1 Thermal characterisation 
The key parameters of thermal performance of insulation material are thermal 

conductivity and thermal diffusivity. Thermal conductivity refers to the insulation 

properties which is heat flow pass through a unit area of a material. A material is 

usually considered as a thermal insulator when its conductivity is lower than 0.07 W.m-

1. K-1 (Asdrubali et al. 2015), thus all recycled materials in Table 2- 6 show that their 

thermal conductivities are below the maximum insulation conductivity requirement. 

The thermal diffusivity is the ratio between thermal conductivity, density and specific 

heat capacity (Schiavoni et al. 2016). 

2.5.3.2 Reaction to fire 
The behaviour of insulation materials responding to fire is needed for safety issues. 

The fire classification provides a data of material reaction to fire, such as EN 13501-

1, DIN 4102-1, BS 476-6, ISO 1182 (Papadopoulos 2005). The EN 13501-1 is 

classified regarding to the material flammability described as followed (Hidalgo et al. 

2015): 

x A1 and A2 classes are no contribution to fire in any stage, such as cement, 

glass, fiberglass, rock wool. 

x B class is very limited contribution to fire. 

x C class is limited contribution to fire. 

x D class is medium contribution to fire. 
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x E class is highly contribution to fire. 

x F class is easily flammable. 

2.5.3.3 Water vapour resistance factor 
Water vapour diffusion resistance factor shows the ability of a material and water 

permeation. The lower resistance value refers to the higher vapour permeability 

(Schiavoni et al. 2016). In terms of durability and indoor air quality, selection of 

materials is the most important in order to minimize issues such as mould growth (Kim 

and Todorovic 2013). De Flander and Rovers revealed that some materials (eg. Textile 

fibres) are more prone to attack from fungi, mould, microbes and insects in high 

relative humidity area, so textile fibre insulation would promote mould emerging in a 

room (De Flander and Rovers 2009).  

 



50 

Table 2- 6 A summary of thermal properties and µ-value of recycled material insulation  
Type Recycled material Density Thermal 

conductivity 
Specific 
heat 

Water vapour diffusion 
resistance factor, µ-value 

Fire classification 
(EN13501-1) 

Ref. 

kg.m-3 W.m-1.K-1 kJ.kg-1.K-1 
textile 
fibre 
insulation 

cotton  
(recycled - general) 

25-45 0.039-0.044 1.6 1-2 E (Asdrubali et al. 2015; Schiavoni 
et al. 2016) 

recycled textile 
(commercialised) 

30-80 0.0358-0.042 1.2-1.6 2.2 E, F (Asdrubali et al. 2015; Schiavoni 
et al. 2016) 

recycled textile fibres 
(polyester and polyurethane) 

203-491 0.044 N/A very high B,C (Zia et al. 2007; Briga-Sa et al. 
2013) 

recycled textile fibres 
(polyester) 

62.50 0.035-0.040 1.0 5 B,C (Pfundstein et al. 2012; Patnaik et 
al. 2015) 

recycled textile fibres 
(polyurethane) 

30-80 0.020-0.027 1.38 very high B,C (Zia et al. 2007; Pfundstein et al. 
2012; Hadded et al. 2016) 

recycled textile fibres 
(synthetic) 

200-500 0.041-0.053 N/A N/A N/A (Valverde et al. 2013) 

recycled textile and paper 433 0.034-0.039 N/A N/A E, F (Asdrubali et al. 2015; Schiavoni 
et al. 2016) 

recycled glass foam sandwiched 
between glass fibre layers 

450 0.031 0.83 N/A A1 (Asdrubali et al. 2015; Schiavoni 
et al. 2016) 

recycled 
product 
insulation 

recycled glass fibres 
(commercialised) 

100-165 0.038-0.05 1.0 very high A1 (Asdrubali et al. 2015; Schiavoni 
et al. 2016) 

recycled PET bottles (75%) with 
virgin PET 

30 0.036 0.24 N/A N/A (Ingrao et al. 2014; Schiavoni et 
al. 2016) 

recycled PET 
(commercialised) 

15-60 0.034-0.039 1.2 3 B (Asdrubali et al. 2015; Schiavoni 
et al. 2016) 
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 Summary and Research Gap 
Due to the need to improve thermal comfort and mitigate health risks in Thailand multi-

storey residential buildings in Thailand, passive cooling via ventilation is a potential 

technique to acquire thermal comfort conditions in a sustainable environment. Solar 

chimney is one of the passive cooling techniques which can induce buoyant effect to 

augment room ventilation to solve the obstructed airflow problems of the residential 

buildings in urban areas. Numerous researchers have developed innovations to 

enhance natural ventilation. However, the majority of these developments have 

focused on buildings with fewer nearby buildings, thereby limiting their practical 

applications (Zhang et al. 2022). In addition, these studies rarely consider buildings in 

dense areas, where wind speed and direction can significantly differ (Caciolo et al. 

2011). The integration of solar chimneys in multi-storey buildings is a viable strategy 

for enhancing natural ventilation in tropical climates, such as in Thailand. Previous 

research has investigated the use of solar chimneys in multi-residential buildings 

within the region. For instance, Punyasompun et al, 2009 have shown that 

incorporating a solar chimney into a multi-storey building can improve natural 

ventilation and reduce indoor temperatures by approximately 4-5°C. Their study, 

primarily based on a mathematical model, focused on stack ventilation on building 

facades. However, this approach may have limited effectiveness in urban areas where 

buildings are often overshadowed by nearby buildings, potentially reducing the 

chimney's efficiency. Prajongsan et al, 2012 investigated ventilation shafts in high-rise 

multi-residential buildings in Thailand. Their studies revealed a considerable increase 

in thermal comfort hours throughout the summer in Bangkok's high-rise buildings. 

However, this study was primarily focused on reducing AC energy consumption rather 

than explicitly focusing on thermal comfort in naturally ventilated rooms. The findings 

in this chapter indicate the research gap in understanding the effectiveness of solar 

chimneys and natural ventilation strategies specifically in thermally free-running 

buildings in Thailand. There is a need for further exploration into designs that optimise 

thermal comfort without relying on air conditioner under the limited external air 

movement due to the proximity of the buildings and single-sided window. Recycled 

materials are alternative supplies for the integrating application that have equivalent 

properties to raw building materials. This offers a sustainable option in the context of 

solar chimney implementation. (Punyasompun et al. 2009) (Prajongsan and Sharples 2012) 
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In conclusion, it is essential to investigate the potential of passive design strategies to 

enhance indoor environmental quality in thermally free-running apartment dwellings in 

Thailand.   

 Exploring methods 
To investigate the potential of passive design solutions for improving indoor 

environmental quality in thermally free-running apartment buildings in Thailand, it is 

necessary to initially evaluate the current environmental conditions of multi-residential 

buildings in Thailand. Passive design approaches can be efficiently adapted to local 

climate conditions and building characteristics (Wang et al. 2021). Subsequently, 

factors influencing the performance of these passive design options can be 

investigated in order to develop and validate designs.  

Exploration of research methods involves a systematic process of seeking and 

analysing appropriate research methods for each phase of the study. The exploration 

of methods is divided into three main phases. Phase 1 is investigating the current 

context for multi-residential buildings in Chiang Mai. Phase 2 involves evaluating the 

potential design options by evaluating factors affecting natural ventilation 

performance. Phase 3 focuses on validating options for design solutions. 

2.7.1 Phase1- Exploring methods for multi-residential building context in 
Thailand  

For Phase1, the research needs to understand the building context in order to 

investigate the passive design options. Building context involves physical factors, such 

as climatic zone, building characteristics, law and regulation; and socio factors 

including occupant behaviour characteristic, social demographic, and cultural 

variables. Based on these approaches, data gathering can be categorised into two 

groups, which are primary and secondary data. Primary sources involve original data 

specific to a particular research approach, while secondary sources are based on 

existing research and data. Secondary resources can be derived with less cost and 

time than conducting primary research. However, the secondary source requires the 

availability and validity of data.  

2.7.1.1 Secondary sources 
The available secondary sources in relation to multi-residential building context in 

Thailand can be derived from government documents and reports, official climate data 
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and previous research. Thailand government publishes Thailand Building Regulation 

providing the minimum requirement of building design and construction to ensure the 

building is safe, healthy and supports welfare, which can be used to understand the 

minimum requirements of building context. Weather data is one of the most important 

factors in integrating passive design to building. Thailand weather data can be 

obtained from providers, such as Thai Meteorological Department, Climate 

Onebuilding, and EnergyPlus.  

Building regulation of Thailand can be used to understand the building context in 

Thailand and generate base cases in the study.  

The investor tends to comply to the minimum requirement of the building regulation in 

order to maximise profit. However, Building regulations minimum requirements (e.g. 

minimum distance between buildings, or minimum room size) do not guarantee good 

indoor environmental quality. This can be seen from previous research which states 

issues from high density building areas include low ventilation, people not able to 

achieve thermal comfort, and sick building syndrome especially for multi-residential 

building (Wong et al. 2009; Naing et al. 2017; Tao et al. 2020). Lower socio-economic 

group tends to suffer from building syndrome more than other socio-economic groups. 

Referring to the minimum requirement of aperture area for natural ventilation of Thai 

building regulation, building is normally designed the room doors at both balcony and 

to the corridor as the aperture for complying the regulation. However, in practice, 

occupants shut the opening the door for privacy, which influences the room to have 

very low natural ventilation in the room. 

Weather data is crucial when considering environmental factors influencing passive 

cooling design. In order to create accurate and realistic models of the environmental 

factors, CFD simulation also needs weather data for generating boundary conditions, 

such as temperature, humidity, wind speed, wind direction etc. Chiang Mai weather 

data can be derived from several organisations.  

x Thai Meteorological Department is the Thai government organisation providing 

weather data, including outdoor air temperature, relative humidity, wind speed 

and wind direction (ThaiMeteorologicalDepartment 2021).  

x EnergyPlus Weather (EPW) file provides a comprehensive collection of 

weather data, for instance temperature, humidity, wind speed, solar radiation 
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and precipitation, which is necessary for precise occupant comfort modelling 

and energy consumption (EnergyPlus 2023).  

Census data provided by the government only stated the number and type of Thailand 

residential buildings, however, little evidence addresses Thailand multi-storey 

residential building characteristics. TKHUH�LV�HYHQ�OHVV�HYLGHQFH�VKRZLQJ�RFFXSDQWV¶�

opinions about their accommodations. The building configuration are important to 

contribute the building context. Due to the limitation of secondary sources, material 

must be investigated using primary source collection techniques. This requires both 

the qualitative and quantitative study. 

2.7.1.2 Primary sources 
Several methods below can be used to gather the information of typical apartment 

character and user satisfaction, such as observation, interview, questionnaire 

monitoring data (Kothari 2004).  

Observation is a purposeful and selective method that involves observing and 

recording to an interaction or phenomenon (Kumar 2018). The observation technique 

has many advantages, for example investigate behaviour and collecting data without 

interfering or affecting the occupants. Observation method is typically applied to 

explore facts about specific people or group but is not effective in measuring people 

attitudes. Additionally, the method has limitations in providing information of large 

populations and typical apartment character, especially, private living spaces.  

Interviewing is a research method of gathering information from people, which involves 

face-to-face interaction, which can provide in-depth and personal insights into the 

SDUWLFLSDQW¶V� H[SHULHQFHV�� DWWLWXGH and building used satisfaction. However, 

interviewing is less anonymous, which raises concerns for many respondents. It is also 

cost and time- consuming for gathering data from large numbers of participants 

(Kumar 2018).  

Questionnaire is a method for gathering data for extensive enquiries that can be used 

with a variety of people. Questionnaire offers the flexibility to utilise a variety of 

response formats and collected data types. Additionally, a questionnaire is a self-

report measurement (GlobalEvaluationInitiative 2023). Questionnaire can reveal the 

details of how space is used as well as the perception of the occupants. The occupant 

behaviour characteristics, such as cooking, hanging cloth for drying, and taking a 
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shower, significantly influence building performance (Feng et al. 2016). Many 

researchers have used a questionnaire to reveal building context and occupant 

behaviour (Park and Kim 2012; Mohamed et al. 2015; Delzendeh et al. 2017), 

RFFXSDQWV¶� VDWLVIDFWLRQ� (Indraganti et al. 2015), occupancy behaviour in relation to 

energy consumption (Hu et al. 2019), Post-Occupant Evaluation (POE) (Mundo-

Hernández et al. 2015; Brown 2016). POE is a method of obtaining feedback about 

building performance in use (Li et al. 2018). The POE gathers information of energy 

use in building, user experience, indoor environment quality, building materials etc. 

Different type of buildings uses different purpose of POE. POE used in residential 

building focuses on occupants satisfaction and facilities. POE methods can include 

physical measurement, occupant survey questionnaire, energy performance, and 

interview (Li et al. 2018).  

Physical measurement is a process of examining quantitative data, which can be 

DSSOLHG� WR� HYDOXDWH� EXLOGLQJ¶V� SHUIRUPDQFH�� In contrast, investigating internal 

SDUDPHWHUV�DIIHFW�RFFXSDQWV¶�URRP�SHUFHSWLRQ�UHTXLUHV�D�GHHS�LQWHUSUHWDWLRQ�RI� WKH�

RFFXSDQW¶V�URRP�DQG�RFFXSDQW�FKDUDFWHULVWLFV��ZKLFK�QHHGV�SK\VLFDO�PHDVXUHPHQW�

for providing insight to cause-and-effect in building. The measurement data still 

requires an understanding of occupancy behaviour characteristics in order to visualise 

the actual indoor thermal environment (Tuniki et al. 2021). Occupant¶V perception and 

characteristics in building can help to establish the building context and to define the 

internal parameters affecting occupants¶� room perception and WKH� EXLOGLQJ¶V�

environment in use. Keeping a diary on daily activities related to thermal environments 

is a self-report, which can provide IHHGEDFN�RQ�D�EXLOGLQJ¶V�SHUIRUPDQFH�LQ�XVH�DIWHU�LW�

has been occupied��*DWKHULQJ�PRQLWRULQJ�GDWD�WR�VXSSOHPHQW�HLWKHU�RFFXSDQW¶V�GLDU\ 

or survey can be practical to clarify the internal parameters affecting the indoor 

environment (Hänninen et al. 2017).  

According to ASHRAE Standard 55-2017 (ASHRAE 2017), measurement shall be 

taken in areas which have potentially different conditions, e.g. near occupied area, 

near aperture and in corner. Air temperature and average air speed shall be measured 

at 0.1, 0.6, and 1.1 m high from floor for seated occupant and at 0.1, 1.1, and 1.7 m 

high from floor for standing occupant. Measurement periods must be at least two hours 

and must reflect a sample of the total occupied hours. Measurement requires to collect 
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data at less than of five-minute intervals for air temperature, humidity and mean radiant 

temperature and three minute intervals for air speed.  

2.7.2 Phase 2- Exploring methods for evaluating the potential design options  
It is important to evaluate the improved thermal comfort and indoor environmental 

quality achieved by the passive design options. This section initially carries out a 

technical evaluation of the impact of the passive natural ventilation strategies.  

Natural ventilation is air exchange between outdoor and indoor spaces, which is 

caused by pressure change due to different forces, wind force effect and buoyancy 

(Aflaki et al. 2015). The external wind force is affected by environmental contexts, such 

as wind speed and direction, building orientation, nearby building, location and 

vegetation around building. While the internal air flow results from indoor space 

parameters, such as ventilation aperture size and location, partition and temperature 

changes (Jiru and Bitsuamlak 2010). Investigating the factors influencing natural 

ventilation requires exploration of both outdoor and indoor parameters of apartment 

block. 

In order to understand how natural ventilation can improve indoor environmental 

quality in Thailand context, flow and interactions of air movement demonstration is 

necessary. The demonstration can show the performance and factor influencing on 

natural ventilation. In addition, the flow performance of a building can be used to 

determine the internal environment's characteristics, such as thermal comfort and 

Indoor Air Quality (IAQ) (Omrani et al. 2017). Therefore, appropriate methods should 

be used to assess a building's ventilation performance.  

The performance of natural ventilation can be evaluated by experimental study (Bu et 

al. 2010; Bady et al. 2011; Ji et al. 2011; Calautit and Hughes 2014; Elshafei et al. 

2017), analytical study (Hussain and Oosthuizen 2012; Dehghan et al. 2013; Elshafei 

et al. 2017; Ma et al. 2017) and CFD modelling (Tan and Glicksman 2005; Asfour and 

Gadi 2008; Zhang et al. 2013a; Calautit and Hughes 2014; Duy and Pham 2021). 

Experimental study can provide a high level of control and can be more flexible in 

testing different parameters but the process of conducting experiment is costly and 

requires space and specialised equipment for experiment. Analytical study using 

mathematical model processes is only possible for simplified situation, which cannot 

represent all aspects of building. CFD modelling uses data of specific physical 
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boundary conditions and can simulate flow parameters that are rarely accessible by 

experiment. CFD can perform at full scale to provide detailed flow field data (Gilani et 

al. 2016). CFD simulation can visualise flow patterns, pressure variation and 

temperature distribution for both outdoor and indoor environment. The cost of CFD 

modelling is usually lower than the experiment cost (Zhai et al. 2011). The accuracy 

and reliability of CFD modelling remain important concern, therefore the modelling 

requires a process of verification and validation. Determining parameters related to 

the building influence on natural ventilation needs detailed and systematic sensitivity 

analyses.  

Sensitivity analysis is a method to evaluate the influence of different independent 

variables on a particular dependent variable under a given set of assumptions. 

Sensitivity analysis is generally used to investigate critical control point, prioritise data 

collection and verify and validate a model (Christopher Frey and Patil 2002). CFD 

sensitivity analysis has been used as a method in investigating ventilation 

performance in much research (Zhai and Chen 2006; Montazeri and Blocken 2013; 

Gilani et al. 2016; Castillo et al. 2019). This is because CFD sensitivity analysis can 

perform the impact of computational parameter, turbulence model, iterative 

convergence and geometrical parameter on the predicted temperature and ventilation. 

CFD can be combined with other methods to simulate air velocity and thermal 

characteristic in model. Many researchers used CFD coupled with airflow network 

model (Wang and Chen 2008; Zhang et al. 2013a; Kato 2018). 

CFD coupled with multizone: multizone model is based on method of dividing building 

into several zones. Airflow network model has been developed to solve airflow in the 

entire building through numerical model between each zone (Johnson et al. 2012). 

Zone conditions, including air velocity, humidity and temperature are then calculated 

based on the pressure difference between each specified zone, and steady state 

conditions is commonly used to solve the solution. Multizone models can predict 

ventilation performance in a whole building because of bulk solutions; however, the 

model cannot provide more details about flow patterns within each zone. Integrating 

CFD with multi-zone model improves simulation accuracy(Mora et al. 2003; Chen and 

Wen 2010). There are successful examples of previous research using CFD model 
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integrated with multizone models (Wang and Chen 2007; Lo Brano et al. 2011; Tagade 

et al. 2013; Zhiyi et al. 2021). 

CFD coupled with Building Energy Simulation (BES): BES model is the combination 

of airflow network model (multi-zone model) and thermal model. BES model can 

provide natural ventilation result (same as multi-zone model). In addition, the model 

can also provide thermal performance in building, such as heating, cooling and 

lighting, which can then be used to study thermal comfort and indoor air quality (Han 

et al. 2015; Kwok et al. 2020). There are successful examples of previous research 

used CFD model coupling with BES(Zhang et al. 2013b; Barbason and Reiter 2014; 

Yu et al. 2019). 

The accuracy and reliability of CFD model is due to not only theoretical principles but 

also on experience of user, which is the combination of theory-based and process-

based method (Rong et al. 2016). The sources of errors and uncertainties in simulation 

results can be divided into two categories, including numerical and modelling. 

Numerical errors and uncertainties are caused by numerical solutions of mathematical 

equations, such as grid convergence, discretization, artificial dissipation, incomplete 

iterative, internal and external boundary noncontinuity and insufficient mass, 

momentum, and energy conservation. Error and uncertainties in modelling are caused 

by assumptions and approximations in the mathematical representation of the physical 

issue, such as geometry, mathematical equation, boundary condition, turbulence 

model, material properties, etc. (Stern et al. 2001). The procedure of assessing error 

and uncertainties in the numerical modelling is called verification and validation. 

Verification is the process of determining accuracy of the computational model by 

assessing simulation numerical uncertainty in relation to:  

x Turbulence model is the crucial effect in fluid flow simulation [54]. Turbulence 

models in CFD are mathematical models including the effect of turbulence in fluid 

flow simulation. which can be mainly categorised into three groups including, Direct 

Numerical Simulation (DNS), Large Eddy Simulation (LES) and Reynolds-average 

Navier-Stokes (RANS). DNS models apply Navier-Stokes equations in numerically 

solving method and to resolve all scales (Zhou 2018). DNS method requires fine 

grid resolution and very small-time steps for simulating indoor air distribution, which 

then requires powerful computer in CFD process (Zhai et al. 2007). LES can 
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provide instantaneous airflow and turbulence details with considerable 

computational resources. LES models are more computationally expensive than 

RANS models (IdealSimulations 2023). RANS models are based on time-

averaging of Navier-Stokes equations, which provide computationally efficient of 

turbulent flow. RANS is a LES model which aims to directly simulate the large-

scale eddies in turbulent flows while replacing micro eddies with turbulence model. 

RANS is more common method for simulating indoor air distribution because it 

requires less computer time and user skills (Zhai et al. 2007),(Franke et al. 2011). 

Selecting a correct turbulence model is very important in CFD simulation process, 

for example k-İ�PRGHO�IRU�VWUDWLILHG�IORZV��D� ORZ-Reynolds-number k-İ�PRGHO�IRU�

transport processes close to surfaces, and an LES model for simulating very high 

detailed detail of flow (Baharvand et al. 2013). Nielsen (Nielsen 1998) studied 

different turbulent models and suggested that the k-ڙ�PRGHO�IRU�VWUDWLILHG�IORZV��7KH�

researcher also stated about low Reynolds number that k-ڙ�PRGHO�IRU� WUDQVSRUW�

processes close to surface are useful for a provisional model. Chen (Chen 1995) 

suggested that standard k-ܭ and RNG k-ܭ can estimate airflow more accurately. 

Tablada et.al(Tablada et al. 2009) found the positive effect of natural ventilation 

and thermal comfort in building courtyard in tropical climate by using CFD 

programme coupled with BES and the numerical model is RANS with k-ܭ model.  

x Computational grid size is discretized grid used to depict the fluid region in the 

numerical modelling. Many CFD programmes support either unstructured or 

structed grids (Yunus 2010). Unstructured grid consists of cells of different forms, 

such as triangular, quadrilaterals (2-D) and hexahedrons (3-D). Unstructured grid 

is typically much simpler for the creating grid generation code. Structured grid, on 

the other hand, includes of planar cell with four edges (2-D) or volumetric cells 

with six edge (3-D). Structured grid has some advantages in some CFD codes as 

codes written for structured grids, which results in more quickly and accurately. 

Smaller grid size is typically generated with structured grid than with unstructured 

grid.  

x Numerical models refer to finite difference in CFD. The numerical techniques 

classically used in CFD are finite difference method (FDM), finite element method 

(FEM) and finite volume method (FVM) (Tezuka 2006; Sjodin 2016). FDM is point 

based method which direct approach to discretizing the partial differential 
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equations. FEM is based on element. FEM applies weight residual error in integral 

form and then used solution function over each finite element domain. FEM is 

typically used to simulate solid model. FEM can solve complex shape better than 

FDM, however, if the boundary is not stable, FVM should be applied. FVM is 

similar to FEM, which is commonly used to simulate fluid model. FVM is a method 

for solving partial different equations in the form of differential algebraic equation 

(Madhlopa 2022).  

x Boundary condition refers to the specification of boundary value problems in 

computational domain. Appropriate boundary condition is needed to acquire an 

accurate CFD result. Boundary conditions must be thoroughly implemented at all 

boundaries of the computational domain, including Wall Boundary Conditions, 

Inflow and Outflow Boundary Conditions, Miscellaneous Boundary Conditions, 

and Internal Boundary Conditions (Yunus 2010). Wall Boundary is set to be zero 

for air velocity because of the no-slip condition. Wall temperature, wall heat flux 

and wall material property also must be specified. Inflow and Outflow Boundary 

Condition typically classified as either velocity-specified conditions or pressure 

specified conditions. Miscellaneous Boundary Conditions are the boundaries 

neither walls nor inlets or outlets, but rather enforce symmetry or transitionally. 

Internal Boundary Condition refers to a condition existed inside the computational 

domain.  

x Wind pressure coefficient (Cp) is an essential factor influencing on natural 

ventilation in BES and EnergyPlus Airflow Network. Cp is dimensionless of 

number used to describe the relative wind pressure distribution over a building 

surface to the wind-induced pressure (DesignBuilder 2023). The source of Cp data 

used in BES typically come from primary sources, e.g. experiment study and CFD 

simulation, and secondary sources, e.g. other research and databases derived 

from experimental study (Cóstola et al. 2009). Using Cp data accurately is crucial 

in order to obtain more precise estimates of natural ventilation rates. Default 

template of Cp in DesignBuilder is supplied by database from Liddament, M. W., 

AIVC (Liddament 1986). In addition, Cp is frequently incorrectly used in BES, 

which lead to uncertainty in natural ventilation rate up to 19% (Xie et al. 2023). 

Wind speed regarding to site terrain and opening height should be taken into 

consideration in the BES. 
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x Other numerical techniques include numerical approximations, the round-off error, 

time step size, iterative convergence, pressure coefficient  

Validation is the process of determining accuracy degree of a model by assessing 

simulation model uncertainty. There are some common methods for validating the 

CFD model by comparing the computational results to other source data (Committee 

1998), such as experimental data (Oberkampf and Roy 2010), real-site data (Van 

Hooff and Blocken 2012), related case study (Hong et al. 2017), and numerical study 

(Martins and da Graça 2016). Validation method is essential not only to ensure 

accuracy of CFD model but also to establish credibility of the model. There are many 

methods to validate CFD model, for example as follow (Jauregui and Silva 2011): 

x Experimental data validation is the most widely used method because the 

measurement result can provide the consistency of the model with reality 

(Oberkampf and Roy 2010). The experimental data can be derived through 

either primary sources or secondary sources, such as conducting full-scale 

experimental or real-site data, small-scale experiment and experimental data 

from related case study. 

x Analytical solution validation is the method of comparing the CFD model with 

the solution, such as Navier-Stoke equation. This method is typically used to 

validate code of numerical method. However, the main disadvantage of such 

method is the CFD model needs to VLPSOLI\�PRGHO¶V�JHRPHWULHV because it is 

extremely challenging to discover analytical solution to the actual problems. 

x Numerical solution validation is the process of determining the accuracy of CFD 

model in solving fluid mechanics equations with numerical methods. In order to 

affirm that the numerical solution is entirely compatible and accurate, the 

mathematical model must include every aspect of reality and the numerical 

method must precisely solve the equation of the mathematical modelling.  

2.7.3 Phase 3- Methods for validating options for design solutions  
The integration of all findings including, literature review, survey and measurement, 

external and internal factors on natural ventilation performance, and Thailand context 

can conduct a guideline and design framework of improving internal natural ventilation 

in Thailand context. However, proposing the design framework still need to validate 

the potential design options. Despite the validation of natural ventilation performance 
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mentioned in Section 2.7.2 is essential for proposing and validating potential design 

options, the design options still need to concern users' or stakeholders' requirements 

and expectations. 

To obtain more comprehensive understanding of the proposed design options from 

various perspectives, it is critical to consider opinions of built professionals on 

construction in relation to local context. Professionals can deliver a wealth of 

knowledge and experience in their field. In addition, the professionals can provide 

valuable insights on the functionality, aesthetic, performance and feasibility of the 

proposed design options, which can be used to validate that the options meet both 

principles and practices. 7KHUH�DUH�VRPH�PHWKRGV�IRU�REWDLQLQJ�EXLOW�SURIHVVLRQDOV¶�

opinions.  

Interview is a method of collecting information from people, which can provide in-depth 

information and feedback of specific topic, which involves either individual or small 

groups. Interview can be divided into three types, including unstructured, structured 

and semi-structured (Kumar 2018). Unstructured interview is useful in offering 

flexibility while exploring information, however, this approach reduces reliability. 

Structured interview is based on a predetermined set of questions before interviewing. 

The structured interview provides the information, which can be compared and 

validated. Semi-structured interview allows the process of collecting data of both 

predetermined questions and open-ended questions. Semi-structured interview not 

only provides the opportunity for achieving the comparable data but also allows the 

respondent to provide more flexible and extensive information (Kallio et al. 2016).  

Focus group is a method of discussion with a group of people. Focus group 

encourages the interaction between participants to discuss and provide their opinion 

on particular topic. Focus group provides the benefit of group discussion; however, the 

dynamics of a group can also lead to the suppression of opposing opinions and 

strengthening of established opinions (Plummer-D'Amato 2008).  

Delphi method is a process to collect and collate expert opinions. This method typically 

involves with several rounds of data collection to elicit feedback and opinions on the 

specific issue. Each round's outcomes are analysed and used to improve the 

questions for the next round as well as being fed back to the expert participants. This 

procedure is repeated until the experts reach an agreement. The Delphi Method is 
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especially effective for validating complicated frameworks or models (Saffie and 

Rasmani 2016).  

Questionnaire is a method of collecting data which can be used to gather built 

SURIHVVLRQDOV¶�RSLQLRQV��A questionnaire allows anonymous data collection from a wide 

range of built professionals. Questionnaire is less time consuming in comparison to 

other data collection method. However, the professionals need to fully comprehend 

the context and goal of the questionnaire, any misunderstanding of the questionnaire 

context results in incorrect response and potentially untrustworthy data (Krosnick 

2018).  

 Summary Literature Review 
The initial literature review focuses on Thailand's climate conditions and thermal 

comfort considerations. Thailand's climate is characterised by high temperatures and 

relative humidity. The minimal temperature differences between indoors and outdoors 

contributes to inadequate air circulation within buildings. While tropical countries such 

as Thailand ideally require an airspeed of at least 0.2 m.s-1 for comfort, single-sided 

ventilation in multi-residential buildings often results in significantly reduced airflow 

down to 0 m.s-1. Adequate ventilation is crucial for extending the thermal comfort range 

by providing a cooling effect. Ventilation is a crucial factor in influencing air and 

moisture flow through building openings. Enhancing air circulation is critical for 

producing a comfortable condition. Relative humidity also influences human thermal 

experience and comfort, with high levels generating risks to health. Thus, it is 

appropriate to investigate specific building designs in relation to mitigating internal 

moisture and minimising the growth of bioaerosols. The study sets thermal comfort 

and relative humidity ranges for health benefit as criteria for CFD sensitivity analysis 

in Chapter 7. 

Passive cooling through ventilation is a potential strategy for achieving thermal comfort 

sustainably. Solar chimneys, in particular, utilise buoyant effects to improve room 

ventilation and enhance airflow for urban residential buildings. The following factors 

have been identified as influencing the performance of solar chimneys, such as 

environmental conditions, configuration, installation, and materials. Recycled 

materials were thoroughly investigated for their capacity to give comparable properties 

to raw materials while adhering to the concept of sustainability. These passive cooling 
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strategies were used in design options analysed in CFD sensitivity analysis in Chapter 

7, with recycled materials assigned for material properties in the CFD model. 

The research methodology was divided into three major phases. The exploration of 

research methods (Section 2.7) involves a systematic process of identifying and 

analysing relevant research methods for each phase of the study. The selected 

methods were then analysed in Section 3.2. 
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3. Methodology 

 Introduction 
In the literature review, the research explored the potential of the passive cooling 

technique (Section 2.4), Thailand's climate conditions and 7KDLODQG¶V thermal comfort 

(Section 2.2). The literature review indicated that improving airflow can possibly 

enhance the residential unit to achieve acceptable indoor environmental quality (IEQ) 

in relation to temperature and relative humidity. However, investigating the potential of 

passive design strategies to improve indoor environmental quality in thermally free-

running apartment dwellings in Thailand is required. Passive design strategies can be 

effectively selected based on climate conditions and building characteristics (Wang et 

al. 2021). The performance of the passive design options can then be evaluated.  

This chapter presents the research methodology employed to collect and analyse data. 

The detailed analysis of the selected methods for this study is described in Section 

3.2. The selected method is divided into three main phases, each aligning with the 

methodological exploration as detailed in Section 2.7.  

Phase 1- Selected methods for multi-residential building context in Chiang Mai 

(Section 3.2.1): This initial phase focuses on the contextual analysis of multi-residential 

buildings in Chiang Mai, which is essential for achieving Objectives 1, 2, and 3. It 

involves evaluating the current situation and characterising the key features of typical 

buildings in the area. 

Phase 2- Selected methods for evaluating the potential design options (Section 3.2.2): 

This phase is established to obtain objectives 4 and 5. To evaluate the potential 

design, it seeks to explore both outdoor and indoor factors that influence ventilation. 

Phase 3- Selected methods for validating options for design solutions (Section 3.2.3): 

This final phase involves validating the proposed design options. This phase is to fulfil 

Objective 6. 

 Selected Research Methods 
The main criteria for selecting methods in this research are (in order of importance)  

1) to achieve the research aim 

2) tool availability  

D
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3) optimise research efficiency 

 

 
Figure 3- 1 summary of research methods 
(Source: Author) 

3.2.1 Phase 1- Selected methods for multi-residential building context in 
Chiang Mai  

Referring to the aim of the research of investigating the potential of passive design 

options to improve indoor environmental quality, identifying typical apartment block 

characteristics and occupant satisfaction is crucial for understanding the context and 

investigating the appropriate solution.  

Chiang Mai was chosen as a case study location for this research. The research 

focussed on multi-residential buildings in urban areas. Chiang Mai is characterised as 

a densely populated city in Thailand, with a population density of around 1,540 people 

per square kilometre (AdministrativeStrategyDivision 2018). Furthermore, travel 

restrictions imposed during the Covid-19 pandemic in Thailand posed challenges for 

conducting research in other cities. Hence, Chiang Mai emerged as a viable and 

accessible case study location with significant potential for exploration. 

In order to investigate the actual environment in a multi-residential building context, 

monitoring physical measurements can provide insights into internal parameters 



67 

affecting occupants. To classify the key features of typical apartments in Thailand, high 

quality and relevant secondary sources are available to support this investigation. 

These include Thailand Building Regulation, weather data, and census data, detailed 

below: 

Building regulations will be used to understand the minimum requirement for a multi-

residential building context in Thailand. The regulation will be used to form the base 

case in the research, for example, minimum space between site boundary, building 

height, the minimum size and dimension of the room, etc. Two main categories of 

building regulations in relation to multi-storey residential building design are the 

Building Control Act (2015) and the Town Planning Act (MinistryofInterior 2012). 

Building Control Act (MinistryofInterior 2015) prescribes the minimum requirement of 

both exterior and interior of the building. For the exterior space, the regulation 

establishes the minimum distance between the site boundary, road, and neighbour, as 

well as the open space ratio. Some key factors include: 

x the wall or balcony must keep a distance of at least 3 metres from the site 

boundary for a building built taller than 9 metres but not over 23 metres high. 

x the setback distance of a building from a public road shall be determined based 

on the width of the road (See Figure 3- 2).  
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Figure 3- 2 The regulation for building boundary and setback dimension of 
Building Control Act 
(Source: Author) 

For residential interior space, key factors include: 

x interior floor space minimum area of 20 square metres 

x minimum 2.5 metre width of the narrowest side of the bedroom 

x minimum 2.6 metre ceiling height 

x minimum 1.5 metre width of corridor 

x refractory material for building structure 

x minimum 10 % of room floor area for natural ventilation aperture area (Interior 

2000) (See Figure 3- 3). 
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Figure 3- 3 The regulation for indoor dimension of Building Control Act. No.55  
(Source: Author) 

The Town Planning Act prescribes colour coded for permissible usage and also 

regulates the Open Space Ratio and Floor Area Ratio (MinistryofInterior 2012). 

Department of Public Works and Town and Country Planning regulates the use of land 

and living of residents. Different zones have different limitations for land uses, adjacent 

lots and building height. In Figure 3- 4, red and orange zone are regulated for being 

high-density residential zone and commercial zone, and medium-density residential 

zone. These areas also often have issues with environmental quality (Edussuriya et 

al. 2011). This regulation outlines the scope of town planning, thereby guiding the 

selection of zone for monitoring data collection. The focus of this study is on low-rise 

buildings in Thailand, which are defined as buildings lower than 23 meters in height 

according to Thailand's Ministerial Building Regulations No 33 (MinistryofInterior 

1994). These buildings are typically set back only 3 meters from the site boundary, 

which can result in a dense and obstructed environment. Additionally, the minimum 

requirement for room aperture (10% of room area) can cause further problems in the 

room. 
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Figure 3- 4 Chiang Mai Planning Act. 
(Source: Author) 

Weather data: As mentioned in Section 2.7.1.1 about Chiang Mai weather data 

providers, the Thai Meteorological Department is an official organisation providing 

reliable weather data. However, there are some data limitations, particularly in relation 

to global radiation, direct normal radiation, diffuse horizontal radiation, total sky cover 

etc. Other Chiang Mai weather data was available from OneBuilding and PVGIS, which 

had solar data but not available from the Thai Meteorological Department. The 

OneBuilding and PVGIS dataset were compared to the data from Thai Meteorological 

Department. The data which had least difference from the Chiang Mai data from the 

Thai Meteorological department would be used in the study. 

Both Regression and Root Mean Square Error (RMSE) were used to evaluate the 

accuracy of each weather data set. Regression is used to determine the relationship 

between two variables and to develop the mathematical model for predicting the 
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relationship (Olive 2017). Regression is useful tool for analysing trend of the data. 

Regression is calculated as of square R� �The square R is a statistical measure that 

represents the proportion of the variance in the dependent variable that is explainable 

by independent variable and the closer this value is to 1, the stronger relationship 

(Sternstein 1996). RMSE, on the other hand, is typically used to evaluate the difference 

between two datasets and assess accuracy of the data. To ensure the accuracy of the 

weather dataset, the research compared weather data from different providers with the 

climate data from the Thailand Meteorological Department by applying the Regression 

and RMSE method (see Table 3- 1). The OneBuilding data showed the lowest errors 

when compared to the data from Meteorological Department and has been chosen for 

using in this research. 

Table 3- 1 weather data source and details 

m
et

a 
da

ta
  

Source Meteorological 
Department 

OneBuilding PVGIS 

Location Chiang Mai Chiang Mai Chiang Mai 
Period 20 years 15 years 10 years  

2001-2020 2004-2018 2007-2016 
Methodology n/a TMY/ISO 

15927-4 
TMY/ISO 
15927-4 

Type hourly hourly hourly 

av
ai

la
bl

e 
da

ta
 

Dry bulb ض ض ض 
Wet bulb ض ض ض 
Relative Humidity ض ض ض 
Global horizontal radiation  ض ض 
Direct norm radiation  ض ض 
Diffuse radiation  ض ض 
Wind speed ض ض ض 
Wind direction  ض ض 
Sky cover 

 
 ض

 

Total surface radiation  ض ض 
Ground temperature  ض 

 

Illumination data  ض 
 

da
ta

 
ac

cu
ra

cy
  Temperature - Square R  0.92 0.99 

Temperature - RMSE  0.08 1.51 
Relative humidity - Square R  0.89 0.98 
Relative humidity - RMSE  2.00 12.19 

 

Building characteristics: Despite the limitation of typical multi-storey residential building 

LQIRUPDWLRQ�LQ�7KDLODQG��LQIRUPDWLRQ�UHODWHG�WR�WKH�EXLOGLQJ¶V�HQYLURQPHQW�LV�VWLOO�QHHGHG�
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WR� GHILQH� WKH� LQWHUQDO� SDUDPHWHUV� DIIHFWLQJ� RFFXSDQWV¶� URRP� SHUFHSWLRQ�� $�

questionnaire can be used to visualise the typical apartment block characteristics and 

occupant perception of their room. 

In addition, investigating internal parameters affecting RFFXSDQWV¶� URRP� SHUFHSWLRQ�

UHTXLUHV�D�GHHS�LQWHUSUHWDWLRQ�RI� WKH�RFFXSDQW¶V�URRP�DQG�RFFXSDQW�FKDUDFWHULVWLFV��

which needs physical measurement to provide insight into cause-and-effect on the 

building. Physical measurement is a process of examining quantitative data, which can 

EH� DSSOLHG� WR� HYDOXDWH� EXLOGLQJ¶V� SHUIRUPDQFH��+RZHYHU�� only conducting physical 

measurement cannot visualise the actual indoor thermal environment relation to 

occupancy behaviour characteristic. 7KH�RFFXSDQWV¶�EHKDYLRXU�FKDUDFWHULVWLF�LV�DOVR�D�

crucial factor for understanding the indoor environment. To identify the internal 

parameters affecting indoor environments, physical measurement was conducted in 

participant rooms and the participants were required to keep a diary on daily activities 

related to thermal environments.  

3.2.2 Phase 2- Selected methods for evaluating potential design options 
Having established the context for the current building situation, the next step is to 

explore factors which can improve indoor environmental quality through natural 

ventilation. Sensitivity analysis will be carried out separately for external (Section 3.5) 

and internal factors influencing natural ventilation (Section 3.6). 

CFD will be used to carry out a sensitivity analysis of factors affecting the performance 

of natural ventilation. Varying input parameters and assessing the impact can help to 

identify the most influential parameters on the natural ventilation performance (Tian 

2013). In addition, CFD sensitivity can also be used to identify uncertainty in the model, 

which is typically used as initial validation of CFD model (Anderson et al. 2007). CFD 

analysis can be used to simulate fluid flow, air movement and thermal properties for 

both outdoor and indoor(Gilani et al. 2016; Liu et al. 2017).  

CFD analysis can be combined with Building Energy Simulation (BES) to model the 

complex interactions between airflow, temperature, and energy usage within a 

building. This method can be used to optimise building design and operation by 

providing valuable insights into the factors that influence building performance.  

There are some available CFD programme supporting BES, for example, ANSYS 

Fluent, OpenFOAM, Fluent BES, and DesignBuilder etc. CFD in DesignBuilder 
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programme can be used to simulate airflow and temperature distribution for both 

external and internal analyses. DesignBuilder has been selected as it provides 

visualisation and analysis and has a well-designed user interface (DesignBuilder 

2019). DesignBuilder has been successfully used in various previous studies for 

simulating residential buildings (Daemei et al. 2016; An-Naggar et al. 2017; Elshafei 

et al. 2017; Arumugam et al. 2022) and multi-storey buildings (Azarbayjani 2013; 

$QÿHONRYLü�HW�DO��������$\HJEXVL�HW�DO��������2PUDQ\�HW�DO�������. DesignBuilder is 

less time consuming in setting up the geometry and boundary conditions of the model 

compared to other conventional CFD programme coupled with BES. In addition, 

boundary condition of model in DesignBuilder can be derived from temperature, 

airflow, and heat flow in EnergyPlus (DesignBuilder 2023a). CFD analysis in 

DesignBuilder uses the following: This section will explain the specific components 

used with DesignBuilder as following: 

x Turbulence model utilises k-epsilon (k- ܭ) turbulence model. The turbulent kinetic 

HQHUJ\� �N�� DQG� UDWH� RI� GLVVLSDWLRQ� �İ�� DUH� modelled and solved for the model 

additionally to the continuity and momentum equations. In the k-എ model, 

turbulence can be represented by a uniform eddy viscosity proportional to the 

kinetic energy and dissipation rate. The model is often used for building energy 

simulation.  

x Computational grid is a non-uniform rectilinear Cartesian grid. The grid is 

automatically generated when creating a CFD model. The grid lines are parallel to 

the main axes, and the space among the grid lines allows for non-uniformity.  

x Numerical method utilise Finite Volume Method, which involves the solution of set 

of equations of conservation of heat, mass and momentum (DesignBuilder 

2019).The temperature equation uses the k-എ turbulence model for turbulence 

kinetic energy and its dissipation rate. The velocity component in the equations 

uses Navier-Stokes equation. The equations are a collection of coupled nonlinear 

second-order partial differential equations with the general form shown below: 

ப
ப୲

(ȡĳ) +div(ȡXĳ�� �GLY�īJUDG�ĳ��6   (Equation 1) 
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ZKHUH�ĳ�UHSUHVHQWV�WKH�GHSHQGHQW�YDULDEOHV�� ப
ப୲
�ȡĳ��represents the rate of change, 

GLY�ȡXĳ��LV�convection, GLY�īJUDG�ĳ� represents diffusion and S is a source term 

(DesignBuilder 2023a). 

x Boundary condition: DesignBuilder does not only allow to indicate local boundary 

condition of airflow and temperature manually but also imports EnergyPlus 

simulation as boundary condition (DesignBuilder 2019). The data that can be 

imported are such as surface inside temperature of floor, window, door sub-

surfaces and flow in and out of the opening. Importing EnergyPlus as a boundary 

condition helps for more accurate thermal simulation of building. EnergyPlus is a 

building simulation programme that can provide thermal load analysis and energy 

consumption (EnergyPlus 2023).  

x Wind pressure coefficient (Cp): The default template for Cp in DesignBuilder has 

limitations as it is only suitable for building up to three storeys (DesignBuilder 

2023b). However, this study focuses on taller buildings (23 metre / eight floor 

maximum). Hence, the default Cp template in DesignBuilder is not compatible for 

this study and external Cp data is required.  

MacroFlo is a module for analysing natural ventilation and infiltration in building 

within the IESVE software suite. The Cp data in MacroFlo is an open source and 

derived from wind tunnel experiments. It takes various local topography aspects 

into account, including exposure type, wind direction, building geometry, roof type, 

and nearby obstruction (Limited 2013). In previous research, wind pressure 

coefficient data obtained from MacroFlo was used to determine the coefficient for 

simulation purposes (Good et al. 2008; Wang et al. 2012; Spentzou et al. 2018), 

thereby enable to supplement DesignBuilder. The Cp data in MacroFlo 

incorporates the calculation method with the consideration of particular point of 

height and location to ensure the accuracy of simulations. As Cp is a key input for 

natural ventilation calculation in BES and multi-zone airflow model, it is essential 

to use Cp accurately for the appropriate reference height and building opening 

height.  

The pressure at particular point on a building surface can be calculated from the 

equation below: 

Pw= 0.5 · ȡ · Cp · v2    (Equation 2) 
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where Pw is the surface pressure due to wind (Pa), ȡ�is air density (kg.m-3),·Cp is 

wind pressure coefficient, and· v2 represent the wind speed at height Z (m.s-1).  

v = uKha     (Equation 3) 
where u is meteorological wind speed measure at height 10 m (m.s-1), h is height 

above the ground (m), a and K are coefficient representing different terrain types 

(See more detail in Appendix A)  

This study will use two different data sources to validate the simulation model of 

DesignBuilder. Firstly, the model will be validated to real site data of multi-storey 

residential building in Thailand in the part of exploring the building in Thailand context 

(methodology described in Section 3.3). Secondly, to ensure the accurate result of 

DesignBuilder with Cp data, the model will be validated against results from different 

simulation programme. Regarding the limitation of DesignBuilder default template, 

EnergyPlus cannot provide data in relation to microclimate and cannot model physical 

terrain feature, such as ground inclination, vegetation and nearby buildings. Therefore, 

the model using the microclimate data from Envi-met and inputting the data into 

DesignBuilder will be used to validate DesignBuilder with MacroFlo Cp data (see more 

detail of validation in Section 3.6.1).  

3.2.3 Phase 3- Selected methods for validating options for design solutions 
To achieve the passive design options, the research requires the assessments from 

built environment professional (BEP) judgements on improving indoor environmental 

VWUDWHJLHV� DQG� GHVLJQ� WHFKQLTXHV�� 7KH� DVVHVVPHQW�ZLOO� H[SORUH� EXLOW� SURIHVVLRQDOV¶�

opinions on the feasibility of proposed design options into a new multi-residential 

dwelling. The purpose of this phase is to achieve Objective 6 of the research. 

Semi-structured interviews were used to explore the professionals perceptions on the 

proposed design options (detailed in Section 3.7). 

3.2.4 Summary 
The study applied physical measurement and occupant survey to establish the current 

situation faced by residents and correlated the data to Thai specific thermal comfort 

information from literature (Phase 1). Investigation of the possibilities was conducted 

by identifying factors affecting ventilation. External CFD sensitivity analysis was used 

to determine key influencing factors and how they relate to different locations within a 

building. Internal CFD analysis was conducted to explore design approaches to 
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increase natural ventilation and minimising internal humidity gains (Phase 2). Based 

on the previous analysis, design options were developed and subsequently validated 

with built environment professionals in Thailand. (see workflow chart in Figure 3- 1) 

Phase 1: current context.  

x 0RQLWRULQJ�SK\VLFDO�PHDVXUHPHQW�DQG�NHHSLQJ�RFFXSDQW¶V�GLDU\- the description 

in detail of the location, equipment and measurement strategy including diary and 

physical measurement to assess potential for stack ventilation (which validated 

literature info on difficulty of stack ventilation in this context) (in Section 3.3).  

x 6XUYH\�YLD�TXHVWLRQQDLUH�RI�RFFXSDQWV¶�RSLQLRQ�RQ�WKHUPDO�FRPIRUW�VDWLVIDFWLRQ�DQG�

indoor environment quality in the multi-storey buildings in Thailand (in Section 3.4). 

Phase 2: evaluating the potential design options  

CFD sensitivity analysis - the experimental procedure to analyse which parameters 

have critical effects on the focus building. The experiments can be divided into two 

main parts. External CFD sensitivity analysis (in Section 3.5) was to establish the 

potential contribution of wind ventilation in city centres. Indoor CFD sensitivity analysis 

(in Section 3.6��ZDV�WR� LQYHVWLJDWH�LQGRRU�YHQWLODWLRQ�RI�7KDLODQG�W\SLFDO�DSDUWPHQW¶V�

room. The sensitivity analysis findings were then related to an actual site in Chiang 

Mai through further CFD analysis (in Section 3.6.1) 

Phase 3: validating options for design solutions 

Validating options for improving internal environment quality with thermally free-

running apartments - narrations and definitions of design solution and developing a 

framework/guideline. In addition, the proposed solutions have been validated by 

seeking the view of Thail built environment professionals e.g., architects, academics 

and engineers (in Section 3.7). 

 Monitoring physical measurement (Phase 1) 
To achieve objective 1, this study aims to investigate and interpret the actual indoor 

thermal environment in relation to occupancy characteristic. Physical measurement 

data will demonstrate actual data of indoor conditions in Chiang Mai at the time of 

occupant perception survey was taken. Additionally, some actual data will be used to 

validate CFD model in further steps (Section 3.6.1).  



77 

According to the finding reported in Chapter 2, single-sided ventilation in room can limit 

the effectiveness of natural ventilation. However, the buoyancy effect can enhance the 

ventilation pass through the room. Therefore, this study divided physical measurement 

LQWR� WZR� SDUWV�� ZKLFK� DUH� VWDFN� DUHD� DQG� DSDUWPHQWV¶� URRPV�� 0RQLWRULQJ� SK\VLFDO�

measurement in stack area can examine natural buoyancy effect occurring in a 

building. Monitoring physical measurement in aSDUWPHQWV¶� URRPV� FDQ� LGHQWLI\� WKH�

actual indoor environmental quality. The physical measurement can also be used to 

HYDOXDWH�EXLOGLQJ¶V�IEQ performance in relation to temperature, relative humidity, and 

air movement. However, measurement alone cannot be used to relate indoor thermal 

HQYLURQPHQW� LQ� UHODWLRQ� WR� RFFXSDQF\� FKDUDFWHULVWLFV�� 7KH� RFFXSDQWV¶� EHKDYLRXU�

characteristic is another crucial factor which affects the indoor environment. 

Combining EXLOGLQJ¶V�SHUIRUPDQFH�LQ�XVH�ZLWK�SK\VLFDO�PHDVXUHPHQW�GDWD can be very 

useful to clarify the internal parameters affecting the indoor environment. Therefore, 

the study will collect occupant¶V� GLDU\� LQ� DSDUWPHQW¶V� URRPV� DV� ZHOO� DV�PRQLWRULQJ�

physical measurement.  

Physical measurement was carried out in medium and high-density residential zone in 

Chiang Mai (see orange and red areas in Figure 3- 4).  

3.3.1 Equipment 
The monitoring equipment was installed according to ASHRAE 55 standard (ASHRAE 

2010). Two types of equipment were employed for collecting data (see Figure 3- 5), 

which were Tinytag data logger for temperature and relative humidity monitoring and 

hot-wire anemometer (AM-4234SD) for measuring the air velocity. The intervals of the 

indoor environmental parameters recording were set at 1 minute. All devices were 

calibrated by Faculty of Architecture, Chiang Mai University on 12th December 2020.   
 

 
Figure 3- 5 physical measurement equipment 
(Source: Author) 
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3.3.2 Stack area 
The stairwell of a 5-storey building exhibited some of the parameters of the stack 

chimney. Typically spanning the entire height of the building, a stairwell creates a 

natural pathway for air to rise. Additionally, this phenomenon can be empirically 

examined and compared to observe the effects of opening and closing building 

apertures in stairwell.  

Monitoring equipment was installed at the stairwell of a 5-storey building in a high-

density area of Chiangmai, Thailand (see Figure 3- 6, Figure 3- 7). The building is 

surrounded by 5-storey buildings. The nearest building is approximately 4.80 m away. 

The staircase is a U-shaped stair containing two flights of steps. The gap between the 

flights of the stair is 0.2�m (Figure 3- 8). Additionally, this concrete stairway has five 

doors connecting to each floor of the building and four awning windows facing west, 

located at each floor level's half landing.  

The main purpose of this study is to investigate temperature, relative humidity, and 

buoyancy-driven air movement through the stairwell of a multi-storey building. The 

data for each parameter was collected at one-minute intervals from 19th December 

2020 to 19th January 2021 �7KDLODQG¶V�ZLQWHU�VHDVRQ�.  

Figure 3- 8 indicates locations A to D where temperature and humidity data loggers 

(Tinytag) were located. In addition, hot-wire anemometers were placed at location B 

and D. The monitoring equipment was installed according to ASHRAE 55 standard 

(ASHRAE 2017). Location A, B, C, and D were 1.26 m, 4.50 m, 7.74 m, and 10.98 m 

high from the ground, respectively. 

Several scenarios were chosen during the monitoring period (19th December 2020 to 

19th January 2021) to evaluate the particular consequences of window openings at 

different levels of the stack. The field investigation collected data over period which 

was divided into 3 cases as followed. During this period, the weather conditions 

remained consistent across each day, with similar patterns of outdoor hourly 

temperatures and relative humidity. 

x Case 1: only the window at the half landing between the 1st floor and the 

2nd floor (W2) was opened. (19th December 2020 to 28th December 2020) 

x Case 2: only the top window (W4) was opened. (29th December 2020 to 

8th January 2021) 
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x Case 3: both W2 and W4 were opened. (9th January 2021 to 19th January 

2021)  

 

 
Figure 3- 6 model of a multi-storey building for collecting stack temperature, 
relative humidity, and air movement velocity 
(Source: Author) 

 

 
Figure 3- 7 actual exterior feature of a multi-storey building for collecting stack 
temperature, relative humidity, and air movement velocity 
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Figure 3- 8 schematic of the stairwell  

 

 

Figure 3- 9 actual interior feature of the stairway 
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3.3.3 $SDUWPHQWV¶�URRPV 
Prior to this investigation, ethics approval (See Appendix C) was sought and received. 

Requests for volunteers to participate in indoor monitoring and occupant diary 

research were sent to the people working in the Subdistrict Municipality. Subsequently 

participants were selected from two districts (clusters) of the urban area (also chosen 

for the occupant perception survey in Section 3.4). Purposive sampling method based 

on criteria of apartment location within the block was used to select specific 

participants. The participants were informed about project details, data protection, 

participant's right to withdraw, appropriate equipment location for monitoring and 

appropriate information to record in the diary. The measurement and data collecting 

took place without face-to-face interaction to reduce the risk of Covid-19 transmission. 

The participants� received and returned equipment (temperature/ relative humidity 

monitors and anemometers) via post, while their diary was logged and transmitted in 

electronic form. 

Monitoring and diary data was collected for fRXU�SDUWLFLSDQWV¶�URRPV�� LQ�multi-storey 

buildings in Chiang Mai for 20 days in winter (between 16th January and 6th February 

2021). The investigation collected data every minute. The rooms were in two multi-

storey buildings with another multi-storey building in the vicinity. The buildings are 

approximately 4 km from each other and are situated in the city municipality. Open 

Space Ratio (OSR), percentage of open area relative to the building floor area, of both 

Building A and B are 5%.  

Both buildings have a double-load corridor (see Figure 3- 3). 

Room AC and AM are on the same side of the third floor in the same building, with AC 

representing a corner room and AM representing a mid-corridor room (see Figure 3- 

10). The building has five floors and is 4.8 m from its nearest neighbouring building 

which also has five floors. Room AC and AM have similar layout. The balcony width is 

half of the room width, and WC is located close to the balcony. However, room AC has 

openings on two sides, while room AM only has on one side. The area of room AC and 

AM are 30.18 m2 and 23.48 m2, respectively.  

Room BC and BM are on the same side of the first floor of the same building, with BC 

representing a corner room and BM representing a mid-corridor room (See Figure 3- 

11). The building has 8 floors and 8 m from the nearest building which has six floors. 
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Both room BC and BM have balcony width with half size with room width and WC 

ORFDWHG�FORVH�WR�URRP¶V�GRRU��5RRP�%&�LV�ORFDWHG�DW�WKH�FRUQHU��ZKLFK�KDV�RSHQLQJV�

on two sides, while BM only has openings on one side. The area of room BC and BM 

is 30.28 m2 and 30.28 m2, respectively. 

One Tinytag monitoring device was installed in each apartment's bedroom, 1.0 metre 

inward from the centre of the room's walls, according with ASHRAE 55 regulations. 

Furthermore, eight hot-wire anemometers were evenly distributed between the Room 

AC and AM, as shown in Figure 4-20. Both the Tinytag and hot-wire anemometers 

were set up as data loggers, automatically collecting data at one-minute intervals. Air 

temperature and air speed were measured at 0.6 m above floor level to represent 

conditions for sedentary occupants. 

 

 
Figure 3- 10 VFKHPDWLF�RI�RFFXSDQWV¶�URRPV�LQ�EXLOGLQJ�$��5RRP�$0�DQG�$&� 
(Source: Author) 
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Figure 3- 11 VFKHPDWLF�RI�RFFXSDQWV¶�URRPV�LQ�EXLOGLQJ�%��5RRP�%&�DQG�%0� 
(Source: Author) 

Occupant diary 

Referring from ASHRAE 55 (ASHRAE 2010), an effective solution to evaluate the 

indoor thermal condition is to occupant perception survey. An occupant was assigned 

to record occupant experience in the apartment room in a way that this data could be 

linked to the environmental condition being monitored in their room��7KLV�RFFXSDQWV¶�

diary showed daily user behaviour and perceptions which facilitate the researcher to 

interpret the thermal environment (in conjunction with monitoring data) in relation to 

occupant behaviour within the spaces.  

3.3.4 Data analysis 
In order to understand the actual indoor environmental quality, it is important to 

consider multiple parameters affecting the room, including external factors and 

occupant behaviour characteristics. For stack area, the data analysis compared 

temperature, relative humidity and air movement at different heights within the 

stairwell. )RU�DSDUWPHQWV¶�URRPV�� WKH�SK\VLFDO�PHDVXUHPHQW�GDWD�ZHUH�DQDO\VHd in 

relation to the occupant activities in the room. In addition, the data were evaluated 

basing on Bioclimatic chart to determine thermal comfort zone and were compared 

DQG�DLU�PRYHPHQW�EHWZHHQ�HDFK�URRP¶V�ORFDWLRQV�� 
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 Occupant perception survey (Phase 1) 
Questionnaire survey is a useful tool for assessing small and large populations. The 

addition of comment sections, provide an opportunity for respondents to elaborate on 

their answers (Ballal 2022). In addition, questionnaire is one of the self- report methods 

and serves as a tool for post-occupancy evaluation, JDWKHULQJ�IHHGEDFN�RQ�D�EXLOGLQJ¶V�

performance in use after it has been occupied. Indoor environment quality issue and 

building performance can be defined by specific occupancy behaviour characteristics 

(Yan et al. 2015; Juangjandee et al. 2022). The behavioural pattern might develop due 

to a mixture of factors, including inside (gender, preference), and outside (air 

temperature, relative humidity, wind speed, and building features). Yik et al. (Yik et al. 

2004) stated that survey could be used to define actual activities and moisture 

generation in the household. Xue et al. (Xue et al. 2014) applied questionnaire survey 

WR� H[SORUH� WKH� UHODWLRQVKLS� EHWZHHQ� RFFXSDQWV¶� EHKDYLRXU� DQG� OLJKWLQJ� FRPIRUW� LQ�

residential buildings. Therefore, questionnaire survey is used to reveal current typical 

apartment blocks characteristics in Thailand and also to understand occupant 

behaviour characteristics and perception of comfort of the room.  

This survey is based on exploring the typical multi-storey residential characteristics, 

RFFXSDQWV¶�EHKDYLRXU characteristics, indoor air environment perception on occupancy 

comfort in Thailand. Analysis of the data generated will allow comparison of the 

environmental performance experienced by occupants with satisfactory conditions.  

The questionnaire has been approved by the Ethics Committee in Welsh School of 

Architecture, Cardiff University for avoiding any risk of any participants experiencing 

either physical or psychological discomfort (Appendix C). All the participants were 

informed about project details, data protection and, voluntary participation on a cover 

page. 

3.4.1 3DUWLFLSDQW¶V�FULWHULD 
Chiang Mai is selected as a case study.  

This survey was carried out from February to May 2021. The respondent criterion is 

only adults (age range 18-60) living in multi-storey residential buildings in Chiang Mai. 

<DPDQH¶V� formula (Equation 1) was used to calculate sample size. From this, the 

minimum number of necessary responses to meet the desired statistical constraints 

(confidence level with 95%) is 400 from the Chiang Mai metropolitan population of 
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190,199 people (ChiangMaiProvincialStatisticalOffice 2020), living in multi-storey 

residential buildings.  

Sample size (n) = N/(1+N(e2))    (Equation 4) 

Where n, N, and e are the sample size, population size and level of precision, 

respectively (Israel 1992).  

Simple random sampling was conducted to select two districts (clusters) in Chiang Mai 

metropolitan. Then, the investigation used the cluster sampling method with Thai 

census data sources, who live in multi-storey residential buildings in Chiang Mai, for 

choosing samples. The questionnaires were sent to key people working in Subdistrict 

Municipality for further spreading the survey to local people. The questionnaire invited 

approximately 4,000 people to participate because the average online questionnaire 

response rate is approximately 10-15% of sample (Cleave 2021). 482 completed 

surveys were obtained, meeting the requirement to have a 95% confidence level in the 

results.  

3.4.2 Questionnaire�design 
The purpose of conducting a questionnaire survey was to investigate the typical 

characteristics of apartment blocks in Thailand and explore the satisfaction level of 

their residents with the indoor environment of their apartments. Additionally, this 

questionnaire was translated into Thai. 

The questionnaire (Appendix B) was divided into five parts (see Figure 3- 12). Part 1 

included background information of the participants, which was gender, age, 

occupation, time in building. Demographic data can help to interpret the characteristics 

of the sample, which can identify any relationships related to these factors (Krosnick 

2018). Part 2 comprised items regarding the physical living environment, such as 

orientation, room location, room layout and room materials. Exploring building 

characteristics could provide valuable building information relating to indoor 

environment quality. This information could also help to identify building design issues 

and opportunities for investigating potential passive design. Part 3 involved the 

UHVLGHQWV¶�DFWLYLWLHV�UHODWLQJ�WR�their behaviour, including cooking and washing clothes. 

Occupant behaviour characteristics have significant impacts on building performance 

and indoor environmental quality (Yan et al. 2017). For example, cooking can produce 

heat, moisture content and particulate matter in room. Washing clothes in room also 
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generate moisture content, which can negatively impact indoor air quality. Visualising 

occupant activity can help to identify potential impacts on indoor environmental quality. 

The questions in part 1 to part 3 were multiple-choice question. Multiple-choice 

question is a type of closed-ended questions that has predefined response options. 

Closed-ended questions are typically useful for eliciting information, while open-ended 

questions are for exploring opinions, attitudes and perceptions (Kumar 2018). In 

addition, this type of question is useful for obtaining quantitative data as well as 

statistically analysing result.  

Part 4 explored WKH�SDUWLFLSDQWV¶�IHHOLQJV�WRZDUG�WKHLU� LQGRRU�environment. A 9-point 

Likert scale was used to analyse the feedback of the occupants. This is because the 

scale could be related to altitude and allow quantitative analysis of the result (Kumar 

2018).  

Part 5 investigated occupant comfort within their room. The participants answered on 

a five-point Likert VFDOH� RQ� UHVLGHQWV¶� RYHUDOO� VDWLVIDFWLRQ� ZLWK� factors relating to 

comfort. This five- point Likert scale was chosen as it can provide sufficient 

differentiation to reflect participant¶V�satisfaction.  

 

 
Figure 3- 12 Visualisation of the 5 parts within the occupancy questionnaire  
(Source: Author) 
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3.4.3 Data analysis 
A quantitative survey is a statistical method which can use to systematically analyse, 

organise, and interpret data. This approach provides essential tools for evaluating 

trends, patterns, and relationship within the survey data (Sternstein 1996).  

SPSS (Statistical Package for the Social Sciences) is a software programme widely 

used for quantitative analysis. It is a user-friendly interface for analysing data. SPSS 

provides a wide range of statistics tests, such as descriptive statistics, inferential tests 

and regression analysis (IBM 2023). This programme has been significantly used in 

previous research�in field of occupant survey (Xue et al. 2016; Mustafa 2017; Bortolini 

and Forcada 2021; Rahanjam and Ilbeigi 2021).  

All data obtained from occupant perception survey in this research were analysed via 

SPSS 27.0.  

The consistency and stability of the measurement is important in demonstrating the 

TXHVWLRQQDLUH¶V reliability (Huck et al. 1974; Taherdoost 2016). Internal consistency is 

commonly used to ensure that the items in the questionnaire provide reliable and valid 

outcomes. CronbacK¶V� DOSKD� LV� the most commonly used to measure internal 

consistency (Taherdoost 2016). &URQEDFK¶V�DOSKD� UDQJHs from zero to one, where 

&URQEDFK¶V�DOSKD�value higher than 0.7 indicates acceptable internal consistency. This 

study XVHG�&URQEDFK¶V�alpha for assessing internal consistency of test items(Barnette 

2000)�� VXFK� DV� RFFXSDQWV¶� FRPIRUW� TXHVWLRQV� DQG� VDWLVIDFWRU\� ZLWK� LQGRRU� DLU�

environment level. (results in Section 5.2) 

Descriptive analysis was used to evaluate general information of occupants, including 

age, gender, occupation, time in building and ownership. In order to investigate the 

UHODWLRQVKLS� EHWZHHQ� WZR� YDULDEOHV�� 6SHDUPDQ¶V� UDQN� FRUUHODWLRQ� ZDV� DSSOLHG� WR�

measure the monotonic association (between ordinal scales) (Sedgwick 2014), while 

Pearson correlation was performed to measure the linear relationship (between 

ratio/interval scales) (Nettleton 2014) (results in Section 5.5). Both Pearson and 

Spearman correlation coefficients are measured on a scale varying between -1 and 1. 

The correlation coefficient greater than zero signifies a positive relationship, while the 

value less than zero indicates a negative relationship. Zero value means no correlation 

(Berman 2016). For Likert items, a correlation value that is close to -1 or 1 indicates a 

strong relationship. Those data having the coefficient value either lower than -0.5 or 
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higher than 0.5 were then tested by multiple regression. Multivariance regression 

analysis was conducted to define the most significant variables influencing the 

RXWFRPH��7KH�GDWD�LQ�SDUW����RFFXSDQWV¶�comfort) in the questionnaire were analysed 

by multiple regression in relation to occupants¶ indoor environment quality scale, for 

example, level of fresh air, air movement level, and humid air level with room 

ventilation satisfaction level, temperature level in winter and summer with room 

temperature satisfactory level. 

 CFD sensitivity analysis: outdoor (Phase 2) 
A hierarchical approach considering macroclimate, mesoclimate and microclimate is  

the basis for understanding site parameters (Sunarya 2020). Macroclimate level refers 

to meteorological data, such as temperature, relative humidity, precipitation, wind 

speed, wind direction, latitude, longitude and altitude. The mesoclimate data level is 

influenced by terrain. Microclimate level refers to nearby building and obstructions. 

Meteorological data is used to simulate the microclimate. Topology data play a 

significant role in influencing site characteristics. The inclusion of buildings in topology 

data is crucial for a comprehensive understanding of site environment. While 

meteorological data is widely employed to depict microclimate conditions in research 

(Liu et al. 2015; Liu et al. 2017), site features, e.g. topography and surrounding 

parameters are recognised to have significant impact on thermal conditions at building 

level. Site data is crucial in CFD and BES. Site is also an important factor in selecting 

passive design strategies appropriate to the microclimate. Microclimate refers to the 

localised climate conditions unique to a particular area (Toparlar et al. 2017). Natural 

ventilation relies on the relationship between outdoor climatic conditions and indoor 

environmental conditions. The outdoor climatic conditions, such as air movement and 

wind direction can vary within a microclimate depending on the site features.  

To achieve objective 4 of the research, this study aims to investigate the influence of 

external factors on natural ventilation in apartment blocks in Thailand. The exploration 

of air movement at the building envelope was not only to determine the feasibility of 

ventilation but also could be used to investigate boundary condition for internal CFD 

model (Chapter 6). The impact of the external factors on natural ventilation were 

explored through a sensitivity analysis.  
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DesignBuilder uses to calculate different engines, such as EnergyPlus, Radiance and 

CFD to calculate various analyses. The heat balance equation in EnergyPlus for 

external building and surfaces is (EnergyPlus 2016): 

Qtsol+QLWR-Qcond +Qconv = 0   Equation  5 

where Qtsol is absorbed direct and diffuse solar radiation heat flux. QLWR is net 

longwave length radiation flux exchange with the air and surroundings, Qcond is 

conduction heat flux (Q/A) into the wall and Qconv refers to convective flux exchange 

with outside air.  

Equation 5 demonstrates that surrounding environment of building can significantly 

impact its energy performance. The amount of solar radiation on building surfaces is 

influenced by adjacent obstructions. The heat transmits though building surfaces. The 

convective flux refers to the difference of the surface temperature and air temperature 

of nearby surfaces. The heat and moisture transfer via outdoor air into the building.   

This study was designed to explore external factors. For macroclimate, the 

meteorological data of Chiang Mai was set and analysed to the model. Meso climate 

and microclimate factors were respectively investigated including apartment position 

within building, building height, proximity direction and density of nearby buildings. In 

summary, five independent factors and combinations of the factors were explored. The 

five independent factors are:  

x Wind speed 

x Position on Building (vertical and horizontal) 

x Road width between buildings 

x Building height 

x Nearby building 

Initially a sensitivity analysis was carried out to identify the parameters, which 

presented most impact on air movement at the building envelope. This required a base 

case to be set from which variants could be analysed. 

As described in section 3.2.1, low-rise buildings in Thailand urban area context are 

typically in high- density contexts. The maximum height building of this category (23m/ 

8-floors) An 8-floor building, with the dimension of 11.5 m width, 40 m length and 20.8 

m height was selected as a base case for analysing the air movement at the building 
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envelope. The measurement points were specified at two levels of the building (1st 

floor at 3.60 m height and top floor or 7th floor at 19.20 m height) and rooms 

representing building corners (C1, C2, C3 and C4) and middle -corridor (M1 and M2) 

(see Figure 3- 13).  

 

Figure 3- 13 Measurement points of air movement and room locations 
(Source: Author) 

3.5.1 Wind speed and position on building 
This CFD sensitivity categorised wind direction into 3 parts, which were north direction 

(winter), south direction (summer) and south-east (rainy season) with initial wind speed 

of 1 m.s-1, 2 m.s-1, 4 m.s-1 6 m.s-1 and 8 m.s-1. This part aims to investigate air 

movement pattern at different room locations, such as room at the corner (C) and 

middle (M) of the buildings due to the different initial wind speed and wind direction 

(see Table 3- 2). 

3.5.1.1 Wind direction frequency 
From the analysis of wind speed and directional frequency in Chapter 2.1 the key 

directions of south and north were found to be representative of wind direction in 

summer and winter, respectively. South and south-west are the main wind directions 

for the rainy season. As south wind direction was already modelled for other seasons 

only south-west was needed specifically for the rainy season.  

3.5.1.2 Wind speed  
Referring to wind speed data, wind speed in Chiang Mai ranges between 0 m.s-1 and 

8 m.s-1 (see Section 2.2.1). This study explores wind speeds of 1 m.s-1, 2 m.s-1, 4 m.s-

1 6 m.s-1 and 8 m.s-1.  
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Table 3- 2 Variables considered in sensitivity analysis of wind speed and 
direction  
independent variable  cases 
wind direction  summer (south wind), winter (north wind), 

rainy season (south-west wind) 
3 180 

cases 
wind speed  
 

1 m.s-1, 2 m.s-1, 4 m.s-1 6 m.s-1 and 8 m.s-1 
 

5 

floor 
 

1st and 7th floor 
 

2 

Room locations corner room ± 4 positions,  
middle room ± 2 positions  

6  

dependent variables 
air movement velocity 
controlled variables 
Building size 40.0m (W) x 11.5 m (L) x 20.8m (H)  

 

3.5.2 Building height and Road width 
The influence of surrounding buildings on the wind velocity and flow character 

around a focused building was analysed. This section will analyse air movement 

depending on buildings height and road width (see Figure 3- 14). 

 

 
Figure 3- 14 PHDVXUHPHQW�SRLQW�RI�DLU�PRYHPHQW�RQ�EXLOGLQJV¶�HQYHORSH�in 
relation to building separation distance 
(Source: Author) 

5HIHUULQJ�WR�7KDL¶V�0LQLVWHULDO�5HJXODWLRQ�1R����RI�,QWHULRU�)ORRU�%XLOGLQJ�&RQWURO�

(Interior 2000), building height must not higher than double of horizontal distance 

from the opposite site alignment of the closest public road. In addition, a building 

which is constructed close to public road must follow the following guidelines (see 

Figure 3- 2): 
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x If the width of the public road is less than 6 metres, the building shall be 

setback at least 3 metres from the center of the road. 

x If the width of the public road is less than 10 metres, the building shall be 

setback at least 6 metres from the center of the road. 

x if the width of the public road is between 10 metres and less than 20 

metre, the building shall be setback at least 10 percent of the width of 

the road. 

x If the width of the public road is more than 20 metres, the building shall 

be setback at least 2 metres from the road boundary.  

In addition, for a building built taller than 9 metre but not over 23 metre high, the wall 

or balcony must keep distance at least 3 metres from the site boundary. 

The provision dimension was used to design the simplified models in CFD simulation. 

This section will divide the simulation into 2 parts, which are: 

x CFD of same aspect ratio of road width and building height  

x CFD of same building height and different road width  

3.5.2.1 CFD of same ratio of road width to building height 
Urban canyon or street canyon affect various local conditions such as wind velocity 

and air movement. The essential geometrical classification of a street canyon is the 

ratio of road width (S) to building height (H). The different ratio results in 3 different 

flow patterns (see Figure 3- 15). Firstly, if the ratio of S/H is over 2.4, this will create 

isolated roughness flow at the space between the buildings. Secondly, for the ration 

between 1.4 to 2.4, the wake interference flow occurs at the canyon. Lastly, for the 

ratio below 1.4, the skimming flow will be created at the canyon.  
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Figure 3- 15 classification of 3 different ratio of road width to building height  
(Source: Author adapted data from Oke 2002) (Oke 2002) 

Based on Thailand regulation (MinistryofInterior 2015) determining the minimum 

building height and setback dimension between different road width and buildings, the 

S/H ratio between the buildings is between 0.55 to 1.15. All these ratios are below 1.4 

and are likely to create skimming flow regime between the buildings. The initial study 

analysed and compared WKH�DLU�PRYHPHQW�DW�EXLOGLQJV¶�HQYHORSH�ORFDWHG�DORQJ�WKH�

road for an S/H ratio of 0.55. CFD was used to examine wind speeds of 1 m.s-1 and 6 

m.s-1 because this would demonstrate the air movement of minimum and maximum of 

the typical wind speed. Wind speeds of 8 m.s-1 are rarely occurred in Thailand. (see 

Figure 3- 16) 
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Figure 3- 16 schematic of same ratio (0.55) of road width and building height 
cases 
(Source: Author) 

Summer and rainy season have different flow pattern, which are inline flow and 

staggered flow respectively. Such flow pattern affects air movement and air velocity 

significantly, so this study would carry out with CFD simulation for 2 seasons, which 

was summer and rainy season. From initial analyses (Section 6.2), the air movement 

with the same initial wind speed of the opposite position behaves the same; thus the 

CFD result of summer can be estimated the winter air movement velocity. (see Table 

3- 3) 

Table 3- 3 same road width to building height ratio (0.55) 
independent variable  cases 
wind direction  summer (south wind), rainy season (south-

west wind) 
2 24 

cases 
wind speed  
 

1 m.s-1 and 6m.s-1  
 

2 

floor 
 

1st and 7th floor 
 

2 

Road width 5m, 9m and 21 m  3 
dependent variables 
air movement velocity 
controlled variables 
Building size 40.0m (W) x 11.5 m (L) x 20.8m (H)  

 

3.5.2.2 CFD of varying aspect ratio of building height to road width 
CFD simulation was also used to analyse scenarios with same building height but 

different road width (i.e. varying aspect ratio). This analysis was divided into 2 groups,  

i) using a 4 floor building and varying the aspect ratio with 5 m, 9m and 21 m road 

width (road widths consistent with Thai regulation (MinistryofInterior 2015)  
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ii) using 8 floor building varying the aspect ratio with 9m and 21 m road width (road 

widths consistent with Thai regulation (MinistryofInterior 2015)  

In each group, the CFD analysis will consider wind speeds of 1 m.s-1 and 6 m.s-1 

(representing the air movement of minimum and maximum of the typical wind speed. 

(see Figure 3- 17)  

 
Figure 3- 17 schematic of same building height and different road width cases  
(Source: Author) 

Table 3- 4 varying aspect ratio of building height to road width 
independent variable  cases 
4 floors 
building 

wind direction  summer (south wind), rainy season 
(south-west wind) 

2 24 
cases 

wind speed  1 m.s-1 and 6m.s-1  2 
floor 1st and 3rd floor 2 
Road width 5m, 9m and 21 m  3 

8 floors 
building 

wind direction  summer (south wind), rainy season 
(south-west wind) 

2 16 
cases 

wind speed  1 m.s-1 and 6m.s-1  2 
floor 1st and 7th floor 2 
Road width 9m and 21 m  2 

dependent variable  
air movement velocity 
controlled variables 
Building size 40.0m (W) x 11.5 m (L) x 20.8m (H) 
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3.5.3 Nearby buildings 
In urban area, there are various factors which influence on wind flow pattern, such as 

building in proximity, vegetation, topography, and surfaces. This analysis focuses on 

WKH�LPSDFW�RI�³OD\HUV´�RI�VXUURXQGLQJ�EXLOGLQJV�RQ�WKH�DLUIORZ�of the case study building. 

Franke et.al (Franke et al. 2011) suggested that the central area around focus building 

should represent the actual scenario as much as possible , while further nearby 

buildings layers may be represented with simple blocks. 

The same 8 floor (19.2m) base case building as for previous sections is used for this 

analysis. The nearby buildings are a mix of 3 floor (8.8 m) shophouse or house 

buildings and 8 floor (19.2 m) multi-storey buildings.  

This section will use CFD simulation to analyse the air movement around the case 

study building in summer and rainy season. As before the winter, case with north wind 

will not be simulated as the north wind can be assumed to be the opposite of the south 

wind, based on CFD simulation of summer season (see Section 6.2). CFD results for 

different initial wind speeds are found to be proportional to each other (see Section 

6.2). Initial wind speed for CFD simulations in this section will be fixed at 4 m.s-1 as it 

is within a range of typical wind speeds.  

3.5.3.1 one layer of nearby building 
There are 16 different possibilities of focus building and different nearby building height 

(see Figure 3- 18, Figure 3- 19).  
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Figure 3- 18 PHDVXUHPHQW�SRLQW�RI�DLU�PRYHPHQW�RQ�EXLOGLQJV¶�HQYHORSH�ZLWK�
one nearby-buildings layer  
(Source: Author) 

Table 3- 5 one nearby-building layer  
independent variable  cases 
wind direction summer (south wind), rainy season (south-

west wind) 
2 128 

cases 
wind speed 
 

4 m.s-1  2 

floor 
 

1st and 7th floor 
 

2 

one nearby-
buildings 
possibility cases 

See Figure 3- 19 16 

dependent variables 
air movement velocity 
controlled variables 
focus Building size 40.0m (W) x 11.5 m (L) x 20.8m (H)  
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Figure 3- 19 schematic of one nearby-buildings layer cases  
(Source: Author)  
 
3.5.3.2 two layers of nearby buildings 
These CFD sensitivity experiments will explore air movement at the focus building after 

extending surrounding building to two-layers��(DFK�QHDUE\�EXLOGLQJV¶�OD\HU�FRQWDLQV�WKH�



99 

same building height, which can raise 4 different possibilities of focus building with 

different nearby building height (see Figure 3- 21).  

 

 
Figure 3- 20 the orientation of two buildings layers from the focus building  
 

 

 
Figure 3- 21 schematic of two nearby-buildings layers cases  
(Source: Author) 



100 

Table 3- 6 two nearby-buildings layers  
independent variable  cases 
wind direction summer (south wind), rainy season (south-

west wind) 
2 32 

cases 
wind speed 
 

4 m.s-1  2 

floor 
 

1st and 7th floor 
 

2 

nearby-buildings  2 layers - See Figure 3- 21 for height 
scenarios  

4 

dependent variables 
air movement velocity 
controlled variables 
focus Building size 40.0m (W) x 11.5 m (L) x 20.8m (H)  

 

3.5.3.3 three layers of nearby-buildings  
These CFD sensitivity experiments will explore air movement at the focus building after 

extending surrounding building to three layers��(DFK�QHDUE\�EXLOGLQJV¶�OD\HU�FRQWDLQV�

the same height, which can raise 8 different possibilities of focus building with different 

nearby building height (see Figure 3- 22).  

Table 3- 7 three nearby-buildings layers  
independent variable  cases 
wind direction summer (south wind) 1 32 

cases wind speed 
 

4 m.s-1  2 

floor 
 

1st and 7th floor 
 

2 

nearby-buildings  3 layers - See Figure 3- 22 for height 
scenarios  

8 

dependent variables 
air movement velocity 
controlled variables 
focus Building size 40.0m (W) x 11.5 m (L) x 20.8m (H)  
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Figure 3- 22 the orientation of three building layers from the focus building  
(Source: Author) 

 CFD sensitivity analysis: indoor (Phase 2) 

3.6.1 Validation 
CFD model outputs can be validated by related then to monitored data. In this project, 

the data obtained from physical measurement in one of multi-residential building rooms 

in Chapter 3.3.3 was used to validate the best starting point for the CFD simulation 

and determine the accuracy of the CFD models.  
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The two options of starting point for the CFD simulation are illustrated in Figure 3- 23.  

i) Inputting Cp data from MacroFlo (detailed in 3.2.2) 

ii) Inputting microclimate boundary condition from Envi-met programme.  

Both models used a climate (EPW) file based on. 

 

 
Figure 3- 23 validation procedure  
(Source: Author) 

The validation procedures and details are as follows: 

3.6.1.1 Physical measurement data in multi-residential building 
Referring to the physical measurement, data derived from Room AM were selected to 

validate in this study as the room has single-sided ventilation. The room is a middle 

room on the third floor of Building A (described in Section 3.3.3). The surrounding 

buildings are a maximum of 5m away. Figure 3- 24 shows the site of building A, which 

was constructed with a beam-column structure. The detail of building configuration and 

materials are described in Table 3- 8.  

The model was set with a fine grid size of 0.1 grid spacing and 0.03 grid line merge 

tolerance. Turbulence model of RANS with k-ܭ model was employed. EnergyPlus 

simulation calculated the thermal behaviours of the building and then input the data as 

the boundary condition for the model. 
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Figure 3- 24 Building A and surrounding environment 
(Source: Author) 

Table 3- 8 Building A configuration and materials 
Building 
configuration 

Corridor  corridor width 1.65 m 
Room size 3.19m (W) x 7.6m (L), floor to floor 2.8 m 
Room plan type HB  
Room location middle room 
Room orientation opening facing the north 
Occupancy 1 person per a unit 
HVAC system natural ventilation 

Materials  
  
  
  
  
  
  

Room door hardwood 100cm (W) x 200cm (L) 
Balcony door hardwood 75cm (W) x 200cm (L) 
Toilet door uPVC 75cm (W) x 200cm (L) 
Window wooden frame with single clear glass (3 mm) 
Wall concrete (80 mm) with cast concrete (20 mm) 
Ceiling concrete 
Floor ceramic tile 

 

3.6.1.2 CFD model setting in DesignBuilder with Cp data 
Room AM model was built by inputting building configuration and material data into 

the programme. The model used hourly weather data derived from OneBuilding 2004-

2018 in the period of 16th January to 6th February, which is the same duration as the 

physical measurement. However, in urban area, wind speed and direction are 

influenced by many obstructions, such as adjacent buildings. This can cause changes 
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in flow speed and pattern (Ghiaus et al. 2006). In order to be more practical, wind 

speed was revised to be local wind speed as calculated by Equation 2 and Equation 3 

in Section 3.2.2, and wind direction was revised by using CFD Sensitivity Analysis: 

Outdoor data. In addition, Cp data with exposure type of sheltered high-rise wall of 

from MacroFlo was input to the model (Appendix A, (IES 2018)).   

3.6.1.3 CFD model setting in DesignBuilder with microclimate data from Envi-
met  

Default template of DesignBuilder has limitations and cannot provide data in relation 

to microclimate. 'HVLJQ%XLOGHU� XVHV� WKH� HQJLQH� ³EnergyPlus´��ZKLFK cannot model 

physical terrain feature, such as ground inclination, vegetation and nearby buildings. 

Therefore, this study analysed the benefits of using a DesignBuilder model based on 

microclimate data from Envi-met as the boundary condition. Envi-met is a three-

dimensional microclimate programme providing CFD simulation for urban 

environment. Envi-met can establish the microclimate data influenced by detailed site 

parameters such as detailed as Leaf Area Index (LAI) and Leaf Area Density (LAD) 

(ENVI-met 2022).  

Envi-met was used to model Building A and its surroundings including nearby 

buildings, street, and trees. Hourly weather data from OneBuilding 2004-2018 in the 

period of 16th January to 6th February was input into Envi-met model. The boundary 

domain should have enough space from the target region to avoiding contamination of 

the solution (Franke et al. 2011). The boundary condition should show the influence of 

the surrounding on the focus building. In non-uniform urban and unequal buildings, the 

influence region of focus building should be set at least 3 building layers from the focus 

building for the convergence. In urban area, inflow, lateral, and top boundaries should 

have distance at least 5 times the highest building height (5H), while the outflow 

boundary should be 15H from the regions of focus building (see Figure 3- 25) (Franke 

et al. 2011; Tong et al. 2016). In this scenario, the influence region was 200 metres 

wide, 200 metres long, and 17 metres high for the highest building. Therefore, the 

inflow, lateral, and top boundaries were 85 metres, 255 metres, and 85 metres, 

respectively. The model was set with a 2m grid size as the short distance between 

Building A and surrounding buildings. The height and types of trees on the site were 

set into the model. The materials for Building A were specified as detailed in Table 3- 

8. Additionally, the Envi-met model incorporated all surrounding environmental 
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features and materials present at the real site. This included nearby building heights 

and materials, ground materials, vegetation types and heights. Leaf Area Index (LAI) 

and Leaf Area Density were specified basing on the different types of vegetation in the 

area. Figure 3- 26 shows CFD domain of the influence region relating to site data in 

Chiang Mai.  

 
Figure 3- 25 boundary conditions  
(Source: Author) 

 

 
Figure 3- 26 CFD domain of influence region relating to site in Chiang Mai 
(Source: Author) 
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The output data from Envi-met was used for generating EPW file for setting external 

environment of CFD model¶V boundary condition in DesignBuilder, such as dry bulb 

temperature, relative humidity, wind speed and site ground temperature. The material 

and building configuration of Room AM was developed to reflect to the real site (see 

Table 3- 8). The model of Room AM was then simulated.  

3.6.1.4 Data analysis 
The simulated data from DesignBuilder with inputting Cp data (Section 3.6.1.2) and 

simulated data from DesignBuilder with inputting microclimate boundary condition from 

Envi-met (Section 3.6.1.3) were compared with monitored data. A Square R calculated 

from regression analysis can determine the adequacy of simulated model fitting the 

monitored data. Square R value close to 1 implies as the stronger relationship 

(Sternstein 1996). Additionally, in field of physical science and engineering, a square 

R value above 0.7 is generally considered acceptable (Valchanov 2023). Therefore, 

this study determines the acceptable level of square levels of square R at 0.8. On the 

other hand, RMSE measures the error of a model by calculating the differences 

between values simulated model and the monitored data. An RMSE value close to 0 

indicates the better the model simulation performance. An RMSE lower than 2.0 is 

typically defined as indicative of satisfaction prediction accuracy (Moriasi et al. 2007). 

As a result, this study defines an acceptable criterion for the data of less than 2.0. 

Regression and RSME method were used evaluate the accuracy of the CFD model 

(Resulted in Section 7.2).  

3.6.2 CFD sensitivity for exploring indoor parameters 
To achieve Objective 5 of the research, this study conducted sensitivity analysis of 

CFD simulation of internal factors on natural ventilation in the base case multi-

residential building in Thailand (defined in Section 7.3). The investigation aimed to 

explore internal factors on the feasibility of ventilation for the multi-residential EXLOGLQJ¶V�

room.  

The study criteria were established based on the finding in Chapter 2, including 

weather data thermal comfort, IEQ standards. The hottest day, rainy season, coldest 

day weather data was considered as an input data. The hourly annual average 

temperature, relative humidity and wind speed were determined to be 27.4 °C, 71%RH 

and 2.35 m.s-1, respectively. (see Table 3- 9). The thermal comfort criteria set between 
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22.3 and 29.3 °C and 20%RH and 80%RH. The acceptable relative humidity for health 

benefit was between 40%RH and 60%RH. The acceptable ventilation in room was in 

the range of 0.2 P�VØï�to ����P�VØï�DQG�WKH�UHTXLUHG�YHQWLODWLRQ�UDWH�was 10 L.s-1 or 0.01 

m³.s-1 (more detailed in Section 2.2).(see� Table 3- 10). The wind direction was 

determined to be parallel to the building orientation, as determined in the finding in 

Chapter 6.4. 

Table 3- 9 climate data  
Average  

Temp 
(°C) 

Min  
Temp 
(°C) 

Max  
Temp 
(°C) 

Average  
Rh 

(%RH) 

Min  
Rh 

(%RH) 

Max  
Rh 

(%RH) 

Average 
Wind speed 

(m.s-1) 
coldest 
day 

20.88 14.00 29.10 64.00 32.00 94.00 2.67 

hottest 
day 

32.42 26.00 38.10 46.42 24.00 76.00 1.93 

rainy 
season 

27.40 23.00 33.00 80.58 59.00 94.00 2.90 

hourly 
average 
annual  

27.40 70.00 2.35 

 

Table 3- 10 criteria of study  
Thermal comfort 
range 

air temperature  22.3 ± 29.3 °C 
ventilation 0.2-����P�VØï 
%RH 20%RH-80%RH 

IEQ required ventilation rate  10 L/s or 0.01 m³/s 
acceptable ventilation 0.2-����P�VØï 
Relative humidity for health benefits 40-60%RH 

summary air temperature  22.3 ± 29.3 °C 
acceptable ventilation 0.2-����P�VØï 
Relative humidity for health benefits 40-60%RH 
required ventilation rate  10 L/s or 0.01 m³/s 

 

The study was divided into three stages for CFD sensitivity of indoor parameters. The 

first (preliminary) stage, focused on investigating the base case for the study. The 

second stage used base case from the previous stage to explore room parameters 

identifying which ones meet the criteria in Table 3- 10. Parameters to be explored 

included, with and without chimney, and then the inlet and outlet size of room. The 

third stage focused on investigate chimney parameters related to the thermal 

behaviour in room and the chimney. This was carried out using a sensitivity analysis 

of different dimension of chimney inlet and outlet size, chimney width, chimney depth, 
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chimney outlet and different storeys connecting to the chimney. The findings from 

stage one to three were analysed and proposed design options to improve the indoor 

environmental condition.  

3.6.2.1 Stage 1: defining base case room 
This stage established a base case room for internal CFD experiments by considering 

Thailand building regulations and the result of the occupant perception survey (Section 

5.4). According to the minimum requirement of the regulation for the indoor dimension 

of the Building Control Act, the minimum unit interior area is 20 m2 (MinistryofInterior 

2017) (see Figure 3- 3). An 8-storey residential building with a double-loaded corridor 

was chosen as the base case because it was a common building type in high 

residential zones. Therefore, the study determined the minimum room size of 20 m2 

with a 4 m constructional span wide and floor to floor height is 2.60m to be a base case 

of room size. Typical materials were found from the occupant perception survey and 

were set for the base case room (See Table 3- 11). 

Table 3- 11 material of base case room  
Material  
room door hardwood 100cm (W) x 200cm (L) 
balcony door hardwood 75cm (W) x 200cm (L) 
toilet door uPVC 75cm (W) x 200cm (L) 
window wooden frame with single clear glass (3 mm) 
wall concrete (80 mm) with cast concrete (20 mm) 
ceiling concrete 
floor ceramic tile 

 

Variants on the base case room (Table 3- 12) were analysed using EnergyPlus and 

CFD to explore their impact on natural ventilation. These include: 

x Full Balcony (FB) with WC near corridor and Half Balcony (HB) with WC near 

balcony 

x Opening orientation options facing north and south or facing east and west (see 

Figure 3- 27) 

x Room locations on, including 1st, 4th and 7th floor as well as corner and middle 

room 

The base case for further stages was selected as having poor natural ventilation.  
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Figure 3- 27�Room types and building opening orientation options 
(Source: Author) 

Table 3- 12 Exploring base case room by EnergyPlus and CFD simulation 
independent variable cases 
room type Full Balcony (FB) and Half Balcony (HB) 2 EnergyPlus 

72 
cases 

 
CFD 
288 

cases 

building orientation facing EW, facing NS 2 
floor 1st floor, 4th floor, 7th floor 3 
weather data hottest day, rainy season, coldest day 3 
room location middle room, corner room 2 
time 3 AM, 8AM, 12AM, 4PM 4 
dependent variables 
air temperature 
relative humidity 
airflow rate 
controlled variables  
room specification See Table 3- 11 for materials 
room size 20 sq.m (4m wide x 5m long) 
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3.6.2.2 Stage 2: exploring room changes to improve natural ventilation flow 
The next stage was to investigate the potential of improving natural ventilation flow 

and IEQ by introducing a ventilation chimney and changing the ventilation aperture. 

The related indoor parameters, such as temperature, relative humidity and airflow were 

simulated using EnergyPlus and CFD simulation.  

From stage 1, the HB room type in the middle of corridor was found to be the hardest 

to ventilate, this was chosen as the base case for this stage (details in Table 3- 13). 

The naming conventions used for each parameter in the base case room can be found 

in Figure 3- 28. 

Table 3- 13 building configuration by EnergyPlus and CFD simulation 
Building configuration 
room size 4m (W) x 5m (L), floor to floor 2.6 m 
room plan type HB  
room location middle room 
room orientation opening facing the north 
occupancy 1 person per a unit 
HVAC system natural ventilation 
 

 

 
Figure 3- 28 HB Room layout with naming conventions for parameters used in 
simulation 
(Source: Author) 
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3.6.2.2.1 Room with and without chimney 

Initially, the base case room was analysed with and without chimney to determine 

which improved natural ventilation and thermal comfort. Hourly analysis was carried 

out on three different weather conditions, which are the highest temperature day, the 

representative day of rainy season and the lowest temperature day. (see Table 3- 14) 

Table 3- 14 Room with and without chimney for by EnergyPlus and CFD 
simulation 
independent variable  cases 
room  
  

room without chimney 2 144 
cases room with chimney  2 

weather data  hottest day, rainy season, coldest day 3 
Hourly 24 hours 24 
dependent variables 
air temperature 
relative humidity 
air speed 
airflow rate 
controlled variables 
room specification See Table 3- 11 and Table 3- 13 
chimney geometry size 1.0m (Wchimney) x 0.5m (Dchimney) x 3.0m (Hchimney)  
room inlet size inlet 1.0m (Winlet) x 1.1m (Linlet) 
room outlet size outlet size 1.0m (Woutlet) x 1.1m (Loutlet) 

 

 
 

 
Figure 3- 29 Room with and without chimney 
(Source: Author) 
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3.6.2.2.2 Room inlet and room outlet size 

This section studied the impact of room inlet and outlet on natural ventilation and 

thermal behaviour. Room inlet size was set according to the conventional window size 

in Thailand (width of 1.0m and length of 0.55m, width of 1.0m and length of 1.1m, width 

of 1.0m and length of 2.0m). Room outlet size was varied in 10 cm interval. The 

purpose of this section is to determine the optimal room inlet and outlet for achieving 

acceptable natural ventilation and thermal comfort. (see Table 3- 15 and Figure 3- 30) 

Table 3- 15 Room inlet and room outlet size for by EnergyPlus and CFD 
simulation 
independent variable  cases 
room inlet 
size 

1.0m (Winlet) x 0.55m (Linlet), 1.0m (Winlet) x 1.1m (Linlet), 
1.0m (Winlet) x 2.0m (Linlet) 

3 63 
cases 

room outlet 
size  

Wide Outlet (Woutlet fixed to1.0m): 11 cases 
1.0m (Woutlet) x 0.1m (Loutlet), 
1.0m (Woutlet) x 0.2m (Loutlet),  
1.0m (Woutlet) x 0.3m (Loutlet),  
1.0m (Woutlet) x 0.4m (Loutlet),  
1.0m (Woutlet) x 0.5m (Loutlet),  
1.0m (Woutlet) x 0.6m (Loutlet),  
1.0m (Woutlet) x 0.7m (Loutlet),  
1.0m (Woutlet) x 0.8m (Loutlet),  
1.0m (Woutlet) x 0.9m (Loutlet),  
1.0m (Woutlet) x 1.0m (Loutlet) 
Narrow Outlet (Woutlet varied from 0.1 to 0.5 m): 10 cases 
0.1m (Woutlet) x 1.0m (Loutlet),  
0.2m (Woutlet) x 1.0m (Loutlet),  
0.3m (Woutlet) x 1.0m (Loutlet),  
0.4m (Woutlet) x 1.0m (Loutlet),  
0.5m (Woutlet) x 1.0m (Loutlet),  
0.1m (Woutlet) x 2.0m (Loutlet),  
0.2m (Woutlet) x 2.0m (Loutlet),  
0.3m (Woutlet) x 2.0m (Loutlet),  
0.4m (Woutlet) x 2.0m (Loutlet),  
0.5m (Woutlet) x 2.0m (Loutlet) 

21 

dependent variables 
vapour pressure 
air speed 
airflow rate 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney geometry size 1.0m (Wchimney) x 0.6m (Dchimney) x 3.0m (Hchimney) 
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Figure 3- 30 Room inlet and room outlet size 
(Source: Author) 

3.6.2.3 Stage 3: exploration of chimney parameters impact on natural 
ventilation 

This section aimed to explore various variables relating to the chimney and its 

connecting to the room in order to determine the optimal chimney design for providing 

acceptable ventilation and thermal comfort.  

3.6.2.3.1 Chimney width and depth 

In the exploration of chimney width and depth, the study divided into two parts, which 

were varying width and depth with fixed chimney outlet and varying width and depth 
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with varied chimney outlet dimension. This study was not only used to establish the 

optimal chimney dimension but also used to determine the parameters with most 

influence on natural ventilation between chimney dimension and chimney outlet size. 

(see Table 3- 16 and Figure 3- 31) 

Table 3- 16 Chimney width and depth by EnergyPlus and CFD simulation 
independent variable  cases 
fixed chimney 
outlet  
(0.3m x 0.3m) 

Wchimney 0.3m, 0.4, 0.5m, 0.6m 4 32 
cases Dchimney  0.3m, 0.4, 0.5m, 0.6m, 0.7m, 0.8m, 0.9m, 1.0m  8  

varied chimney 
outlet 

Wchimney 0.3m, 0.4, 0.5m, 0.6m 4 40 
cases Dchimney  0.1m, 0.2m, 0.3m, 0.4, 0.5m, 0.6m, 0.7m, 

0.8m, 0.9m, 1.0m 
10  

dependent variables 
vapour pressure 
airflow rate 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney height 3 m  
room inlet size 1.0m (Winlet) x 2.0m (Linlet) 
room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
 

 

 
Figure 3- 31 Chimney width and depth 
(Source: Author) 
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3.6.2.3.2 Room outlet location  

This section focused on exploring the different locations of room outlet (see Figure 3- 

32). The outlet locations were�divided into three columns and three rows. The columns 

included left, right and corner. The row of the outlet location was divided into three 

height level, which were upper, middle and lower outlet. The upper outlet refers to the 

hight above occupant¶V head. The middle outlet refers to the occupant¶V living level. 

The lower outlet refers to the height of bed. (see Table 3- 17) 

Table 3- 17 Room outlet location by EnergyPlus and CFD simulation 
independent variable  cases 
outlet location (row) upper (U), middle(M), lower(L) 3 9 

cases outlet location (column) left (L), central (C), right(R) 3 
dependent variables 
vapour pressure 
airflow rate 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney height 3m  
Room inlet size 1.0m (Winlet) x 2.0m (Linlet) 
Room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
chimney width and depth 0.3m (Wchimney) x 0.3m (Dchimney) 

 

 

 
Figure 3- 32 Room outlet location on wall close to corridor 
(Source: Author) 

3.6.2.3.3 Chimney material 

According to the finding Section 2.4.3.1, solar chimney can enhance ventilation flow 

compared to conventional chimney. This is because solar chimney can generate 



116 

greater difference between outdoor and indoor air temperature. In addition, insulation 

is another crucial parameter of solar chimney, as solar heat gain in the chimney can 

be lost through uninsulated wall (Afonso and Oliveira 2000). Therefore, this study 

aimed to explore vapour pressure and airflow rate of three chimney types, including 

chimney, solar chimney without insulation and solar chimney with insulation (see Table 

3- 18).    

Table 3- 18 Chimney material by EnergyPlus and CFD simulation 
independent variable cases 
chimney material  chimney  3 

cases solar chimney without insulation 
solar chimney with insulation 

dependent variables  
vapour pressure 
airflow rate 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney height 3m  
Room inlet size 1.0m (Winlet) x 2.0m (Linlet) 
Room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
chimney width and depth 0.3m (Wchimney) x 0.3m (Dchimney) 

 

3.6.2.3.4 Chimney design 

3.6.2.3.4.1 Trimmed chimney 

Referring to chapter 2.4.3.1, about duct design method, pressure drop in the chimney 

can be influenced E\� FKLPQH\¶V� LQWHUQDO� angle. Internal angle of 45 degrees is 

recommended as it can minimise turbulence, pressure drop and the risk of blockages. 

Therefore, this section aimed to investigate ventilation in the room and chimney with 

different internal angles. (see Table 3- 19 and Figure 3- 33) 
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Table 3- 19 Trimmed chimney by EnergyPlus and CFD simulation 
independent variable cases 

chimney design untrimmed chimney 3 
cases 0 degree trimmed chimney 

45 degree trimmed chimney 
dependent variables  
ventilation 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney height 3m  
Room inlet size 1.0m (Winlet) x 2.0m (Linlet) 
Room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
chimney width and depth 0.3m (Wchimney) x 0.3m (Dchimney) 
 

 

 
Figure 3- 33 Trimmed chimney 
(Source: Author) 

3.6.2.3.4.2 Room with and without grille and mosquito wire  

In building located in Thailand, it is common to have mosquito wire installed on 

openings to prevent insects and small pests entering. Grille is another type of opening 

protection to protect building opening from larger unwanted animals, such as birds. 

The addition of the obstruction to room aperture has an impact on the discharge 

coefficient of the opening and can reduce the flow rate. Therefore, this section of the 

study focuses on investigating ventilation and vapour pressure between the opening 

with and without grille and mosquito wire (see Figure 3- 34 and Table 3- 20)� The 
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dimension of mosquito wire and grille in the model were selected based on common 

practices in Thailand. For example, mosquito wire holes were set with a width and 

length of 2 mm. Grille blades of 5 cm were installed at a 45- degree angle with 5 cm 

space between each blade.  

Table 3- 20 Room with and without grille and mosquito wire by EnergyPlus and 
CFD simulation 
independent variable cases 

opening 
material 

with grille and mosquito wire 2 
cases without grille and mosquito wire 

dependent variables  
airflow rate 
vapour pressure 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney height 3m  
Room inlet size 1.0m (Winlet) x 2.0m (Linlet) 
Room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
chimney width and depth 0.3m (Wchimney) x 0.3m (Dchimney) 

 

 

 
Figure 3- 34 Room with and without grille and mosquito wire 
(Source: Author) 

3.6.2.3.5 Chimney outlet style 

Chimney outlet size and location are one of the influencing factors of thermal 

performance of chimney. Based on the finding in Section 2.4.3.1, solar chimney is 

recommended to face south for maximising exposure to sunlight. A top outlet of 
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chimney can provide continuous natural airflow upward and out of the chimney. 

However, using a top outlet has a limitation as the outlet needs to be designed to 

prevent water from entering the chimney. In Thailand, roof systems are prone to 

occasional water leaking during rainy season (Naing et al. 2017). Side outlet is another 

type of chimney outlet, which helps mitigate water leakage issue.  

This section focuses on exploring ventilation and vapour pressure of four different 

styles and locations of chimney outlet locations. This includes chimney outlet on roof, 

facing south, facing both the north and the south and multi-chimney facing both the 

north and south (see Table 3- 21 and Figure 3- 35). In addition, height of the outlet 

was also investigated in this section. Higher outlet (H) results proportionally in the 

reduction of solar chimney material area on the wall due to the limitation of the chimney 

height. 

Table 3- 21 Chimney outlet style by EnergyPlus and CFD simulation 
independent variable cases 
chimney outlet 
location 

on roof (top outlet) 4 
cases facing the south 

facing the north and the south 
multi-chimney facing north and the south 

Height of chimney outlet (H) 
(multi-chimney facing north 
and the south) 

0.3 m, 0.4 m, 0.5 m, 0.6 m, 0.7 m, 0.8 m, 0.9 m, 
1.0 m, 1.1 m, 1.2 m, 1.3 m, 1.4 m, 1.5 m 

13 
cases 

dependent variables   
vapour pressure 
airflow rate 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
weather  average annual weather data see Table 3- 9 
chimney height 3m  
Room inlet size 1.0m (Winlet) x 2.0m (Linlet) 
Room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
chimney width and depth 0.3m (Wchimney) x 0.3m (Dchimney) 
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Figure 3- 35 Chimney outlet style 
(Source: Author) 

3.6.3 Summary 
The findings from Stage 1 to Stage 3 of internal sensitivity analysis were summarised 

the key internal factors on vapour pressure and natural ventilation in apartment blocks 

in Thailand. The optimal design options were analysed and to establish design 

proposals for improving indoor environmental quality via passive design strategy. In 

addition, thermal comfort hours were analysed in relation to different seasons. 

 Validating design options for improving internal environment 
quality within thermally free- running apartments (Phase 3) 

To achieve Objective 6 of the research, the aim of this phase is to validate the design 

options applicability in practice. This was achieved by consulting with Thai built 

environment professionals (BEPs), e.g., architects, engineers, and academics, who 

are involved in multi-storey building design and construction projects.  

Semi-structured interview was applied as a method to investigate WKH�SURIHVVLRQDOV¶�

thoughts, ideas and perceptions of the proposed design options. The interviews were 

conducted online in order to encourage professionals involvement. 

Ethics approval was confirmed before interview began (see Appendix E). All the 

participants were informed about project details, data protection and voluntary 



121 

participation to reduce a risk of any participants experiencing either physical or 

psychological discomfort. 

3.7.1 3DUWLFLSDQW¶V�FULWHULD 
The interview invited BEPs including engineers, architects and academics, who reside 

in Thailand and have experience in multi-storey building design and construction 

projects to participate the project. Purposive sampling method was applied for 

selecting the interviewees. Relevant literature was consulted for the appropriate 

sample size. Marshall et.al 2013 recommended between 20 and 30 interviews as a 

sample size for Grounded Theory studies and between 15 and 30 for single-case 

studies. Galvin 2015 suggested that saturated data can be achieved after between 12 

and 30 interviews. Francis et.al 2010, reached data saturation within 14-17 interviews. 

This research, therefore, set 17 interviews as a minimum sample size, but additional 

invitations were extended in case non-availability. The aim was to equal representation 

across three groups of BEPs, architects (33.3%), engineers (33.3%) and academics 

(33.3%).(Galvin 2015) (Francis et al. 2010) (Marshall et al. 2013) 

In total, there were 21 interviewees, which were 7 people for each group. The architect 

group included both architects and interior architects. The engineer group comprised 

of construction engineers and mechanical engineers. The academics group consisted 

of two professional backgrounds, which are architect-based and engineer-based 

academics. The academics were from diverse institutions. Most of them have research 

background about ventilation system in building in Thailand context. 

3.7.2 Interview design 
The interview questions were designed based on semi-structured interview method. 

The research developed interview questions from broad to specific questions. Follow 

up questions were designed to probe deeper into the topic for clarifying and validating 

information purpose. The interview questions were divided into two parts. Part one 

HVWDEOLVKHG�FRQWH[W�RI� WKH�H[SHUW¶V�H[SHULHQFH�DQG�NQRZOHGJH� LQ� UHODWLRQ� WR�FXUUHQW�

multi-storey residential building and passive design. Part two focused on specific 

questions about passive strategies and design options to improve natural ventilation 

in thermally free-running multi-residential buildings in Thailand. Prior to interviewing 

BEPs, a pilot study was tested and tKH�TXHVWLRQV¶�developed to ensure reliability and 

internal validity. 
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3.7.2.1 Part one of interview questions 
This part aimed to explore opinion, experience, and knowledge of the BEPs about 

multi-storey residential building and passive design in Thailand context. Open-ended 

questions were employed in this part to obtain the opinion of the BEPs. The questions 

in this part allowed the interviewees to express their thoughts and demonstrate their 

understanding. Interview questions are in Table 3- 22. 

Table 3- 22 part one of interview questions 
topic questions 
1.1 General question What is your built profession? (architect, engineer, academics) 
1.2 Issue of indoor 
environmental quality 

What (if any) indoor environmental quality problems exist in 
free-running multi-storey residential buildings in Thailand?  
What design solutions do you think could be implemented to 
solve these issues(s)? 

1.3 Natural ventilation Do you think natural ventilation is important in thermally free 
running building in Thailand?  
If yes - what benefits do you think natural ventilation brings? 
If no - are there specific issues that you associate with natural 
ventilation? 

 

3.7.2.2 Part two of interview questions 
In this part, specific questions about passive cooling strategies and design options 

were employed. Participants were solicited to provide their opinions on how to 

implement passive cooling in multi-residential building in Thailand. BEPs were inquired 

to define significant factors related to building and construction projects for each design 

option illustrated and provide suggestions for future buildings (see Table 3- 22). A 

combination of open and close -ended question were used in this part. The interview 

question about improving natural ventilation in building encouraged the participants to 

suggest solutions and locate the area for improving natural ventilation of multi-storey 

residential building (in Figure 3- 37). The questions about BEPs¶�opinions on options 

solicited the participants to provide perspectives on the potential of natural ventilation 

in multi-storey floor plan. Building model and CFD simulation result for each option 

were provided (see Appendix F). The questions were formulated based on optimal 

options derived from the finding of CFD internal sensitivity analysis. 
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Table 3- 23 part two of interview questions 
topic questions 
2.1 Improve 
natural 
ventilation in 
building 

a. What feature in Figure 3- 36 can be developed to improve ventilation in 
a thermally free running multi-residential building in Thailand 
b. What feature in Figure 3- 37 can be developed to improve ventilation in 
a thermally free running multi-residential building in Thailand 

2.2 Solar 
chimney 

a. What opportunities and obstructions do you see in integrating solar 
chimney with multi-residential building in relation to natural ventilation, 
building design, energy, and construction? 
b. For obstruction, what additional system should be used to assist solar 
chimney in relation to natural ventilation, building design, energy, and 
construction? 

2.3 
3URIHVVLRQDOV¶�
opinions on 
options 

Please give your opinions on the options in relation to the potential of 
natural ventilation options in thermally free-running apartment dwellings in 
Thailand climate condition. 
2.3.1 Different balcony type 
a) Room with solid wall balcony 
b) Room with railing balcony 
2.3.2 Room inlet size 
a) Room with window size 1.0 x 1.1 m 
b) Room with window size 1.0 x 2.0 m 
2.3.3 Room with and without chimney 
a) Room without chimney 
b) Room with chimney 
2.3.4 Chimney design 
a) One chimney connected to multi-rooms 
b) One chimney connected to only one rooms 
2.3.5 Room outlet design 
a) Room with horizon room outlet 
b) Room with vertical room outlet 

 

 

(a) whole floor plan of multi-residential 

 
Figure 3- 36 whole floor plan of multi-residential 
(Source: Author) 
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(b) a plan of one room in multi-residential building 

 

Figure 3- 37 floor plan of one room multi-residential building 
(Source: Author) 

3.7.3 Data analysis 
Thematic analysis was utilised to identify, analyse and demonstrate pattern of 

SURIHVVLRQDOV¶�RSLQLRQV��7KHPDWLF�DQDO\VLV�LV�a qualitative method which is commonly 

used to describe and categorise themes of data (Braun and Clarke 2006). Thematic 

analysis can be used to interpret various aspects of SDUWLFLSDQWV¶�RSLQLRQV, for example, 

construction, passive design strategy, aesthetic and socio-cultural context influencing 

their response. In addition, inductive approach in thematic analysis was used to reveal 

unexpected information and then refine theme for a deep understanding of the data. 

The study utilised NVIVO 12 to support coding and analyse of interview data.  

The five steps of coding in Thematic analysis were applied to the research (Castleberry 

and Nolen 2018; Williams and Moser 2019) 

x Initial coding involves capturing main ideas, concepts or themes that emerge 

from the data. This is a primary exploration to identify patterns to generate set 

of descriptive codes, which provides a foundation for the next step of coding.  

x Open coding is a more in-depth exploration, which aim to develop coding 

achieved from initial coding step. Open coding is approaching the thematic 

fragments and systematically organising data collection. 

x Axial coding involves further refining and categorising the completion achieved 

from open coding in order to prepare data for focus coding. 

x Focused coding is to develop coherence by connecting and combining by 

connecting and combining topics in order to find significant connections 

between individuals. The individuals were sought out for profound connections. 



125 

x Selective coding is used to identify the core themes that encapsulate the main 

points of data. This coding generates cohesive narrative to reflect the main 

themes. 

3.7.4 Design options 
Referring to the findings presented in Chapter 8, both the original room and the optimal 

case will be evaluated thermal behaviour difference using EnergyPlus and CFD 

simulation. This section focuses on examining vapour pressure and ventilation pattern 

of these across different weather seasons (resulted in Chapter 9) 

Table 3- 24 design options by EnergyPlus and CFD simulation 
independent variable  cases 
balcony original room, optimal case 2 36 

cases Room floor 1
st
 floor room, 4

th
 floor room,7

th
 floor room 3 

Room inlet size 1.0m (Winlet) x 1.1m (Linlet) 
1.0m (Winlet) x 2.0m (Linlet) 

2 

weather data hottest day, rainy season, coldest day  3 
dependent variables 
vapour pressure 
airflow rate 
controlled variables  
room specification See Table 3- 11 and Table 3- 13 
Room outlet size 0.3m (Woutlet) x 1.0m (Loutlet) 
chimney width and depth 0.3m (Wchimney) x 0.3m (Dchimney) 
 

 Summary Methodology 
Research methods of this study were carried out in three parts to achieve the research 

objectives. In the initial part, physical measurements were made to evaluate the 

current indoor environment conditions. This was carried out in relation to a survey to 

establish the perceptions of occupants experiencing these environment conditions. 

The monitoring data from the initial phase was also used to establish boundary 

conditions for CFD sensitivity model of outdoor (external) conditions in Phase 2. In 

addition, the monitoring data was used to validate the internal CFD model and building 

simulation model. These models were used to explore outdoor and indoor factors 

affecting natural ventilation and thermal behaviour of the building. CFD and building 

simulation were performed to analyse airflow and thermal behaviour of building. Part 

3 investigated design options for improving indoor environmental quality. This part 
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involved engaging with built professionals in Thailand for validating the proposed 

design. The summary of method flow chart is in Figure 3- 38. 

 
Figure 3- 38 workflow chart 
(Source: Author)
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4. Monitoring Physical Measurement Result 
___________________________________________________________________ 

 Introduction 
This chapter presents the findings from monitored physical measurement conducted 

to explore actual environment conditions in multi-residential building in Thailand, in 

order to achieve objective 1 of the research. The physical measurements can evaluate 

current situation particularly, EXLOGLQJ¶V� ,(4�SHUIRUPDQFH�LQ� UHODWLRQ� WR� WHPSHUDWXUH��

relative humidity, and air velocity, which can provide insights into internal parameters 

affecting occupants. 

The methodology for monitoring physical measurement were detailed in Section 3.3. 

Monitored data encompassed air temperature, relative humidity and air velocity. This 

study divided physical measurement into two parts, which are stack area and 

DSDUWPHQWV¶�URRPV��0RQLWRULQJ�LQ�the stack area was conducted in the stairwell of a 5-

storey building, as the stairwell exhibited some of the parameters of the stack chimney. 

IQ�DSDUWPHQWV¶�URRPV, the physical measurements were conducted in IRXU�SDUWLFLSDQWV¶�

rooms, in multi-storey buildings in Chiang Mai.  

The monitoring physical measurement results in this chapter are divided into two parts, 

which are Stack area results (Section 4.2) and $SDUWPHQWV¶�URRPV�UHVXOWs (Section 

4.3). 

 Stack area results 
The results are divided into 3 cases regarding the three different scenarios, which 

are: 

x Case 1: only the window at the half landing between the 1st floor and the 

2nd floor (W2) was opened�(Section 4.2.1) 

x Case 2: only the top window (W4) was opened (Section 4.2.2) 

x Case 3: both W2 and W4 were opened (Section 4.2.3) 

 

 

 

 

N
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Figure 4- 1 model of a multi-storey building for collecting stack temperature, 
relative humidity, and air velocity 
(Source: Author) 

4.2.1 Case1: only the window at the half landing between the 1st floor and the 
2nd floor (W2) was opened  

4.2.1.1 Air Temperature 
The outside temperature was decreasing during the nighttime and reached the lowest 

of ���7°C at �����am. The temperature during the daytime increased and reached its 

peak at 29.05°C at 3.39 pm. Nevertheless, the indoor temperature was more stable in 

comparison to the outside temperature. The higher position had a higher temperature, 

however, the temperature of location A steadily paralleled to the other� locations only 

in the daytime(8.00am-4.00pm). When approaching the nighttime the temperature of 

ORFDWLRQ� $� ZDV� VLPLODU� ORFDWLRQ� %¶V� WHPSHUDWXUH� �VHH Figure 4- 2). The average 

temperature at location A, B, C and D was 21.66°C, 22.13°C, 23.00°C and 24.05°C, 

respectively. The minimum temperature at this stack area was between 21.00°C and 

23.22°C, which was location A, whereas the maximum temperature was a range from 

22.28°C to 25.29 °C, which was location D. The standard deviation (S.D.) of the 

temperature at each different height had a similar value which was between 0.38 and 

0.57. This means the temperature data at each indoor location was clustered around 
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the mean temperature. However, the outdoor temperature data had more spread out 

than the internal temperature, which was approximately 2.44.  

4.2.1.2 Relative humidity 
Overall relative humidity was inversely proportional to temperature. The outdoor 

relative humidity gradually increased during the nighttime and reached a peak at 6.30 

am. with 73.04%RH. Then it plunged to 44.95%RH at 3.27 pm. The outdoor relative 

humidity fluctuated more compared to the indoor relative humidity. Additionally, the 

standard deviation (S.D.) of the outdoor humidity data had approximately 7.32 higher 

than the S.D. value of the indoor area. The lower positions showed higher relative 

humidity; for example, location A had higher relative humidity than location B (see 

Figure 4- 3). The average relative humidity of location A, B, C and D was 65.77%RH, 

63.44%RH, 60.57%RH, and 57.58%RH, respectively. The minimum relative humidity 

of all internal locations was between 52.94%RH and 65.07%RH, while the maximum 

humidity was from 59.76 %RH to 67.12%RH. 

Case 1: One-minute average air temperature at the stairwell 

 
Figure 4- 2 One-minute average air temperature at the stairwell (case 1) 
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Case 1: One-minute average relative humidity at the stairwell 

 
Figure 4- 3 One-minute average relative humidity at the stairwell (case 1) 
 

4.2.1.3 Air movement 
The air velocity of all sensors was almost 0 m.s-1. Empirically, without outlet opening, 

there was no effective air velocity through the sensors. 

4.2.2 Case 2: only the top window (W4) was opened 

4.2.2.1 Air Temperature 
The outdoor temperature decreased slightly from 23.43°C at 12.00 am to 21.00°C at 

7.48 am. The temperature then reached a peak at 29.80°C at 3.30 pm, finally dropped 

again. The outdoor temperature fluctuated more than the indoor temperature. Besides, 

it can consider from the standard deviation value. The standard deviation of outdoor 

temperature was 2.60, while the standard deviation of indoor temperature was 

between 0.39 and 0.57. The average temperature of location A, B, C, and D was 21.97 

°C, 22.35°C, 23.4°C and 24.33°&��UHVSHFWLYHO\��7KH�UDQJH�RI�PLQLPXP�VWDFN�DUHD¶V�

temperature was between 21.18°C and 23.40°C, while the maximum was between 

22.54°C and 25.58°C. The higher location related to higher temperature parallelly, 

such as location D had a higher temperature than location D. However, the 

temperature of location A steadily paralleled to the other�locations only in the daytime 
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(8.00 am-4.00 pm), whereas the temperature during nighttime was gravitating toward 

ORFDWLRQ�%¶V�WHPSHUDWXUH��VHH�Figure 4- 4). 

Case 2: One-minute average air temperature at the stairwell 

 
Figure 4- 4 One-minute average air temperature at the stairwell (case 2) 
 

4.2.2.2 Relative humidity 
Relative humidity inversely relates to temperature. The outdoor relative humidity rose 

slightly during nighttime and then reached a high point at 6.30 am with 73.98%RH. 

The relative humidity declined significantly during daytime and had the lowest at 3.27 

pm. Since then, the relative humidity was noticeable increasing. Most of the indoor 

relative humidity remained stable. The relative humidity of lower location had a higher 

humidity, e.g., location A had the highest relative humidity in comparison to other 

locations. The average relative humidity of location A, B, C, and D were 67.90 %RH, 

65.65%RH, 62.61%RH and 59.45%RH, respectively.  
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Case 2: One-minute average relative humidity at the stairwell 

 
Figure 4- 5 One-minute average relative humidity at the stairwell (case 2) 
 

4.2.2.3 Air movement 
The air velocity of all sensors was almost 0 m.s-1. Empirically, without outlet opening, 

there was no effective air velocity through the sensors. 

4.2.3 Case 3: both W2 and W4 were opened. 

4.2.3.1 Air Temperature 
During the nighttime, the outdoor temperature fell to a low point at 6.30 am with 

19.29°C. The temperature recovered and reached a peak at 3.33 pm with 29.90 °C, 

and then the trend was downward again. At location B, C and D, the indoor 

temperature also declined during nighttime and reached a peak during the daytime, 

WKHQ�VWDUWHG�WR�IDOO�DJDLQ��6XFK�ORFDWLRQV¶�WHPSHUDWXUH�VKRZHG�D�VLJQLILFDQW�UHODWLRQVKLS�

with the outdoor temperature. Additionally, the temperature at location B, C and D had 

a parallel trend�to each other, which the higher location had a higher temperature. 

+RZHYHU��ORFDWLRQ�$¶V�WHPSHUDWXUH�KDG�OHVV�IOXFWXDWLRQ�FRPSDULQJ�WR�RWKHU�ORFDWLRQV¶�

temperature. The temperature trend of this location was clinging toward the outdoor 

temperature only after midnight (12.00 am ± 7.30 am), while the trend showed a 

significant difference during daytime (from 8.30 am to 7.30 pm) (see Figure 4- 6).   
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Case 3: One-minute average air temperature at the stairwell 

 
Figure 4- 6 One-minute average air temperature at the stairwell (case 3) 
 

4.2.3.2 Relative humidity 
The outdoor relative humidity had the highest fluctuation than the indoor relative 

humidity. The average outdoor relative humidity during nighttime was 66.72%RH, 

while the relative humidity during the daytime was 59.51%RH. The overall trend of the 

indoor relative humidity was considerably associated with the outdoor trend; however 

WKH�LQGRRU�UHODWLYH�KXPLGLW\�KDG�OHVV�RVFLOODWLRQ�WKDQ�WKH�RXWGRRU��7KH�KLJKHU�VHQVRU¶V�

location had a lower relative humidity, e.g., location D had less relative humidity than 

location B. Except for location A during 12.00 am and 7.54 am, the amount of relative 

humidity of this location had similar to location B at the same period. (see Figure 4- 7)  
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Case 3: One-minute average relative humidity at the stairwell 

 
Figure 4- 7 One-minute average relative humidity at the stairwell (case 3) 
 

4.2.3.3 Air movement 
Both locations supposed to have the same amount of air speed due to the same size 

between the inlet and outlet. However, the air velocity at location B was greater than 

location D. From the site observation, the air roses within the building through the 

vertical flow passage. The air velocity might be scattered from the texture of the gap 

EHWZHHQ�WKH�VWDLUV¶�IOLJKWV��WKH�VWDLU�VKDSH��DQG�WKH�KDQGUDLOV��7KH�VLGH�HIIHFW�IURP�VXFK�

REVWDFOHV�ZRXOG�OHDG�VXFK�WZR�VHQVRUV¶�ORFDWLRQV�WR�KDYH�GLIIHUHQW�DLU�speed.  

At location B, the average air velocity can be measured at 0.10 m. s-1. During the 

nighttime (00.00 am -6.00 am), the air velocity at this location was between 0.07m. s-

1 and 0.12 m. s-1. Subsequently, the air velocity kept decreasing until reaching its 

lowest at 0.05 m. s-1 at 10.00 am and increasing to its peak at 0.24 m. s-1. Since 3.00 

pm, the air velocity declined dramatically then levelled off for a period, then the air 

velocity after 8.30 pm started gradually rising.  

At location D, the average air velocity was 0.02 m. s-1. The air velocity between 12.00 

am and 10.24 am had fluctuated vary from 0.01 m. s-1 to 0.02 m. s-1and continuously 
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increased from 11.12 am until reaching its peak at 0.05 m. s-1 around 2.45 pm. The air 

velocity during the rest of the day remained steady. (see Figure 4- 8). 

Case 3: One-minute average air velocity at the stairwell 

 
Figure 4- 8 One-minute average air velocity at the stairwell (case 3) 
 

4.2.4 Summary 
The outdoor air temperature relates inversely proportional to outdoor relative humidity.  

In case 1 and 2, only one window was opened. The trend of indoor air temperature 

and relative humidity relatively stable paralleling to each other, except the air 

temperature of location A during the nighttime. The higher air WHPSHUDWXUH�VHQVRU¶V�

location appeared the higher amount of air temperature, while the higher location of 

UHODWLYH�KXPLGLW\¶V�VHQVRU�LQIOXHQFHG�RQ�DFKLHYLQJ�ORZHU�UHODWLYH�KXPLGLW\��2YHUDOO��WKH�

air velocity in these cases appeared 0 m. s-1.  

In case3, the trend of both indoor air temperature and relative humidity significantly 

related to the trend of outdoor air temperature and relative humidity greater than the 

other two cases. 7KH�KLJKHU�WHPSHUDWXUH�VHQVRU¶�SRVLWLRQ�OLNHZLVH�VKRZHG�KLJKHU�air 

WHPSHUDWXUH��ZKHUHDV�WKH�KLJKHU�UHODWLYH�KXPLGLW\�VHQVRU¶V� ORFDWLRQ�LQGLFDWHG�ORZHU�

relative humidity. The air velocity trend on the lower floor indicated higher velocity.  
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 $SDUWPHQWV¶�URRPV 

4.3.1 Weather during the physical measurement 
The physical measurement was carried out from 16th January to 6th February, 

considered as winter in Thailand. Figure 4- 9 and Figure 4- 10 show the comparison 

between average meteorological weather data in each season obtained from the Thai 

Meteorological Department and on-site outdoor measurement. The hourly average 

meteorological air temperature in winter is the lowest compared to other seasons, 

between 18.51° and 30.17°C, where the winter relative humidity is between 

41.49%RH and 85.95%RH� (ThaiMeteorologicalDepartment 2021). The on-site 

outdoor weather slightly differs in temperature and relative humidity comparing to 

meteorological winter data, which the difference was around 0.7°C for temperature 

and 1.3 %RH for relative humidity. 

 

 
Figure 4- 9 Hourly average outdoor air temperature in each season and 
physical monitoring period, Chiang Mai, Thailand  
(Source: The Meteorological Department 2021) (ThaiMet eoro logicalDepartment 2021) 
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Figure 4- 10 Hourly average outdoor relative humidity in each season and 
physical monitoring period, Chiang Mai, Thailand  
(Source: The Meteorological Department 2021) (ThaiMeteorol ogicalD epartment 2021)  

 

The on-site outdoor air temperature varied between 17°C and 31.08 °C, while the 

relative humidity ranged from 29.10%RH to 87.79%RH. On day 13 and 14 of 

monitoring, there was raining in Chiang Mai which enhanced the outdoor relative 

humidity reaching the maximum humidity. The outdoor air temperature and relative 

humidity during the monitoring period was 55.90% in the thermal comfort zone (see 

Figure 4- 11), which was 27.48% of the diurnal and 28.42% of the nocturnal outdoor 

temperature and relative humidity in the comfort zone. 

 

 

 

 

 

 

 



138 

 

 
Figure 4- 11 Relationship between outdoor air temperature and outdoor 
relative humidity during the monitoring period  
(Source: Author)  

4.3.2 Building conditions 

4.3.2.1 Building environment 
Four rooms under study were located in two multi-storey buildings, each in proximity 

to another multi-storey building. The buildings are approximately 4 km from each other 

and are situated in the city municipality. Both multi-residential buildings are in Chiang 

Mai city centre, however, differ in the surrounding area.  

Building A is mostly surrounded by hardscape elements, such as other buildings and 

concrete structures, which account for more than 90% of its surroundings. In contrast, 

Building B had a larger surrounding area of softscape features, including trees and 

gardens. These different environments likely to contribute variations in water vapor 

pressure within the rooms of each building, as the presence of softscape or hardscape 

can significantly influence local microclimates and indoor atmospheric conditions 

(Holmer and Eliasson 1999; Kuttler et al. 2007; Giridharan and Emmanuel 2018). 
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4.3.2.2 Materials 
Both building A and B were built with column-beam structure with masonry wall (see 

Table 4- 1). 

Table 4- 1 0DWHULDOV�LQ�SDUWLFLSDQWV¶�URRPV 
  Room AC Room AM Room BC Room BM 
Building A A B B 
Building height (floor) 5 5 8 8 
Floor level 1st floor 1st floor 3rd floor 3rd floor 
Room location corner middle corner middle 
WC location close to 

balcony 
close to 
balcony 

close to 
corridor 

close to 
corridor 

Window-to Wall Ratio 
(WWR) 16.86% 21.72% 21.26% 43.08% 
Materials wall masonry masonry masonry masonry 

floor tile tile tile tile 
glazing single pane single pane single pane single pane 

ceiling 
gypsum 
board 

gypsum 
board 

gypsum 
board 

gypsum 
board 

room door wood wood wood wood 
WC door plastic plastic wood wood 

 

4.3.3 Result 

4.3.3.1 Water Vapour Pressure 
The temperature and relative humidity derived from monitoring equipment will be 

converse to be vapour pressure. This is because partial vapour pressure is a direct 

measurement of the amount of water vapour in the air (Cengel and Ghajar 2015). 

Evaluating water vapour pressure provides additional data into the behaviours of 

moisture in the air. Water vapour pressure measures the quantity of moisture in the 

air directly, whereas temperature and humidity only offer indirect measurements 

(Anderson 1936). 

Relative humidity (ȥ)  = e/es ×100     (equation 1) 

Where  ȥ = relative humidity 

  e = the partial water vapour (Pa) 

  es = saturation vapour pressure (Pa) 

The relationship between saturation vapour pressure and temperature is by 

Clausius-Clapeyron equation: 
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es�ൎ�e0 ×exp( 
ୖ౬
×( ଵ
బ

 - ଵ

))    (equation 2) 

Where  es = saturation vapour pressure (Pa) 

  Rv = 461 J·K-1·kg-1 

  T0 = 273.15 K 

  T = actual temperature (°C) + 273.15  

  e0 = 0.6113 kPa 

L a latent-heat parameter. For liquid water, the latent heat 

of vaporisation is L= Lv = 2.5·106 J·kg-1, Lv/Rv = 5,423 K 

Mixing Ratio (mass of water vapour per mass of dry gas) is calculated by: 

X=B × 
ୣ

ିୣ
     (equation 3) 

Where  x = mixing ratio (g.kg-1) 

e = the partial water vapour (Pa) 

ȡ = total pressure (Pa) 

B = Molecular weight of water/ Molecular weight of gas  

   (Bair = 621.97 g.kg-1) 

4.3.3.1.1 Results 

Figure 4- 12 shows water vapour the whole period of monitoring. Water vapour of room 

AM, room AC and the outdoor ranged from 1.3 kPa to 2.5 kPa, while the water vapour 

in room BM and BC can reach 2.7kPa. The average wDWHU�YDSRXU�LQ�WKH�EXLOGLQJV�%¶V�

rooms was around 2.1 kPa, which was higher approximately 20 % of the average of 

EXLOGLQJV�$¶V�URRPV��7KH�ORZHVW�ZDWHU�YDSRXU�LQ�HDFK�GD\�RI�DOO�URRPV�RFFXUUHG�GXULQJ�

the nighttime, around 7.00 pm. The highest water vapour of all rooms exhibits between 

day 13 and day 14, which is due to the rain took place in both sites. In each day, the 

vapour pressure mostly dropped to the lowest during the afternoon (between 2.00PM-

3.00PM). 
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Figure 4- 12 9DSRXU�SUHVVXUH�RI�RXWGRRU�DQG�LQGRRU�SDUWLFLSDQWV¶�URRPV 
(Source: Author) 

In detail, Day 17 can show vapour pressure difference in relation to room opening, 

which be categorised into 4 periods (see Figure 4- 13). Period A is a period of sleeping 

time. All rooms opened the maximum number of their room opening; however, room 

BC and BM closed the curtains during this period. Room AC had the lowest vapour 

pressure comparing to the other rooms. The vapour pressure in Room AC and AM 

remained steady. Period B is a period of a morning routine. After taking a shower, 

Room AC and AM spent 10 and 20 mins respectively to reduce the water vapour 

produced, while room BC and BM need more than 35 mins to reduce it. Period C is 

an unoccupied period. Occupants in Building A¶ rooms went out while left all openings 

open, whereas the participants building B leave the rooms and closed their openings. 

The vapour pressure in room AC and AM remained stable. Period D is a period of the 

evening. Room BC hung clothes for drying in the rooms resulting in vapour pressure 

grew strikingly, while room BM was still unoccupied with all openings closed. Both 

Room AM and AC continuously open their opening. The vapour pressure in Room AC 

changed relative to the outdoor vapour pressure more than room AM. 

 

 

 



142 

 

 
Figure 4- 13 9DSRXU�SUHVVXUH�RI�RXWGRRU�DQG�LQGRRU�SDUWLFLSDQWV¶�URRPV�RQ�
Day 17 
(Source: Author) 

In the detail of Day 13, there was raining between 6.30 PM and 7.30 PM. The data 

can be divided into 2 periods: Period A ± before raining and Period B-during raining 

(see Figure 4- 14). In Period A, the vapour pressure in all rooms rose around 0.45 

kPa comparing to the same period in no raining day. In Period B, room AC, AM and 

BC opened their openings during the whole period of rain, while room BM closed the 

opening. During 30 mins before raining, the mixing ratio of room AC and AM increased 

around 1 g.kg-1, while room BC spent one hour increasing the same amount of mixing 

ratio. Room BM closing the opening during that time, the mixing ratio rose just 0.25 

g.kg-1.  
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Figure 4- 14 9DSRXU�SUHVVXUH�RI�RXWGRRU�DQG�LQGRRU�SDUWLFLSDQWV¶�URRPV�RQ�
Day 13 
(Source: Author) 

The data in Day 15 can be categorised into three periods (see Figure 4- 15). Period 
A shows that all participants occupied their spaces at the same time. The vapour 

pressure between outdoor and Room AC was similar for the whole period, while the 

vapour pressure in Room AM was a bit higher than Room AC. Room BC and BM 

opened sliding doors at the balcony, but their windows near the balconies were shut. 

In addition, room BC closed curtains at both window and sliding door, while room BM 

kept the curtain open. Room BC had the highest vapour pressure even there are two 

adjacent openings. In this period, room BC and BM's mixing ratio was higher, 

approximately 4 g.kg-1, than Room AC and AM. In Period B, the measurement 

equipment in Room AC was reached by the sun causing the graph to have a peak 

shape. Room BM went out and shut all openings resulting from the vapour in the room 

remained stable. In Period C, Room BM turned on the air conditioner at 7.25 PM, 

bringing the vapour pressure dropped sharply. Room AC also turned on the fan; then 

the vapour pressure gradually reduced.   
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Figure 4- 15 9DSRXU�SUHVVXUH�RI�RXWGRRU�DQG�LQGRRU�SDUWLFLSDQWV¶�URRPV�RQ�
Day 15 
(Source: Author) 

4.3.3.2 Thermal comfort  
Bioclimatic chart was used to determine the comfort zoom. The upper and lower limit 

of temperature in comfort zone were 22.3°C and 29.3°C (De Dear and Brager 2002) 

(see Section 2.2), while relative humidity comfort for free running building was from 

20%RH to 80%RH. When the relative humidity is greater than 60% with a porous 

material, bioaerosols growth will occur(ASHRAE 2009). However, relative humidity 

levels less than 25% will associated with increased respiratory issues (Peden and 

Reed 2010). Referring to Section 2.2, relative humidity between 40%Rh and 60%Rh 

were recommended WR� PLQLPLVH� ELRDHURVROV¶ growth in household (Sterling et al. 

1985).  

Room AC¶V�temperature and relative humidity are within comfort conditions 78.21% of 

the monitored period. However, if the relative humidity range is restricted to 30-60% 

to minimise bioaerosol growth, the percentage dropped by 46.39% (Figure 4- 16).   
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Figure 4- 16 Relationship between Thermal Comfort zone and relative humidity 
optimum zone for health benefit in room AC 
(Source: Author) 

The 5RRP�$0¶V� temperature and relative humidity was 75.10% in thermal comfort 

conditions; however the percentage reduced to 37.85% when the relative humidity 

meet the recommendation relative humidity for reducing bioaerosol criteria (see Figure 

4- 17).  
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Figure 4- 17 Relationship between Thermal Comfort zone and relative humidity 
optimum zone for health benefit in room AM 
(Source: Author) 

In room BC, Only 30.23% of the temperature and relative humidity during the physical 

measurement were in the thermal comfort zone. Unfortunately, no period of time could 

reach the thermal comfort zone and the optimum relative humidity recommendation 

(see Figure 4- 18).    
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Figure 4- 18 Relationship between Thermal Comfort zone and relative humidity 
optimum zone for health benefit in room BC 
(Source: Author) 

Room BM with no air conditioner could be in thermal comfort zone 68.02%, while 

during air conditioning operation, the room was 85.85% in the thermal comfort zone. 

However, the room had only 0.16% in the range of thermal comfort zone and the 

relative humidity recommendation (see Figure 4- 19). 
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Figure 4- 19  Relationship between Thermal Comfort zone and relative 
humidity optimum zone for health benefit in room BM 
(Source: Author) 

Whereas some parts of monitoring values can reach the thermal comfort, the mould 

and PLWHV¶ emergence in a building is associated with the relative humidity level. The 

average relative humidity of all rooms in each day were greater than 50% which can 

increase indoor dust mite levels. In addition, low ventilation rates may thus increase 

the prevalence of allergic (Heseltine and Rosen 2009).  

4.3.3.3 Air movement 
The details of monitoring are addressed in Section 3.3.3. 

Air velocity was monitored in building A at room AC and AM. The comparison of air 

velocity in such two rooms can consider to be three cases (see Figure 4- 20 and Table 

4- 2) 
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Figure 4- 20 Location of air velocity monitoring in Room AM and AC 
(Source: Author) 

Table 4- 2 Location of air velocity monitoring and conditions  
condition 
 

monitoring location 
room AC room AM 

room AC room AM W X Y Z A B C D 
Case 1 room door 

(Z) shut 
window (Y) 
open 

room door 
(C) shut  

Ɣ Ɣ Ɣ 
 

Ɣ Ɣ 
 

Ɣ 

Case 2 open all 
openings 

open all 
openings 

Ɣ Ɣ Ɣ Ɣ Ɣ Ɣ Ɣ Ɣ 

Case 3 room door 
(Z) and 
window (Y) 
shut 

room door 
(C) shut 

Ɣ Ɣ Ɣ 
 

Ɣ Ɣ 
 

Ɣ 

 

In case 1, Room AC has more ventilation than Room AM because Room AC has two 

adjacent opening while room AM has only one opening. According to Dekay,2014 

(DeKay and Brown 2013), a single opening will get 12-23% of the exterior velocity, 

while two openings on adjacent walls will acquire 37-51% of the exterior wind velocity. 

The difference between room AC and AM is that room AC opened the window at the 

side wall, while room AM does not have that window. The average air velocity at Room 

$0¶V�EDOFRQ\�GRRU�LV�DSSUR[LPDWHO\��������RI�WKH�DLU�velocity at the building façade, 

whereas the average air velocity DW�5RRP�$&¶V�EDOFRQ\�GRRU�FDQ�UHDFK�����RI�WKH�DLU�

velocity at balcony edge. Figure 4- 21 VKRZ�WKDW�5RRP�$&¶V�EDOFRQ\�DLU�velocity is 
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KLJKHU�LQ�DOPRVW�GRXEOH�URRP�$0¶V�EDOFRQ\��7KH�DLU�velocity at the balcony door of 

room AC is higher, around ten times the air velocity at this location in room AM. 

 

 
 

 

 
Figure 4- 21 Case1: average air velocity in room AC and AM 
(Source: Author) 

In case 2, both room AC and AM opened their room doors; however, only room AC 

opened the opening the extra window on the side wall. Figure 4- 22 shows the air 

velocity data available from 9 AM to 5 PM. The air velocity at the URRP�$0¶V�GRRU�LV�
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approximately 5.6 % lower than the air velocity at the balcony edge. The average air 

velocity at room AC¶V�GRRU�LV�almost the same value as the EDOFRQ\¶V�GRRU��(see Figure 

4- 22) 

 

 
 

 
Figure 4- 22 Case2: average air velocity in room AC and AM 
(Source: Author) 

In case 3, The air velocity at the balcony of room AC is approximately 40% higher than 

WKDW�DW�WKH�$0¶V�EDOFRQ\��7KH�DLU�YHORFLW\�in the middle of both room AC and AM was 
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nearly 0 m.s-1; however, the average air velocity of room AC is higher, around 40% of 

the air velocity at this location in room AM (see Figure 4- 23). 

 

 
 

 
Figure 4- 23 Case3: average air velocity in room AC and AM 
(Source: Author) 

 Summary Monitoring Physical Measurement 
In the stack area of the building, the findings reveal that higher elevations are 

associated with higher indoor temperatures, whereas areas at lower elevations 



153 

experience higher indoor relative humidity. This pattern is due to lower elevation being 

overshadowed by buildings in proximity. Additionally, it was observed that relative 

humidity tends to be inversely proportional to air temperature. The study also found 

that in the stack area with only single opening, both indoor temperature and relative 

humidity showed minimal fluctuation compared to the outdoor. Air velocity in this 

scenario is nearly 0 m.s-1. However, in the scenario of two openings in the stack area, 

indoor temperature and relative humidity are more significantly correlated to outdoor 

temperature and relative humidity. Additionally, air velocity in this scenario ranged 

between 0.02-0.05 m.s-1. The monitored stack area results demonstrate that stack 

ventilation can improve ventilation within a building. 

The results from monitored physical measurements in four DSDUWPHQWV¶�URRPV within 

two multi-residential buildings revealed three primary factors influencing water vapour 

pressure and thermal comfort within the rooms, including building environment, room 

layout and occupant activity. 

x Building environment: Building Environment: The study revealed that while 

water vapour pressure in a room is influenced by outdoor conditions, the 

building's location and surrounding environment are also important factors. 

Both multi-residential buildings were located Chiang Mai city centre, one 

surrounded by hardscape and the other with more softscape. This difference in 

outdoor environments had a major impact on water vapour pressure. 

x Room layout: The layout of a room was another key factor affecting water 

vapour pressure. Room layout with WC located further inside exhibited higher 

vapour pressure due to challenges in ventilation and moisture release 

compared to other layouts. 

x Occupant activity: Occupant activities had a significant impact on indoor water 

vapour pressure. For instance, opening a window caused more fluctuation in 

vapour pressure, while rooms with open windows but closed curtains had 

higher vapour levels. Humidity-generating activities like bathing, cooking, and 

drying clothes led to a significant rise in vapour pressure. 

7KH� UHVXOWV� SURYLGH� GDWD� UHJDUGLQJ� WKH� DFWXDO� RFFXSDQWV¶� URRPV� LQ� UHODWLRQ� WR� WKH�

RFFXSDQWV¶�DFWLYLWLHV��7KLV�GDWD�FDQ�UHYHDO�LQVLJKW�WR�FDXVH�-and -effect relationships 

within the building. The findings indicate that actual residential units examined 
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inadequate air velocity for elevate temperature to achieve thermal comfort as it was 

lower than 0.2 m. s-1. 
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5. Occupant perception survey result 

 Introduction 
This chapter provides the results and analysis of the occupant perception survey to 

achieve Objectives 2 and 3 of the research. Objective 2 focuses on characterising 

typology and identifying key features of typical buildings in Thailand. Meanwhile, 

Objective 3 aims to establish a relationship between key features of the typical 

EXLOGLQJV�DQG�RFFXSDQWV¶�SHUFHSWLRQV, particularly their indoor environmental quality 

(IEQ).  

Chiang Mai is selected as a case study. The research used a questionnaire survey to 

investigate the typical characteristics of apartment blocks in Thailand and explore the 

satisfaction level of their residents with the indoor environment of their apartments. 

482 completed surveys were obtained. 

The methodology for the survey was detailed in Section 3.4. The obtained data were 

analysed via SPSS 27.0. The analysis used descriptive analysis to evaluate general 

information and inferential methods, including correlation coefficients and multiple 

regression understand the relationship between key features of typical buildings in 

7KDLODQG�DQG�RFFXSDQWV¶�SHUFHSWLRQV�regarding their IEQ.  

This chapter is divided into five main sections: Reliability of survey (Section 5.2), 

Demographic analysis of survey participants (Section 5.3), Physical environment 

(Section 5.4), Relationship between IEQ (Section 5.5) and Summary (Section 5.6) 

 Reliability of survey 
Internal consistency is a form of reliability. Basically, it is a measure of how positive 

and strong covariate with each variable��&URQEDFK¶V�DOSKD�FRHIILFLHQW�LV�RQH�RI�LQWHUQDO�

consistency estimators, which was used to estimate the internal consistency of the 

RFFXSDQWV¶� LQGRRU�TXDOLW\� VFDOH�DQG�FRPIRUW� LQ� WKLV� VXUYH\��7KH�YDOXH�RI� WKH�DOSKD�

above 0.60 can be accepted as an indicator of good reliability (Gliem and Gliem 2003). 

$OO� WKH�&URQEDFK¶V� DOSKD� UHVXOWV� LQ�Table 5- 1 were calculated using the reliability 

command in SPSS. 

 

 

e
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Table 5- 1 5HOLDELOLW\�RI�RFFXSDQWV¶�LQGRRU�TXDOLW\�VFDOH�DQG�comfort satisfaction 
questionnaires  

 

In this study, the alpha coefficients were all higher than 0.60, which can be interpreted 

as good internal consistency and strong correlation in questionnaire items. The 

&URQEDFK¶V�DOSKD�RI�YHQWLODWLRQ�DQG�KXPLGLW\�OHYHOV�DQG�satisfaction concerning such 

levels was 0.914 indicating excellent reliability.  

 Demographic Analysis of Survey Participants 
7KH�SDUWLFLSDQWV¶�GHPRJUDSKLF�FKDUDFWHULVWLFV�DUH�VKRZQ�LQ Figure 5- 1. 50.8% of the 

respondents were female, 44.6% were male, 3.9% preferred not to answer, and 0.6% 

were other. The occupation of participants inquired via open-ended question can be 

categorised into four groups: employed group relating to construction and building, 

non-construction entrepreneur and employee, students, and others. The majority of 

respondents (60.8%) were students, 36.5% were non-construction entrepreneur and 

employee, 2.5% were construction and building workers, and 0.2% were other. For 

ownership, most of the participants were tenants (95%), while 5% were owners. In 

terms of occupied periods, the participants commonly spent time in their rooms 

between 8 to 12 hours during weekday and 12 to 16 hours during the weekend. 
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Figure 5- 1 Summary of the demographic characteristics of participants 
(Source: Author) 

 Physical environment 
Figure 5- 2 illustrates the participants' physical environment distribution, such as 

building height and floor of occupation, building plan and room location, the distance 

to the nearest building and room orientation. Most of the participants lived in a seven 

floor building, while approximately 19% of the participants each lived in a four to six 

floor. Across the building heights, occupants tended to live on the 1st, 2nd and 3rd floor. 

Approximately two third of participants lived in buildings located 0-6 metres away from 

the nearest nearby building. AOPRVW�KDOI�RI�WKH�SDUWLFLSDQWV¶�URRP�RSHQLQJV�IDFHG�QRUWK��

For building plan and room location, over 90% of the respondents lived in double-

loaded FRUULGRU�EXLOGLQJV�DQG�RYHU�����RI�WKHLU�URRPV¶�ORFDWLRQV�ZHUH�in the middle of 

the building.  
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Figure 5- 2 physical environment 
(Source: Author) 

The majority of rooms comprised of one bedroom, one toilet and one balcony. Three 

typical room types were defined in relation to location of WC. The proportion of people 

living in these room types (along with room sizes) is shown in Figure 5- 3. Over half of 

the respondents lived in room sizes ranging from 21 to 30 sq.m. For room size range 

8-20 sq.m and 21-���VT�P��WKHUH�LV�DQ�HYHQ�GLVWULEXWLRQ�RI�SDUWLFLSDQWV¶�URRP�W\SHV in 

each size band. For example, the 21-30 sq.m. size range has 24.9% Type A, 37.2% 

Type B and 36.5% Type C.  
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Figure 5- 3 Room type and area 
(Source: Author)  

The results identifying the typical physical environment features of buildings will used 

to define as a typical base case for CFD model in Chapter 7. This base case includes 

double-loaded corridor, middle room, and room layout. 

Figure 5- 4 shows the distribution of responses on room materials. This figure shows 

that 94.1% and 69.2% of the participants had wood for room doors and furniture, 

UHVSHFWLYHO\��2YHU�KDOI�RI�WKH�UHVSRQGHQWV¶�URRPV�KDG�FRQFUHWH�DV�D�PDWHULDO�RI�ZDOO�

and ceiling. 80.9% of the responders occupied rooms that had tile as a flooring 

material. Plastic was a toilet door material of around 56% of the respondents.  
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Figure 5- 4 7UHHPDS�RI�RFFXSDQWV¶�URRP�PDWHULDOV 
(Source: Author) 

The most common materials were used as the base case input for the simulation 

model to predict the typicall scenario of a multi-storey building in Thailand (Chapter 7) 

and also for the design options (Chapter 8).  

0RLVWXUH�FDQ�EH�JHQHUDWHG�LQ�UHVLGHQFH�IURP�RFFXSDQW�QRW�RQO\�YLD�LQWHUQDO�RFFXSDQW¶V�

body but also by various household activities such as cooking, clothes hanging, 

clothes washing etc. Type, duration and frequency of household activities can produce 

different rates of moisture generation in room (Yik et al. 2004; Zemitis et al. 2016), for 

example, 1,500 grams per day for drying clothes indoor, 500 grams per day for 

washing clothes, 2,000-3,000 grams per day for cooking and 100-200s gram per sq.m 

for floor mopping (Institution 2011). 

This section shows the responses relating to each of these household activities, which 

will be used to estimate the relationship coefficient with indoor environmental quality 

perception in the next step. 

Figure 5- 5 shows the proportion of each human behaviour characteristics, such as 

cleaning, clothes washing, cooking and clothes drying. 
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Figure 5- 5 Human behaviour characteristics 
(Source: Author) 

73.4% of the participants cleaned the room 1-2 times a week. The percentage of no 

washing in the room, clothes washing by hand and washing by machine were 44.6%, 

33% and 22.4%, respectively. Cooking causes an increasing internal water vapour 

(Institution 2011). However, cooking in the bedroom was the most popular choice, 

preferred by almost 45% of people. This is due to the layout of one-bedroom flat in 

Thailand (the layout is presented in Figure 5- 3). Nonetheless, the bedroom is not 

design for cooking activity, which will increase heat and water vapour accumulating in 

the room. The common material in the bedroom is fabric (in the bed area and 

wardrobe), which easily absorbs moisture then germinate mould in the room. A large 

number of participants, 35.3%, also did cooking in room but had partition to separate 

cooking from bed area. Laundry should be dried in a dedicated ventilated area. 77.6% 

of respondents use the balcony for clothes drying while 14.7% dry clothes in the room. 

Typical apartment rooms in Thailand ventilates air through window and door without a 

mechanical extraction fan. Even while drying clothes on, the moist air can transfer into 

the room depending on the air flow (Institution 2011). Clothes hanging for drying in the 

room bring about excess moisture in the room, resulting in further health problems and 

damage due to condensation.  
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Figure 5- 6 presents the percentage of occupants regarding their perception levels of 

IEQ. The figure includes two types of bar charts, which are diverging stack bar charts 

and stacked bar charts. A diverging stack bar chart is similar to a regular stacked bar 

chart, but it contains a centre dividing line or axis that represents a neutral point. The 

bars on either side of this central line reflect positive and negative values, allowing for 

comparing the distribution of positive and negative responses within each category. In 

contrast, a regular stacked bar chart is commonly used to show the composition of a 

whole and how each part contributes to the total. Diverging stack bar charts exhibit 

perception levels of air temperature (a1), natural lighting (a2), and air humidity (a3), in 

which zero is neutral on satisfactory. Stacked bar charts also show perception levels 

of air freshness (b1), ventilation (b2), and mould (b3).  

Participant in air WHPSHUDWXUH� SHUFHSWLRQ� WHQGV� WR� PRYH� WRZDUG� ³excessively KRW´�

during summer (four times more than winter). This is likely to be attributable to 

seasonal air temperature variations as there is approximately 5°C between winter and 

summer. In Chiang Mai. The average outdoor air temperature in summer ranges from 

26.4 °C to 32.0°C (ThaiMeteorologicalDepartment 2021). 

The natural lighting perception was divided into two purposes: the lighting for general 

purpose and the working purpose. Approximately 50% of the respondents perceived 

natural lighting as the OHYHO�RI�³not bright´ for general purposes. This increased close 

to 60% for working purposes. The majority of participants responding to air humidity 

DQG�YHQWLODWLRQ�OHDQ�WRZDUG�³excessively KXPLG´�DQG�³not significant´��UHVSHFWLYHO\��,Q�

addition, over half of the participants were reporting stale air in their rooms.  

With the relative humidity exceeding 80%, surfaces can support the germination of 

various mould spores. In addition, in warm, humid air within the building, the excess 

moisture on the surface can be accumulated as condensation, which can be a risk of 

construction damage. The percentage of mould growth in the room can represent the 

actual room environment. 55.2% of the respondents had mould happening on between 

����DQG�����RI�WKHLU�URRPV¶�VXUIDFH�DUHDV. A further, 20% of the respondents had 

mould occurring over 40% or more RI�WKH�URRPV¶�VXUIDFH� 
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Figure 5- 6 Indoor environmental quality perception level  
(Source: Author) 
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The percentage of the five comfort points on the Likert scale was exhibited in a 

diverging stacked bar chart (in Figure 5- 7). The proportion of participants who agreed 

with the statements is shown to the right of the zero line in the bar chart, while the 

participants who disagreed are shown to the left. Generally, approximately 30% of 

respondents were satisfied with their rooms in the neutral zone, while the average 

satisfaction zone of the respondents was roughly 20%. A considerable number of 

responders remained in the dissatisfaction. The percentage of dissatisfaction with 

room humidity (38%) exceeds the dissatisfaction with natural ventilation (28%) but lags 

behind the dissatisfaction with natural lighting, air temperature, location and room size 

(over 40%).  

 

 
Figure 5- 7 RFFXSDQWV¶ comfort satisfaction 
(Source: Author) 

 Relationship between indoor environment quality scale and 
RFFXSDQWV¶�comfort satisfaction 

This section used two steps to examine the relationship between IEQ perception and 

RFFXSDQW�VDWLVIDFWLRQ��)LUVWO\��3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW�ZDV�DSSOLHG�WR�GHILQH�

the strength of any linear relationship between two variables (Pearson 1931). 

Secondly, multiple regression was used to determine the main contributing factors in 

the relationship between variables.  
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7KH� RFFXSDQWV¶� VDWLVIDFWLRQ� LQYROYHG� WZR� SULPDU\� aspects, which are the physical 

environment and IEQ perception. Figure 5- 8 exhibits all the factors which have a 

correlation significant at the 0.01 level to the IEQ scale. The relationship between 

human behaviour and indoor quality rating was estimated by Spearman correlation, 

ZKLOH�WKH�3HDUVRQ¶V�FRUUHODWLRQ�ZDV�DSSOLHG�WR�DVVHVV�WKH�UHODWLRQVKLS�EHWZHHQ�UDWLR�

scale, e.g., building height and natural lighting perception. Referring to Cohen rules, a 

correlation coefficient (reported as the statistic r) of 0.1 means a small correlation, 0.3 

means a moderate correlation and 0.5 means a large correlation (see an example of 

GLIIHUHQW� FRUUHODWLRQ� FRHIILFLHQWV¶� JUDSK� LQ Figure 5- 8).The p-value (quoted under 

significant (2-tailed) at the 0.01 level (p<0.01)) is considered significant if the value is 

between 0.001 to 0.010, which also indicates 99% confidence levels. The p-value 

between 0.010 to 0.050 will  be considered significant at 95% confidence level (Chetty 

2015). 

 

 
 

 
Figure 5- 8 example of different Pearson correlation coefficient  
(Source: Author) 
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Human behaviour characteristics such as cooking, washing clothes, and hanging 

clothes for drying had a strong significant correlation (p<0.01) with IEQ perception. For 

example, the washing characteristic had a solidly negative correlation with the mould 

rating scale, which can conclude that mould could occur more if they wash clothes in 

rooms. The correlations between the physical environment and IEQ scale were also 

significant, at the 0.01 level. The coefficients between the distance between the 

participanW¶V�EXLOGLQJ�DQG�QHDUE\�EXLOGLQJ�ZHUH�������ZLWK�QDWXUDO�OLJKWLQJ��������ZLWK�

fresh air scale, and 0.542 with ventilation scale. This can signify that such a positive 

relationship had large strength of association because the coefficients were above 0.5. 

HRZHYHU��WKH�GLVWDQFH�EHWZHHQ�WKH�SDUWLFLSDQW¶V�EXLOGLQJ�DQG�D�QHDUE\�EXLOGLQJ�ZDV�

negatively correlated with the air humidity air scale. This means that greater distance 

EHWZHHQ�WKH�SDUWLFLSDQW¶V�EXLOGLQJ�DQG�QHDUE\�EXLOGLQJ�FDQ�LQIOXHQFH�WKH�DLU�KXPLGLW\�

perception in a room. 

Table 5- 2  Spearman and Pearson correlation coefficient of human behaviour 
characteristic, physical environment and IEQ perception scale 

 

7KH�UHODWLRQVKLS�EHWZHHQ�LQGRRU�TXDOLW\�VFDOH�DQG�RFFXSDQWV¶�comfort satisfaction is 

presented in Table 5- 2. The overall satisfaction had significant relationship (p<0.01) 

with indoor environment perception scale including air temperature, ventilation, 

humidity, and mould level. As seen in Table 5- 3, humidity satisfaction can be 

increased if higher natural lighting, greater fresh air, less wet air, more ventilation, and 

less mould level are attained. Additionally, higher fresh air, less wet air, more 

ventilation and reduced mould level could enhance ventilation satisfaction level. Table 
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5- 4 shows the relationship between each thermal environmental satisfaction and 

overall satisfaction. Most of satisfaction categories had significant association with p-

value lower than 0.01 with overall satisfaction, except location satisfaction.  

Table 5- 3 Pearson correlation coefficient of RFFXSDQWV¶�comfort satisfaction 
and indoor environment perception scale 

 

Table 5- 4 3HDUVRQ� FRUUHODWLRQ� FRHIILFLHQW� RI� RFFXSDQWV¶� overall comfort 
satisfaction with each thermal environmental satisfaction 

 

$IWHU�WKH�FRUUHODWLRQ�DQDO\VLV��WKH�VWURQJ�VLJQLILFDQW�UHODWLRQVKLS��3HDUVRQ¶V�FRHIILFLHQW�

either between -1.0 and -0.5, or between 0.5 and 1.0) will be analysed stepwise by 

multiple regression. Multiple regression was applied to further find the main factors of 

RFFXSDQWV¶�VDWLVIDFWLRQ��5HJUHVVLRQ�LV�D�VWDWLVWLFDO�WHFKQLTXH�WR�PRGHO�WKH�UHODWLRQVKLS�

between a single dependent variable and multi-independent variables.  

For estimating the coefficients in the regression equation, unstandardised value (B) 

VKRZV�WKH�LQIOXHQFH�RI�LQGHSHQGHQW�YDULDEOHV�RQ�RFFXSDQWV¶�comfort satisfaction. The 
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larger value of B can be considered as the larger influencer on such a dependent 

factor. P-value is the significance level of the regression, and t-value is used to 

PHDVXUH�D�FRHIILFLHQW¶V�VWDQGDUG�HUURU��LQ�ZKLFK�W-value closing to zero indicates the 

low reliability of the predictive power on its coefficient (Sternstein 1996)��2FFXSDQW¶V�

comfort satisfaction was determined as the dependent variable, and other significant 

factors were set as independent variables in six models (see Table 5- 5 to Table 5- 6).  

Table 5- 5 coefficients of regression for natural lighting satisfaction 
Dependent 
Variable 

Independent Variable Unstandardized 
Coefficients 

t p-value 

 
B 

 

natural 
lighting 
satisfaction 

(Constant) 1.074 14.236 0.000 
natural lighting 0.282 8.918 0.000 
natural lighting for working purpose 0.175 5.333 0.000 

 
A significant regression (B= 1.074, t= 14.236, p-value= 0.000) of natural lighting 

satisfaction shows in Table 5- 5Natural lighting (for general purposes) is the main 

influence on natural lighting satisfaction level (B= 0.282, t= 8.918, p-value= 0.000) 

compared with natural lighting for working purposes (B= 0.175, t= 5.333, p-value= 

0.000). 

Table 5- 6 coefficients of regression for humidity satisfaction 
Dependent 
Variable 

Independent Variable Unstandardized 
Coefficients 

t p-value 

B 

humidity 
satisfaction 

(Constant) 2.036 6.932 0.000 
natural lighting 0.146 3.948 0.000 
natural lighting for working purpose -0.026 -0.669 0.504 
air freshness 0.143 4.849 0.000 
air humidity -0.079 -2.605 0.009 
ventilation 0.084 2.557 0.011 
mould level -0.131 -4.349 0.000 

 
Most independent variables are significant at 0.05 level (p-value <0.05), except natural 

lighting for working purpose. The regression in Table 5- 6 shows that natural lighting 

(B= 0.146, t= 3.948, p-value= 0.000) and air freshness level (B= 0.143, t= 4.849, p-

value= 0.000) are principal influences on humidity satisfaction. Natural lighting relates 

to humidity satisfaction because natural lighting can influence human subjective 

thermal perception from the psychological perspective (Chinazzo et al. 2019). 

Moreover, more natural lighting can associate with more solar radiation, which also 



169 

effects human thermal perception. The relationship between natural lighting for 

working and humidity satisfaction is statistically significant at 0.5 level (p- value >0.5). 

Natural lighting for working purpose is not able to predict or influence on humidity 

satisfaction, while other factors have influenced on the humidity satisfaction with 

significant at 0.05 level (p-value <0.05). 

Table 5- 7 coefficients of regression for ventilation satisfaction 
Dependent 
Variable 

Independent Variable Unstandardized 
Coefficients 

t p-value 

B 
ventilation 
satisfaction 

(Constant) 2.402 11.364 0.000 
air freshness 0.133 5.469 0.000 
air humidity -0.205 -8.708 0.000 
ventilation 0.265 9.861 0.000 

 
From the regression for ventilation satisfaction, there are three factors influencing 

ventilation satisfaction. Ventilation level is a major factor (B= 0.265, t= 9.861, p-value= 

0.000), following by air humidity perception level (B= -0.205, t= -8.708, p-value= 

0.000).  

Table 5- 8 coefficients of regression for air temperature satisfaction 
Dependent 
Variable 

Independent Variable Unstandardized 
Coefficients 

t p-value 

B 
air 
temperature 
satisfaction 

(Constant) 6.714 32.804 0.000 
air temperature in winter -0.235 -10.390 0.000 
air temperature in 
summer 

-0.356 -11.801 0.000 

 
The relationship between satisfaction and air temperature is stronger in summer than 

in winter. The negative coefficients of both the air temperature in winter and summer 

mean a negative correlation between the air temperature satisfaction level. In other 

word, the air temperature satisfaction could increase if the air temperature in winter 

and summer reduced.  
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Table 5- 9 coefficients of regression for room privacy satisfaction 
Dependent 
Variable 

Independent Variable Unstandardized 
Coefficients 

t p-
value 

B 
room 
privacy 
satisfaction 

(Constant) 1.725 4.480 0.000 
natural lighting 0.068 1.299 0.194 
natural lighting for working 
purpose 

0.054 0.998 0.319 

air freshness 0.087 2.101 0.036 
air humidity -0.103 -2.484 0.013 
ventilation 0.190 4.118 0.000 

 
The main influence of room privacy satisfaction is on ventilation rate (B= 0.190, t= 

4.118, p-value= 0.000). Air humidity and air freshness perception level are the minor 

factors on the satisfaction, respectively. Ventilation perception correlates to privacy 

VDWLVIDFWLRQ�EHFDXVH�URRPV�ZLWK�PRUH�SULYDF\�FDQ�RSHQ�WKHLU�URRPV¶�RSHQLQJ�DQG�WKHQ�

benefit to more ventilation in rooms. However, natural lighting in general and for 

working purpose are not statistically significant at 0.05 level because theirs p-values 

are greater than significant level (0.05). 

Table 5- 10  coefficients of regression for overall comfort satisfaction  
Dependent 
Variable 

Independent Variable Unstandardized 
Coefficients 

t p-
value 

B 
overall 
comfort 
satisfaction 

(Constant) 0.896 9.907 0.000 
natural lighting satisfaction 0.172 4.803 0.000 
humidity satisfaction 0.080 2.358 0.019 
air temperature satisfaction 0.199 6.163 0.000 
ventilation satisfaction 0.159 4.426 0.000 
room privacy satisfaction 0.153 6.251 0.000 

 
The multi-linear regression was calculated to predict the overall satisfaction based on 

indoor thermal environmental satisfaction. The coefficients of regression can see in 

Table 5- 10. Air temperature satisfaction is a major influence on overall satisfaction 

(B= 0.199, t= 6.163, p-value= 0.000). Natural lighting (B= 0.172, t= 4.803, p-value= 

0.000) and ventilation satisfaction (B= 0.159, t= 4.426, p-value= 0.000) are the second 

and third influences on the overall satisfaction, respectively. 

 Summary Occupant Perception Survey 
3K\VLFDO� HQYLURQPHQW�� VXFK� DV� GLVWDQFH� EHWZHHQ� RFFXSDQWV¶� EXLOGLQJ� DQG� QHDUE\�

buildings and building height, affects IEQ perception. For example, occupants are 
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likely to perceive inadequate natural lighting and low natural ventilation when another 

building is located between 0-3 m from their buildings. In contrast, the occupants 

perceive air rather humid when there is a smaller distance between the occupant's 

building and nearby building. Referring to (Foster and Oreszczyn 2001; Yan et al. 

2015), Occupants in a building with a short distance between nearby buildings tend to 

keep privacy by keeping the blind down, which can block natural ventilation entering 

the room. Additionally, sXFK� WDOO� EXLOGLQJV� FDXVH� ODUJH� ³DLU� VKDGRZV´� ZKLFK� DIIHFW�

natural ventilation significantly. Designs should only allow short distance between 

nearby buildings if adequate privacy and IEQ can be guaranteed. 

Occupant activities generating moisture content in the room, such as cooking, washing 

and hanging cloth for drying, cause occupants to perceive stale air, high air humidity, 

low ventilation and high level of mould occurring. Relevant sources (Yik et al. 2004; 

Zemitis et al. 2016) indicates that moisture is generated in residence from occupant 

QRW�RQO\�YLD�LQWHUQDO�RFFXSDQW¶V�ERG\�EXW�DOVR�E\�YDULRXV�KRXVHKROG�DFWLYLWLHV�VXFK�DV�

cooking, clothes hanging, clothes washing etc. Occupancy activities, room function, 

usage duration and frequency cause different level of moisture generation in room. 

For example, 2,000-3,000 grams, 1,500 grams, 500 grams per day for cooking, drying 

clothes indoor and washing clothes respectively(Institution 2011). In tropical region, a 

priority in building design should be minimizing indoor moisture accumulation. 

However, from the survey results (Section 5.4), most building materials used in Chiang 

Mai are porous materials, such as wood door, brick wall and wood furniture, which are 

susceptible to moisture damage. 

Relationship between IEQ VFDOH�DQG�RFFXSDQWV¶�comfort found that air temperature 

satisfaction is the primary influence on overall satisfaction. The result agrees with 

Tanabe et al mentioning that air temperature affects human mental and body 

perception. In addition, a high ventilation flow, adequate natural lighting, and low air 

humidity are also crucial to achieve room satisfaction (see Table 5- 3). Poor natural 

ventilation is reported as a significant challenge to residential occupancy, which 

increases the chance of indoor mould growth and increases sick building syndrome 

(Milton 2000)��7KH�OLPLWDWLRQ�RI�QDWXUDO�OLJKWLQJ�LQ�EXLOGLQJV�FDQ�DIIHFW�RFFXSDQWV¶�YLVXDO�

and atmosphere perception (Lee et al. 2013).  
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This questionnaire survey was analysed by statistical method. The conclusions about 

the factors influencing RFFXSDQWV¶� indoor environmental quality perception and their 

satisfaction are listed below:  

x 7KH�PRVW�SRSXODU�SK\VLFDO�HQYLURQPHQW�RI�SDUWLFLSDQWV¶�URRPV�ZLOO�EH�XVHG�DV�D�

base case in CFD simulation in Chapter 7, such as type B and C of room planning 

(see Figure 5- 3 Room type and area), double-loaded corridor plan, single-sided 

window, room materials, and building height.  

x Occupant IEQ perception has a significant influence on room satisfaction. The 

humidity satisfaction is also determined by those perceptions as well as indoor 

air quality perception of natural lighting and mould level. 7KH� RFFXSDQWV¶�

ventilation satisfaction is mainly influenced by ventilation, air humidity and air 

freshness perception, respectively. 

x The environmental satisfaction of natural lighting, humidity, air temperature 

ventilation and room privacy are the five key factors of the overall comfort 

satisfaction. In such vital factors, air temperature satisfaction is the primary factor 

of the overall satisfaction, followed by natural lighting and ventilation, 

respectively. 

The results of this study will assist the process of CFD modelling and design options. 

7KH� VWXG\� H[DPLQHV� WKH� GDWD� LQIOXHQFLQJ� RFFXSDQWV¶� comfort satisfaction to be a 

JXLGHOLQH� IRU� GHYHORSLQJ� WKH� GHVLJQ� WR� LPSURYH� RFFXSDQWV¶� YHQWLODWLRQ� URRP� DQG�

achieve room satisfaction.   
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6. CFD sensitivity analysis result: outdoor 
___________________________________________________________________ 

6.1 Introduction 
The rationale for the scenarios to be analysed was described in Chapter 3.5. Within 

this investigation the key factors investigated were wind speed and direction relating 

to season and position on building (Section 6.2), the relationship between building 

height and road width (Section 6.3), the effect of nearby buildings (Section 6.4) 

6.2 Wind speed and position on building  
Further details regarding the methodology can be found in Chapter 3.5.1. 

6.2.1 Wind speed 
CFD analysis investigated air movement characteristics around a building. Key 

seasons in Thailand are summer (occurring between mid-February to mid-May, initial 

wind coming from the south), winter (encompassing the period from mid-October to 

mid-February, initial wind appearing from the north) and rainy season (marked during 

mid-May to mid-October, initial wind coming from south-west). Initial wind speed of 1 

m.s-1, 2 m.s-1, 4 m.s-1 and 6 m.s-1 was analysed because this range includes the most 

typical wind condition in Chiang Mai, Thailand (see detail of typical wind in Chapter 2). 

 

 
Figure 6- 1 shows a legible scale bar of CFD simulation result used in this 
chapter 
 

6.2.1.1 Summer (south wind) 
The wind impinged the buildings from south direction, then distributed around the 

building. In this season, there was positive pressure on the south, south-west and 

south-east of the building wall, while negative pressure was on the north, north-west 

and north-east. Therefore, the highest wind speed was on the south surface while the 

lowest was on the north surface. 

⑱
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Findings have been presented in full for 4 m.s-1 because�it was experienced more 

often. Results for other wind speeds have been summarised in Table 6- 1. The air 

movement speed at different points of the building were compared for all simulated 

wind speeds (Figure 6- 4). 

Table 6- 1 summary of air movement in summer 
wind 
speed 
(m.s-1) 

Average air 
speed (m.s-1) 
on windward 
side  
(South wall) 

Average air 
speed (m.s-1) 
on leeward 
side (North 
wall) 

Air speed ratio 
(7th floor : 1st 
floor) on 
windward side 
(South wall) 

Air speed ratio 
(7th floor : 1st 
floor) on South 
East and 
South West 
wall 

Air speed  
ratio (7th floor: 
1st floor) on 
leeward side  
(North wall) 

1 2.14 0.86 0.82 1.67 1.00 
2 4.27 1.71 0.82 1.66 1.00 
4 8.54 3.41 0.82 1.67 1.00 
6 12.79 5.12 0.82 1.67 1.00 
8 17.06 6.82 0.82 1.67 1.00 

Initial wind speed is at 4 m.s-1 from south 

Air movement could reach 9.39 m. s-1 on the south wall, which was the windward side. 

Then, the air continues along the building side. The velocity decreased to 3.41 m. s-1 

at the leeward side (see Figure 6-  and Figure 6- 3). On the windward side, the air 

movement ratio between the top to the bottom floor was 0.82 on the south wall and 

1.67 on south-east and south-west wall. There was little variation of air movement 

between simulated points on the leeward side. 

view from the�south (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 2 Wind characteristic in summer at 4m.s-1 
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view from the�north (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 2 Wind characteristic in summer at 4m.s-1 (continued) 
 

at 1st floor level (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
at 7th floor level (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 3 Wind characteristic in summer at 4m.s-1 
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6.2.1.1.1 Summary of air movement in summer 

In summer, the wind speed is typically from south direction and wind speeds of 1, 2, 4 

,6 and 8 m.s-1. The CFD results show that the wind impinged on the south wall created 

the higher air movement velocity on the south wall. The air movement on the south 

wall was approximately 235% of initial wind speed. Then the air diverted along the 

side walls to the suction region on the north wall, which was around 86% of original 

wind speed. From the air moving, eddy was created at the corner of the building 

resulting in the lower air movement value on the south- east and south- west corners. 

In addition, the air movement ratio on S, S-E and S-W walls do not vary with wind 

speed always 0.82 for S and 1.67 for SE and SW. The air movement of the 1st floor 

(3.6 m high) was higher than the top floor (19.2 m high). Varying the initial wind speed 

resulted in the same pattern of changes of air movement. The overall air movement 

velocity changes are illustrated in Figure 6- 4.  

 

 
Figure 6- 4 air movement on different building façade locations and height in 
summer  
6.2.1.2 Rainy season (south-west wind) 
The wind impinged the buildings from south-west direction, then distributed around the 

building. In this season, there is positive pressure on the south-west, south and west 

of the building wall, while negative pressure is on the north-west, north and north-east. 

The highest wind speed was on the south-west surface while the lowest was on the 

south-east surface. This is because there was turbulent wake region around this wall. 

The findings were fully visualized for 4 m.s-1 as�it took place frequently, while the results 

for the other wind speeds were summarised in Table 6- 2. The air movement speed at 



177 
 

different points of the building were compared for all simulated wind speed (Figure 6- 

7). 

Table 6- 2 summary of air movement in rainy season 
wind 
speed 
(m.s-1) 

Average air 
speed (m.s-1) 
on windward 
side (South 
West wall) 

Average air 
speed (m.s-1) 
on leeward 
side (North 
East wall) 

Air speed ratio 
(7th floor : 1st 
floor) on 
windward side 
(South West 
wall) 

Air speed ratio 
(7th floor : 1st 
floor) on West 
and South wall 

Air speed ratio 
(7th floor : 1st 
floor) on 
leeward side 
(North East 
wall) 

1 1.25 0.75 1.00 0.95 1.00 
2 2.48 1.49 1.00 0.95 1.00 
4 4.91 2.96 1.00 0.95 1.00 
6 7.33 4.40 1.00 0.95 1.00 
8 9.72 5.83 1.00 0.95 1.00 

Initial wind speed is at 4 m.s-1 from south-west 

Air movement could reach 4.91 m. s-1 on the south-west wall which was the windward 

side. Then, the air continuingly distributed along building side. The velocity reduced to 

2.96 m. s-1at the leeward side (see Figure 6- 5, Figure 6- 6). The highest air movement 

velocity at the 1st floor level was on south and south-west wall, while highest air 

movement velocity at the top floor level was only on the south-west wall. On the 

leeward side, the air movement velocity had the same value for both the top and lower 

floor. The wake occurred at the north-west and south-east wall of the building. 
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view from the�south (see a legible CFD scale bar in Figure 6- 1) 

 
view from the�north (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 5 Wind characteristic in rainy season at 4m.s-1 
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at 1st floor level (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
at 7th floor level (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 6 Wind characteristic in rainy season at 4m.s-1 
6.2.1.2.1 Summary of air movement in rainy season 

In rainy season, the wind speed was typically from south-west and wind speeds of 1, 

2, 4 ,6 and 8 m.s-1. The CFD results show that the wind impinged on the south-west 



180 
 

(windward) wall created the higher air movement velocity on the south-west wall, then 

the air diverted along the side walls to the suction region on the north-east (leeward) 

wall. From the air moving, eddy was created at the corner of the building resulting in 

the lower air movement value on the north- east and south- east corners. On windward 

side, air movement velocity was less different between bottom (3.6 m high) and the 

top floor (19.2 m high), while, on the leeward side, the air movement velocity had the 

same value for both the top and lower floor. Varying the initial wind speed resulted in 

the same pattern of changes of air movement. The overall air movement velocity 

changes are illustrated in Figure 6- 7. 
 

 

 

 
Figure 6- 7  Air movement on different building façade locations and heights in 
rainy season  
6.2.1.3 Winter (north wind) 
The wind impinged the buildings from north direction, then distributed around the 

building. In this season, there is positive pressure on the north, north-west and north-

east of the building wall, while negative pressure is on the south, south-west and 

south-east. The highest wind speed was on the north surface while the lowest was on 

the south surface.  

The simulation results were fully visualized with a wind speed of 4 m.s-1 as� it is 

experienced more frequently. The results of the other wind speeds were summarised 

in Table 6- 3. The air movement speed at different points of the building were 

compared for all simulated wind speed (Figure 6- 10). 
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Table 6- 3 summary of air movement in winter 
wind 
speed 
(m.s-1) 

Average air 
speed (m.s-
1) on 
windward 
side (North 
wall) 

Average air  
speed (m.s-
1) on leeward 
side (South 
wall) 

Air speed ratio 
(7th floor : 1st 
floor) on 
windward side 
(North wall) 

Air speed ratio 
(7th floor : 1st 
floor) on North 
East and North 
West wall 

Air speed ratio 
(7th floor : 1st 
floor) on 
leeward side 
(South wall) 

1 2.14 0.86 0.82 1.67 1.00 
2 4.27 1.71 0.82 1.66 1.00 
4 8.54 3.41 0.82 1.67 1.00 
6 12.79 5.12 0.82 1.67 1.00 
8 17.06 6.82 0.82 1.67 1.00 

Initial wind speed is at 4 m.s-1 from north 

Air movement reached 9.39 m. s-1 on the windward wall, north wall. The air continued 

to flow alongside of building. The velocity decreased to 3.41 m. s-1 on the leeward wall 

(see Figure 6- 8, Figure 6- 9). At the windward side, the air movement ratio between 

the top to bottom floor were 0.82 on the north wall and 1.67 on north-east and north-

west wall, while air movement at any measurement points on the leeward side were 

the same value. 
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view from the�south (see a legible CFD scale bar in Figure 6- 1) 

 
view from the�north (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 8 Wind characteristic in winter at 4m.s-1 
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at 1st floor level (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
at 7th floor level (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 9 Wind characteristic in winter at 4m.s-1 
6.2.1.3.1 Summary of air movement in winter 

In winter, the wind speed is typically from north direction and wind speeds of 1, 2, 4 ,6 

and 8 m.s-1. The CFD results show that the wind impinged on the north wall created 

the higher air movement velocity on the north wall, then the air diverted along the side 

walls to the suction region on the south corners. From the air moving, eddy was 

created at the corner of the building resulting in the lower air movement value on the 

north- east and north- west walls. In addition, the air movement of the bottom floor (3.6 

m high) was higher than the top floor (19.2 m high). Varying the initial wind speed 
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resulted in the same pattern of changes of air movement. The overall air movement 

velocity changes are illustrated in Figure 6- 10.  

 

 

 
Figure 6- 10 Air movement on different building façade locations and heights 
in winter  
6.2.1.4 Summary of annual air movement at different façade locations and 

heights 
From the simplified model CFD simulation results, the air movement at opposite 

direction (with same wind speed) behaved the same, for example the air movement 

on the south wall performed the same as the air on the north wall. So, this can be used 

to justify reducing the number of further CFD simulation (i.e. simulate for summer and 

apply to winter). In summer and winter, inline flow, the highest ratio of air movement 

velocity between windward building envelope to leeward side was 2.75 (see Figure 6- 

4, Figure 6- 10). However, in rainy season, oblique flow, the ratio of air movement 

velocity between windward building envelope to leeward side was 0.72 lower than 

such ratio between windward building envelope to leeward side in summer and winter 

(see Figure 6- 7). 

6.2.2 Position on building (vertical and horizontal) 

The findings from 6.1.1 reveal the air movement velocity and pattern occurring on 

different orientations of the building based on varying wind direction during different 

seasons. However, this section focuses primarily on air movement velocity and pattern 
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on different room locations of the building including middle (M) and corner room (C) 

(see measurement points in Figure 3-13). 

In summer, the wind regularly comes from the south direction. The data in Figure 6- 

11 was obtained from CFD simulations in section 6.2.1� Figure 6- 11 shows that shifting 

the initial wind speed resulted in the same pattern of changes of air movement. On 

windward wall, the air movement velocity differences between M2 on bottom and top 

floor were more obvious at higher wind speeds, which were 0.43 m. s-1 and 3.41 m. s-

1 for 1 m.s-1 wind speed and 8 m.s-1 wind speed respectively. However, there was no 

different velocity between bottom and the top floor of both C3 and C4. On leeward wall 

(C1, M1, C2), there was little difference in air movement velocity.  

 

 
Figure 6- 11 Air movement at different positions on building in summer  
In rainy season, the wind regularly comes from south-west direction. The data in 

Figure 6- 12 were obtained from CFD simulations in section 6.2.1.2. Figure 6- 12 

shows that shifting the initial wind speed resulted in the same pattern of changes of 

air movement. In this season, most of windward and leeward measurement points had 

no velocity difference between the top and bottom floor. However, on 1st floor, position 

M2 had air movement velocity of 1.25 m.s-1, while position C4 had air movement 

velocity of 0.87 m.s-1 (for wind speed of 1m.s-1) compared to the 7th floor was a little 

higher. 
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Figure 6- 12 Air movement at different positions on building in rainy season  
In winter, the wind regularly comes from north direction. The data in Figure 6- 13 were 

obtained from CFD simulations in section 6.2.1.3. Figure 6- 13 shows that the shift in 

the initial wind speed resulted in the same pattern of changes of air movement. On 

windward wall, the air movement velocity differences between M1 on bottom and top 

floor were more obvious at higher wind speeds, which were 0.43 m. s-1 and 3.41 m. s-

1 for wind speed of 1 m.s-1 and 8 m.s-1, respectively. However, there was no different 

velocity between bottom and the top floor of both C1 and C2. On the leeward wall, the 

air movement velocity at any measurement points had close value.  

 

 
Figure 6- 13 Air movement at different positions on building in winter  
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Inline flow pattern occurred on the building envelope in summer and winter while 

oblique flow occurred on the building envelope in rainy season. The flow pattern led 

to the higher velocity on windward wall in summer (M2) and winter (M1) than the 

windward wall in rainy season (C3) (illustrated in Figure 6- 11 to Figure 6- 13). The 

velocity of the middle room position of the windward wall of the building in summer 

and winter was higher than the corner on the same side. Additionally, velocity at the 

middle building position of the bottom floor was higher than the top floor. However, 

velocity of leeward (C3, M2, C4) was the same value at any room positions. In rainy 

season, there was less difference in the velocity between bottom and the top floor. 

6.2.3 Summary wind speed and position on building 
In winter and summer, windward wall of building had greater air movement due to the 

direct exposure of initial wind. The air movement on the windward wall reached up to 

235% of the original wind speed, indicating a significant wind force impact the wall 

surface. The leeward wall had lower air movement as a result of sheltered area. The 

air movement velocity on the leeward wall surface was approximately 86% of the 

original wind speed. On the other hand, in rainy season, air movement on the 

windward wall surface had 125% of the originated wind speed due to obliqued flow. 

Eddy was created at the corner of building resulting in the lower air movement value 

on building corners. Varying the initial wind speed created the consistent pattern of air 

movement changing. The air movement at opposite orientation (with same wind 

speed) behaved the same. The simulation for summer (south wind) will be applied but 

with opposite orientation to winter (north wind). 

In conclusion, air movement velocity at different room locations in building, such as 

corner or middle room and height of the room, varied depending on wind direction and 

wind speed. It is crucial to take the potential wind speed and direction into account 

when designing building, especially in passive design.  

6.3 Building height and Road width 
Further details regarding the methodology can be found in Chapter 3.5.2. 

This section will analyse the effect of road width to building height ratio for the key 

seasons (summer - south wind, winter ± north wind and rainy season ± south-west 

wind). The CFD analysis of same ratio of road width to building height are in section 

6.3.1, while the varying ratios considered for 4 floors building and 8 floors building are 
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in section 6.3.2. Measurement locations (Cx1, Cx2, Cy1, Cy2, Mx, and My) of this section 

were shown in Figure 3-14. 

6.3.1 CFD of the same ratio of road width to building height 
This section provides the results of CFD exploration, utilising the same ratio of road 

width to building height (a ratio of 0.55). The exploration aims to compare how the ratio 

affects airflow patterns at different measurement points of the building surfaces.  

This comparison will be carried out in two parts, which are south and winter (Section 

6.3.1.1) and rainy season (Section 6.3.1.2). Figure 6- 14 illustrates three cases of 

same ratio of road width to building height (0.55). 

 

 
Figure 6- 14 three cases of same ratio of road width to building height 
(Source: Author) 

6.3.1.1 Summer and winter 
Regarding the CFD simulation results�in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) will be applied but with opposite orientation to winter (north wind). 

This investigation provided CFD analysis of wind speed 1 m.s-1 and 6 m.s-1 based on 

the minimum and maximum of typical wind speed. The details of CFD results were 

visualised for 6 m.s-1 because air movement pattern exhibited significantly clearer 

more than 1 m.s-1. The visualisations represented only summer; otherwise, opposite 

orientation would apply for winter.  

For all the road width and wind speed options analysed: 

x The wind impinged perpendicularly on the south of the building.  

x The south building reduced the air velocity and created a vortex inside the 

street canyon.  
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x Air movement at any measurement points at 1st floor level (3.6m high) and 

the top floor (8.8 m high, and 19.20 m high for 4 and 8 floors building, 

respectively) of these buildings in the street canyon behaved the same. 

However, for 21 m road width, air movement behaved differently due to the 

wider road causing the wind to impinge on both corners of the north building. 

Air movement of same ratio of road width to building height was summarised 

in Table 6- 4. 

Table 6- 4 summary of air movement in summer and winter for same road 
width/ building height ratio (0.55) 

 average wind speed  air speed ratio  
(top floor : bottom floor) 

comparison 
to average 
wind speed  

(%) 
initial wind speed 

1 m.s-1 
initial wind 

speed 6 m.s-1 
initial wind 

speed  
1 m.s-1 

initial wind 
speed  
6 m.s-1 

1st 
floor 

top 
floor 

1st 
floor 

top 
floor 

average average 

ro
ad

 
w

id
th

 

5m 0.68 0.68 4.07 4.07 1.00 1.00 -32.08% 
9m 0.86 0.86 5.04 5.04 1.00 1.00 -15.00% 
21m 1.23 1.46 5.99 7.32 1.19 1.22 22.81% 

The air movement velocity between such buildings was reduced approximately 32% 

for road width 5 m and 0.68 m. s-1 and 15% for road width 9 m.�Air movement at both 

1st floor and top floor level were similar for road width of 5 m and 9 m (see Figure 6- 

15). However, for road width 21 m, average velocity between such buildings was 

approximately 23% higher air movement velocity than initial wind speed. The air 

movement at both corners (at Cx1 and Cx2) of the north building on the top floor was 

higher than other measurement points on the same floor level (see Figure 6- 16). This 

is because this road width induced the wind to impinge at the corner of the north 

building (see Figure 6- 17).  

Building on either side of the road performed as barriers, which resulted in canyon 

effect. Skimming flow region occurred in the space between the buildings of all road 

width in this section. This is because air from initial wind flowed over the buildings. The 

air movement close WR� WKH�EXLOGLQJV¶�VXUIDFH�FKDUDFWHULVHG� the flow to move along 

building surface. The surrounding flow in the region then transitioned into turbulent 

flow (see Figure 6- 15). Even though all cases in this section had same ratio of road 

width to building height, the wider road allowed more air to be dispersed in the space 

between the buildings. The presence of skimming flow in the space between such 
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buildings needs to be taken consideration when designing and simulation building. 

This is because it might result in differing wind direction pattern from initial wind speed.  

Road width 5 m (view from the west)  

(see a legible CFD scale bar in Figure 6- 1) 

 
Road width 9 m (view from the west)  

(see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 15 Air movement at the space between two buildings in summer with 
5m and 9m road width with initial wind speed at 6m.s-1  
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at 1st floor level (see a legible CFD scale bar in Figure 6- 1) 

 
at 16th floor level (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 16 Air movement at the space between two buildings in summer with 
21m road width and initial wind speed at 6m.s-1  
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Road width 21 m (view from the west) (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 17 Air movement at the space between two buildings in summer with 
21m road width and initial wind speed at 6m.s-1  
6.3.1.1.1 Summary of the air movement at the space between two buildings at the 

same road width/ building height ratio (0.55) in summer 

In summer, the wind mainly flows from south direction. Based on the CFD results, 

even though the ratio of road width to building height were the same, the wider road 

width led to higher air velocity. There was no different air movement between the 

bottom and the top floor for 5m and 9 m road width because the wind obstruction of 

the south building. For 21m road width, air movement behaved the same at any 

measurement points at the 1st floor, however the wind could interfere directly at the 

corners of the north building on the top floor. Thus, the interference resulted in the 

higher velocity than other measurement points. (see Figure 6- 18) 
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*The locations (Cx1, Cx2, Cy1, Cy2, Mx, and My) are defined in Chapter 3.5.2 (Figure 3-
14) 

Figure 6- 18 Air movement velocity at the space between two buildings in 
summer 
6.3.1.1.2 Summary of the air movement at the space between two buildings at the 

for same road width/ building height ratio (0.55) in winter 

In winter, the wind mainly flows from north direction. The air velocity in this season can 

be estimated from the CFD of summer results. The wider road width led to the higher 

air velocity, while the ratio of road width to building height was the same. There was 

no different air movement between the bottom and the top floor for 5m and 9 m road 

width because the wind obstruction of the south building. For 21m road width, air 

movement behaved the same at any measurement points at the 1st floor, however the 

wind could interfere directly at the corners of the north building on the top floor. Thus, 

the interference resulted in the higher velocity than other measurement points. (see 

Figure 6- 19) 
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* The locations (Cx1, Cx2, Cy1, Cy2, Mx, and My) are defined in Chapter 3.5.2 (Figure 
3-14) 

Figure 6- 19 Air movement at the space between two buildings in winter 
(Source: Author) 

6.3.1.2 Rainy season 
This investigation will provide CFD analysis of wind speed 1 m.s-1 and 6 m.s-1 based 

on the minimum and maximum of typical wind speed. The detailed information is for 6 

m.s-1 because CFD results visualise air movement pattern more clearly than 1 m.s-1.  

For all the road width and wind speed options analysed: 

x The wind impinged perpendicularly on south-west of the north buildings. The 

wind encounters the buildings in oblique angle. The wind can impinge directly 

at the corner (Cx1) of the north building, resulting higher velocity at this 

position.  
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x The south building reduced the air velocity and created a vortex inside the 

street canyon.  

x Air movement at any measurement points at 1st floor level (3.6m high) and 

the top floor of these buildings in the street canyon behaved similarly. Air 

movement with same road width to building height ratio was summarised in 

Table 6- 5 

Table 6- 5 summary of air movement in rainy season for same road width/ 
building height ratio (0.55) 

 average wind speed  air speed ratio  
(top floor : bottom floor) 

comparison 
to average 
wind speed 

(%) 
initial wind speed 

1 m.s-1 
initial wind 

speed 6 m.s-1 
initial wind 

speed  
1 m.s-1 

initial wind 
speed  
6 m.s-1 

1st 
floor 

top 
floor 

1st 
floor 

top 
floor 

average average 

ro
ad

 
w

id
th

 

5m 0.73 0.73 4.34 4.34 1.00 1.00 -27.42% 
9m 0.90 0.92 3.99 4.11 1.02 1.03 -20.76% 
21m 1.08 1.05 5.65 5.36 0.98 0.95 -0.94% 

For both road width of 5m and 9m, the skimming flow regime occurred at both the west 

corner of the south building (Cy1) and the east corner of the north building (Cx2), which 

resulted in low air movement velocity. At My, Cy2 measurement points, there was no 

air velocity difference between the 1st floor and the top floor. However, at middle 

position of the north building (Mx), the air movement velocity at the top floor was higher 

than the bottom floor (see Figure 6- 20, Figure 6- 21).  

On the other hand, for road width of 21 m, wind impinged directly at the corner (Cx1) 

and the middle (Mx) of the north building which brough about higher velocity at these 

positions. Meanwhile, the skimming flow regime occurred at both the west corner of 

the south building (Cy1) and the east corner of the north building (Cx2) resulting in low 

air movement velocity. At My, Cy2 measurement points, there was slightly different air 

velocity between the 1st floor and the top floor for initial wind speed. (see Figure 6- 22, 

Figure 6- 23) 

While the ratio of road width to building height were the same, air movement at the 

measurement points for road width of 21 m was similar to the initial wind speed. 

However, for other road widths, air movement at the measurement points between the 

buildings was lower more than 20 % from the initial wind speed. This is because the 

buildings acted as the obstructions to wind flow, which forced the air in the space 
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between the buildings to change direction. The deflected wind along the buildings 

formulated vortex in airflow patterns.  

at 1st floor level (see a legible CFD scale bar in Figure 6- 1) 

 
at 7th floor level (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 20 Air movement at the space between two buildings in rainy season 
with 9m road width and initial wind speed at 6m.s-1  
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view from the west (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
axonometric view (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 21 Air movement at the space between two buildings in rainy season 
with 9m road width and initial wind speed at 6m.s-1  
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at 1st floor level (see a legible CFD scale bar in Figure 6- 1) 

 
at 16th floor level (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 22 Air movement at the space between two buildings in rainy season 
with 21m road width and initial wind speed at 6m.s-1  
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view from the west (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
axonometric view (from above) (see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 23 Air movement at the space between two buildings in rainy season 
with 21m road width and initial wind speed at 6m.s-1  
(Source: Author) 

6.3.1.2.1 Summary of the air movement at the space between two buildings at the 

same road width/ building height ratio (0.55) in rainy season 

In rainy season, due to the oblique angle of the wind on the buildings, there was a 

fluctuation in the air movement velocity. This is because the wind can impinge directly 
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on some positions of the buildings which caused significant difference in wind pressure 

along the street. (see Figure 6- 24). 

 

 
 

 
The locations (Cx1, Cx2, Cy1, Cy2, Mx, and My) are defined in Chapter 3.5.2 (Figure 3-
14) 

Figure 6- 24 Air movement at the space between two buildings in rainy season  
 

6.3.1.3 Summary of CFD of same road width/ building height ratio (0.55) 
In summer and winter, the skimming flow regime is observed in all cases with the same 

aspect ratio of road width to building height (0.55). This is as expected for the same 

ratio of road width to building height (see Figure 3-15). The aspect ratio has a 

considerable influence on how the wind is channelled within the street canyon. 
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However, the distinct wind flow pattern emerges at the leeward building corners due 

to the aspect ratio of the building length to height. A larger aspect ratio indicates a 

longer building length relative to building height, which provides obstructions to the 

wind flow. For example, the air movement at the corner of second wind-impinged 

building with 21 m road width had higher velocity compared to the same measurement 

points of the building with the road width of 5 m.  

In rainy season, due to the oblique angle of the wind on the buildings, there was a 

fluctuation in the air movement velocity because the wind can impinge directly on 

some positions of the buildings which created significantly different wind pressure and 

along the street. For both 1 m.s-1 and 6 m.s-1 initial wind speed, the air movement at 5 

m road width at each building location between lower floor and the top floor had similar 

pattern. This is as expected for the same ratio of road width to building height (see 

Figure 3-15). In contrast, for both 9 m and 21 m road width, the air movement at each 

particular point of 1 m.s-1 initial wind speed compared to 6 m.s-1 initial wind speed 

behave different pattern. This is likely because the distances of the road are slightly 

different, so it does not behave the same as when wind direction is normal or parallel 

to the canyon. 

6.3.2 CFD of varying aspect ratio of building height to road width 
Further details regarding the methodology can be found in Chapter 3.5.2.2 

This section provides CFD results of varying aspect ratio of building height to road 

width�by comparison of the air movement of same building height with different road 

width. This section is divided into two sub-sections, which are�4 floors (8.8 meters high) 

with different road widths (Section 6.3.2.1) and 8 floors (19.2 meters high) with 

different road widths (Section 6.3.2.2). Figure 6- 25 illustrates five cases of varying 

aspect ratio to road width. 
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Figure 6- 25 five cases of varying aspect ratio of building height to road width 
(Source: Author) 

6.3.2.1 Building height: 4 floors 

6.3.2.1.1 Summer and winter 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) will be applied but with opposite orientation to winter (north wind). 

In summer, the wind impinged perpendicularly on the south of the building, which 

resulted in wake interference effect occurring in the space between such two buildings. 

Air movement at any measurement points at 1st floor level (3.6m high) and the top 

floor (8.8 m high) of these buildings in the street canyon behaved similar.  

In summer and winter, air movement at the same measurement locations on the first 

and the top floor were slightly different. In all cases, air movement was approximately 

34% lower than initial wind speed. The same trends were being experienced at all six 

measurement points for air movement relating to 5m (ratio of road width to building 

height: 0.55) and 9m roads (ratio of road width to building height: 1.09). This is as 

expected for the same ratio of road width to building height for ratio below 1.4 (See 

more detail in Section 3.5.1.2.1). However, 21m road width (ratio of road width to 

building height: 2.27) occurred some different responses at points Cx1 and Cx2 for 



203 
 

summer (see Figure 6- 27) and point Cy1 and Cy2 for winter (see Figure 6- 28). This 

is because the wider space between the buildings encouraged the air to disperse and 

impinge on the corners of the buildings. As a result of wider space reducing funnelling 

effect, average air velocity in the space between buildings of 21 m to be lower than 

the space of 5m. In addition, eddies tend to appear prominently when the distance 

between such buildings becomes wider (Figure 6- 26).  

Table 6- 6 summary of air movement in summer and winter for same building 
height (4 floors) with different road width 

4 storey 
buildings 

average wind speed  air speed ratio  
(top floor : bottom floor) 

comparison 
to average 
wind speed 

(%) 
initial wind speed 

1 m.s-1 
initial wind 

speed 6 m.s-1 
initial wind 

speed  
1 m.s-1 

initial wind 
speed  
6 m.s-1 

1st 
floor 

top 
floor 

1st 
floor 

top 
floor 

average average 

ro
ad

 
w

id
th

 

5m 0.68 0.68 4.07 4.07 1.00 1.00 -32.08% 
9m 0.65 0.65 3.88 3.88 1.00 1.00 -35.17% 
21m 0.63 0.66 3.71 3.92 1.05 1.06 -35.89% 

 

CFD result of 4-storey buildings with road width of 5 m  
(see a legible CFD scale bar in Figure 6- 1) 
 

 
Figure 6- 26 the comparison of CFD results between 4 storey buildings with 
road width of 5 m and 21 m 
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CFD result of 4-storey buildings with road width of 21 m  
(see a legible CFD scale bar in Figure 6- 1) 

 
Figure 6- 26 the comparison of CFD results between 4 storey buildings with 
road width of 5 m and 21 m (continued) 
 

 

 
Figure 6- 27 Air movement velocity between 4-storey buildings with different 
road width in summer  
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Figure 6- 27 Air movement velocity between 4-storey buildings with different 
road width in summer (continued) 
 

 

 
 

 
Figure 6- 28 Air movement velocity between 4-storey buildings with different 
road width in winter  
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6.3.2.1.2 Rainy season 

The wind encounters the buildings in oblique angle, which impinged perpendicularly 

on south-west of the north buildings. There was no different velocity between lower 

floor (3.60 m high) and the top floor (8.8m high). 

Table 6- 7 summary of air movement in rainy season for same building height 
(4 floors) and different road width 

4 storey 
buildings 

average wind speed  air speed ratio  
(top floor : bottom floor) 

comparison 
to average 
wind speed 

(%) 
initial wind speed 

1 m.s-1 
initial wind 

speed 6 m.s-1 
initial wind 

speed  
1 m.s-1 

initial wind 
speed  
6 m.s-1 

1st 
floor 

top 
floor 

1st 
floor 

top 
floor 

average average 

ro
ad

 
w

id
th

 

5m 0.73 0.73 4.34 4.34 1.00 1.00 -27.42% 
9m 0.68 0.69 4.00 4.00 1.02 1.00 -32.42% 
21m 0.66 0.64 3.86 3.76 0.97 0.97 -35.85% 

 

The highest air movement velocity occurred on the west corner of the north building 

(Cx1) because the wind impinged directly at the corner. In addition, for road width of 

21 m, wind could also strike directly on the middle of the north building façade (Mx). 

The presence of wind impingement on the building surface brings about higher 

velocity. Meanwhile, Vortices and eddies occurred at both the west corner of the south 

building (Cy1) and the east corner of the north building (Cx2) resulting in low air 

movement velocity. There was slightly different velocity between lower floor (3.60 m 

high) and the top floor (8.8m high). The average air movement between the EXLOGLQJV¶�

space tends to be less when the space becomes broader. Due to the increased open 

area, air movement was less influenced because of less obstruction. In Table 6- 7, 

road width of 5 m had higher air velocity than road width of 21 m by approximately 9%. 

This is because narrower road formulates a channelling effect to accelerate the air 

velocity within the confined space.     

In rainy season, the air movement at the space between two buildings in this season 

was fluctuating due to the oblique impinged wind. The wind can impinge directly on 

some positions of the buildings which occurred the significant different wind pressure 

and negative pressure along the street. The air movement between 1st floor (3.6 m 

high) and the top floor (8.8m high) behave similar flow pattern.  
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Figure 6- 29 Air movement velocity between 4-storey buildings with different 
road width in rainy season  
(Source: Author) 

6.3.2.2 Building height: 8 floors 

6.3.2.2.1 Summer and winter 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) will be applied but with opposite orientation to winter (north wind). 

In summer, the wind impinged perpendicularly on the south of the building, which 

resulted in wake interference effect occurred in the space between such two buildings. 

Air movement at any measurement points at 1st floor level behaved the same as the 
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top floor of these buildings. Air movement at any measurement points at 1st floor level 

(3.6m high) and the top floor (19.20 m high) of these buildings in the street canyon 

behaved the same.  

Table 6- 8 summary of air movement in summer and winter for same building 
height (8 floors) and different road width 
8 storey 
buildings 

average wind speed  air speed ratio  
(top floor : bottom floor) 

comparison 
to average 
wind speed 

(%) 
initial wind 

speed 1 m.s-1 
initial wind 

speed 6 m.s-1 
initial wind 

speed  
1 m.s-1 

initial wind 
speed  
6 m.s-1 

1st 
floor 

top 
floor 

1st 
floor 

top 
floor 

average average 

ro
ad

 
w

id
th

 

9m 0.86 0.86 5.04 5.04 1.00 1.00 -15.00% 
21m 0.81 0.81 4.78 4.78 1.00 1.00 -19.67% 

 

In summer and winter, the air movement at any measurement points between 1st floor 

(3.6m high) and the top floor (19.20m high) behaved the same. In addition, all six 

measurement points of each road width also had the same trends. This is as expected 

for the same ratio of road width to building height (see more detail in Section 3.5.1.2.1). 

Air velocity between road width of 9 m and 21 m were approximately 15% and 20% 

respectively less than the initial wind speed. (see Figure 6-  and Figure 6- 31) 

 

 
Figure 6- 30 Air movement velocity between 8-storey buildings with different 
road width in summer  
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Figure 6- 30 Air movement velocity between 8-storey buildings with different 
road width in summer (continued) 
 

 

 
 

 
Figure 6- 31 Air movement velocity between 8-storey buildings with different 
road width in winter  
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6.3.2.2.2 Rainy season 

For all the building height and wind speed options analysed, the wind encounters the 

buildings in oblique angle. The wind impinges directly at the south-west corner (Cx1) 

of the north building which bring about higher velocity at this position. Meanwhile, the 

skimming flow regime occurred at both the west corner of the south building (Cy1) and 

the east corner of the north building (Cx2), which resulted in low air movement velocity. 

Air movement at any measurement points at 1st floor level (3.6m high) and the top 

floor (19.20 m high) of the buildings within a street canyon with a width of 9 metres 

exhibited consistent behaviour. Similarly, in the street canyon with a width of 21 m, the 

airflow at any measurement points on the 1st and the top floor of the buildings also 

behaved uniform characteristics. 

Table 6- 9 summary of air movement in rainy season for same building height 
(8 floors) and different road width 

8 storey 
buildings 

average wind speed  air speed ratio  
(top floor : bottom floor) 

comparison 
to average 
wind speed 

(%) 
initial wind 

speed 1 m.s-1 
initial wind 

speed 6 m.s-1 
initial wind 

speed  
1 m.s-1 

initial wind 
speed  
6 m.s-1 

1st 
floor 

top 
floor 

1st 
floor 

top 
floor 

average average 

ro
ad

 
w

id
th

 

9m 0.86 0.86 3.99 3.99 1.00 1.00 -23.85% 
21m 0.70 0.72 4.14 4.26 1.03 1.03 -29.49% 

 

In rainy season, due to the oblique angle of the wind on the buildings, there was a 

fluctuation in the air movement velocity. This is because the wind can impinge directly 

on some positions of the buildings which occurred the significant different wind 

pressure and negative pressure along the street. The air movement�between 1st floor 

(3.6 m high) and the top floor (19.2 m high) behaved similar flow pattern for both 1 

m.s-1 and 6 m.s-1 initial wind speed cases.  
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Figure 6- 32�Air movement velocity between 8-storey buildings with different 
road width in rainy season  
 

6.3.2.3 Summary of CFD of varying aspect ratio of building height to road 
width 

In summer, when considering the ratio of building height to road width of less than 1.4, 

air movement at both the 1st floor and the top floor within the street canyon exhibited 

consistent behaviour. For example, the air movement at any measurement points for 

both the 1st floor and top floor within the street canyon of 5 metre width remained 

consistent. However, when considering the ratio of building height to road width within 

range of 1.4 and 2.4,�as a case of 4 floors buildings with a road width of 21 metre, the 

difference of air movement between the 1st and top floor are approximately 2.5%. 
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In rainy season, due to the oblique angle of the wind on the buildings, there was a 

fluctuation in the air movement velocity. However, the pattern of flow between lower 

floor and the top floor were similar.  

As predicted in Chapter 3.5.2.1, air movement within the street canyon exhibits diverse 

behaviour based on the aspect ratio of building height to road width. A skimming flow 

regime is observed when the aspect ratio is below 1.4 such as the 4 floors buildings 

with road width of 5 metre and 9 metre This influences similar air movement values at 

any measurement points. However, when the aspect ratio between 1.4 to 2.4, a wake 

interference flow regime prevails. This causes the wind to impinge directly on certain 

façades of the building. Notably, narrower road created higher velocity through 

funneling effect. 

6.3.3 Summary of building height and road width 
This section explored the effect of air movement within street canyons through both 

the same aspect ratio of building height to road width and various ratios of building 

height to road width. The CFD sensitivity was explored during key seasons summer, 

winter and rainy season. To summarise, the air movement within the street canyon is 

influenced by the following factors:  

Building height and road width: Street canyon geometry significantly impacts on the 

air movement within the canyon. The air movement exhibits the same flow patterns 

when the aspect ratio of building height to road width remains the same. For example, 

a skimming flow regime is observed in the street canyons with the ratio less than 1.4, 

whereas wake interference occurs when the ratio ranges between 1.4 and 2.4.  

In addition, building length to building height, another aspect ratio, can influence 

airflow pattern within the street canyon. Increasing building length can obstruct the 

flow of initial wind to the canyon. In case where the ratio of building height to road 

width remains constant, ratio of 0.55, the air movement within the street canyon of 5 

metre wide is approximately 45% lower than the street canyon of 21 metre wide. This 

is because the aspect ratio of building length to road width of 5 metre road width is 

higher than the ratio of 21 metre road width. Additionally, lower aspect ratio of building 

length to road width allows the wind to impinge directly on the leeward building 

facades.  

The narrower street canyon influences the higher air movement in the street canyon. 
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Wind direction: wind direction has a significant impact on how it interacts on the 

building surface. The wind approaches perpendicularly to the building façade during 

summer, while the wind strikes the building surface at an oblique angle during rainy 

season. This results in distinct air movement patterns within the street canyon. 

Wind speed: higher initial wind speed influences proportionally higher wind in the 

street canyon. 

6.4 Nearby buildings 
Referring to the results of the previous section, building height and road width have 

significant impact on air movement in the street canyon. In this section, deeper 

exploration will be undertaken into how nearby buildings affect the focus building.  

This section provides an analysis of the CFD result for the exploration of air movement 

around the focus building influenced by increasing nearby building layers. Three 

different layers of nearby buildings are one layer of nearby building (Section 6.4.1), 

two layers of nearby building (Section 6.4.2) and three layers of nearby building 

(Section 6.4.3).  

6.4.1 one layer of nearby buildings  
Details regarding the methodology can be found in Chapter 3.5.3.1. 

Simulated data points were illustrated in Figure 3-18. The 16 different possibilities of 

focus building surrounded by different range of 3 and 8 floor buildings is illustrated in 

Figure 6- 33� The comparison of the 16 different possibilities involving one layer of 

nearby buildings will be categorised into three groups based on the heights of the 

nearby buildings. Within each group, the exploration will be explained throughout 

different seasons, including summer and winter and rainy seasons. The three groups 

are the focus building surrounded by all 3-storey building (Section 6.4.1.1), surrounded 

by a mixture between 3-storey and 8-storey buildings (Section 6.4.1.2), and 

surrounded by all 8-storey buildings (Section 6.4.1.3).  
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Figure 6- 33�schematic of one nearby-buildings layer cases  
(Source: Author)  

 

 



215 
 

Table 6- 10 summary of air movement in summer and winter for one layer of 
nearby buildings 
nearby 
buildings  

  Average air speed (m.s-1) air speed ratio 
top floor : bottom 

floor) 

comparison to 
initial wind speed 
(%) 

corners on 
windward 
side  

corners on  
leeward side  

corners 
on 
windward 
side 

corner 
on 
leeward 
side  

windward 
corners 

leeward 
corner 

1st 
floor 

7th  
floor 

1st  
floor 

7th  
floor 

all 
3-storey 
buildings 

A1 2.51 1.25 2.51 2.51 0.50 1.00 -53.0 -37.3 

mixture 
3-storey 

and 
8-storey 
buildings 

A2 2.66 1.33 2.66 2.66 0.50 1.00 -50.1 -33.5 
A3 2.66 1.33 2.66 2.66 0.50 1.00 -50.1 -33.5 
A4 3.10 2.59 3.10 3.10 0.84 1.00 -28.9 -22.5 
A5 3.09 2.58 3.09 3.09 0.83 1.00 -29.1 -22.8 
A6 3.11 2.59 3.11 3.11 0.83 1.00 -28.8 -22.3 
A8 3.09 3.09 3.09 3.09 1.00 1.00 -22.8 -22.8 
A9 3.10 3.10 3.10 3.10 1.00 1.00 -22.5 -22.5 
A10 3.98 2.49 3.98 3.98 0.63 1.00 -19.1 -0.5 
A11 3.97 2.48 3.97 3.97 0.62 1.00 -19.4 -0.7 
A12 3.26 2.33 3.26 3.26 0.71 1.00 -30.1 -18.5 
A13 2.66 1.33 2.66 2.66 0.50 1.00 -50.1 -33.5 
A14 3.10 2.59 3.10 3.10 0.84 1.00 -28.9 -22.5 
A15 3.09 3.09 3.09 3.09 1.00 1.00 -22.8 -22.8 
A16 3.97 2.48 3.97 3.97 0.62 1.00 -19.4 -0.7 

all 
8-storey 
buildings 

A7 3.09 3.09 3.09 3.09 1.00 1.00 -22.8 -22.8 

The graphical comparisons will be presented in Figure 6- 34and Figure 6- 35. 
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Table 6- 11 summary of air movement in rainy season for one layer of nearby 
buildings 
nearby 
buildings 
of 

  Average air speed (m.s-1) air speed ratio 
top floor : bottom 

floor) 

comparison to initial 
wind speed (%) 

corners on 
windward 
side  

corners on  
leeward side  

corners 
on 
windward 
side 

corner 
on 
leeward 
side  

windward 
corners 

leeward 
corner 

1st 
floor 

7th  
floor 

1st  
floor 

7th  
floor 

all 
3-storey 
buildings 

A1 3.63 4.27 2.13 2.13 1.18 1.00 -1.3% -46.8% 

mixture 
3-storey 
and 
8-storey 
buildings  

A2 2.79 2.79 2.14 2.14 1.00 1.00 -30.4% -46.5% 
A3 2.84 2.84 2.40 2.40 1.00 1.00 -29.0% -40.0% 
A4 3.15 4.50 2.25 2.25 1.43 1.00 -4.4% -43.8% 
A5 2.49 2.49 2.26 2.26 1.00 1.00 -37.8% -43.5% 
A6 3.18 4.55 2.27 2.27 1.43 1.00 -3.4% -43.3% 
A8 2.82 2.82 1.88 1.88 1.00 1.00 -29.5% -53.0% 
A9 4.71 4.96 2.48 2.48 1.05 1.00 20.8% -38.0% 
A10 4.51 4.75 2.37 2.37 1.05 1.00 15.7% -40.8% 
A11 4.70 4.95 3.46 3.46 1.05 1.00 20.5% -13.5% 
A12 3.43 3.43 2.75 2.75 1.00 1.00 -14.3% -31.3% 
A13 2.14 2.14 2.36 2.36 1.00 1.00 -46.5% -41.1% 
A14 2.25 2.25 3.15 3.60 1.00 1.14 -43.8% -15.6% 
A15 1.88 1.88 2.82 2.82 1.00 1.00 -53.0% -29.5% 
A16 3.46 3.46 4.70 4.20 1.00 0.89 -13.5% 11.2% 

all 
8-storey 
buildings 

A7 2.82 2.82 2.35 2.35 1.00 1.00 -29.5% -41.3% 

The graphical comparisons will be presented in Figure 6- 36 to Figure 6- 39. 

6.4.1.1 surrounded by all 3-storey buildings  
Case A1 is the only scenario in which the focus building is entirely surrounded by 3-

storey buildings. 

Summer and winter 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) is very similar but with opposite orientation to winter (north wind).  

The initial wind originates at 4 m.s-1 from the south (summer) and north (winter). At 1st 

floor, air movement at any measurement points of focus building remains constant at 

2.51 m.s-1. The constancy is due to the obstructing effect caused by a nearby building. 

However, at the 7th floor, the focus building is not obstructed by nearby building. The 
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wind impinges directly on the short façade of the focus building, which causes a vortex 

at both corners of the façade on the windward side. Therefore, air movement at both 

corners of the windward sides is reduced by approximately 50.2% compared to other 

measurement points on the same level.  

Rainy season 

The initial wind from the south-west at 4 m.s-1 impinge obliques at an angle on the 

building. At 1st level, the initial wind cannot directly strike on the focus building because 

it is obstructed by adjoining building to the west. However, at the 7th floor, the wind 

directly reaches on the west façade of the focus building because there is no 

obstruction at this level. The air movement at the windward side of the focus building 

is greater than the leeward side by 70% at the 1st and 100% at 7th floor respectively.  

6.4.1.2 surrounded by a mixture between 3-storey and 8-storey buildings 
There are 14 cases (A2, A3, A4, A5, A6, A8, A9, A10, A11, A12, A13, A14, A15, and 

A16) in which the focus building is surrounded by a mix of 3 and 8 storey buildings. 

Summer and winter 

The initial wind originates at 4 m.s-1 from the south (summer) and north (winter). At 1st 

floor level, the wind speed was obstructed by a nearby building, which brought about 

the air movement at all measurement points each case behaving the same pattern. At 

7th floor level, the wind impinged directly on the short façade of the focus building 

which resulted in negative pressure occurring at the corner of the building on the 

windward side. Although the air flow pattern in each case was similar; there were minor 

building layout differences which caused individual variation to the air movement 

velocity results.  

The primary factor influencing air movement within the canyon is the height of the 

windward building. This can be categorised into two groups based on the height of the 

windward building, which includes 3 storey buildings and 8-storey building. 

In the case of 3-storey building on windward side of the focus building, this can be 

divided into two sub-groups regarding the height of leeward buildings. 

x Windward building: 3-storey and leeward building:3-storey building:  
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This includes A2, A3 and A13 had a 3-storey building at the leeward side. The 

key difference between A2, A3 and A13 was one and two adjacent 8-floor 

buildings on the east and west of the focus building. An 8-floor building was 

located only on the western side in case A2 and only on the eastern side in 

case A13, whereas located both side of the focus building in case A3. However, 

the air movement of case A2, A3 and A13 on each floor level had a similar 

velocity of 2.66 m.s-1. This is except at C2 and C4 on the 7th floor, where the 

velocity reduced to 1.33m.s-1 (reduced 50%). This is because the initial wind 

encountered directly on the windward façade of focus building and then the air 

clung along the corner which occur vortex at both corners. This is why the 

velocity at these points are lower. 

x Windward building: 3-storey and leeward building:8-storey building: 

This includes A10, A11, A12 and A16. The distinction between A10, A11, A12 

and A16 and was zero, one and two adjacent 8-storey buildings on the east 

and west of the focus building. 8-storey building was non-existent in case A10, 

while the building was located only the east side in case A11 and west sides of 

the focus building in case A16. The air movement on each floor level of case 

A10, A11 and A16 had a similar velocity. However, the air movement velocity 

in case A12 was approximately 18.50% lower than the air movement velocity 

in case A10, A11 and A16 because the focus building in case A12 has more 

friction caused from surrounding building walls.  

In the case of 8-storey building on windward side of the focus building, this includes 

A4, A5, A6, A8, A9, A14 and A15.  

At 1st floor level, the wind speed was obstructed by the 8-storey windward building, 

which brought about the air movement of all measurement points each case behaving 

the same pattern and had a similar velocity. (see Figure 6- 35) 

At 7th floor level, the wind also impinged directly on the windward building but the air 

movement velocity in each case had different velocity depending on the height of other 

surrounding building (see Figure 6- 35). The velocity varies between 2.06 m. s-1 and 

3.11 m. s-1. 
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Figure 6- 34 Air movement of one layer of nearby building with a 3-storey 
building at windward side of the focus building in summer with wind speed at 
4 m.s-1 
(Only data for 4 cases clearly visible due to similarities between certain layouts e.g. 

A13 is visible which covers similar data for A2 and A3, A16 is visible which covers 

similar data for A10 and A11) 

 
Figure 6- 35 Air movement of one layer of nearby building with an 8-storey 
building at windward side of the focus building in summer with wind speed at 
4 m.s-1 

(1st floor- indicate that data was so similar for all buildings, that A15 overlays the data. 

7th floor - Only data for 4 cases clearly visible due to similarities between certain 

layouts e.g. A14 is visible which covers similar data for A4, A5 and A6)�  
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Rainy season 

In this season, the wind mainly flows from the south-west direction. The wind was 

consequently obstructed by the west and south nearby buildings. As a result, the 

primary factor influencing airflow is the height of both the west and the south buildings. 

With 4 m.s-1 initial wind speed, the average air movement velocity of all cases was 

2.90 m. s-1. The maximum and minimum air movement velocities were 5.45 m. s-1 and 

1.88 m. s-1 respectively. From the CFD result of air movement of one nearby building 

layer, airflow pattern can be categorised mainly into four groups depended on both 

west and the south buildings height, which are:  

x 3-storey southern building and 3-storey western building in relation to the focus 

building: This includes A10, A11.  

x 3-storey southern building and 8-storey western building in relation to the focus 

building:  This includes A2, A3, A12.  

x 8-storey southern building and 3-storey western building in relation to the focus 

building: This includes A4, A6, A9. 

x 8-storey southern building and 8-storey western building in relation to the focus 

building: This includes A5, A8. 

3-storey southern building and 3-storey western building the focus building 

On the 1st floor, the wind was obstructed by the west building, whereas the wind 

could impinge directly on the focus building at 7th floor. The air movement velocity 

on the western side of the focus building (C1, M1 and C2) was higher in 

comparison to the eastern side of such building. The air movement on the eastern 

side had a similar velocity. (see Figure 6- 36) 
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Figure 6- 36 Air movement at the space of one nearby building layer cases in 
rainy season with wind speed at 4 m.s-1 

 

3-storey southern building and 8-storey western building the focus building 

The wind was obstructed by 8-storey western building before blowing to the focus 

building. On the western side of the focus building, the air movement at the same 

location on both the 1st and 7th floor behaved similar pattern. However, the air 

movement velocity on the eastern side varied depending on the east and the north 

EXLOGLQJV¶� KHLJKW��7KH� DYHUDJH�DLU�PRYHPHQW�� LQ� WKHVH� FDVHV��ZDV� �����P�� V-1 

which had the maximum and minimum velocity at 3.66 m. s-1 and 2.14 m. s-1 

respectively (see Figure 6- 37). 

 

 
Figure 6- 37 Air movement at the space of one nearby building layer cases in 
rainy season with wind speed at 4 m.s-1 
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8-storey southern building and 3-storey western building the focus building 

On the 1st floor level, the wind was obstructed by a 3-storey western building which 

resulted in the wind encountered directly on such 3-storey building and then 

reached at M2 before clinging with the building façade to other areas. This impact 

of this encounter conducted M1 had the peak velocity compared to other locations 

on the same floor. On the 7th floor, the wind could impinge directly on the focus 

building which enhanced C2 which had the highest air velocity. The air movement 

at the eastern side, of all measurement points, of the focus building had similar 

velocity (see Figure 6- 38). 

 

 
Figure 6- 38 Air movement at the space of one nearby building layer cases in 
rainy season with wind speed at 4 m.s-1 

(Only data for 2 cases clearly visible due to similarities between certain layouts e.g. 

A9 is visible and A6 overlays similar data for A4.) 

8-storey southern building and 8-storey western building the focus building 

The wind was minimised by such two 8-storey buildings on the west and south 

before encountering the focus building. The average air movement, in these 

cases, was 2.42 m. s-1 which was 39.5% lower velocity than initial speed, and the 

maximum and minimum velocity was 2.82 m. s-1 and 1.88 m. s-1 respectively (see 

Figure 6- 39). 
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Figure 6- 39 Air movement at the space of one nearby building layer cases in 
rainy season with wind speed at 4 m.s-1 

 

6.4.1.3 surrounded by all 8-storey buildings 
Case A7 is the only scenario in which the focus building is entirely surrounded by 8-

storey buildings.  

Summer and winter 

In case A7, the air movement velocity at�all measurement points was consistently at 

3.09 m.s-1.  

Rainy season 

The wind typically comes from an oblique angle. The air movement on the windward 

side of the focus building (C1, M1, C2) remained constantly at 2.82 m.s-1 for both the 

1st floor and 7th floor. On the leeward side, the air movement was also constant but 

reduced to 2.35 m.s-1.  

To compare Case A1 (surrounded by all 3-storey buildings) and A7 (surrounded by all 

7-storey buildings), air movement on the windward side of Case A1 exhibited more 

fluctuations, ranging from 2.99 to 3.84 m.s-1. In contrast, in case A7, the air movement 

has maintained uniform velocity of 2.82 m.s-1. This discrepancy was related to 

obstruction of the west and the south buildings¶�KHLJKW. 
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6.4.1.4 Summary of the air movement at the space of one nearby building 
layer cases 

The main influence on the wind flow pattern is the direction of the initial wind. The 

average air movement velocity of all summer and winter cases were similar to the 

average velocity in the rainy season, 2.98 m. s-1 in summer and winter and 2.90 m. s-

1 in the rainy season. The maximum and minimum velocity in summer and winter were 

3.98 m. s-1 and 1.25 m. s-1, while the velocity in rainy season was 5.45 m. s-1 and 1.88 

m. s-1 respectively. In summer and winter, the wind could not impinge directly on the 

PHDVXUHPHQW�ORFDWLRQV¶�IRFXV�EXLOGLQJ�UHVXOWLQJ�LQ�WKH�QHJDWLYH�SUHVVXUH�RFFXUULQJ�DW�

the corner of the building. However, in the rainy season, the wind could blow directly 

on the focus building depending on the height of the buildings towards the south and 

west, the air movement on focus building façade had higher velocity than the initial 

wind speed. 

6.4.1.4.1 Summary of one nearby building layer cases for summer and winter 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) is very similar but with opposite orientation to winter (north wind).  

In this season, the wind mainly flows from the south direction. With 4 m.s-1 initial wind 

speed, the average air movement velocity of all cases was 2.98 m. s-1. The maximum 

and minimum air movement velocities were 3.98 m. s-1 and 1.25 m. s-1 respectively.  

Air movement of one nearby building layer pattern can be categorised mainly into 2 

groups, which are  

x Wind speed encountering directly on a 3-storey building at southern side 

(summer) of the focus building (see Figure 6- 40 (a)). This includes A1, A2, 

A3, A10, A11, A12, A13, A16 

x Wind speed encountering directly on 8-storey building at southern side 

(summer) of the focus building. (see Figure 6- 40 (b)). This includes A4, A5, 

A6, A7, A8, A9, A14, A15. 
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(a) a 3-storey building at southern side of 

the focus building 

 

 
(b) an 8-storey building at southern 

side of the focus building 

Figure 6- 40 schematic shows two different height of southern building of the 
focus building  
(This figure illustrates summer wind (south wind), while winter wind is very similar but 

with opposite orientation (north wind)) 

Air movement varied depending on locations of the building and the height of nearby 

buildings (see Table 6- 10). Air movement ratio between top floor to bottom floor were 

the same for the corner rooms at leeward side (C1 and C3). However, at the corner 

rooms at windward side, the air speed ratio between the top floor and the bottom floor 

altered mostly based on the height of the windward and leeward buildings. For 

example, in A1, A2, A3, and A13, the focus building surrounded by 3-storey buildings 

on both windward and leeward side had the air movement of top floor to bottom floor 

ratio of 0.50. At 1st floor level, the wind impinged directly on the south of nearby 

building, then the air progressed along the building façade and blew to other buildings 

later. However, at the 7th floor level, the wind encountered straight on the south façade 

of the focus building, then the air blew along the sides of the building. Negative 

pressure occurred at both corners of the south façade (C2 and C4), resulting in lower 

velocity at these points than other measurement points. On the other hand, the ratio 

of top floor to bottom floor of focus building surrounded by 8-storey buildings on both 

windward and leeward side (A7, A8, A9, and A15) were 1. This means there was no 
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different between the top and the bottom floor, even though nearby buildings on the 

east and the west varied height.  

To compare case A1 (surrounded by all 3-storey buildings) and A10, the difference 

between A1 and A10 relates to the leeward building. In case A1 the leeward building 

was 3-storey, whereas the building in case A10 was an 8-storey building. At 1st floor, 

the wind in both cases impinged directly on the windward building before blowing along 

the building façade to other building later. The air movement at all measurement points 

of case A10 were 3.98m.s-1 which was almost the same velocity as the initial wind 

speed, while the air movement at all measurement points of case A1 was 2.51 m. s-1, 

which was approximately 37.25% lower velocity than initial wind speed. At 7th floor, 

after the wind encountering straight on the windward façade of the focus building, the 

air movement clung along with the building façade with 1.25 m. s-1 at both corners of 

windward wall of the focus building and 2.51 m. s-1 at other measurement locations of 

the building in case A1. In case A10, the air movement blew along with the building 

and then encountered on the leeward surrounding building which influenced this case 

had a higher velocity than case A1 because of the rebound flow. 

To compare case A4, A5, A6 and A14, the focus building in these cases had 8-storey 

building on the windward side and 3-storey building on the leeward side. The air 

movement velocity of all cases behaved the same pattern regardless of whether the 

western or eastern buildings had different building height. The lower velocity occurred 

at both corners on windward side and middle positions (M1 and M2) of the focus 

building. 

To compare case A7 (surrounded by all 8-storey buildings) A8, A9 and A15, the 

difference between A7, A8, A9 and A15 relates to the eastern and western building 

height. 8-storey buildings existed both the east and the west in case A7, while the 

building was located only on either one between the east and the west for case A8 

and case A15. In case A9, there was no 8-storey building on the east and west of the 

focus building. The air movement velocity in case A7 decreased at the middle locations 

(M1 and M2) of the focus building, while the air movement velocity in case A8 and A15 

dropped only one side of the building, which had an 8-storey building in parallel. In 

case A9, all measurement points had a similar velocity. 
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6.4.1.4.2 Summary of one nearby building layer cases for rainy season 

In this season, the wind encounter directly on nearby building surface on the west of 

focus building. The air continued flowing along with the building façade to the space 

between each building. The highest air movement mainly occurred on the western 

side of the focus building at M1 and C2. In addition, on the west surface of the building, 

the air movement on the top floor tended to be higher than the lower floor when the 

nearby building on the west was 3 storeys. This is because the nearby building acted 

as a barrier for the lower floor, but the air could reach directly on higher floor level on 

the west wall of focus building. Contrastingly, the air movement had similar velocity 

between the lower floor and the top floor for the focus building with nearby building of 

8 storeys. On the leeward side, the air movement of the focus building at any 

measurement points on both floor level had a similar value. (see Table 6- 11) 

x 3-storey southern building and 3-storey western building the focus building (see 

Figure 6- (a)). This includes A1, A10, A11. 

x 3-storey southern building and 8-storey western building the focus building (see 

Figure 6- (b)). This includes A2, A3, A12. 

x 8-storey southern building and 3-storey western building the focus building (see 

Figure 6- (c)). This includes A4, A6, A9. 

x 8-storey southern building and 8-storey western building the focus building (see 

Figure 6- (d)). This includes A5, A7, A8. 
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(a) 

 

 
(b) 

Figure 6- 41 schematic shows different southern and western building height 
of the focus building 
 

 

 
(c) 

 

 
(d) 

Figure 6- 41 schematic shows different southern and western building height 
of the focus building (continued) 
(Source: Author) 

6.4.2 two layers of nearby buildings 
Details regarding the methodology can be found in Chapter 3.5.3.2. 

Measurement points were illustrated in Figure 3-18 and Figure 3-21. The 4 different 

possibilities of focus building surrounded by different range of 3 and 8 floor buildings 

are illustrated in Figure 6- 42. 



229 
 

The comparisons involving 4 different possibilities with two layers of nearby buildings 

in this section will be categorised into three groups regarding the different heights of 

nearby buildings. Within each group, the exploration will be explained throughout 

different seasons, including summer and winter and rainy seasons. The three groups 

are the focus building surrounded by all 3-storey building (Section 6.4.2.1), surrounded 

by a mixture between 3-storey and 8-storey buildings (Section 6.4.2.2), and 

surrounded by all 8-storey buildings (Section 6.4.2.3).  

 

 
Figure 6- 42�schematic of two nearby-buildings layer cases  
(Source: Author)  
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Table 6- 12 summary of air movement in summer and winter for two layers of 
nearby buildings 
nearby 
buildings 
of 

  Average air speed (m.s-1) air speed ratio 
top floor : bottom 

floor) 

comparison to initial 
wind speed (%) 

corners on 
windward 
side  

corners on  
leeward side  

corners 
on 
windward 
side 

corner 
on 
leeward 
side  

windward 
corners 

leeward 
corner 

1st 
floor 

7th  
floor 

1st  
floor 

7th  
floor 

all 
3-storey 
buildings 

B1 2.42 1.21 2.42 2.42 0.50 1.00 -54.6% -39.5% 

mixture 
3-storey 

and 
8-storey 
buildings 

B2 2.99 2.99 3.49 3.49 1.00 1.00 -25.3% -12.8% 
B4 2.79 2.79 2.79 2.79 1.00 1.00 -30.3% -30.3% 

all 
7-storey 
buildings 

B3 3.00 3.00 3.00 3.00 1.00 1.00 -25.0% -25.0% 

Table 6- 13 summary of air movement in rainy season for two layers of nearby 
buildings 
nearby 
buildings 
of 

  Average air speed (m.s-1) air speed ratio 
top floor : bottom 

floor) 

comparison to 
initial wind speed 
(%) 

corners on 
windward 
side  

corners on  
leeward 
side  

corners 
on 
windwar
d side 

corner 
on 
leeward 
side  

windwar
d corners 

leeward 
corner 

1st 
floor 

7th  
floor 

1st  
floor 

7th  
floor 

all 
3-storey 
buildings 

B1 3.71 4.13 2.06 2.06 1.11 1.00 -2.1% -48.5% 

mixture 
3-storey 

and 
8-storey 
buildings 

B2 3.41 3.64 2.92 2.92 1.07 1.00 -11.9% -27.0% 
B4 2.64 2.64 2.20 2.20 1.00 1.00 -34.0% -45.0% 

all 
7-storey 
buildings 

B3 2.70 2.70 2.45 2.45 1.00 1.00 -32.6% -38.8% 

 

6.4.2.1 surrounded by all 3-storey buildings  
This can apply for Case B1. 

Summer and winter 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer  
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(south wind) is very similar but with opposite orientation to winter (north wind).  

The main factor influencing the air pattern and velocity was the height of the nearby 

buildings on the windward side. The focus building was surrounded by all 3-storey 

buildings in vicinity as in B1. The air movement at the same measurement points on 

the 1st floor had a similar velocity. In contrast, on the 7th floor, negative pressure 

occurred at both corners of the windward façade, resulting in lower velocity at these 

points. The average air velocity in this case was the lowest compared to other cases. 

This is primarily due to the more open space between the focus buildings. The wind 

tends to be uniform flow along the building with less concentration of the wind. 

Rainy season 

The focus building was surrounded by 3-storey buildings on both the first and second 

layer. The wind encountered diagonal on the second layer's west building before 

flowing along with the building façade to other buildings later. On the west side of the 

focus building, on the 1st floor, the air movement at M1 and C2 was 3.71 m. s-1, which 

was 7.25% lower than the initial wind speed, while the air movement at C1 was 2.06 

m. s-1, which was 48.50% lower than the initial wind speed. On the east side of the 

focus building, on the 1st floor, the air movement had a similar velocity at all 

measurement points, 2.06 m. s-1. However, on the 7th floor, the highest air velocity 

RFFXUUHG�DW�&��EHFDXVH�RI�WKH�ZLQG�LPSLQJLQJ�GLUHFWO\�RQ�WKLV�IRFXV�EXLOGLQJ¶V�IDoDGH��

which was 13.5% higher than the initial wind speed. Additionally, the negative pressure 

occurred at C1 and C4, resulting in the lowest air velocity at these points. 

6.4.2.2 surrounded by a mixture between 3-storey and 8-storey buildings 
This can apply for 2 cases, which are B2 and B4. 

Summer and winter 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) will be applied but with opposite orientation to winter (north wind).  

The focus building was surrounded by a mixture of 3-storey and 8-storey building on 

the windward side. A nearby building layer of 8 storeys was located at the first layer 

for B2 and located at the second layer for B4. The different location of 8-storey 
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buildings resulted in the different airflow pattern. Case B4 had more friction surface 

closer than case B2. Consequently, the air movement of B4 is lower than B2.  

In addition, the more obstructed building formulated more eddies and funnelled the air 

to accelerate along canyon along the focus buildings. This is why in case of B2 and 

B4 had higher air velocity than B1 (see Table 6- 12). 

Rainy season 

The distinction in air movement between B2 and B4 was dependent on the variation 

in the building height location. In case of B4, where 8-storey buildings located at the 

first layer, the air movement tended to be uniform compared to Case B2. Specifically, 

on the windward side of the focus building, the air movement of case B4 remained 

consistently at 2.64 m.s-1, while the air movement of case B2 was fluctuated ranging 

from 2.92 m.s-1 to 3.41 m.s-1.  

6.4.2.3 surrounded by all 8-storey buildings  
This can apply for Case B3. 

Summer and winter 

The focus building was centrally located among two layers of 8-storey buildings. The 

wind encountered straight on the south building of the second layer, then the wind 

flowed along with the building façade and flew though the space to other buildings 

afterwards. The air movement at all measurement points had a similar velocity. The 

air velocity was approximately 3 m. s-1, which was 25% lower than the initial wind 

speed. 

Rainy season 

All the first and the second nearby-building layer were 8-storey buildings. The air 

movement at both corners (C2 and C4) on the south surface of focus building was 

higher than other measurement points. As the wind from the southwest approached 

the corners, it changed direction and then created a vortex effect. This converging 

wind flow led to higher air movement at the corners. On both 1st and 7th floor, the air 

movement at C2 and C4 was 2.94 m. s-1, which was 26.50% lower velocity than the 

initial wind speed, whereas other measurement points were 2.45 m. s-1, which was 

approximately 39% lower velocity than the initial wind speed. 
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6.4.2.4 Summary of the air movement at the space of two nearby building layer 
cases 

The average air movement velocity of all summer cases was similar to the average 

velocity in the rainy season, 2.79 m. s-1 in summer, and 2.65 m. s-1 in the rainy season. 

The maximum and minimum velocity in summer was 3.49 m. s-1, and 1.21 m. s-1 

consequently, while the velocity in rainy season was 4.54 m. s-1, and 1.24 m. s-1 

respectively. On the 1st floor, the wind could not impinge directly on the measurement 

ORFDWLRQV¶�IRFXV�EXLOGLQJ�LQ�VXPPHU�DQG�UDLQ\�VHDVRQ�EHFDXVH�RI� WKH�REVWUXFWLRQ�RI�

two nearby-building layers. However, at the 7th floor level, in both summer and rainy 

season, the wind could blow directly on the focus building in some cases resulting to 

the air movement on the attacked façade of focus building had a higher velocity than 

the initial wind speed.  

6.4.2.4.1 Summary of two nearby building layer cases for summer 

Regarding the CFD simulation results� in Section 6.2.1, the air movement at opposite 

orientation (with same wind speed) behaved the same. The simulation for summer 

(south wind) will be applied but with opposite orientation to winter (north wind). 

In this season, the wind mainly flows from the south direction. With 4 m.s-1 initial wind 

speed, the average air movement velocity of all cases was 2.79 m. s-1. The maximum 

and minimum air movement velocities were 3.49 m. s-1 and 1.21 m. s-1 respectively. 

From CFD result of air movement of two layer of nearby buildings, air flow pattern can 

be categorised mainly into 2 groups, which are 

x 3-storey buildings on the first nearby building layer. This includes B1 

and B2. 

x 8-storey buildings on the first nearby building layer. This includes B3 

and B4. (see Figure 6- 43) 
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Figure 6- 43 Air movement at the space of two layer of nearby buildings cases 
in summer with wind speed at 4 m.s-1 

6.4.2.4.2 Summary of two nearby building layer cases for rainy season 

In this season, the wind mainly flows from the south-west direction. With 4 m.s-1 initial 

wind speed, the average air movement velocity of all cases was 2.65 m. s-1. The 

maximum and minimum air movement velocities were 4.54 m. s-1 and 1.24 m. s-1 

respectively. From CFD result of air movement of two layers of nearby buildings, air 

flow pattern can be categorised mainly into 2 groups, which are 

x 3-storey buildings on the first layer of nearby building. This includes B1 

and B2. 

x 8-storey buildings on the first layer of nearby building. This includes B3 

and B4. (see Figure 6- 44) 

 

 
Figure 6- 44 Air movement at the space of two layers of nearby buildings cases 
in rainy season with wind speed at 4 m.s-1 
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3-storey buildings on the first nearby building layer 

The difference between B1 and B2 involves the second nearby building height, e.g., 

the second layer buildings of B1 are 3-floor buildings while B2 are 8-floor buildings. 

The air movement of B1 and B2 behaved similar flow pattern even there was a 

difference in the building height of the second layer. On the 1st floor, the air movement 

at C2 and M1 had an equivalent velocity; then, the air movement reduced when flow 

through C1. The movement at all eastern measurement points in each case remained 

at a similar velocity. On the 7th floor, the wind impinged on C2 affecting both cases 

had the highest air velocity; in the meantime, the negative pressure occurred at the 

C4, which reduced the air movement, bringing about the lowest velocity at this point. 

8-storey buildings on the first nearby building layer 

The distinction between B3 and B4 relates to the second nearby building height, for 

example, the second layer buildings of B3 are 8-storey buildings while B4 are 3-storey 

buildings. The air movement on the1st and 7th floor in each case behaved similar flow 

pattern. For example, the air movement in B4 at C1, M1, C2 had similar velocity both 

the 1st and 7th floor level. Although the air movement between B3 and B4 at each 

measurement point had a different velocity, the velocity had a minor difference which 

varied between 0.19 and 0.74 m. s-1.  

Referring to the less different air movement velocity in summer and rainy season, the 

next CFD investigation of three nearby buildings layers will explore only in summer. 

6.4.3 Three layers of nearby buildings 
(Further details regarding the methodology can be found in Chapter 3.5.3.3) 

Measurement points were illustrated in Figure 3-18 and Figure 3-22. The 8 different 

possibilities of focus building surrounded by different range of 3 and 8 floor buildings 

is illustrated in Figure 6- 42. 

The analysis of the 8 different possibilities will be divided into three groups regarding 

the different heights of nearby buildings, which are the focus building surrounded by 

all 3-storey building (Section 6.4.3.1), surrounded by a mixture between 3-storey and 

8-storey buildings (Section 6.4.3.2), and surrounded by all 8-storey buildings (Section 

6.4.3.3). Table 6- 14 shows the summary of air movement in the street canyon of focus 

building with three layers of nearby buildings during summer. 
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Table 6- 14 summary of air movement in summer for three layers of nearby 
buildings 
nearby 
buildings 
of 

  Average air speed (m.s-1) air speed ratio 
top floor : bottom 

floor) 

comparison to initial 
wind speed (%) 

corners on 
windward 
side  

corners on  
leeward 
side  

corners 
on 
windward 
side 

corner 
on 
leeward 
side  

windward 
corners 

leeward 
corner 

1st 
floor 

7th  
floor 

1st  
floor 

7th  
floor 

all 
3-storey 
buildings 

D1 1.95 1.17 1.95 1.95 0.60 1.00 -61.0% -51.3% 

mixture 
3-storey 

and 
8-storey 
buildings 

D2 2.22 2.22 3.10 3.10 1.00 1.00 -44.5% -22.5% 
D3 2.86 2.38 2.86 2.86 0.83 1.00 -34.5% -28.5% 
D4 2.92 2.92 2.92 2.92 1.00 1.00 -27.0% -27.0% 
D5 2.14 2.14 2.14 2.14 1.00 1.00 -46.5% -46.5% 
D6 2.20 2.20 2.20 2.20 1.00 1.00 -45.0% -45.0% 
D7 2.89 2.89 2.89 2.89 1.00 1.00 -27.8% -27.8% 

all 
7-storey 
buildings 

D8 2.90 2.90 2.90 2.90 1.00 1.00 -27.5% -27.5% 
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Figure 6- 45�schematic of three nearby-buildings layer cases  
(Source: Author)  

6.4.3.1 surrounded by all 3-storey buildings  
This can apply for Case D1. 

The focus building was surrounded by three nearby-building layers with 3-storey 

buildings. The wind could not impinge directly on the focus building on the 1st floor 

resulting to the air movement on this floor level remained a similar velocity. The air 

movement at all measurement points was approximately 2 m. s-1, which was around 

50% lower velocity than the initial wind speed. However, the wind encountered straight 
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on the south façade of the focus building at 7th floor level affecting the negative 

pressure occurring at both the south corners of the focus building (C2 and C4). The 

air movement at such corners was the lowest velocity, which was 1.17 m. s-1 and was 

70.5 % lower velocity than the initial wind speed. The air movement at other 

measurement points was approximately 2 m. s-1. 

6.4.3.2 surrounded by a mixture between 3-storey and 8-storey buildings 
This can apply for 6 cases, which are D2, D3, D4, D5, D6 and D7. Air movement of 

three nearby-building layers vary between 1.2 m.s-1 and 3.2 m.s-1. The different pattern 

of airflow depended on the first layer of nearby building height, which are 

3-storey buildings on the first layer of nearby buildings 

On the 1st floor, the air movement of all measurement points in case D1, D3 and 

D4 remained stable, while the air movement in case D2 fluctuated. On7th floor, 

the air movement of all cases fluctuated except case D4.   

8-storey buildings on the first layer of nearby buildings 

On both the 1st and 7th floor, the air movement at the same measurement points 

behave the same flow pattern.  

6.4.3.3 surrounded by all 7-storey buildings  
This can apply for Case D8. 

The focus building is located in the middle of all three layers of nearby buildings with 

8-storey buildings. The air movement at all measurement points of the focus building 

remained the same velocity with 2.9 m. s-1, which was 27.5% lower velocity than the 

initial wind speed. 

6.4.3.4 Summary of the air movement at the space of three nearby building 
layer cases 

The focus building was surrounded by three nearby-building layers The wind could not 

impinge directly on the focus building on the 1st floor. Especially in the case of the 

building surrounded by at least one 8-storey building on the windward area (all cases 

except D1), the air movement maintained a relatively stable speed. The air movement 

at all measurement points was range approximately from 2 to 3 m. s-1, which was 

around 25%-50% lower velocity than the initial wind speed. Additionally, the wind 
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tends to be obstructed mainly by the first and the second nearby buildings if the first 

and second layer of nearby buildings of the focus building are 8-storey buildings. 

However, in scenario of D1, the wind encountered straight on the south façade of the 

focus building at 7th floor level affecting the negative pressure occurring at both the 

south corners of the focus building (C2 and C4). The air movement at such corners 

was the lowest velocity, causing the air velocity reduced up to 61% from the initial wind 

speed. (see Table 6- 14) 

In this season, the wind mainly flows from the south direction. With 4 m.s-1 initial wind 

speed, the average air movement velocity of all cases was 2.54 m. s-1. The maximum 

and minimum air movement velocities were 3.10 m. s-1 and 1.17 m. s-1 respectively. 

From CFD result of air movement of two nearby-building layer, air flow pattern can be 

categorised mainly into 2 groups, which are 

x 3-storey buildings on the first layer of nearby buildings. This includes D2, D3 

and D4. (see Figure 6- 46) 

x 8-storey buildings on the first layer of nearby buildings. This includes D5, D6 

and D7. (see Figure 6- 47) 

 

 
Figure 6- 46 Air movement at the space of three layers of nearby buildings 
cases in summer with wind speed at 4 m.s-1 
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Figure 6- 47 Air movement at the space of three layers of nearby buildings 
cases in summer with wind speed at 4 m.s-1 

(Only data for 3 cases clearly visible due to similarities between certain layouts e.g. 

D8 is visible which covers similar data for D7) 

x Comparing between case D1 (surrounded by all 3-storey buildings) and D2 

The difference between case D1 and D2 is 0 and 1 adjacent 8-floor buildings 

on the second nearby buildings layer. In case D1, the second layers building is 

3-VWRUH\�EXLOGLQJV�ZKHUHDV�WKH�EXLOGLQJV¶�OD\HU�LQ�FDVH�'��LV��-storey buildings. 

On the 1st floor, the air movement in case D1 was stable, while the air 

movement in case D2 had a lower velocity at the south corners and had a higher 

velocity at north corners of the focus building because of the rebound effect.  

x Comparing between case D1 (surrounded by all 3-storey buildings) and D3 

The apparent difference of case D1 and D3 is relevant to the third layer of 

nearby buildings' height. There were 0 adjacent 8-floor storey buildings in case 

D1 whereas the third building layer of case D3 is 8- storey buildings. Although 

the air movement velocity at each measurement point of case D1 and D3 were 

different, both cases' flow pattern was similar. On the 1st floor, the air movement 

at all points remained stable. On the 7th floor, the wind encountered directly on 

the south façade of the focus building, which brought about the south corners 

in both cases had a lower velocity than the other points. 

x Comparing between case D3 and D4 
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The second layer of nearby buildings height between case D3 and D4 is 

different. The second layer of case D3 is 3-storey buildings, whereas the layer 

in case D4 is 8-storey building. On the 1st floor, the air movement of both case 

D3 and D4 had a similar velocity with approximately 2.9 m. s-1. However, only 

case D3, the wind could impinge directly on the south façade of the focus 

building on the 7th floor influencing the negative pressure occurring at the south 

corners, which affected such corners had a lower velocity comparing to other 

measurement points. 

x Comparing between case D5 and D6 

The distinction between case D5 and D6 relates to the second nearby-building 

layer height. The second layer's height in case D5 is 3-storey buildings, 

whereas the height of such layer in case D6 is 8-floor buildings. Even the 

buildings at the second layer had a different height, the air movement at all 

measurement point had a similar velocity, which was around 2.17 m. s-1, 45% 

lower velocity than the initial wind speed. 

x Comparing between case D7 and D8 (surrounded by all 8-storey buildings) 

The obvious distinction between case D7 and D8 is the height of the layer of 

nearby buildings in the second layer. The height of the second layer of nearby 

buildings in case D7 is 3-storey buildings, contrastingly the height of the 

buildings in case D8 is 8-storey buildings. The air movement of all 

measurement points of both cases had a similar velocity with 2.9 m. s-1. 

,QFUHDVLQJ� WKH� REVWUXFWLRQV¶� OD\HUV� DIIHFWV� UHGXFLQJ� DLU� PRYHPHQW� YHORFLW\�� 7KH�

average air movement of one-nearby buildings layer was approximately between 25% 

and 27% lower velocity in comparison to the original wind speed. The average air 

movement was between 30% and 33% lower velocity than initial wind speed for two-

nearby buildings layers, while the average air movement around the focus building in 

three-nearby buildings layers of was reduced approximately 37% from initial wind 

speed (see Figure 6- 48���7KHVH�VLPSOLILHG�PRGHOV¶�H[SHULPHQWV�DUH� VLJQLILFDQW� IRU�

XQGHUVWDQGLQJ�DLU�PRYHPHQW�YHORFLW\�GHFUHDVHG�IURP�PRUH�REVWUXFWLRQ¶V�OD\HUV��7KXV��

this could reduce more air movement velocity in the actual city centre with many more 

layers and random building layouts. 
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(This average is the air movement of C1, M1, C2, C3, M2, C4 on both 1st and 7th floor) 

Figure 6- 48 Average air movement of each nearby building layer with wind 
speed at 4 m.s-1 

 
6.5 Summary CFD sensitivity: outdoor 
Several variables impact the air movement on a building surface, including as follow: 

Wind direction and wind speed: wind direction significantly influences air movement 

and pattern around building surface. The building surface on windward side has the 

highest wind speed as a result of direct wind impingement. The leeward side, on the 

other hand, impacts the air velocity to be reduced from shelter effect. Eddies and 

vortices tend to occur at each corner of building. The turbulence flow occurring affects 

wind direction to be changed from the original wind direction.  

Road width and building height: Buildings along side road act as obstruction of wind 

flow, leading the air to change direction. Original wind flows over the buildings creating 

skimming flow region in the narrow space between the buildings. Additionally, the 

obstruction of nearby buildings creates funnelling effect causing the increasing of 

velocity in the space between building. The presence of skimming flow in the space 

between such buildings needs to be taken consideration when designing and 

simulation building. This is due to the potential of external wind significantly impacts 

on natural ventilation in passive building design. The building design should be 

ensured wider gaps between buildings. The aspect ratio between the gap to the height 

of buildings influence both wind patterns and air movement around building facade. 
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Nearby buildings: Air movement can be reduced up to 60% of the initial wind due to 

the increasing of nearby buildings layers. In addition, different heights of nearby 

buildings also affect wind speed and wind direction on building surface. Air movement 

of an 8-storey building surrounded 3-storey buildings flow more uniformly comparing 

to the building surrounded by 8-storey buildings. While turbulence flow occurs in the 

space between the buildings due to the obstruction, the air movement near the building 

surface flows along the contour of building façade. This indicates that the wind flow 

pattern is determined by the presence of buildings in viscosity, especially in high 

density area. The alignment and orientation of building impact the wind direction to be 

different from the initial wind direction provided by methodological weather data.  

External wind impacts the microclimate around building, which significantly impacts on 

the potential of natural ventilation.  
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7. CFD sensitivity analysis result: indoor 

 Introduction 
This chapter provides the results of the CFD sensitivity analysis for indoor 

environments, focusing on Objective 5 of the research. This objective seeks to 

investigate key factors influencing natural ventilation in multi-residential buildings. The 

methodology for this analysis was detailed in Section 3.6.  

This chapter is divided into three main sections: validation (Section 7.2), CFD 

sensitivity exploring in indoor parameters (Section 7.3) and summary (section 7.4). 

The validation section provides the comparison between CFD simulation results and 

monitored data from physical measurements of a middle room of Building A (Figure 3-

10). This validation aims to establish a reliable starting point for CFD simulations and 

to assess the accuracy of CFD models. 

The investigation of indoor parameters in CFD sensitivity analysis investigates the 

effect of various indoor space factors on natural ventilation. The analysis is divided 

into three stages, which are:  

x Stage 1: focusing on establishing the base case for the study (Section 7.3.1) 

x Stage 2: expanding on the base case to examine room parameters, such as 

the presence or absence of a chimney and the sizes of room inlets and outputs 

(Section 7.3.2) 

x Stage 3: investigating chimney parameters related to thermal behaviour in the 

room and the chimney, which involve different dimensions of chimney inlet and 

outlet size, chimney width, chimney depth, chimney outlet and different storeys 

connecting to the chimney (Section 7.3.3)  

The summary (Section 7.4) provides summarising and analysis of the findings from 

stages one to three of the investigation of indoor parameters to propose design options 

for improving IEQ in multi-residential buildings.  

 Validation 
The methodology for validation was detailed in Section 3.6.1. To validate simulation 

model, outputs, such as air temperature, relative humidity and air velocity, were 

⑱
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compared against monitored data from physical measurement in actual room in multi-

residential building.  

Data from monitored room, featuring single-sided ventilation, middle room on the third 

floor of Building A (described in Section 3.3.3), were selected for this validation 

process.  

i) Inputting Cp data from MacroFlo (detailed in Section 3.6.1.2): This model in 

DesignBuilder incorporated Cp data from MacroFlo (addressed in Section 3.2.2 

and Appendix A).  

ii) Inputting microclimate boundary conditions from the Envi-met programme. 

(described in Section 3.6.1.3): This CFD model in DesignBuilder used 

microclimate data from Envi-met. The output from Envi-met was used to 

generate an EPW file, setting the external environment parameters of the CFD 

model, such as dry bulb temperature, relative humidity, wind speed, and site 

ground temperature (see CFD results in Figure 7- 1).  

 

 
Figure 7- 1 CFD results from Envi-met for Building A and its surroundings at a 
height of 11 meters from the ground. 
(Source: Author) 
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The comparison of air temperature, relative humidity and air velocity are illustrated in 

Figure 7- 2, Figure 7- 3 and Figure 7- 4, respectively. To evaluate the accuracy of the 

CFD model, regression and RSME method were used. 

Based on the simulations, indoor air temperatures for case of inputting Cp data from 

MacroFlo (DB+Cp) ranged from 22.30°C to 25.09°C, with an average of 23.79°C, and 

for case of inputting microclimate boundary conditions from the Envi-met programme 

(EV+DB), the range was 22.70°C to 24.89°C, with an average of 23.87°C. These 

simulated data were consistent with the monitored data, which had an air temperature 

range of 22.28°C to 24.87°C, with an average of 23.63°C. The Square R values for 

DB+Cp and EV+DB compared to monitored data were 0.93 and 0.90, respectively. 

The RMSE values were 0.32 and 0.41, respectively, which were within acceptable 

limits as described in Section 3.6.1.4. (See Figure 7- 2) 

 

 
Figure 7- 2 air temperature comparison between physical measurement data, 
Envi-met and DesignBuilder simulation results 
 



247 

According to the simulations output, relative humidity for case using Cp data from 

MacroFlo (DB+Cp) varied between 53.81% to 63.46%RH, averaging at 59.65%RH. 

For case involving microclimate boundary conditions from the Envi-met programme 

(EV+DB), relative humidity fluctuated between 53.84% to 64.68%RH, with an average 

of 59.90%RH. These simulated data were relative with the monitored data. Square R 

values for DB+Cp and EV+DB compared to monitored data were 0.92 and 0.91, 

respectively. The RMSE values were 1.14 and 1.11, respectively, which were 

considered acceptable as described in Section 3.6.1.4. (See Figure 7- 3)  

 

 
Figure 7- 3 relative humidity comparison between physical measurement data, 
Envi-met and DesignBuilder simulation results 
 

Minimum and maximum air velocity for case of inputting Cp data from MacroFlo 

(DB+Cp) were 0.01 m.s-1and 0.07 m.s-1 and the average of 0.05 m.s-1. For case of 

inputting microclimate boundary conditions from the Envi-met programme (EV+DB), 

the minimum and maximum air velocity were 0.02 to 0.07 m.s-1, with an average of 

0.04 m.s-1. These simulated data were correlated to the monitored data, with R square 
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of 0.94 for DB+Cp and 0.92 for EV+DB. The RMSE values were at 0.21 and 0.14, 

respectively, which were within acceptable limits as described in Section 3.6.1.4. (See 

Figure 7- 4) 

 

 

 
Figure 7- 4 ventilation comparison between physical measurement data, Envi-
met and DesignBuilder simulation results 
 

While there are some variations between the simulated and monitored data, these 

were within an acceptable level. Consequently, using DesignBuilder with input Cp data 

provides acceptable accuracy and a reliable starting point for CFD simulations and 

effectively assessing the accuracy of CFD models.  

 CFD sensitivity for exploring in indoor parameters 
This section provides the results of investigation of indoor parameters in CFD 

sensitivity analysis investigates the effect of various indoor space factors on natural 

ventilation. Initially, the study criteria, detailed in Section 3.6.2, identified a thermal 

comfort range between 22.3 °C and 29.3 °C and 20%RH and 80%RH. The relative 
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humidity considered beneficial for health was defined between 40%RH and 60%RH. 

The acceptable ventilation in room was set within ����P�VØï� WR� ���� P�VØï� DQG� WKH�

required ventilation rate was 10 L.s-1 or 0.01 m³.s-1. 

7.3.1 Stage 1: focusing on establishing the base case for the study 
In order to establish a base case room, the study divided the exploration of base case 

into two parts, which were base case building (Section 7.3.1.1) and base case room 

(Section 7.3.1.2) 

7.3.1.1 Base case building 
The base case building was established based on the typical building characteristics 

identified in the findings of the residential perception survey (Chapter 5). This included 

an 8-storey residential building situated in a dense area, featuring a double-loaded 

corridor layout.  

7.3.1.2 Base case room  
According to the minimum requirement of the regulation for the indoor dimension of 

Building Control Act (2015), this analysis determined that the base case room size 

should be 20 m², with a construction span width of 4 metres and a floor-to-floor height 

of 2.60 metres. The typical materials used are detailed in Table 3-11. Variations of the 

room will also be explored to establish the base case room, including Full Balcony 

(FB) and Half Balcony (HB) (Section 7.3.1.2.1), corner and middle room (Section 

7.3.1.2.2), Opening orientation options (Section 7.3.1.2.3) and Room floor (Section 

7.3.1.2.3).  

7.3.1.2.1 Full Balcony (FB) and Half Balcony (HB)  

Figure 7- 5 illustrates a comparison of ventilation between full balcony room (FB) with 

WC near corridor and half balcony room (HB) with WC located near balcony. The 

average ventilation rates were approximately 0.07 m.s-1 in the corner room and 0.02 

m.s-1 in middle room. In both the HB and FB rooms, the air velocity was nearly zero, 

but there were slight differences. The average air velocity in Room HB was found to 

be 40% lower than in room FB. Room HB had an average air velocity of 0.02 m.s-1, 

while room FB had a slightly higher average of 0.03 m.s-1.  

7.3.1.2.2 Corner and middle room 

The average ventilation was approximately 0.07 m.s-1 in the corner room and 0.02 m.s-

1 in middle room. Notably, ventilation in middle room was 71.4% of the ventilation of 
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the corner room. In the corner room, the ventilation could reach to 0.22 m.s-1 due to 

the extra window. 

 

 

 
Figure 7- 5 Air velocity comparison between full balcony room (FB) and half 
balcony room (HB)  
 

7.3.1.2.3 Opening orientation options and room floor 

This section focuses various options for opening orientations considering orientations 

facing north/ south or east/ west. It also examines room heights at different building 

levels, including 1st, 4th and 7th floor (see Figure 7- 6 Figure 7- 7). 

Previous results (Section 7.3.1.2.1 and 7.3.1.2.2) indicated that both half balcony room 

(HB) and middle room experienced lower ventilation. Therefore, the study further 

investigates the impact of building orientation on the middle room ventilation by 

comparing two types of building orientations: those with openings facing north and 

south (referred to as NS building) and those with openings facing east and west 

(referred to as EW building). 

Figure 7- 6 illustrates location of middle rooms with different opening orientations. In 

the figure, the abbreviations indicate the specific location and orientation of the middle 

rooms within the building. The lowercase letter "m" denotes a middle room, while "n," 
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"e," "s," and "w" indicate a location that is further north, east, south, or west within the 

building layout, respectively. The uppercase letters "N," "E," "S," and "W" specify the 

direction the opening faces. For instance, "msW" refers to a middle room situated 

further south within the building's layout, with an opening facing west. Similarly, "mwN" 

denotes a middle room located further west within the layout, with an opening facing 

north.  

 

Figure 7- 6 locations of room in different opening orientation options facing 
north and south (NS Building) or facing east and west (EW Building) 
 

In Figure 7- 7 indicates that ventilation rates remain consistently below the minimum 

required ventilation rate of 0.2 m.s-1 across all floors levels and times of the day. 

Despite higher floors achieving slightly improved ventilation, they remained lower than 

the minimum standard. There appears to be a uniform pattern in ventilation rates 

across the 1st, 4th, and 7th floors, and no significant variation is observed based on 

the direction in which the rooms face (North, East, West, South). The surrounding 

buildings were significant influenced on airflow direction. There is little variation in wind 

direction throughout the simulation. The middle rooms with same opening orientations 

exhibit similar ventilation. For example, the simulation for room mnW can be applied 

but with opposite orientation to room msW. Notably, middle room in Building EW with 

opening facing north (room meN and mwN) had the lowest ventilation in comparison 

to other rooms facing other directions.  
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Figure 7- 7 Ventilation comparison of different opening orientation options and 
room floor 
 

To summarise, the base case for the building in this study is an 8-storey residential 

structure located in urban area with double-loaded corridor layout. The base case for 

the room is defined as a Half Balcony (HB) room, located in the middle of the building 

with its opening facing north. Both the base case building and the base case room will 

be used as a base model for further exploration in stage 2 and stage 3. 
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7.3.2 Stage 2: exploring room changes to improve natural ventilation flow 
This section provides the EnergyPlus and CFD simulation results of exploring room 

parameters. Methodology was described in Section 3.6.2.2. 

7.3.2.1 Room with and without chimney 
Methodology was detailed in Section 3.6.2.2.1. 

Figure 7- 8 depicts the hourly average room air temperature at the occupant level (1 

meter above the floor) in rooms with and without a chimney. Room with a chimney 

exhibits lower temperatures than those without. Part (a) of the graph indicates the 

thermal comfort range. Part (b) indicates the expanded thermal comfort range 

achievable with air movement between 0.2 and 0.8 P�VØï. On the hottest day, rooms 

with a chimney remained within this extended comfort range 96% of the time, with an 

exception at 8 p.m. to 11 p.m. On the coldest day, temperatures in both rooms 

decrease outside the thermal comfort zone from 12 p.m. to with chimney and 12 a.m. 

for from 2 a.m. to 11 a.m. for without chimney. 

 

 
Figure 7- 8 air temperature within room with and without chimney 
 

Figure 7- 9 illustrates the hourly average relative humidity in rooms with and without a 

chimney. On both the hottest and coldest days, from 11 a.m. to 10 p.m., the rooms 
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with a chimney have a relative humidity approximately 4%RH lower than those without 

a chimney.  

 

 
Figure 7- 9 relative humidity within room with and without chimney 
 

The comparison of the average ventilation in rooms with and without a chimney is 

shown in Figure 7- 10. Rooms with a chimney were shown to enhance greater 

ventilation. On both the coldest and the hottest days, rooms with a chimney exhibited 

an increase in average ventilation by 0.20 P�VØï� and 0.19 P�VØï, respectively, 

compared to rooms without a chimney. During the rainy season, the rooms with a 

chimney maintain an average ventilation rate that is 0.11 P�VØï�higher than that of 

rooms without a chimney. Rooms without a chimney have an average ventilation rate 

of approximately 0.02 P�VØï. 
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VENTILATION 

 
Figure 7- 10 air velocity within room with and without chimney 
 

7.3.2.2 Room inlet and room outlet size 
Methodology was described in Section 3.6.2.2.2. 

Air temperature resulting from different room inlet and outlet sizes is shown in Figure 

7- 11. A room with a greater room inlet size had a higher temperature but the 

temperature is still lower than the external temperature.  

Air temperature in room with the same outlet area but different dimensions was similar. 

For example, a room with inlet size of 1.0 x 1.1 with outlet size of 1.0 x 0.3 and room 

with inlet size of 1.0 x 1.1 with outlet size of 0.3 x 1.0 had temperature of 26.85°C and 

26.85°C, respectively. The room with narrow outlet size (the outlet width is lower than 

0.5 m) offers a greater flexibility in multi- storey room design.  

The relationship between temperature and outlet size is illustrated in Figure 7- 12. A 

positive correlation exists between the outlet area and the average ventilation rate (R 

square above 0.95). The increase of room outlet area is associated with higher air 

temperature.  
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Figure 7- 11 temperature within room with different room inlet and outlet sizes   
 

 

 
Figure 7- 12 relationship between temperature room outlet size   
The relative humidity in rooms with varying inlet and outlet sizes was found to be 

inversely correlated with temperature, as illustrated in Figure 7- 13 and Figure 7- 14.  
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A greater inlet size influenced room to have a lower relative humidity. In contrast, the 

lower inlet size could enhance the room to have higher relative humidity. The room 

without room outlet (no chimney) had relative humidity more than 10% of the external 

relative humidity. For example, room with inlet of 1.1 x 0.5 had approximately 

85.34%RH, which is a 21.9% increase of external relative humidity.  

A room with the same room inlet and outlet area but different outlet dimensions had 

a similar relative humidity. 

 

 
Figure 7- 13 relative humidity within room with different room inlet and outlet 
sizes   
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Figure 7- 14 relationship between relative humidity and room outlet size   
 
Figure 7- 15 illustrates the average ventilation of room with different inlet and outlet 

sizes. An optimal range of outlet area appears to be around 0.3 m² for inlets measuring 

1.0 x 1.1 m and 1.0 x 2.0 m. This range is significant as it can achieve the minimum 

required ventilation rate. Additionally, for these larger inlet sizes, the ventilation rate's 

increase appears to be uniform across the presented outlet size range. 

 

 
Figure 7- 15 average ventilation within room with different room inlet and 
outlet sizes   
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Figure 7- 16 illustrates the relationship between average ventilation and outlet size, 

considering three different inlet sizes: 1.0 x 0.5 m, 1.0 x 1.1 m, and 1.0 x 2.0 m. For all 

three inlet sizes, a strong correlation exists between the outlet area and the average 

ventilation rate (R square above 0.95). The increase of room outlet area influenced 

ventilation to increase. Notably, the largest room inlet size of 1.0 x 2.0 m demonstrates 

the highest ventilation rate as the outlet area enlarges. The larger room inlets facilitate 

further increase in average ventilation rates. 

 

 
Figure 7- 16 relationship between ventilation and room outlet size   
 

The findings in Stage 2 can be summarised as follows: 

x air temperature and ventilation were directly proportional to the inlet and outlet 

size, while relative humidity was inversely corelated to the inlet and outlet size. 

x A room with the same inlet and outlet size but different outlet dimensions 

resulted in a similar temperature, relative humidity, and ventilation (See Figure 

7- 17). The room with narrow outlet was beneficial as it allowed multi-storey 

buildings to be designed with one chimneys to each room. 

x Room with inlet of 1.0m x 2.0m and outlet of 0.3 m x 1.0m was the optimal size. 

Therefore, this inlet and outlet size will be used as a base case in stage 3. 
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Figure 7- 17 An example of CFD result for exploring room inlet and outlet size 
 

7.3.3 Stage 3: exploration of chimney parameters impact on natural ventilation 
This section provides the findings of investigating chimney parameters related to 

thermal behaviour in the room and the chimney. 

7.3.3.1 Chimney width and depth 
Methodology was presented in Section 3.6.2.3.1. 

The exploration of chimney width and depth was divided into two parts, which were 

varying width and depth with fixed chimney outlet and varying width and depth with 

varied chimney outlet dimension (see Figure 3-31).  

Figure 7- 18 demonstrated the airflow in chimney between with fixed chimney outlet 

size (0.3 m x 0.3 m) and varied chimney outlet size. Airflow in chimney with varied 

chimney outlet size was directly proportioned to the chimney outlet size. The wider 

outlet size facilitated higher airflow rate through the chimney. In contrast, for the fixed 

chimney outlet size, the airflow had a negative relationship with chimney width and 

depth dimension. The optimal chimney depth was analysed to be at 0.3 m. The deeper 

chimney dimension resulted in lower airflow in the chimney.   

The graph shows that varied chimney outlet impacted airflow in chimney more than 

varying width and depth for fixed chimney outlet size. In other word, chimney outlet 

size has the most influencer on the airflow in comparison to chimney dimension (width 

and depth).  
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Air temperature exhibited a stronger correlation with the dimension of the chimney 

outlet size than with chimney depth or width, demonstrating a positive relationship with 

the size of the chimney outlet (see Figure 7- 19). The temperature increase observed 

is relatively minor, approximately 1%, whereas the increase in airflow increase is 

significant, approximately 126%, and the air flow has a more significant cooling benefit. 

 

 
Figure 7- 18 comparison of airflow in chimney between with fixed chimney 
outlet size and varied chimney outlet sizes 
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Figure 7- 19 comparison of temperature in room between with fixed chimney 
outlet size and varied chimney outlet sizes 
 

7.3.3.2 Room outlet location 
Methodology was explained in Section 3.6.2.3.2. 

Rooms with varying outlet locations (see Figure 3-32) had similar temperatures and 

relative humidity. There was no difference in temperature, relative humidity and airflow 

between left, centre and right position of the outlet. Lower-positioned room outlet was 

like to produce higher airflow within the room. Nonetheless, the difference in airflow 

between upper and lower outlet locations is marginal, less than 0.005 m3.s-1 (see 

Figure 7- 20). 

 

 

 

 

 

 

 



263 

 

 
Figure 7- 20 airflow in chimney related to different room outlet location 
 

7.3.3.3 Chimney materials 
Methodology was described in Section 3.6.2.3.3. 

A room with an insulated solar chimney achieved the highest airflow and the lowest 

vapour pressure. The air velocity at occupant level in such a room was approximately 

0.31 m.s-1, which higher than the air velocity in a room with a standard chimney, 0.20 

m.s-1. (See Figure 7- 21 and Figure 7- 22) 

 

 
Figure 7- 21 ventilation regarding different chimney materials 
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Figure 7- 22 vapour pressure regarding different chimney materials 
 

7.3.3.4 Chimney design 

7.3.3.4.1 Trimmed chimney 

Methodology was detailed in Section 3.6.2.3.4.1. 

The different internal angle in chimney (see Figure 3-33) affected different ventilation 

within the room (see Figure 7- 23). Room with 45 degree trimmed chimney could 

enhance the room to reach 0.35 m.s-1 on occupant level, which was above the required 

ventilation as stated criteria of the study. In addition, there was 75% increase in 

ventilation compared to a room with untrimmed chimney.  

 

 
Figure 7- 23 CFD results regarding different internal angle of chimney 
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7.3.3.4.2 Room with and without grille and mosquito wire 

It is common practice to prevent insects and small pests entering the building by 

installing mosquito wire mesh (to prevent insects and small pests) and similarly to 

prevent children/small animals entering the duct accidentally by installing grilles. 

These opening barriers (see Figure 3-34) potentially affect the flow rate entering the 

room. 

The airflow and vapour pressure were analysed for rooms with and without grille and 

mosquito wire installed over their openings. According to simulation results, the airflow 

in rooms with grilles and mosquito wire is reduced by about half compared to rooms 

without these barriers (See Figure 7- 24). This significant reduction in airflow 

underscores the need to consider the balance between pest prevention and adequate 

ventilation when designing building openings in tropical climates. 

 

 
Figure 7- 24 Airflow and vapour pressure between room with and without grille 
and mosquito wire 
 

7.3.3.5 Chimney outlet style 
Referring to the findings in Section 7.3.3.1, chimney outlet significantly affects room 

ventilation more than the chimney's depth and width. The focus of this part is to 

investigate the effect of the chimney outlet's location and size (H) (see Figure 3-35).  

Based on the finding in Section 2.4.3.1, it is recommended that solar chimney should 

be oriented southward to maximize sunlight exposure.  

A comparative study was conducted on chimney outlets facing south, facing both north 

and south, and multi-chimneys oriented north and south. The CFD results, illustrated 
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in Figure 7- 25, show that rooms with multi-chimneys facing both north and south 

achieved the highest ventilation rates, reaching 0.38 m.s-1 at the occupant level.  

 

 
Figure 7- 25 CFD comparison between chimney outlet location  
 

The study further explored multi-chimneys facing both north and south to investigate 

the impact of chimney height (H) on ventilation. CFD results, as shown in Figure 7- 26, 

indicate that an increase in the chimney's outlet height correlates with increased 

ventilation within the room. Figure 7- 27 reveals that airflow reaches its peak when the 

chimney aperture height (H) is 1.1m. Meanwhile, vapour pressure was at its lowest 

with the chimney aperture height (H) also at 1.1m. Therefore, it is suggested that a 

chimney with an aperture height (H) of 1.1m is optimal. 
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Figure 7- 26 CFD results of different chimney outlet size (H) 
 

 

 
Figure 7- 27 airflow and vapour pressure of different chimney outlet size 
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 Summary CFD sensitivity: indoor 
The study finding establishes an understanding of factors influencing natural 

ventilation in multi-residential buildings. 

Stage 1: Base case for building and room were identified. An 8-storey residential 

building located in urban area with double-loaded corridor layout was identified as 

building base case. Half Balcony (HB) room, located in the middle of the building with 

its opening facing north was defined as base case room.  

Stage 2: key findings of exploring room 

x Air temperature and ventilation showed directly proportional to the room inlet 

and outlet size, while relative humidity had an inverse corelation.  

x Room with the same inlet and outlet size areas but different outlet dimensions 

showed comparable temperature, relative humidity, and ventilation, enabling 

architectural design flexibility in integrating chimney. 

x The optimal configuration was found with a room inlet size of 1.0m x 2.0m and 

outlet of 0.3 m x 1.0m. 

Stage 3: key findings of exploring chimney. 

x Relative humidity was affected chimney width and depth. The optimal chimney 

depth was identified as 0.3m. Chimney outlet size was found to be the most 

significant factor influencing airflow. 

x Different room outlet locations showed minor temperature variations, but lower 

outlet locations had marginally higher ventilation. 

x Solar chimneys increased ventilation by 47% and reduced vapour pressure by 

3% compared to standard chimneys.  

x A trimmed chimney at a 45-degree angle improved room ventilation. 

x The maximum airflow was achieved with a chimney aperture height of 1.1m. 

x Additional features like grilles and mosquito wire on openings halved the airflow 

compared to rooms without them. 
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8. Validating design options for improving internal 
environment quality within thermally free- running 
apartments 

 Introduction 
This chapter presents the result and analysis of interviews conducted with built 

environment professionals (BEPs) in Thailand. This chapter responds to objective 7 

of the research about validating a design option to improve the indoor environmental 

conditions (focusing on natural ventilation) in residential apartment block in Thailand. 

The design options evaluated using CFD sensitivity analysis were presented in 

Chapter 7. The proposed design options were then used to solicit %(3V¶ thoughts, 

perceptions and judgements on the concepts. 

The research employed semi-structured interviews with the BEPs to explore their 

opinions regarding indoor environmental quality (IEQ) in multi-residential buildings. 

The purpose of the interviews was twofold: first to understand current issues related 

to IEQ, %(3V¶�experience and knowledge in relation to current multi-storey buildings 

and second to validate the practicality of the proposed design options. The BEPs were 

questioned about the feasibility of implementing proposed options, to consider any 

potential obstacles or challenges, and possible solutions. The interviews were 

conducted online via Zoom Meeting. This interview involved approximately 30-60 

minutes. With the consent of the BEPs, interviews were audio-visual recorded and 

once the recording had been transcribed, the audio-visual recording was discarded to 

maintain confidentiality.  

The methodology for the interviews was detailed in Section 3.7. The data collected 

were transcribed verbatim and then analysed using Thematic Analysis via NVivo 

programme. The analysis incorporated several coding techniques, including initial, 

open, axial, and selective coding. These coding techniques provided the data's 

systematic organisation, pattern and theme identification, resulting in a thorough and 

robust study. 

This chapter is divided into two main sections: engagement with BEPs (section 8.2), 

Summary (section 8.3)  
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 (QJDJHPHQW�ZLWK�7KDLODQG¶V�built environment professional 
(BEP) 

This section presents the results and analysis obtained from LQWHUYLHZLQJ�7KDLODQG¶V�

BEP. This section is structured into two parts, which are: 

Part one (Section 8.2.1)�� HVWDEOLVK� FRQWH[W� RI� WKH� H[SHUW¶V� H[SHULHQFH� DQG�

knowledge in relation to current multi-storey residential building and passive design.  

Part two (Section 8.2.2): focuses on specific questions about strategies and 

design options to improve natural ventilation in thermally free-running multi-residential 

buildings in Thailand.  

8.2.1 Part oQH��HVWDEOLVK�FRQWH[W�RI�WKH�H[SHUW¶V�H[SHULHQFH�DQG�NQRZOHGJH� 
This part is to explore the context of the BEPV¶�H[SHULHQFH�DQG�NQRZOHGJH�regarding 

the current multi-residential buildings and passive design.  

8.2.1.1 Demographic information of participants 
17 interviews were set as the minimum sample size in Section 3.7.1. The research 

achieved a total of 21 interviewees and ensured equal representation, for architects, 

engineers and academics. Figure 8- 1 illustrates the distribution of the panel of BEPs 

across three categories, architects, engineers and academics. The architect group 

included both architects and interior architects. The engineer group comprised of 

construction engineers and mechanical engineers. The academics group consisted of 

two professional backgrounds: architect- and engineer-based. The academics were 

from diverse institutions. Most of them have research background about ventilation 

system in building in Thailand context.  
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What is your BEP? 

 
Figure 8- 1 Demographic information of participants 
 

8.2.1.2 Issue of IEQ 
([SORULQJ�WKH�,(4�LVVXHV�DQG�REWDLQLQJ�%(3¶V�WKRXJKW�LV�FUXFLDO�IRU�understanding the 

challenges faced in multi-residential building in Thailand. Engaging BEPs enables to 

gain insights from their knowledge, experiences, and direct interactions with building 

occupants. This can help to reflect the existed issues, identify solutions and shed light 

on the challenges.  

Questions asked were ³:KDW��LI�DQ\��LQGRRU�HQYLURQPHQWDO�TXDOLW\�SUREOHPV�H[LVW�
in free-running multi-VWRUH\� UHVLGHQWLDO� EXLOGLQJV� LQ� 7KDLODQG"´� DQG� ³:KDW�
GHVLJQ�VROXWLRQV�GR�\RX�WKLQN�FRXOG�EH�LPSOHPHQWHG�WR�VROYH�WKHVH�LVVXHV�V�"´ 

The word cloud presented in Figure 8- 2 demonstrates the top 50 most commonly 

mentioned issues of IEQ in multi-residential buildings from the interviews. In the word 

cloud, words with higher frequencies appear more prominently, providing a visual 

representation of the overall concerns raised by the BEPs regarding IEQ. This word 

cloud effectively highlights the most frequently occurring words related to the topic 

from the whole dataset 1784 words. For example, ventilation (85 occurrences, 4.76%), 

room (80 occurrences, 4.48%), design (62 occurrences, 3.48%), and humidity (38 

occurrences, 2.13%).  
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Figure 8- 2 word cloud of current issue occurring in multi-residential buildings 
in Thailand 
 

Despite the limitation of word clouds, they provide a basic understanding of frequently 

raised issues in multi-residential buildings in Thailand. Word clouds visualise word 

frequency, but they may not necessarily indicate the importance of words within the 

context. However, comprehend the significance and context of specific issues and 

design solutions in greater detail, further analysis through coding process and thematic 

analysis were required.  

The coding process and thematic analysis were used to identify and refine of key 

themes and pattern of the interview data and to provide valuable insights into the IEQ 

issues and potential solutions proposed. The data from the interviews was encoded in 

four stages including initial coding, open coding, axial coding, and selective coding. 

x Initial coding: keywords related to IEQ issues in multi-residential buildings were 

H[WUDFWHG�IURP�&KDSWHU����5HVLGHQWLDO¶V�TXHVWLRQQDLUH���The analysis revealed 

that WKH� ILYH�NH\� IDFWRUV� LQIOXHQFLQJ� WKH�RFFXSDQWV¶�VDWLVIDFWLRQ�ZLWK� ,(4�are 

natural ventilation, relative humidity, natural lighting, temperature, and room 

privacy. The derived five key factors were used to initially highlight and capture 

words from the transcript.  

x Open coding: new nodes were generated as the transcripts revealed additional 

issues relating to IEQ in the building. This was carried out with an open mind 
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and enabled new codes to be developed without any constraint on the number. 

The transcribed data were systematically categorised into individual nodes and 

subsequently analysed. Consequently, 157 nodes indicating the IEQ problems 

and 72 nodes representing the solution were generated. 

x Axial coding: The objective of axial coding was to develop coherence by 

connecting and combining topics in order to find significant connections 

between individuals. The individuals were sought out for profound connections. 

As a result of this technique, the issue nodes formed 17 nodes, while the 

solution nodes were sorted into 11 nodes. This systematic grouping enabled 

more organised representation of the interconnections and interdependencies 

among the identified issues and solutions.  

x Selective coding: As an outcome of selective coding, two core codes indicating 

the issues occurring in multi-residential buildings in Thailand were investigated. 

In addition, four core codes were identified as the solutions. This process was 

achieved through a careful examination of the sub-issues and sub-solutions, 

totalling 12 examinations of issues and 9 examinations of solutions This in-

depth analysis led to a more comprehensive and coherent understanding in the 

relationships among the issues and solutions, contributing understanding of the 

complex dynamics regarding IEQ in multi-residential buildings. (see Table 8- 1)   
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Table 8- 1 issues and solutions in relation to IEQ derived from coding in nVivo 
issues sub-issues 
IEQ problems poor natural ventilation  

high humidity  
odour in building  
noise disturbance 
mould growth occurrence 
poor natural lighting  
high temperature 
unable to achieve thermal comfort 
indoor air pollution from cooking 

OEQ problems outdoor weather  
air pollution 
urban heat island 

suggested solution sub-suggested solution 
leveraging building design 
for providing optimal IEQ 

designing double-sided ventilation 
designing single loaded corridor 
designing ventilation shaft 
facilitating proactive maintenance practices 
increasing natural ventilation 
integrating climate and site consideration in building 
design 
integrating IEQ knowledge in building design 
prioritizing IEQ consideration at the early stage of design 
selecting appropriate material 

establishing building code 
for promoting natural 
ventilation in building design 

establishing ventilation standards, IAQ guidelines, 
thermal comfort requirements, and acoustic control 
standard. 

utilizing active HVAC 
systems 

using fan or air-conditioner 

 

Two core issues and sub-issues of IEQ and four core solutions suggested by the BEPs 

are presented in Table 8- 1. Two core issues are described in Section 8.2.1.2.1 and 

Section 8.2.1.2.2. Three core solutions suggested from the BEPs are described in 

detail in Section 8.2.1.2.3 to Section 8.2.1.2.5. 

 

8.2.1.2.1 Issues: Indoor Environmental Quality (IEQ) 

All BEPs unanimously recognised the existence of IEQ issues in multi-residential 

buildings in Thailand. The existing IEQ issues had been either observed or 

experienced by BEPs throughout their work. Nine sub-issues were raised regarding 

IEQ including poor ventilation, high humidity, odour in room and building, poor natural 
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lighting, high temperature, pollution from cooking, noise disturbance, occurrence of 

mould growth, and inability to achieve thermal comfort.  

To simplify BEPs identification and referencing, abbreviations have been allocated 

based on three groups of BEPs�� )RU� H[DPSOH�� ³$&- #´� represents each of the 7 

academic participants, ³$5- #´� represents each of the 7 architect participants, and 

³(1- #´�represents each of the 7 engineer participants´� The abbreviation can assist in 

acknowledging particular BEP groups and their opinions without revealing personal 

information. 

76.2% of BEPs substantiated that poor ventilation is a prevalent issue in multi-

residential building in Thailand, especially natural ventilation. This is mainly due to the 

common practice of building with single-sided ventilation, resulting in challenge to 

provide individual rooms with adequate natural ventilation. AC-01 mentioned that poor 

ventilation indeed entails a significant challenge for IEQ in multi-residential buildings. 

The presence of a double-loaded corridor design, in which the room units are located 

on both sides of a corridor, can exacerbate the ventilation problem. Double-loaded 

corridors rooms have a limitation of opening area, resulting in difficulty of achieving 

natural airflow. AC-02 also pointed out that poor natural ventilation is the main problem 

in multi-residential building. Multi-residential building in Thailand is typically designed 

with limited room floor space and single-sided opening, which tends to have 

inadequate ventilation. AR-13 stated that ³3RRU�YHQWLODWLRQ�LV�D�SUHYDOHQW�LVVXH�LQ�PXOWL-

residential buildings, especially double-loaded corridors building.´�Additionally, AR-05, 

AR-02, AR-04 and EN-02 also emphasised the limitation of ventilation associated with 

single-sided ventilation. AR-07 stated that the building with double-loaded corridor 

design is characterised by its narrow and long corridor layout, where residential units 

only receive natural light and ventilation from only on one side. 

62% of BEPs, indicated that poor ventilation commonly resulted in excessive humidity 

levels within the building. AR-13 stated that ³Excessive indoor humidity is not only 

KD]DUGRXV�WR�RFFXSDQWV¶�KHDOWK��EXW�DOVR� to building components. The presence of 

dampness can promote mould growth in the building. The limitation of ventilation lead 

to high humidity levels. AC-01 H[SUHVVHG�³3URYLGLQJ adequate natural ventilation in 

multi-residential buildings can help to prevent humidity accumulation and then improve 

,(4´��AR-03 also mentioned that high humidity problem in the residential units mainly 
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come from poor ventilation. EN-01 highlighted that multi-residential units tend to 

experience high humidity during rainy season. Mould can emerge in the area with poor 

natural ventilation and lighting. AC-04 raised concern about the issue of high humidity 

leading to mould growth in rooms, especially in the WC.  

In addition, over 40% of those interviewed acknowledged receiving concerns from 

occupants regarding odour from high humidity levels in the buildings. AC-���³0DQ\ 

DSDUWPHQWV¶� rooms were designed with limited opening, relying on only natural 

ventilation and having WC located within the room. This room type can contribute to 

moisture accumulation within the rooms, then generate a damp environment in the 

building. I have experienced living in a studio room with single-sided ventilation with 

full room wall opening, but ventilation potential remains insufficient. As a result, certain 

areas, such as WC, wardrobe surfaces and room corners, become excessively humid, 

mould growth´. EN-01 mentioned the residential unit can experience odour from 

dampness in sanitation systems. EN-02 stated that "Based on my experience working 

on construction project sites, there have been issues with odour disturbances between 

rooms and within rooms, mainly due to poor ventilation that allows odours to occur´��

AR-04 also mentioned that ³I have heard about odour issue arising in their rooms from 

high humidity experienced by occupant after XVH�´� EN-03 highlighted that high 

humidity and rainwater leakage are another concern in multi-residential building. 

Humidity level, exacerbated by substantial rainfall, becomes problematic when the 

building lacking climate consideration in its design. In the past, traditional buildings in 

Thailand were thoughtfully designed with climate consideration, but modern buildings 

are typically influencHG�E\�:HVWHUQ�VW\OHV� WKDW�PD\�QRW�EH�VXLWDEOH�ZLWK�7KDLODQG¶V�

climate. Additionally, building located in dense areas tends to have high humidity and 

mould occurrence within the indoor area. 

Another noted issue from 20 % of the BEPs is high air temperature within the buildings. 

HVAC systems e.g., air conditioners in buildings can be used to significantly reduce 

room air temperature. However, the benefits of natural ventilation are limited to 

supplying fresh air, reducing air temperature towards outside temperature and being 

more conducive to well-being of human body. Additionally, it is important to consider 

that active HVAC system consumes energy and contributes to other environmental 

issues.  
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Additional opinions related to IEQ, for instance:  

EN-���� ³7KH� SULPDU\� LVVXH� LQ� 7KDLODQG� LV� WKH� ODFN� RI� FOHDU� VWDQGDUG� DQG�

regulations in Thailand governing air ventilation matters or IEQ. Even if many 

engineers and architects are willing to integrate environmental consideration into 

building design, the final decision is depended on the developer. Construction 

cost reduction often affect the building design to meet only the minimum legal 

requirements. However, the lack of IEQ standard in Thailand result in a neglect 

of efficient air circulation in building, which is essential for comfortable living 

conditions. In addition, high humidity issue in the building is easily spotted, which 

also reflect to the need for comprehensive legislation and guidelines regarding 

minimum ventilation requirements for enhancing IEQ in multi-residential 

EXLOGLQJV�´ 

AC-���³The limitation of room opening also results in less natural lighting within 

WKH�URRP´�  

AR-13 However, solutions for providing more ventilation are often costly and 

time-consuming. Investors may hesitate to invest in solutions; therefore, the 

burdens are putted on the occupants to discover their own solutions. Prioritising 

providing proper ventilation in sustainable solutions can result in not only having 

healthier and more comfortable living spaces for occupants but also optimising 

RYHUDOO�EXLOGLQJ�SHUIRUPDQFH�´ 

EN-���� ³Noise disturbance is primarily concerned for multi-residential building 

design due to the proximity of many dwelling rooms within the building. However, 

the developers tend to prioritise budget consideration over noise disturbance 

issue. For instance, reduction of construction cost by compromising sound 

absorbent material quality in the building can lead to increased occurrences of 

noise disturbance.  

AR-����³PXOWL-residential buildings designed with narrow and elongated corridor 

restricts natural lighting and ventilation accessing to the room, as they can 

access only from single side. The limitation of opening leads the building and its 

room to have insufficient natural air circulation and lighting. In particular, multi-

residential rooms with WC located close to the corridor side often do not provide 

adequate ventilation or exhaust fans, resulting in high humidity and dampness. 
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The lack of proper air movement and moisture control create an unpleasant 

odour in the interior space. Improving ventilation and incorporating exhaust fans 

in such areas can enhance IEQ for occupants.  

8.2.1.2.2 Issues: Outdoor Environmental Quality (OEQ) 

Three OEQ issues, namely air pollution, outdoor weather and urban heat island, have 

been identified by the BEPs as significant factors to IEQ. Enhancing IEQ in the context 

of severe OEQ has become a significant challenge. The crisis of air pollution is 

prevalent approximately 1-2 months per year in Thailand, which significantly impact 

IEQ and alter occupant behaviour. Similarly, outdoor weather conditions also have an 

impact on IEQ. For example, building opening allow outdoor moisture to transfer inside 

the building and increase the indoor moisture level. Furthermore, urban heat island 

effect is another OEQ concern that can influence IEQ. 

AR-05��³Air pollution crisis occurs in Thailand for approximately 2-3 months due 

to wildfires and burning agriculture waste.´ 

AC-����³Thailand has had a serious environmental challenge in recent years due 

to pollution of 2.5 micrometre particulate matter (PM2.5). During the air pollution 

crisis, occupants have increasingly embraced a tendency towards enclosure and 

reliance on closed systems. While some individuals can afford active HVAC 

systems to mitigate the IEQ, lower-income groups often struggle to afford such 

solutions. Consequently, the enclosed living spaces obstruct fresh air to circulate 

into rooms, leading to the increasing of carbon dioxide accumulation.´ 

AR-14�� ³The lack of climate consideration in building design has resulted in a 

reliance on active HVAC systems, notably air conditioner, which emit excess 

heat into the environment. This cumulative heat contributes to raise temperature 

throughout the city. This eventually cause in the formulation of urban heat island 

effect. This environmental challenge exacerbates the situation for building 

occupants, which leads them to rely further on active HVAC systems to cope with 

the intensified heat. However, this perpetuates a cycle of adverse OEQ and IEQ 

impacts.´ 

BEPs identified three main reasons contributing to the issues occurring in multi-

residential buildings: 
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x Neglect of climate considerations in building design: 61.9% of respondents 

pointed out that climate consideration in building design may not receive 

sufficient attention, particularly in country with inadequate building code and 

regulation. Several negative consequences might arise in the building, such as 

poor IEQ, increased reliance on active HVAC system, reduced occupant 

wellbeing and comfort etc. EN-���QRWHG�WKDW�³Buildings are sometimes designed 

without taking into account Thailand's climate, incorporating designs from 

Western countries. This lack of local climate consideration can lead to poor 

IEQ´� AC-���PHQWLRQHG�³Numerous multi-residential buildings designed without 

integrating climate considerations into their design are faced with the IEQ 

issues´. AR-05 also stated that ³2QH� RI� critical issue is the lack of climate 

consideration in building design, for example the failure to consider building 

orientation in layout design. Eventually, this issue has significant direct and 

indirect consequences on IEQ problems´. AC-03 recommended ³FRQVLGHULQJ�

local climate should be incorporated into the initial stages of residential building 

GHVLJQ´.  

x Profit-driven building: 57.1% of the BEPs mentioned that the primary concern 

from developers is to maximise their profits, leading to construction cost 

reduction. This results in compromising building design, materials, and other 

building components, which ultimately impact IEQ. AR-03 noted that ³The 

building is profit-driven because investors prioritise cost-effectiveness as the 

most important factor. The maximisation of construction area for maximum 

benefits, resulting in a narrow gap to other buildings that can cause poor IEQ´. 

EN-03 VWDWHG�WKDW�³According to my work experience, many developers choose 

to decrease the cost of building construction by using lower-quality materials, 

which affects the thermal performance´.  

x Lack of building codes: 33% of BEPs highlighted the inadequacy of building 

regulations that mandate minimum standards and requirements for IEQ in 

Thailand. Establishing building codes and standards is vital to maintaining 

adequate IEQ and promoting sustainable building practices in multi-residential 

developments. EN-04 addresseG�WKDW�³When developers aim to cut construction 

costs, the building design often only meets the minimum requirements of the 

building codes. However, because there are no building codes particularly 
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addressing IEQ, it leads to the neglect of IEQ issues in buildings, such as 

inadequate ventilation, high indoor humidity and temperatures´�  

8.2.1.2.3 Solution: leveraging building design  

To achieve optimum IEQ, 81% of the BEPs suggested leveraging building design to 

incorporate IEQ strategies practically. This integration should also encompass climate 

and site considerations to tailor the design to local conditions. In addition, prioritizing 

IEQ is essential to consider in the early process of building design. For example, using 

appropriate materials that are suitable for the local climate and site conditions. Building 

designed with climate consideration has positive impact not only on the building's 

overall performance and sustainability but also on occupant wellbeing.  

60% of BEPs addressing increasing natural ventilation is important to further enhance 

IEQ. This can be achieved through increasing opening areas and locations to facilitate 

fresh air movement. Single-loaded corridor layout design can also promote better air 

circulation in the building from double-sided ventilation. Another solution is integrating 

ventilation shafts in building design especially in building with limited opening area to 

enhance airflow throughout the building. 

8.2.1.2.4 Solution: Regulating building code for IEQ 

Establishing building codes regarding IEQ can have a profound impact on wellbeing 

and comfort for all occupants, regardless of their financial resources. In other word, 

these codes can be particularly beneficial for low-income residents who may be 

disproportionately affected by substandard living conditions. The BEPs (20 %) 

mentioned that the building code can ensure buildings design and construction 

meeting the minimum requirement for occupants' well-being and sustainability. The 

building code could be developed to include various aspects of IEQ, such as 

ventilation standards, IAQ guidelines, thermal comfort requirements, and acoustic 

control. As previously mentioned in Section 8.2.1.2, EN-04 addressed that when 

developers aim to cut construction costs, the building design often only meets the 

minimum requirements of the building codes. However, because there are no building 

codes particularly addressing IEQ, it leads to the neglect of IEQ issues in buildings, 

such as inadequate ventilation, high indoor humidity and temperatures. AC-01 

recommended that establishing building codes specifically addressing IEQ can 

potentially enhance residential building to achieve minimum requirement of IEQ.  
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8.2.1.2.5 Solution: utilising active HVAC system 

Mechanical equipment, such as fan, air conditioner etc., can serve as a second option 

to support occupants to achieve thermal comfort when natural ventilation is not 

feasible or outdoor weather conditions are unfavourable (noted by 23.8% of the BEPs). 

AC-��� VWDWHG� WKDW� ³Regarding the limitation of natural ventilation, active energy 

systems, such as fans or air conditioners can provide occupants with thermal comfort, 

increased ventilation. However, the systems demand maintenance and are not 

sustainable´��AR-���PHQWLRQHG�WKDW� ³As a result of lack of climate consideration in 

building design, occupants tend to rely on active HVAC systems to deal with IEQ 

issue.´ Initially, the building should prioritise climate considerations and maximise the 

use of natural resources, such as natural lighting, natural ventilation, and fresh air. The 

natural resources offer benefits not only to promote optimal IEQ, but also to reduce 

reliance on building energy consumption.  

8.2.1.3 Natural ventilation 
Question addressed were ³Do you think natural ventilation is important in 
thermally free running building in Thailand? If yes - what benefits do you think 
natural ventilation brings? If no - are there specific issues that you associate 
with natural ventilation?´ 

All BEPs (100%) agreed that natural ventilation is important in thermally free-running 

building in Thailand. BEPs addressed five key benefits and identified two key 

challenges associated with providing natural ventilation in multi-residential building in 

Thailand. AR-���QRWHG�WKDW�³Natural ventilation is essential for thermally free-running 

buildings. When a building lacks sufficient openings for natural ventilation to circulate, 

resulting in moisture accumulation within rooms and causing health risks for 

occupants´� AC-���DGGHG�WKDW�³Natural ventilation offers thermal comfort conditions 

for occupants´��AC-01 emphasised that ³1atural ventilation is beneficial to occupant 

well-being as it corresponds to human body temperature´. EN-01 stated that "Air 

conditioning system are not inherently superior. While the air conditioning system can 

reduce the temperature inside the building, it may not maintain suitable humidity levels 

for thermal comfort. Natural ventilation, on the other hand, provides a more refreshing 

environment´�� 
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The five main benefits of providing natural ventilation are: building cost reduction, 

energy use reduction, enhancing indoor air circulation improving IAQ, promoting 

occupant well-being and sustainable benefits.  

On the other hand, while it is acknowledged that natural ventilation is highly beneficial 

and desirable for the building, it cannot be accommodated in all circumstances. Two 

main challenges have been raised: outdoor environment and optimizing construction 

cost (see Table 8- 2). 

Table 8- 2 benefit and issues associated with natural ventilation 
advantage cost reduction construction cost reduction from optimizing 

wall construction 
lower maintenance costs 

energy used reduction 
indoor air circulation 
improving IAQ 

mitigating humidity accumulating in material 
mitigating indoor air humidity accumulation 
mitigating indoor CO2 accumulation 
mitigating indoor heat accumulation 
mitigating indoor pest infestation 
providing fresh air 

promoting occupant well-
being 

suit for the human body 

sustainable benefits 
 

challenges outdoor environment  wind and solar obstruction in dense urban 
environment 
wind unpredictability 
people need active HVAC system 
occasionally 

developer optimizing 
construction expenses 

building space limitation 
neglect climate consideration in building 
design 

8.2.2 Part two: focuses on specific questions about strategies and design 
options 

This part focuses on specific questions about strategies and design options to improve 

natural ventilation in thermally free-running multi-residential buildings in Thailand. 

Initially general approaches to improve natural ventilation are considered (Section 

8.2.2.1), then the specific concept of a solar chimney (Section 8.2.2.2), finally BEPs 

explore the pros and cons of potential design options to identify the most appropriate 

design to take forward (Section 8.2.2.3). 
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8.2.2.1 Improve natural ventilation in building 
The BEPs were questioned to deliver opinions and suggestions to develop building 

features in the provided multi-residential building plan. (see Figure 3-37) 

The suggested features are divided into two main scopes, which are the whole floor 

layout and the residential unit. (see Figure 8- 3 and Figure 8- 4 respectively).  

For the floor layout, BEPs proposed 3 options for the whole floor layout design, which 

were:  

Two options for developing a floor layout design to increase natural ventilation  

x expanding the width of the corridor. Due to the venturi effect, a long and narrow 

corridor obstruct the flow of outdoor air entering the building. 

x increasing the sizes of building apertures to enhance the circulation of the 

external air into the corridor. 

and one option for minimise nuisance noise. BEPs suggested the improvements not 

only in terms of natural ventilation but also broadening the scope of recommendations 

to include IEQ for the whole floor layout. BEPs concerned the issue of noise 

disturbance in the corridor. Therefore, they recommend integrating sound insulation 

or noise-controlling materials used on the corridor walls can minimise nuisance noise. 

This is because this building type accommodates living spaces for multiple families. 

Figure 8- 3 illustrates proposed features for developing floor layout in following details 

(a) the existing situation, (b) corridor area (c) expanding the width of the corridor, (d) 

increasing the sizes of building apertures to enhance air circulation (e) integrating 

sound insulation or noise-controlling materials. 
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Figure 8- 3 suggested features for floor layout 
(Source: Author) 
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For the scope of the residential unit, there are various suggestion regarding improving 

natural ventilation at the room components within the unit (Figure 8- 4). The primary 

concept involves increasing the size of the room apertures in order to increase fresh 

air to circulate into the room. The suggestions for each room's components in the 

residential unit are detailed as below: 

bedroom 

x 52.4% of BEPs recommended that the room should maximise the opening on 

the wall between the bedroom and the balcony to enhance air inflow (Figure 8- 

4 (a)). This opening is typically designed with window size of 1.0 x 1.2 m. AR-

01 suggested that adding additional window on wall at the occupant¶V� living 

area can improve natural ventilation and keep privacy. EN-03 noted that the 

opening can be maximised and integrated with the balcony door. This can 

involve designing a slide door and awing door.  

x The room should be designed with double sided ventilation (Figure 8- 4 (b)). A 

majority of 95.2% of BEPs addressed that adding additional window along with 

the bedroom wall connecting to the corridor can increase airflow into the room. 

However, 38% of the BEPs expressed concerns regarding potential noise 

disturbances resulting from such additional opening. They also highlighted that 

this opening may DIIHFW� UHVLGHQW¶V� SULYDF\. For example, AC-07 raised the 

possibility of the danger of intruder entering the room via this opening. AR-08 

pointed out the possibility of light pollution from corridor might cause nuisance 

for occupant. 

x Due to the limitations imposed by the available wall space for creating opening, 

stack ventilation is an alternative option for improving natural ventilation. The 

stack ventilation involves such as ventilated chimney (Figure 8- 4 (c)) and 

ceiling ventilation (Figure 8- 4 (d)) (suggested by 23.8 % of BEPs). EN-12 

pointed out that while ventilation chimney could be beneficial for IEQ, it requires 

more vertical building space which could potentially impact the property 

construction cost. 

for balcony 

x Wall balcony can block natural ventilation as it creates vortex occurring near 

the balcony wall (Figure 8- 4 (e)) (AC-16). Railing balcony can encourage the 

air to flow into the internal space more than wall balcony (AC-07). Additionally, 
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EN-10 also pointed out that the many buildings have mould growth on the inner 

balcony wall, especially during rainy season. This phenomenon occurs 

because the wall obstructs the airflow and allows dampness to accumulate 

inside this area, leading conducive environment for mould to emerge. 

for WC 

x Providing natural lighting within WC. The opening for natural lighting could be 

used for additional ventilation (Figure 8- 4 (f)). 

x WC should be designed with isolating wet and dry zone. In many economical 

residential buildings in Thailand, WC are typically designed without separating 

wet and dry zone (Figure 8- 4 (g)). When the resident uses the WC, the entire 

space becomes wet and exacerbates humidity levels with less ventilation. This 

causes a certain time of dampness which encourages mould growth in the 

room.  

x Due to the limitation of the room opening, providing sufficient ventilation 

becomes challenge. Active HVAC system, particularly an exhausted ventilation 

fan can increase inflow of fresh air and reduce humidity accumulation built up 

in room (Figure 8- 4 (h)).  
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Figure 8- 4 suggested features for room planning 
(Source: Author) 
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8.2.2.2 Solar chimney 
The BEPs were asked two questions about solar chimney ³What opportunities and 
obstructions do you see in integrating solar chimney with multi-residential 
building in relation to natural ventilation, building design, energy, and 
construction? 

For obstruction, what additional system should be used to assist solar chimney 
LQ�UHODWLRQ�WR�QDWXUDO�YHQWLODWLRQ��EXLOGLQJ�GHVLJQ��HQHUJ\��DQG�FRQVWUXFWLRQ"´ 

All BEPs (100%) recognise the opportunities of integrating solar chimney with multi-

residential building. 72% of BEPs indicated a strong possibility of the integration to 

building design. Additionally, 50% of BEPs noted that the integration is not complex 

and not difficult to construct.  

However, ten concerns were raised such as, cost effectiveness, the limitation of 

building space, the challenges of the outdoor environment etc. (see Table 8- 3) 

Table 8- 3 opportunity and obstructions of solar chimney in multi-residential 
building 
opportunities enhancing property value through SC integration 

high possibility for integrating SC in multi-residential building design 
improving IAQ 
incorporating solar-driven ventilation system in building 
integrating SC as integral building structure 
lower maintenance costs 
optimizing construction cost 
promoting health and well-being of occupant 
providing privacy 
save energy and energy cost 
sustainable solution 
the ease of SC construction 

obstructions addressing concerns of cost-effectiveness 
addressing concerns of noise disturbance through SC 
addressing concerns about ventilation performance 
addressing concerns related to unwanted animal intrusion 
addressing concerns related to water leakage 
building space limitation 
challenges of outdoor environment 
the need for architects in considering and knowledgeable about SC 

8.2.2.3 Design options 
The BEPs were asked to provide their opinions regarding opportunity, feasibility, 

challenge, concern on design options of each component of the room, which include: 
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x Balcony type: Room with solid wall balcony and Room with railing balcony 

x Room inlet size: Room with window size 1.0 x1.1 m and Room with window 

size 1.0 x 2.0 m 

x Room with and without chimney: Room without chimney and Room with 

chimney 

x Chimney design: One chimney connected to multi-rooms and One chimney 

connected to only one room 

x Room outlet design: Room with horizontal room outlet and Room with vertical 

room outlet 

The coding process and thematic analysis were used to identify key themes and 

pattern during this stage. The opinions provided from the BEPs were encoded in four 

stages including initial coding, open coding, axial coding, and selective coding. 

x Initial coding: the 12 keys IEQ issues derived in Section 8.2.1.2 were utilised to 

initially capture and extract words from the transcripts. 

x Open coding: new codes were emerged as the transcripts indicating further 

aspects. The transcripts were also systematically categorised into individual 

nodes and subsequently analysed. As a result of the open coding, 106 nodes 

were generated for all design options. 

x Axial coding: axial coding process was used to organize and connect prior 

codes. This involves the exploration of data to establish a coherent code, which 

helps to understand the relationship between individual nodes. The prior nodes 

were grouped to be 15 nodes. 

x Selective coding: the nodes derived from axial coding were refined and 

categorised to identified themes. Three themes were established regarding the 

BEP opinions on the design options, including design and construction, IEQ 

and occupant wellbeing.  

Key themes, sub-WKHPHV�� DYDLODEOH� GDWD� UHJDUGLQJ� WR� WKH� %(3V¶� RSLQLRQV� DQG�

perspectives of the design options are shown in Table 8- 4.  
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Table 8- 4 key themes, sub-themes and available data UHODWHG�WR�%(3V¶�RSLQLRQ�
on design options derived from coding in nVivo 
key themes sub-themes Design options 

balcony 
type 

room 
inlet size 

room 
with and 
without 
chimney 

chimney 
design  

room outlet 
design  

design and 
construction 

aesthetic X X O O X 
construction 
cost 

X X O X X 

construction 
process 

X X X X X 

flexible design 
options 

X X O X X 

maintenance X O O X O 
space planning O X O X X 

IEQ humidity level X X O X O 
natural lighting X X O O O 
natural 
ventilation 

X X X X X 

temperature X X X X X 
occupant 
wellbeing 

noise nuisance O O X X O 
odour nuisance O O O X O 
privacy X X X X O 
safety X O O X O 
visual 
connection 

X X O O O 

*X-available data and O- no data mentioned from BEPs 
 

The study listed all possibly situations to compare each design option (Figure 8- 5 - 

Figure 8- 9). A total of 20 cases were developed (see Table 8- 5). Each case was 

assigned a score based on the corresponding sub-themes using a binary rubric. A 

score of 1 was assigned to the advantages, positive opinions or perceiving a significant 

potential in implementing the option, whereas a score of 0 was assigned for some 

concerns, negative viewpoints or indicating cons in the design options.  

 

 

 

 

 



291 

 

 
a) Room with solid wall balcony 

 

 
b) Room with railing balcony 

Figure 8- 5 different balcony type 
(Source: Author) 

 

 
a) Room with window size 1.0 x1.1 m 

 

 
b) Room with window size 1.0 x 2.0 m 

Figure 8- 6 room inlet size 
(Source: Author) 

 

 
 
 
 

 
a) Room without chimney 

 

 
b) Room with chimney 

Figure 8- 7 room with and without chimney  
(Source: Author) 
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a) One chimney connected to multi-rooms  

 

 
b) One chimney connected to only one 

Figure 8- 8 chimney design  
(Source: Author) 

 

 
a) Room with horizon room outlet 

 

 
b) Room with vertical room outlet 

Figure 8- 9 Room outlet design  
(Source: Author) 
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Table 8- 5 possibilities of design options 
 balcony type 

 
 
 
 
 

 
a) wall 

 
 
 
 

 
b) railing 

room inlet size 
 
 
 
 
 

 
a) 1.0 x1.1 m 

 
 
 
 

 
b) 1.0 x 2.0 m 

room with and 
without 
chimney 
 
 
 

 
a) without 
chimney 

 

 
b) with 

chimney 

chimney 
design  
 

 
a) one 

chimney 

 
b) multi 
chimney 

room outlet 
design 
 
 
 

 
a) horizon  
 
 
 

 
b) vertical 
 

case 1 wall 1.0 x1.1 m without chimney - - 
case 2 railing 1.0 x1.1 m without chimney - - 
case 3 wall 1.0 x 2.0 m without chimney - - 
case 4 railing 1.0 x 2.0 m without chimney - - 
case 5 wall 1.0 x1.1 m with chimney one chimney horizon 
case 6 wall 1.0 x1.1 m with chimney multi chimney horizon 
case 7 railing 1.0 x1.1 m with chimney one chimney horizon 
case 8 wall 1.0 x 2.0 m with chimney one chimney horizon 
case 9 railing 1.0 x1.1 m with chimney multi chimney horizon 
case 10 wall 1.0 x1.1 m with chimney one chimney vertical 
case 11 wall 1.0 x 2.0 m with chimney multi chimney horizon 
case 12 wall 1.0 x1.1 m with chimney multi chimney vertical 
case 13 railing 1.0 x 2.0 m with chimney one chimney horizon 
case 14 railing 1.0 x1.1 m with chimney one chimney vertical 
case 15 railing 1.0 x 2.0 m with chimney multi chimney horizon 
case 16 wall 1.0 x 2.0 m with chimney one chimney vertical 
case 17 railing 1.0 x1.1 m with chimney multi chimney vertical 
case 18 wall 1.0 x 2.0 m with chimney multi chimney vertical 
case 19 railing 1.0 x 2.0 m with chimney one chimney vertical 
case 20 railing 1.0 x 2.0 m with chimney multi chimney vertical 

 

Positive response on all cases were calculated as percentages based on the sub-

themes defined in Table 8- 4. The resulting percentage for key themes overall 

evaluation show in Table 8- 6. Case 20 demonstrated the highest overall percentage 
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(81%). The room in Case 20 had a railing balcony, window size 1.0 x 2.0 m, one 

chimney connected to only one room and vertical room outlet. Case 20 room was 

identified as 100% for the IEQ and 82% for Occupant Wellbeing, and 67% for Design 

and Constructions. Some concerns were raised regarding construction cost and 

process in this case. Contrastingly, the lowest overall percentage was typical room 

design, Case 1 (23%). The room in this case was the scenario of room with wall 

balcony, window size 1.0 x 1.1 m, and without chimney. There were 45%, 29% and 0 

% for Occupant Wellbeing, Design and Construction and IEQ, respectively. In 

particular, all cases of room without chimney exhibited the overall percentage lower 

than 50%, even the cases designed with larger inlet size.  

When Case 4 and 5 were compared, the former case was the room with railing 

balcony, inlet size of 1.0 x 2.0 m and without chimney, while the latter case was a room 

with wall balcony, inlet size of 1.0 x 1.1 m, with chimney connected multiple rooms. 

Even though Case 5 had a chimney, the overall percentage was lower than Case 4. 

Several concerns were raised regarding Case 5, particularly in relation to IEQ. This 

was because the room was designed with the wall balcony which could block fresh air 

intake in comparison to room with railing balcony. Additionally, this scenario had 

smaller inlet size.  
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Table 8- 6 percentage distribution in key themes and overall of each design 
options 

 
Design and 
construction 

IEQ Occupant 
wellbeing 

Overall 

case 1 29% 0% 45% 23% 
case 2 29% 27% 36% 30% 
case 3 38% 27% 55% 38% 
case 4 38% 53% 45% 45% 
case 5 57% 13% 45% 40% 
case 6 38% 33% 82% 47% 
case 7 57% 40% 36% 47% 
case 8 67% 40% 55% 55% 
case 9 38% 60% 73% 53% 
case 10 76% 27% 45% 53% 
case 11 48% 60% 91% 62% 
case 12 57% 47% 82% 60% 
case 13 67% 67% 45% 62% 
case 14 76% 53% 36% 60% 
case 15 48% 87% 82% 68% 
case 16 86% 53% 55% 68% 
case 17 57% 73% 73% 66% 
case 18 67% 73% 91% 74% 
case 19 86% 80% 45% 74% 
case 20 67% 100% 82% 81% 

 

In addition, BEPs were asked to make a decision between a and b of each design 

option in order to apply into their future projects. 85.7 % of BEPs chose railing balcony. 

Room inlet size of 1.0 m wide and 2.0 m high were chosen by 95.2% of the BEPs. All 

BEPs (100%) preferred to have room with chimney. Regarding chimney design, 81% 

of BEPs chose one chimney connected to only one room, while 19% preferred one 

chimney connected to multi-rooms. 90.5% of the BEPs selected vertical room outlet.  
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Figure 8- 10 Percentage of BEP's decision on design options 
 

 Summary Validating Design Options 
The findings from Part 1, exploring the expertise and knowledge of BEPs in the context 

of current multi-residential buildings, revealed several IEQ issues such as poor 

ventilation, high humidity, odour in building, high temperature and mould growth 

occurrence in the buildings. The majority of BEPs suggested that improving building 

design could significantly enhance IEQ, with a focus on increasing natural ventilation, 

and incorporating climate and site considerations into building design. BEPs 

emphasised the need of natural ventilation in thermally free-running buildings in 

Thailand. However, in circumstance of OEQ crisis, achieving adequate natural 

ventilation can be challenging. Active HVAC system becomes a viable option; 

nonetheless, it poses a significant challenge for economically disadvantaged 

occupants in terms of both purchasing and operational costs. 

In Part 2 of the study, the research focused on strategies and design options. BEPs 

emphasised the need for redesigning building layout and room features to optimise 

natural ventilation, including suggestions for double-sided ventilation and ventilated 

chimneys. BEPs address strong possibility for integrating solar chimney with the 

design. Regarding proposed 20 design options, BEPs opinions focused on three main 

topics, which were 1) design and construction, 2) IEQ and 3) occupant wellbeing. For 

example, an optimal option (a room with a railing balcony, window size of 1.0 x 2.0 m, 

one chimney connected to only one room, and a vertical room outlet) had the highest 
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overall percentage indicating a great potential for implementation (81%). Conversely, 

the original room feature (a room with a wall balcony, window size of 1.0 x 1.1 m, and 

no chimney) had the lowest overall percentage (23%).  Additionally, all cases of no 

chimney had overall percentages below 50%, even when some options featured larger 

inlet sizes. All BEPs reported a preference for rooms with chimneys and a majority 

selecting the configuration of one chimney connected to only one room. 

The comparative analysis between the original room and the optimal case will be 

discussed in Chapter 9: Discussion. 
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9. Discussion 

 Introduction 
This chapter provides discussions of the research findings from previous chapters, 

including the literature review (Chapter 2),�monitoring physical measurement (Chapter 

4), occupant perception survey (Chapter 5), CFD sensitivity analysis: outdoor (Chapter 

6), CFD sensitivity analysis: indoor (Chapter 7), and validating design options for 

improving internal environment quality within thermally free- running apartments 

(Chapter 8). The discussions involve comparing and analysing those findings against 

relevant theory and previous research to incorporate them into the current knowledge 

framework.  

To summarise, this research has been achieved through three phases of investigation. 

Initially, the study thoroughly analysed the current situation of apartment dwellings in 

Thailand context. The research revealed that passive cooling strategies, particularly 

natural ventilation, could potentially SURYLGH�VLJQLILFDQW�EHQHILWV�IRU�7KDLODQG¶V�FOLPDWH�

and context. Physical measurements within the multi-residential buildings in Thailand 

were conducted to understand the current situation regarding IEQ, particular 

temperature, relative humidity and air speed. Furthermore, the existing conditions, 

such as building regulation, weather data, and census, were investigated. Due to the 

limited availability of information about multi-residential buildings in Thailand, the 

research sought to fill this knowledge gap by conducting resident questionnaires. This 

exploration established the typology and key features of such buildings. In addition, 

WKH�UHODWLRQVKLS�EHWZHHQ�NH\�IHDWXUHV�RI�W\SLFDO�EXLOGLQJV�DQG�RFFXSDQWV¶�SHUFHSWLRQV�

with regard to their IEQ were investigated. 

The second phase was focused on investigating factors influencing both outdoor and 

indoor air movement. Outdoor CFD sensitivity analysis was used to explore five factors 

affecting the air movement around the building, which were wind direction, wind speed, 

position on building, building height and road width, and different layers of nearby 

buildings. These insights were then applied to modify the wind direction parameters 

for the indoor simulation models.  

The indoor sensitivity analysis, on the other hand, concentrated on parameters that 

influence natural ventilation through CFD and BES simulations. This exploration 

commenced with the initial room parameters and subsequently explored various 

⑩
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factors, including the presence or absence of ventilation chimneys, room inlet and 

outlet sizes, chimney dimensions, room outlet locations, chimney design variations, 

and different chimney materials. The findings identified the significant indoor factors 

impacting on ventilation within the indoor space. 

The final phase entailed proposing design options to improve IEQ in multi-residential 

buildings in Thailand. Validation of the design options was sought through 

engagement with BEPs in Thailand. These experts agreed with the presence of IEQ 

issues in such buildings and emphasised that enhancing ventilation is essential for 

improving IEQ. The design options, encompassing considerations of design and 

construction, IEQ, and occupant well-being, demonstrated substantial potential for 

future implementation in Thai multi-residential buildings. 

This chapter provides discussions of three main topics, including Indoor Environmental 

Quality Issues (Chapter 9.2), Passive Cooling via Natural Ventilation (Chapter 9.3) and 

Proposed Design Options (Chapter 9.4). 

 Indoor Environmental Quality Issues  
Previous research has consistently demonstrated that densely packed urban buildings 

can significantly obstruct wind flow (Ng 2016; Azizi and Javanmardi 2017) and solar 

radiation (Mesa et al. 2010; Freitas et al. 2015), affecting thermal comfort both 

outdoors and indoors, particularly in tropical climates. High residential density in urban 

areas frequently results in poor indoor environmental quality (IEQ) and inadequate 

living conditions (Wong et al. 2009). This further causes health risks to occupants. 

Furthermore, people tend to spend a considerable amount of their time indoors, 

therefore a healthy IEQ is very important. Many studies reveal that the most vulnerable 

or disadvantaged populations are frequently located in areas with poorer 

environmental quality (Santamouris et al. 2014; Abdulaali et al. 2020). Low-

socioeconomic groups tend to suffer worse health as a result of inadequate indoor 

environmental quality.(Evans and Kantrowitz 2002; Jun et al. 2011) 

The physical measurement conducted in residential units within multi-residential 

buildings in Chiang Mai city centre (Section 4.2) provided insightful findings regarding 

vapor pressure and thermal comfort. The findings from physical measurement are 

consistent with previous research, indicating that multi-residential buildings located in 

city centres tend to experience lower IEQ (Chan et al. 2008; Zhang and Yoshino 
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2010b; Kozielska et al. 2020). Factors such as limited natural ventilation due to closely 

located buildings (Allard et al. 2009), and urban heat island effect contribute to this 

diminished IEQ (Ai and Mak 2015). The analysis identifies three primary factors 

influencing water vapour pressure within the residential units, 1) building environment, 

2) room layout and 3) occupant activity. These findings are supported by findings from 

other studies (Zhang and Yoshino 2010a; Nguyen and Dockery 2016; Wolkoff 2018; 

Lou and Ou 2019; Pan et al. 2021). The building environment significantly impacts 

indoor temperature and humidity levels, particularly in passive buildings (Gou et al. 

2018). The study reveals that interior design plays a role in determining varying levels 

of vapour pressure (You et al. 2017). Furthermore, field studies have also established 

that room layout influences humidity level (Lou and Ou 2019). In addition, occupant 

activity in room is recognized as another key factors to the variability and uncertainty 

of vapour pressure within room (Yan et al. 2015). Literature review (Section 2.1) 

indicated that the thermal comfort for Thailand's climate range between 22.3 to 29.3 

°C, with relative humidity within the range of 20% RH to 80% RH (Givoni 1992). The 

suggested relative humidity range for minimising bioaerosols is 30% to 60% RH 

(Arundel et al. 1986). Over the data-collecting period, the residential units remained 

within the thermal comfort range for 30% to 78% of the time. It was observed that the 

period within the thermal comfort range depended on the building environment, room 

layout and occupant activity. For example, rooms with a greater number of openings 

experience had 5% longer period in thermal comfort condition than the rooms with less 

opening. Thermal comfort can be improved by increasing the number of openings, 

which has been explored in previous research (Mochida et al. 2005; Daghigh et al. 

2009; Mishra and Ramgopal 2013; Wang et al. 2021). However, the use of curtains 

for privacy within the room obstructs natural ventilation, resulting in a decrease of 

thermal comfort duration. Residential units managed to achieve the range of optimal 

relative humidity to minimize bioaerosol for appropriately half of the measurement 

period. 

The expectation of increased air movement with increased number of openings from 

literature (Mochida et al. 2005; Fan et al. 2021) was tested. Physical measurements 

were conducted in two rooms: one located in the middle of the building and the other 

located at the corner of the building with an additional window. When all windows in 

both rooms were opened, it was observed that the airspeed at the balcony of the 
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middle room was reduced by approximately 90% of the outdoor air movement. 

Meanwhile the velocity at the balcony of the corner room was decreased by nearly 

40% of the outdoor air movement. In addition to the number of openings, the location 

of a room within a building significantly influences its ventilation (Jiang et al. 2020; Liu 

et al. 2020). Rooms located at the corners of a building typically have the advantage 

of being on the windward side, obtaining greater amount direct airflow. In contrast, 

rooms located in the middle of a building frequently obtained wind that has been 

redirected along the building's surface (Jiang et al. 2020). When both rooms had all 

openings fully open including room doors, the air velocity at the balcony of the middle 

room was approximately 5.6% lower than the corner room. Although the airspeed 

varied depending on such openings at the balcony, the airspeed in the middle of both 

rooms was nearly negligible, at almost 0 m.s-1. Previous studies have recommended 

an airspeed of at least 0.2 m.s-1 to improve thermal comfort (Szokolay 2012; ASHRAE 

2017). In tropical climates, natural ventilation can potentially improve indoor thermal 

comfort by 36% to 50%. Haase and Amato¶V�study suggested that the ventilation of 

0.4 m.s-1 is optimal for increasing the rate of evaporative and convective heat loss from 

the human skin to the environment (Haase and Amato 2009). However, the findings 

from physical measurement indicate that the actual ventilation in the multi-residential 

building is unlikely to be sufficient to achieve the desired thermal comfort condition.   

The findings from the occupant perception survey (Chapter 5) provide insightful 

feedback on living conditions in multi-residential buildings in Thailand. The findings 

are divided into four categories: demographic results, physical environment, occupant 

activity, IEQ and occupant comfort satisfaction. 

In term of demographic results, the participants commonly spent time in their room 

between 8 to 12 hours during weekdays and 12 to 16 hours during weekends. This 

pattern indicates that, on average, occupants spend about half of their day in their 

rooms. Given this substantial amount of time, maintaining a healthy IEQ is crucial for 

the occupants' health and well-being.  

The physical environment findings indicate that participants primarily reside in rooms 

with single-sided ventilation, which are typically located in the middle of the building. 

Multi-residential building are often designed with single-sided ventilation due to the 

compact configurations, but this results in limited ventilation (Farea et al. 2012; Aflaki 
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et al. 2016). This is consistent with previous research, which indicates that room with 

single opening achieve only 12-23% of the external wind velocity, leading to 

inadequate IEQ and potentially affecting occupant well-being (DeKay and Brown 

2013). Furthermore, two-third of participants lived in buildings located ranging from 0 

to 6 metres away from the nearest nearby building. This limited spacing between 

buildings raise concerns about restricted air movement in urban areas (Fernando et 

al. 2010; Liu et al. 2015). The physical environment, such as the proximity of nearby 

buildings and the height of RFFXSDQWV¶�EXLOGLQJ, significantly influence indoor air quality 

perceptions. For example, occupants typically perceive inadequate natural lighting 

and low natural ventilation when another building is located within a 0 to 3 metre range 

from their buildings. Occupants perceive air rather humid when the distance to nearby 

building is smaller. It was additionally found that occupants in buildings located in close 

proximity nearby building often maintain privacy by keeping curtain closed, which 

further limits natural ventilation (Foster and Oreszczyn 2001; Yan et al. 2015). Based 

on the findings of the study, it is recommended that building designs with short 

distance to nearby buildings should consider balancing privacy needs with maintaining 

adequate indoor air quality. This might involve innovative building designs that 

enhance privacy while still allowing for effective natural ventilation.  

The findings indicate that most building materials utilised in the typical rooms are 

porous. These materials display varying degrees of vapor permeance. For example, 

wood doors and furniture are classified as vapor permeable, implying that moisture 

can pass through it more readily. Brick walls and concrete walls are considered vapor 

semi-permeable, which indicate a moderate level of moisture transmission. Toilet floor 

tiles, on the other hand, are categorised as semi-impermeable, making them less 

susceptible to moisture damage due to their lesser permeability 

(BuildingScienceCorporation 2013; Cengel and Ghajar 2015). 

These findings of physical environment and typical room materials contribute to 

modelling in CFD sensitivity analysis and BES analysis. 

Occupant activities that generate moisture, such as cooking, washing, and indoor 

clothes drying, significantly contribute to the perception of stale and humid air, 

inadequate ventilation, and a higher occurring level of mould. Residential moisture is 

produced not only through RFFXSDQW¶V� ERG\� EXW� DOVR� through various household 
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activities (Yik et al. 2004; Zemitis et al. 2016). Residential activity, room function, 

usage duration and frequency contribute different level of moisture generation in room. 

For example, 2,000-3,000 grams, 1,500 grams, 500 grams per day for cooking, drying 

clothes indoor and washing clothes respectively (Institution 2011). Despite these 

variations, it is critical that buildings are built to minimise indoor moisture accumulation. 

Moreover, the findings reveal a significant correlation between human behaviour 

characteristics and IEQ.  

 Passive Cooling via Natural Ventilation  
Referring to the necessity of improving thermal comfort and reducing health risk in 

residential building in Thailand, passive cooling through ventilation is a potential 

technique to acquire the comfort condition with sustainable environment.  

Increasing ventilation in buildings is beneficial for thermal comfort as it enhances 

convective heat transfer (De Dear and Brager 2002). In addition, this aligns with the 

findings that ventilation satisfaction significantly influences overall comfort in 

RFFXSDQWV¶� URRPV��VHH�PRUH�GHWDLOV� LQ�6HFWLRQ�������Occupants in tropical climates 

often prefer higher air speed (Sekhar 2016). Based on tropical climates, natural 

ventilation is a particularly cost-effective strategy to for mitigating physiological effects 

of high humidity, while maintaining acceptable indoor thermal comfort (Priyadarsini et 

al. 2004). Natural ventilation can be achieved in buildings by cross ventilation and/or 

stack ventilation. However, while natural ventilation can improve thermal comfort 

levels, there are challenges in its implementation (Nguyen and Reiter 2014; Du et al. 

2020). For instance, buildings with limited opening options, which may not facilitate 

sufficient ventilation. The presence of buildings in close proximity in city centre can 

limit cross ventilation. 

The physical measurement findings in the stack area (Section 4.1) reveal an increase 

in airspeed when two openings are present, one located at a lower elevation and the 

other at a higher elevation. Therefore, the air velocity in the stack area is rather small, 

ranging between 0.02-0.05 m.s-1. This aligns with previous research that air 

temperature difference between indoor and outdoor in tropical climate is typically less 

than 5°C (Yusoff et al. 2010). Stack ventilation has challenges in design and control 

due to the inherent unpredictability of its driving forces, wind and temperature 

difference (Khanal and Lei 2011).Therefore, relying solely on stack ventilation might 
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not be sufficient in this climate, highlighting the need for solar induced ventilation 

strategies to optimise indoor thermal comfort.  

Previous studies have established and demonstrated the potential of solar chimney 

used in tropical climate (Awbi and Gan 1992; Bansal et al. 1993; Nugroho 2009; 

Punyasompun et al. 2009; Nugroho 2010). As a passive cooling technique, solar 

chimney uses the buoyant effect to enhance ventilation, particularly in urban areas 

which suffer from air movement obstructions (see more detail in Section 2.3). The 

combined radiation and convection inside a solar chimney results in appreciable air 

movement to improve ventilation (Khanal and Lei 2011).  

Various suggestions to develop typical multi-residential building features to enhance 

fresh air to circulate into building were proposed to BEPs (as detailed in Chapter 8). 

The majority of BEPs recognize the potential for integrating solar chimney into multi-

residential building design. They emphasized that the integrating solar chimney is 

neither complex nor difficult to construct. However, concerns were raised regarding 

limitations such as the limitation of building space, the challenges of the outdoor 

environment etc. 

While natural ventilation has its limitations, including pollution and extreme weather 

(Azam et al. 2018; ChooChuay et al. 2020), it is generally effective for most of the 

year. A basic design incorporating solar chimneys can provide an optimal solution for 

buildings while also catering to the socioeconomic situation of the occupants. 

 Proposed Design Options  
To establish design options that enhance IEQ through passive cooling, it is essential 

to investigate and comprehend both outdoor and indoor factors influencing ventilation. 

Understanding of the factors can help to develop explicit modelling for accurately 

predicting ventilation flow rates and for refining design options. This exploration 

includes outdoor CFD sensitivity analysis (Chapter 6), indoor CFD and BES sensitivity 

analysis (Chapter 7) and interview BEPs (Chapter 8). 

Previous studies have highlighted the challenges in air movement within urban areas, 

identifying factors such as drag, accidental release, roughness. The air movement is 

altered and reduced airflow patterns compared to initial wind based on meteorological 

data (Cheng et al. 2013; Liu et al. 2015; Ng 2016; Azizi and Javanmardi 2017). The 
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findings of CFD sensitivity: outdoor (Chapter 6) illustrate air movement around building 

surfaces. The explorations include wind direction and wind speed, road width and 

building height, and nearby buildings. The results demonstrated that air movement 

can be reduced by up to 60% from initial wind when the number of nearby building 

layers increases from one to three, or when the radius of these layers expands by 2.7 

times. This finding is consistent with previous research indicating significant decreases 

in wind speed in high density area (Du et al. 2018). For example, a previous CFD study 

showed that over 60% reduction in wind speed around focus building due to the 

presence of high rise buildings (Peng et al. 2018). Another CFD simulation study 

revealed that pressure was reduce up to 60% when comparing models with a radius 

of 100m to those with 250m, or when the radius of nearby building layers increased 

2.5 times (Lee 2017). Pressure decreases with increased nearby building layers (van 

Druenen et al. 2019). Furthermore, the layers of nearby buildings were found to have 

a significant influence on wind characteristics (Lee 2017). Notably, wind direction has 

been identified as a crucial factor influencing ventilation in buildings. The air movement 

pattern through and around the focus building is altered due to the impact of urban 

configurations. In this study, the research explored air movement on focus building 

facade by considering scenarios with up to three layers of nearby buildings. The result 

(Section 6.3.3.4) in the research shows the convergence of the average air movement 

when nearby buildings were increased to three layers. Previous research also 

suggested that modelling of three layers of nearby buildings within the influence region 

provides a convergence in airflow rates. An actual urban configuration is non-uniform. 

Airflow convergence is not only found in the non-uniform of three layers in urban area 

but also equivalent to that from uniform building arrays (Tong et al. 2016). Therefore, 

uniform building arrays can generally be applied to non-uniform configurations.  

The findings from the CFD sensitivity analysis for indoor, detailed in Chapter 7, initially 

present a comparative CFD and BES analysis of two room configurations: the original 

room (without a chimney) and a room equipped with a chimney. As highlighted in 

Chapter 2 and Section 9.3, the integration of chimney into building design can 

significantly enhance building ventilation, particular in urban areas where wind 

availability is limited. The study revealed that a room with chimney could achieve 

12.5% thermal comfort during summer compared to a room without chimney. This is 

similar to previous chimney research observed that percentage of thermal comfort 
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hour during summer in high-rise multi-residential building in tropical climate (Bangkok) 

increased from 38% to 56%, marking an 18% increase (Prajongsan and Sharples 

2012). In addition, the presence of chimney in a residential unit can increase 

ventilation to nearly 0.2 m.s-1, which is a 50% improvement over a room without 

chimney. However, it is noted that this ventilation rate still does not reach the air 

velocity appropriate for the elevated temperature. Previous research has indicated that 

building with solar-induced ventilation can achieve room temperature approximately 

4±5 °C lower (Punyasompun et al. 2009). Another study focus on solar chimney 

integrated into residential building design demonstrated that the chimney could 

increase indoor air speed up to 0.58 m.s-1 higher than the design without solar chimney 

(Nugroho 2010). Incorporating solar chimney into room design can increase airflow up 

to nine times in comparison to room without chimney. Solar chimneys are designed to 

maximize ventilation benefits by optimising solar gain, resulting in a significant 

temperature difference between indoor and outdoor to produce adequate airflow 

(Khanal and Lei 2011). These findings confirm that incorporating a chimney into 

building design can significantly enhance ventilation and thereby increase the hours 

of thermal comfort in residential units.  

Different variations in chimney design are influenced by several factors, including 

location, climate, orientation, inlet, outlet, chimney depth, and internal heat gains 

(Harris and Helwig 2007). Consequently, this study investigates various parameters 

of room and chimney to understand their impact on ventilation (see Figure 3-29, 

Section 3.6.2.2). It was found that rooms with greater inlet size significantly enhance 

ventilation. This aligns with prior research which demonstrated that an increase in inlet 

size improves ventilation (Bassiouny and Koura 2008; Khanal and Lei 2011).There is 

a direct proportional relationship between air temperature and airflow with the inlet and 

outlet sizes, whereas relative humidity inversely correlates with these dimensions 

(Maghrabie et al. 2022). Additionally, a larger outlet area can lead to a greater mass 

flow rate compared to an inlet of equal size (Shi et al. 2018).  

The study (Section 2.4.3.1) identified that the optimal chimney depth is 0.3 m which 

align with other research (Miyazaki et al. 2006; Khanal and Lei 2011). Air velocity 

within the solar chimney increases with the depth of the air gap, making it a crucial 

parameter for ventilation performance in terms of mass flow rate (Chen et al. 2003; 

Mathur et al. 2006; Khanal and Lei 2011). Despite most research highlighting the 
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importance of air gap for ventilation performance, reverse airflow occurs when the 

chimney depth is too large (Miyazaki et al. 2006; Lee and Strand 2009). Furthermore, 

the study discovered that chimney with a 45-degree trim can enhance ventilation at 

occupant level reaching up to 0.2 m.s-1, which is considered acceptable for cooling 

effect. Previous research has also found that an inclined chimney improve natural 

ventilation, with an optimal angle of 45 degrees (Bassiouny and Korah 2009). 

Triangular corner in solar chimney results in higher thermal performance for natural 

ventilation compared to other configurations (Dhahri et al. 2021).  

Various suggestions to develop typical multi-residential building features to enhance 

fresh air to circulate into building were proposed to BEPs (as detailed in Chapter 8). 

The majority of BEPs recognise the potential for integrating solar chimney into multi-

residential building design. They emphasised that the integration of solar chimneys is 

neither complex nor difficult to construct. However, concerns were raised regarding 

limitations such as the limitation of building space, the challenges of the outdoor 

environment etc.  

The study investigated various room and chimney parameters that influence 

ventilation (Section 7.2.3) in order to develop design options (Section 8.2.2.3). These 

options were then presented to BEPs for their opinions. As described in Chapter 8, 

BEP interviewees provided their opinions on 20 design options, focusing on three main 

themes, which are 1) design and construction, 2) IEQ and 3) occupant wellbeing. The 

study precisely compared all potential scenarios to evaluate each design option. 

Within these options, the one with the highest overall BEP satisfaction percentage 

(81%), the optimal case, involves features such as railing balcony, window size 1.0 x 

2.0 m, solar chimney with one chimney connected to only one room and vertical room 

outlet. In contrast, the original room features, which was used as a baseline for 

comparison, included wall balcony, window size 1.0 x 1.1 m, and without chimney, 

resulting in the lowest overall BEP satisfaction percentage (23%). The comparison of 

features of original room and the optimal case is shown in Figure 9- 1. In term of 

chimney design, 100 % of BEPs showed a preference for room with chimney. When 

compared to the original room, the optimal case exhibits a reduction in vapour 

pressure within the room (see Figure 9- 2). Considering annual hourly weather data, 

the study discovered that the optimal case could enhance thermal comfort by up to 

21.9% longer than the original room. Additionally, the optimal case can maintain a 
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relative humidity within the range of health benefit approximately 5% longer than the 

original room. During rainy season, the optimal case improves even more significantly. 

It can provide thermal comfort 42.3% higher than the original room. Furthermore, 

relative humidity within the health benefit range is achieved approximately 8%, 

providing a 56% improvement over the original room. Another notable advantage of 

the optimal case is that it can provide natural ventilation can reliably exceed 0.2 m. s-

1 and occasionally reach 0.4 m.s-1 at the occupant level. This aligns with suggestions 

by Tantasavasdi et.al (Tantasavasdi et al. 2001), as cited in Aflaki et.al (Aflaki et al. 

2015) that indoor air speed in tropical climate condition of at least 0.4 m.s-1is necessary 

to enhance evaporation rate from human skin, thereby achieving thermal comfort for 

achieving thermal comfort. In contrast, ventilation is insufficient in the original room, at 

nearly 0 m. s-1. The CFD comparison between the original room and the optimal case 

are illustrated in Figure 9- 3. 

 

 
Figure 9- 1 the features of original room and the optimal case  
(Source: Author) 
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Figure 9- 2 comparison of air temperature and relative humidity between 
original room and the optimal case  
 

 

 
Figure 9- 3 comparison of CFD results between original room and the optimal 
case  
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The integration of solar chimneys in multi-storey buildings presents a satisfying option 

for tropical climates like Thailand. Previous studies have explored the incorporation of 

solar chimneys in multi-residential buildings within this region. For example, 

Punyasompun et.al 2009 indicated that integrating a solar chimney into a multi-storey 

building can enhance natural ventilation and decrease indoor temperatures by 

approximately 5°C. Additionally, Prajongsan et.al 2012 investigated into ventilation 

shafts in high-rise multi-residential buildings in Thailand showed that thermal comfort 

hours could extend by up to 33% and 64% per day for south- and north-facing 

buildings, respectively. Some studies have also explored the integration of solar 

chimneys on roof (Chungloo and Limmeechokchai 2007; Chungloo and 

Limmeechokchai 2009). However, these previous studies often do not consider 

buildings in close proximity, where external wind speed and direction differ significantly 

from those in urban area (Caciolo et al. 2011) (detailed in Section 9.2). This is why 

there was a need for further exploration in multi-residential buildings in urban areas 

for Thailand. Therefore, this study not only corroborates their findings of previous 

research but also contributes to knowledge by the research findings (see more details 

in Section 10.3). (Punyasompun et al. 2009) (Prajongsan and Sharples 2012) 

One of the challenges which face natural ventilation is pollution (Cheng et al. 2013). 

however, previous research suggests that an air filtration unit can be added to limit 

airborne particle entering the space (Fennelly et al. 2023). Other studies confirmed 

that operating air filtration unit could increase fresh air entrainment from outside (Sloof 

et al. 2022; Butler et al. 2023).  

It is also acknowledged that passive stacks may not always sufficiently provide 

ventilation. If necessary, this can be supplemented with a fan to create an active stack. 

Previous research has proved that active stack can achieved an air speed of 0.67 m. 

s-1 (Priyadarsini et al. 2004).  

The integration of solar chimneys with active systems or renewable energy devices 

can enhance ventilation efficiency, which requires to explore more detail in future 

research.   
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10. Conclusion 

 Introduction 
Multi-residential buildings in Thailand urban areas have significant issues in terms of 

indoor environmental quality (IEQ). These buildings are typically built with single-sided 

ventilation. The limited opening, particularly in thermally free-running buildings, causes 

poor ventilation, leading to elevated moisture load and, consequently, mould. These 

issues significantly impact living comfort and increase health risks, particularly for low-

socioeconomic groups who are more vulnerable to inadequate IEQ. As a passive 

cooling strategy, natural ventilation is advantageous because it can improve thermal 

comfort for the indoor environment while promoting sustainability and cost-

effectiveness. Passive design strategies to improve natural ventilation can be 

effectively selected based on climate conditions and building characteristics.  

The preceding chapters have presented the findings of this study and provided design 

options for multi-residential buildings in Chiang Mai, Thailand, as a case study. 

Optimised design options entail the integration of building contexts and passive design 

strategies to provide natural ventilation and improve IEQ including temperature, 

relative humidity and air speed. This chapter relates the conclusions to the aim and 

objectives (section 10.2), states the key contribution to knowledge (section 10.3), 

limitations (section 10.4) and makes recommendations for further research (section 

10.5). 

 Conclusions in relation to Aim and Objectives 
The six objectives were formulated to facilitate the achievement of the research aim 

as follows: 

Objective 1 is to evaluate current situation on indoor environmental quality in 
apartment blocks in Thailand± particularly air temperature, relative humidity, 
and air speed. 

This research was accomplished through physical measurement and the results were 

reported in Chapter 4. The physical measurement was conducted in multi-residential 

buildings, with other buildings in proximity, in Chiang Mai city centre. Two spaces types 

were monitored, these were DSDUWPHQW¶�URRPV�DQG�stack ventilation area in stairway.  

N
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The physical measurements were conducted in four residential units within two multi-

residential buildings, gathering temperature, relative humidity and airspeed data. 

Three primary factors were identified as influencing the water vapour pressure within 

the residential units, including building environment, room layout and occupant activity. 

Building environment: Although the amount of water vapour pressure in the room 

varies depending on the outdoor water vapour pressure, building location was also 

found to be an influence. Both multi-residential buildings in this study were located in 

Chiang Mai city centre, but they had different urban environments. One was 

surrounded by more than 90% hardscape, whereas the other building had a larger 

area of softscape. This is because softscapes naturally enhance evapotranspiration 

processes in the urban area. This leads to an increase in outdoor humidity levels. 

Therefore, this different outdoor environment was found to have a significant impact 

on indoor water vapour pressure, which directly affect the relative humidity inside 

buildings (Section 4.3.3.1.2).  

Room layout: The room layout also significantly influenced the water vapour pressure 

within the room. The physical measurements data revealed that the residential unit 

where the WC was situated further inside had notably higher vapour pressure. This is 

due to the more challenge in ventilating and releasing water vapour in comparison to 

the other room layout.  

Occupant activity: Occupant activity had a substantial impact on the water vapour 

pressure inside the room. For example, when a window was opened, the room 

experienced more noticeable fluctuation in vapour pressure in relation to the outdoor 

water vapour pressure compared to a room with a closed window. In addition, a room 

with opened window but closed curtain exhibited higher water vapour levels. Activities 

that generate vapour, such as bathing, cooking, and hanging clothes for drying, can 

significantly elevated water vapour pressure within a room. Following the completion 

of these activities, it usually took approximately 10 to 35 minutes for the room to return 

to its normal water vapour levels.  

The results provide data regarding the actual occupantV¶ rooms in relation to the 

RFFXSDQWV¶�DFWLYLWLHV��7KLV�data can reveal insight to cause -and -effect relationships 

within the building, aiding in the investigation of internal parameters affecting 

RFFXSDQWV¶� URRP�� The finding from the physical measurement indicate that the 
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residential units have insufficient air ventilation, with an average air speed of 0.002 

m.s-1 for middle room and 0.005 m.s-1 for corner room, which is inadequate for 

ventilating the room or achieving thermal comfort.  

In the stack area, the findings indicate that higher elevations exhibit higher indoor 

temperatures. In contrast, indoor relative humidity is higher when located at a lower 

height. This is because the lower elevation of the building in city centre is typically 

overshaded by nearby buildings. In addition, relative humidity is inversely proportional 

to temperature. Indoor temperature and relative humidity in the stack area with only a 

single opening exhibited low fluctuation compared to the outdoor temperature and 

relative humidity, respectively. In this scenario, no air movement was detected in the 

stack area. However, when two openings, one positioned at the lower elevation and 

the other at the top elevation, are utilised in the stack area, indoor temperature and 

relative humidity are more significantly correlated to outdoor temperature and relative 

humidity than the previous scenario. In this scenario, air movement is between 0.02-

0.05 m.s-1. The result demonstrates that stack ventilation improves ventilation within 

the building. This result serves to validate the finding from literature review in Section 

2.4.3 indicating that stack ventilation has potential benefit to improve IEQ where it can 

be challenging to achieve effective cross ventilation. This is useful because the 

presence of buildings in close proximity in city centre can limit cross ventilation. It is 

acknowledged that the improvement in air flow is slight, but the thermal stack area 

monitored was primarily a stairwell and not designed to be an effective thermal stack 

area. 

Objective 2 is to characterise typology and key features of typical apartments in 
Thailand. 

In order to achieve this objective, the study investigates the typology and key features 

of typical apartments in Thailand using a combination of secondary and primary 

sources. Secondary sources include Thailand building Regulation and census data, 

while primary sources involve occupant perception survey (Chapter 5).  

In the secondary source,�several available datasets support the investigation. These 

datasets encompass building regulations related to multi-storey residential building, 

which include Building Control Act and Town Planning Act. (See Section 3.2.1). These 

regulations define various building characteristics, including building height, building 
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setback etc. Another valuable dataset is the census data, which provides information 

on the building types and population.  

However, there are a limitation in obtaining typical multi-storey residential building 

information in Thailand from secondary data, particularly the information regarding the 

EXLOGLQJ¶V� environment. In order to fill this gap, the study conducted a resident 

questionnaire to gather detailed information on the typology and key characteristics of 

the multi-residential building in Thailand. 

The typology and key characteristics of multi-residential buildings in Thailand were 

investigated in the primary source through online questionnaires comprising multiple-

choice and open-ended questions. The questionnaires were carried out in Chiang Mai 

as a case study. There were 482 respondents which is representative of the 

population.  

The results are reported in Chapter 3.2.1 and Chapter 5. 

Table 10- 1 Building regulations in relation to multi-storey residential building 
design 
Building Regulation Description 
Building Control Act Minimum space between site boundary is determined by the 

road width and the height of the building 
Building height: low-rise buildings in Thailand are defined as 
buildings lower than 23 meters in height according to Thailand's 
building regulations 
Minimum size and dimension of room: minimum 20 square 
metre and minimum 2.5 metre width of the narrowest side of 
bedroom, a minimum 2.6 metre ceiling high, minimum 1.5 metre 
width of corridor 

Town Planning Act Colour coded for permissible usage and also regulates the 
Open Space Ratio and Floor Area Ratio 

 

The results of demographic analysis show that 95% of respondents are tenants. The 

participants commonly spent time in their room between 8 to 12 hours during 

weekdays and 12 to 16 hours during weekends.  

In terms of the physical environment, the participants tend to live in the low-rise 

buildings (no more than 8 floors, incompliance with Thai Building regulations). Most of 

the participants live in seven-floor buildings. Across the building heights, occupants 

tended to live on the 1st, 2nd and 3rd floors. Approximately two-third of participants 

lived in buildings located within 0 to 6 metres from the nearest building. Almost half of 
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WKH�SDUWLFLSDQWV¶�URRP�RSHQLQJV�IDFHG�QRUWK��)RU�EXLOGLQJ�SODQ�DQG�URRP�ORFDWLRQ��RYHU�

90% of the respondents lived in double-load corridor buildings and over 70% of their 

URRPV¶�ORFDWLRQV�ZHUH�DW�WKH�PLGGOH�RI�WKH�EXLOGLQJ��7KH�PDMRULW\�RI�URRPV�FRPSULVHG�

of one bedroom, one toilet and one balcony, with room sizes ranging from 21 to 30 

sq.m. 

Typical room materials include wood for room doors and furniture, concrete for walls 

and ceilings, tile for flooring, and plastic for toilet door material. These most common 

materials were used as a material base case for simulation of a multi-storey building 

in Thailand and also for the design options. 

In addition, the activity in the room such as clothes washing, cleaning, cooking and 

hanging clothes for drying may affect to the accumulation of moisture in the rooms. 

Cooking in the bedroom was the most popular choice, preferred by almost 45% of 

people due to the layout of one-bedroom flat in Thailand. However, the bedroom is not 

design for cooking activity, which will increase heat and water vapour accumulating in 

the room. The common material in the bedroom is fabric (in the bed area and 

wardrobe), which easily absorbs moisture and then germinates mould in the room. 

Objective 3 is to establish the relationship between key features of typical 
EXLOGLQJV�LQ�7KDLODQG�DQG�FXUUHQW�RFFXSDQWV¶�SHUFHSWLRQV�ZLWK�UHJDUG�WR�WKHLU�
indoor environmental quality. 

This objective is also achieved through conducting occupant perception survey and 

the result is reported in Chapter 5.  

In the questionnaire, the participants were tasked with providing information not only 

related to their physical environment but also their perception of the indoor 

environmental quality (IEQ), such as temperature, natural lighting, air humidity, air 

freshness, ventilation, and mould. Additionally, the participants were asked to rate the 

comfort levels in their rooms. The study then conducted an analysis to determine 

correlations between the key features of typical buildings in Thailand and current 

RFFXSDQWV¶� SHUFHSWLRQV�� The analysis employed statistical methods, including 

correlation coefficients and multiple regression, to assess the level of relationship 

EHWZHHQ�NH\�IHDWXUHV�RI�W\SLFDO�EXLOGLQJV�LQ�7KDLODQG�DQG�RFFXSDQWV¶�SHUFHSWLRQV�DERXW�

their IEQ.  
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The study reveals significant correlations between physical environment, such as 

GLVWDQFH�EHWZHHQ�RFFXSDQWV¶�EXLOGLQJ�DQG�QHDUE\�EXLOGLQJV�DQG�EXLOGLQJ�KHLJKW��DQG�

IEQ. The proximity between buildings demonstrates a strong positive relationship to 

the perception of natural lighting, ventilation and air freshness. Conversely, it has a 

negative relationship with the perception of air humidity and mould level. Occupants 

perceive the air as rather humid when the distance between their building and nearby 

buildings is smaller. Additionally, occupants living in a building with a short distance 

from nearby buildings tend to keep privacy by keeping the curtains down, which can 

obstruct natural ventilation from entering the room. Larger room sizes are associated 

ZLWK�KLJKHU�RFFXSDQWV¶�URRP�satisfaction levels. Building height impacts the perception 

of natural lighting within the room. 6XFK�WDOO�EXLOGLQJV�FDXVH�ODUJH�³DLU�VKDGRZV´�ZKLFK�

affect natural ventilation significantly.  

Furthermore, human behaviour characteristics demonstrate a notably significant 

correlation with IEQ. For example, cooking activity exhibits a strong negative 

relationship with the perception of air freshness within a room. Similarly, washing 

within room has a solidly positive correlation with the increased humidity and higher 

mould rating scale.  

The study establishes the relationship between ,(4�DQG�RFFXSDQW¶V�VDWLVIDFWLRQ. 

Notably, the overall comfort satisfaction has significant relationship (p<0.01) with 

various indoor environment perception scale, including temperature, ventilation, 

humidity, and mould levels. Increased humidity satisfaction is associated with 

enhanced natural lighting, increased air freshness, reduced humidity, improved 

ventilation, and decreased mould levels. Increased ventilation satisfaction level 

positively correlates with heightened fresh air, minimised humidity, improved 

ventilation, and minimised mould level. The overall comfort satisfaction has significant 

association, with p-value lower than 0.01, to various satisfaction categories, involving 

temperature satisfaction, humidity satisfaction, ventilation satisfaction etc. 

The strong significant correlations observed were subsequently analysed through 

stepwise multiple regression analysis to identify the primary factors influencing 

occupant satisfaction. The results reveal that overall comfort satisfaction is primarily 

contingent upon IEQ satisfaction. The major influencers of overall comfort satisfaction 

are temperature satisfaction, natural lighting satisfaction and ventilation satisfaction, 
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respectively. Humidity satisfaction is primarily influenced by natural lighting, air 

freshness and mould level. In addition, room privacy satisfaction is mainly influenced 

by ventilation rate, while air humidity and air freshness perception level have minor 

impact on the satisfaction. The correlation between ventilation perception and privacy 

satisfaction can be explained by the notion that rooms with greater privacy level can 

open their room apertures, which results in enhanced room ventilation. Furthermore, 

the three main factors influencing ventilation satisfaction are ventilation, air freshness 

and air humidity level within a room.  

Objective 4 is to investigate the influence of external factors on natural 
ventilation in apartment blocks in Thailand. External factors include wind speed, 
apartment position within building, building height, proximity/ direction and 
density of nearby buildings. 

In order to fulfill the objective, outdoor CFD sensitivity analysis� was conducted to 

explore air movement at the building envelope under various scenarios. The findings 

of the analysis are detailed in Chapter 6. 

As natural ventilation is contingent upon outdoor climatic conditions, the investigation 

of the external factors on the building is an important role in the passive building design 

process. Outdoor climatic conditions, such as air movement and wind direction, exhibit 

variability within microclimates depending on site contexts. For example, topography 

and surrounding parameters are considered as significant impact on thermal 

conditions in building level. Additionally, the presence of nearby buildings significantly 

impacts thermal comfort. The exploration of air movement at the building envelope is 

undertaken not only to determine the feasibility of ventilation but also to establish 

boundary condition for internal CFD model.  

The study employs EnergyPlus calculated natural ventilation to calculate pressure 

coefficient and DesignBuilder programme to simulate and provide the distribution of 

air velocity and pressure around building. At macroclimate level, the meteorological 

data of Chiang Mai, a case study, is set and analysed to the model. Subsequently, city 

terrain and microclimate factors are respectively investigated including apartment 

position within building, building height, proximity to nearby buildings, and density of 

nearby buildings. In summary, five LQGHSHQGHQW�IDFWRUV�DQG�VXFK�IDFWRUV¶�FRPELQDWLRQV�

are explored. The five independent factors are wind speed, position on building 
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(vertical and horizontal), road width between buildings, building height, and nearby 

building.  

The findings reveal that several variables influence the air movement on a building 

surface, including as follow  

Wind direction and wind speed: wind direction has a considerable impact on air 

movement and pattern around building surface��The building surface on windward side 

has the highest wind speed as a result of direct wind impingement. The leeward side, 

on the other hand, has reduced the air velocity due to shelter effect.� Eddies and 

vortices tend to occur at each corner of building. The turbulence flow occurring affects 

wind direction to be changed from the original wind direction.�Varying the initial wind 

speed produced a consistent pattern of changes in air movement, each corresponding 

to a different wind speed. 

Road width and building height: Buildings located alongside road act as 

obstructions of wind flow, causing the air to change direction. The initial wind flows 

over the buildings, creating skimming flow region in the narrow space between the 

buildings. In addition, the presence of building in proximity obstructs the wind, resulting 

funnelling effect causing the increasing of velocity in the space between building. The 

potential existence of skimming flow within the space between such building 

configurations need to be taken into account during designing and simulation building. 

This is essential because external wind significantly impacts on natural ventilation in 

passive building design. 

Nearby buildings: Air movement can experience a reduction of up to approximately 

60% from the initial wind due to the increasing of nearby buildings layers from one 

layer to three layers of nearby building. Furthermore, varying heights of neighbouring 

buildings also influence wind speed and direction on a building's surface.  

Air movement can be reduced up to 60% of the initial wind due to the increasing of 

nearby buildings layers. In addition, different heights of nearby buildings also affect 

wind speed and wind direction on building surface. Air movement of a 7-storey building 

surrounded by 3-storey buildings flows more uniformly than for the building surrounded 

by 7-storey buildings. Turbulence flow patterns are observed in the space between the 

buildings due to the obstruction, whereas the air movement near the building surface 
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exhibits the flow complying the contour of building façade. This observation 

emphasises the impact of building in viscosity on wind flow pattern, particularly in high-

density urban area. The building alignment and orientation cause deviations in wind 

direction from the initial wind direction provided by methodological weather data.  

Objective 5 is to investigate the influence of internal factors on natural 
ventilation in apartment blocks in Thailand. Internal factors include room 
planning, room orientation, room inlet and outlet size, room outlet location, etc. 

This objective is achieved through CFD sensitivity analysis and BES analysis, which 

aim to investigate each parameter of the apartment rooms that influence ventilation. 

The findings of the explorations are reported in Chapter 7. 

The investigation of the influence of internal factors on natural ventilation is divided 

into three phases: preliminary study, exploring of room and exploring of chimney. 

Preliminary study phase: the criteria of the study, derived from literature review 

(Section 2.2), encompass temperature range between 22.3°C and 29.3 °C and relative 

humidity range from 20 %RH to 80%RH. It is noted that natural ventilation from 0.2 

P�VØï�WR�����P�VØï�FDQ�H[WHQG�WKH�WKHUPDO�FRPIRUW�UDQJH�WR�EH������&�WR�������&�DQG�

20%RH to 100%RH, respectively. The optimal relative humidity for health benefits is 

identified from 40%RH to 60%RH. Furthermore, the ventilation air requirement for 

acceptable indoor air quality for residential buildings is 10 L. s-1 or 0.001 m³. s-1. The 

air movement in building in range of 0.2 to 0.8 m. s-1 can provide cooling effect and 

occupant satisfaction. The key characteristics of multi-residential buildings in Thailand, 

as identified in the residential questionnaire reported in Chapter 5, as well as the air 

movement at building façades from CFD sensitivity analysis (outdoor) in Chapter 6, 

are incorporated as boundary condition of the base case. The study also explores 

variations in room types (full balcony and half balcony), building orientation, floor level, 

season, and room location. Results indicate that rooms with a half balcony, located in 

the middle of the building and facing north, exhibit the poorest thermal comfort and 

ventilation, in comparison to other configurations. Consequently, this specific room 

scenario is selected as the base case for exploring of room phase and exploring of 

chimney phase.  

Exploring of room phase: In this phase, the study conducts a thorough investigation of 

various parameters utilising CFD sensitivity analysis and BES simulation. The focus 
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of this exploration encompasses room with and without chimney and room inlet size. 

The summary of the findings is in Table 10- 2. 

Table 10- 2 A summary: Exploration of Room  
exploring of room 
parameters 

summary 

Room with and 
without chimney 

Room with chimney has lower temperature compared to the room 
without chimney. The presence of chimney helps to maintain 
temperature levels within thermal comfort zone. Additionally, 
average ventilation in a room with chimney can increase by up to 
����P�VØï� 

Room inlet size x Air temperature and airflow are directly proportional to the inlet 
and outlet size, while relative humidity is an inverse correlation 
with the inlet and outlet size. 

x A room with equal area for both inlet and outlet, despite varying 
in dimensions, consistently maintains temperature, relative 
humidity and airflow. 

x The room with a narrower outlet provides more flexibility in 
designing chimney for a multi-storey building as each room can 
be designed to have one chimney per room. 

x A room with an inlet of 1.0m x 2.0m and outlet of 0.3m x 1.0m 
can achieve the minimum acceptable ventilation, Therefore, this 
inlet and outlet dimension is established as the base case for 
further exploring chimney depth and width. 

 

Exploring of chimney phase: This phase examines how various chimney parameters 

affect the thermal environment (temperature, relative humidity and natural ventilation) 

within a room using CFD sensitivity analysis and BES simulation. The investigation 

focuses on chimney width and depth, location of chimney inlet (room outlet), and 

chimney material. The summary of the findings is in Table 10- 3. 

Table 10- 3 A summary: Exploration of Chimney  
exploring of 
chimney 
parameters 

summary 

Chimney width and 
depth 

The size of the chimney outlet influences airflow within the 
chimney more than the chimney depth and width. Temperature has 
a positive correlation to the dimension of the chimney outlet size. 
Conversely, relative humidity is inversely related to the outlet size. 
Larger chimney outlet area results in reduced relative humidity 
within bedroom. Airflow is directly proportioned to the chimney 
outlet size. The wider outlet size brings about the chimney having 
a higher airflow rate.  
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Table 10- 3 A summary: Exploration of Chimney (continued) 
exploring of 
chimney 
parameters 

summary 

Chimney inlet 
location (room outlet 
location) 

Temperature varies noticeably due to the location of the room 
outlet, whereas different room outlet locations within the room 
exhibit similar level relative humidity. The lower room outlet 
location results in the higher airflow in the room. However, airflow 
difference between the upper and lower location is lower than 
0.005 m3.s-1. 

Chimney outlet 
design and material 

x chimney with and without solar chimney outlet 
x Integrating solar chimney into the design results in a threefold 

rise in airflow within the room. Additionally, vapour pressure is 
reduced approximately 3%. 

x trimmed chimney design 
x Room with a 45-degree trimmed chimney exhibited enhanced 

ventilation at occupant level - reaching 0.35 m.s-1, which is 
considered acceptable ventilation for cooling effect. 

x chimney outlet aperture height 
x Optimal airflow is achieved when the chimney aperture height is 

set at 1.1m. The height also corresponds to the lowest vapour 
pressure in bedroom. 

x Room with and without grille and mosquito wire 
In order to align with practical applications, simulations were 
conducted with room outlet fitted with grilles and mosquito wire on 
its apertures. The finding indicates that airflow within room with 
these additions is approximately half of the amount in room without 
them. 

 

Objective 6 is to create and validate design options to improve the indoor 
environmental conditions in residential apartment block in Thailand. The 
effectiveness of the designs will be evaluated using CFD and validated with built 
environment professionals in Thailand. 

The integration of the key features of typical building in Thailand in Chapter 5, 

combined with CFD sensitivity analysis of outdoor in Chapter 6, the exploration of 

indoor parameter in Chapter 7, has facilitated the development of design options. 

These proposed design options were subsequently validated through built 

environment professional (BEP) interviews, which was reported in Chapter 8.   

Semi-structured interviews were employed to explore BEP opinions regarding indoor 

environmental quality (IEQ) in multi-residential buildings. The exploration established 

1) FRQWH[W�RI�WKH�H[SHUW¶V�H[SHULHQFH�DQG�NQRZOHGJH�LQ�UHODWLRQ�WR�FXUUHQW�PXOWL-storey 

residential building and passive design, and 2) design options to improve natural 

ventilation in thermally free-running multi-residential buildings in Thailand. 
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The findings regarding the exploration of the expertise and knowledge of BEPs in the 

context of current multi-residential buildings revealed the existence of various IEQ 

issues, such as poor ventilation, high humidity and mould growth occurrence in the 

buildings. Most of the BEPs have suggested that improving building design can 

enhance IEQ, mainly by increasing natural ventilation and integrating climate and site 

consideration into the building design process. Furthermore, they unanimously 

emphasize the importance of natural ventilation in thermally free-running building in 

Thailand. The BEPs suggested that the building and room features should be 

redesigned to enhance natural ventilation, such as double-sided ventilation design and 

ventilated chimney. Additionally, the majority of BEPs strongly support the possibility 

of integrating solar chimney with the design.  

In terms of design options, the BEPs provide their opinions encompassing three topics, 

which were design and construction, IEQ and occupant wellbeing. The study explored 

20 design options, each comprising different components of the room design that 

included balcony type, room inlet size, room with and without solar chimney, chimney 

design and room outlet design. Three topics (design and construction, IEQ and 

occupant wellbeing) were compared for each design option. For example, the design 

of options with a room with railing balcony, window size 1.0 x 2.0 m, one chimney 

connected to only one room and vertical room outlet received the highest overall 

support percentage indicating a great potential for implementation (81%), (100% for 

IEQ, 82% for occupant wellbeing, and 67% for design and constructions). In contrast, 

the design option involving a room with wall balcony, window size 1.0 x 1.1 m, and 

without chimney demonstrates the lowest overall support percentage (23%), (0% for 

IEQ, 45% for occupant wellbeing, and 29% for design and constructions). Notably, all 

room cases without chimney exhibit an overall support percentage lower than 50%, 

even though some design options have larger inlet size. All participants (100%) 

addressed preference for a room with a chimney and most of the BEPs selected one 

chimney connected to only one room.  

Overall, the majority of BEPs recognise the potential of integrating railing balcony, 

room inlet size of 1.0 m wide and 2.0 m high, room with chimney, one chimney 

connected to only one room and vertical room outlet into the future multi-residential 

design.  
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This research aim has therefore been achieved: 

Investigating the potential of passive design options (focussing on natural 

ventilation) to improve indoor environment quality ± specifically relative 

humidity, thermal comfort and natural ventilation in thermally free-running 

apartment dwellings in Thailand climate condition. 

 Contribution to knowledge 
This research contributes to knowledge in several key areas relevant to multi-

residential buildings in Thailand, particularly in the context of passive cooling and IEQ. 

10.3.1 Evaluation of internal parameters affecting on indoor environmental 
quality: The study provides detailed analysis of how building environment, room 

layout and occupant activity in actual multi-residential buildings in Thailand impact on 

IEQ, such as thermal comfort, temperature, relative humidity, and airspeed. (see 

further details in Chapter 4) 

10.3.2 Dataset of typical apartment features in Thailand: The study establishes a 

comprehensive dataset detailing typical features of multi-residential buildings in 

Thailand, such as building and room planning, material utilised, building height etc. 

(further more details in Chapter 5) 

10.3.3 Establishing the relationship between key features of typical multi-
residential building and current occupants¶�SHUFHSWLRQV�RQ� ,(4: The research 

explains the connection between the building features and the occupants' perceptions, 

satisfaction and thermal comfort. By establishing these correlations, the study 

contributes to more data-driven approach in the field of architecture and building 

design, particularly in Thailand context. The findings provide valuable guidance for 

architects, urban design planners, and developers in designing structures that are 

more aligned with the needs, IEQ, and preferences of their occupants. (further details 

in Section 5.5) 

10.3.4 Database of key factors influencing external air movement in Thai city 
and context: A database has been established that focuses on the impact of local 

surroundings and building density on airflow, which is crucial for natural ventilation in 

building design (further details in Chapter 6). 
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10.3.5 Database of key factors influencing internal natural ventilation in multi-
residential buildings in Thailand: The development of a detailed database provides 

information regarding key factors influencing natural ventilation in multi-residential 

buildings. These insights help in identifying and understanding the key factors that can 

be used to enhance the design and efficiency of multi-residential buildings. This 

information offers guidance for sustainable architecture practices. (further details in 

Chapter 7)   

10.3.6 Engaging with built environment professionals: The research establishes 

in-depth insights into practical aspects of designing and constructing multi-residential 

building in Thailand. This engagement with the BEPs, academics, architects and 

engineers, bridges the gap between theoretical research and real-world application. 

In addition, this involvement of the BEPS in validating the proposed design options 

ensures that the designs are practically feasible and relevant to the current practices. 

(further details in Chapter 8) 

10.3.7 Design options for new multi-residential buildings in Thailand: The 

research proposes design options, especially focusing on the design frameworks for 

multi-residential buildings in urban areas with passive cooling by natural ventilation. 

The design options demonstrate significant potential for future implementation in 

Thailand. (further details in Chapter 9) 

 Limitations  
Despite numerous attempts to mitigate their impact, this research encountered 

several limitations as follow: 

10.4.1 Limitation of other issues 
The Covid outbreak significantly impacted the research. Due to the travel restrictions 

within Thailand, the case study location was changed from Bangkok to Chiang Mai, 

causing challenges in acquiring local data such as meteorological and demographic 

statistics. This resulted in significant changes to the research plan and time. In 

addition, the Work from Home (WFH) policy further extended the time required to 

access data.  
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10.4.2 Limitation of Current Context Investigation  

x The research faced the limited availability of measurement devices, especially 

during the Covid pandemic.  

x Local context sources provided by the local government are primarily focused 

on Bangkok, resulting in limited information for the Chiang Mai area.  

10.4.3 Limitation of CFD Exploration  

x Due to the time-consuming and computational-demanding process, the CFD 

models had to be built using simplified designs.  

 Recommendations for future research 
Further work could include: 

x Detailed investigation of design options: While this study focused on 

investigating parameters affecting indoor environmental quality, further 

investigation into construction details is recommended. Specifically, an in-depth 

analysis of the construction and structural design of the solar chimney 

integrated into multi-residential buildings in Thailand is needed. This entails 

developing comprehensive construction procedures and assessing the 

associated construction costs to evaluate the feasibility of implementing the 

proposed design options. This approach would provide a more comprehensive 

knowledge of the practical and economic viability feasibility of implementing 

different design options proposed in this research. 

x Application in similar climates and context: While the study used Chiang Mai as 

a case study, there's potential to extend its findings to other urban areas in 

Thailand. It is recommended to explore further integrating the proposed design 

options into multi-residential buildings in regions with climates and contexts 

similar to Chiang Mai. This expansion could enhance adaptability and 

effectiveness, particularly in dense urban areas with tropical climates. To 

accomplish this, further investigation into the specific details and contexts of 

each region is necessary. Understanding the particular challenges and 

requirements of each location allows design options to be implemented more 

effectively, contributing to improved indoor environmental quality in a wide 

range of urban contexts. This holistic approach ensures that the research 
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findings are applicable and beneficial beyond the scope of the initial case study 

in Chiang Mai.  

x Practical investigation of Cp data: Most available Cp data provided are suitable 

for simple buildings with minimal architectural ornamentation. A practical 

investigation into the pressure coefficient (Cp) for buildings of various forms and 

architectural elements is required. This would involve conducting physical 

measurement or simulation for real-world building scenarios in order to 

investigate Cp data. Encompassing a wider range of architectural complexities 

conducts a more practical investigation into the pressure coefficient (Cp) of 

buildings to increase the relevance and applicability of the findings. 
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Appendix A:  

Wind pressure coefficients 

The interaction of wind on building façade involves with various factors, including, wind 

speed, wind direction, building geometry, surrounding terrain and nearby obstructions. 

Wind pressure can be estimated via wind pressure coefficient. The coefficient 

establishes a relationship between wind pressure on the building façade to the wind 

speed as following equation [1]: 

Pw= 0.5 ā�ȡ�ā�&S�ā�Y2     

where Pw is the surface pressure due to wind (Pa), ȡ�is air density (kg.m-3),·Cp is wind 

pressure coefficient, and· v2 represent the wind speed at height Z (m.s-1). The variable 

v is calculated based on the meteorological wind speed.  

v= uKha 

where u is meteorological wind speed at 10 m of height (m.s-1), h is height above the 

ground (m), a and K are coefficient depended on the following information. 

Terrain type Description Exponent (a) K 
Country Open terrain  0.14 0.7244 
Suburb Urban and suburb area 0.22 0.4319 

City Lasrge city centre  0.33 0.2097 

 

Wind pressure coefficient are as following table: 
 

Wind Pressure Coefficient (Cp) 
  semi-expose wall, 

up to 3 storeys building 
sheltered wall, more than 
three storeys building 

Wind angle to the 
building surface (ஈ) 

default data in DB h/H 
=0.2 

h/H 
=0.6 

h/H = 
1.0 

0  0.40  0.11  0.19  0.14 
45  0.10  0.04  0.09  0.05 
90 -0.30 -0.15 -0.21 -0.22 
135 -0.35 -0.15 -0.14 -0.13 
180 -0.20 -0.08 -0.10 -0.09 
225 -0.35 -0.15 -0.14 -0.13 
270 -0.30 -0.15 -0.21 -0.22 
315  0.10  0.04  0.08  0.05 



 

Appendix B: Occupancy Questionnaire (Thai version in Appendix G) 

Introduction: The main aim of this research is to reduce indoor relative humidity 
regarding to thermal comfort condition by enhancing natural ventilation in apartment 
dwellings in Chiang Mai, Thailand. This surveying part will visualise how satisfied and 
WKH�HQYLURQPHQW�RI�SDUWLFLSDQWV¶�DSDUWPHQW�URRPV 

Focus of review: 

x Thermal Comfort Perceptions  
x Occupant practices which are relevant to thermal comfort 
x Residential 

Institution:   Welsh School of Architecture, Cardiff University 

Contact detail: Warangkana Juangjandee (juangjandeew@cardiff.ac.uk),  

Dr. Vicki Stevenson (stevensonv@cardiff.ac.uk) (supervisor) 

Consent: 

I understand that my participation in this project will involve collecting data about my 
attitudes to buildings which will require approximately 20 minutes of my time.  

I understand that participation in this study is entirely voluntary and that I can 
withdraw from the study at any time without giving a reason.  

I understand that I am free to ask any questions at any time. I am free to withdraw or 
discuss my concerns with Dr Vicki Stevenson (stevensonv@cardiff.ac.uk). 

I understand that the information provided by me will be held confidentially, such that 
only the Principal Investigator can trace this information back to me individually. The 
information will be retained for up to 3 years when it will be deleted/destroyed. 

I understand that I can ask for the information I provide to be deleted/destroyed at 
any time and, in accordance with the UK Data Protection Act, I can have access to 
the information at any time. 

� I agree to take part in this research project 

General 

1. Gender 

� male � female � other______________ � prefer not to answer 

2. Age 

� 18-24 � 25-34 � 35-44 � 45-54 � 55 and over  
3. Occupation 
____________________________________________________________ 

4. Time in building 

4.1 Occupied period during weekday? 



 

� < 8 hours � 8-12 hours � 12-16 hours � 16-20 hours � 20-24 hours
  

4.2 Occupied period during weekend? 

� < 8 hours � 8-12 hours � 12-16 hours � 16-20 hours � 20-24 hours
  

5. How you occupy your room 

� owner � renter � other ___________ 

Location and building 

building 

6. How tall (in floor) is your building? 
� 1 floor  � 2 floors � 3 floors  � 4 floors � 5 floors � 6 floors 

� 7 floors  � 8 floors  � other ____ 

7. How far away from your building is the nearest building which is higher than 3 
storeys? 

� no nearby building  � 0-3 metre � 4-6 metre � 7-9 metre � 9 metre and 
over  

Room location 

8. On which floor level do you live? 

� ground floor  � 1st floor � 2nd floor  � 3rd floor � 4th floor � 
5th floor 

� 6th floor  � 7th floor  � other ____ 

9. On which orientation is your room opening? 

� north  � east  � west  � south 

10. Which range is your room size? 

� 8-20m2 � 21-30m2 � 31-40m2 � 41-50m2 � 51m2 and over 

11. Which plan is similar to your building planning? 

� single load corridor   

 



 

� double load corridor 

 

 

 

 

12. Which is your room location? 

� at the middle � at the corner 

13. Which plan is the most similar to your room plan? 

 

� type A- balcony width is the same size with room width, WC locates next to the 
balcony 

� type B- balcony width is the same size with room width, WC locates close to 
URRP¶V�GRRU 

� type C- balcony width is half size of room width, WC locates close to the balcony 

� other________________ 

Behaviour 

14. How often is you room cleaned? 

� everyday � 3-4 times per week � 1-2 times per week     � Never  

15. Does cooking take place in your room? 

� yes  � no 

16. Which is the character of cooking area in your room? 

� cooking area separated from bedroom � cooking area is in bedroom� 
other_______ 

17. Does clothes washing take place in your room? 



 

� wash by hand in room � wash by machine in room � no washing in room 

18. Are clothes hung to dry in your room or balcony? 

� hanging in the room � hanging at the balcony � no hanging in room area  

Building specific 

Indoor environmental quality 

19. Air temperature 
Please rate the air temperature in winter on the scale between 
Much too 
cold 

       Much too hot 

Please rate the air temperature in summer on the scale between 
Much too 
cold 

       Much too hot 

20. Light 
Is there too much or too little natural light 
Not bright        Too bright 

21. Air quality 
Is the air fresh or stale?  
Stale        Fresh 

22. Is the air humid or dry?  
Too dry        Too humid 

23. Is there air movement?  
Too little        Too much 

24. Please rate the mould happening on the scale (% of the surface area) 
No mould 

 
 

(0%) 

 
 
 

(10%) 

 
 
 

(20%) 

 
 
 

(30%) 

 
 
 

(40%) 

 
 
 

(50%) 

 
 
 

(60%) 

 
 
 

(70%) 

Very large 
amounts 
of mould 

(>80%) 
         

Material 
25. Which is the material used in your room? (Please tick) 

Room door � wood  � glass � plastic  � steel  � other____ 

Toilet door � wood  � tile  � glass  � plastic  � concrete  � steel � other____ 

Floor  � wood  � tile  � brick  � glass  � plastic  � concrete  � steel � 
other____ 

Wall   � wood  � tile  � brick  � glass  � plastic  � concrete  � steel � 
other____ 

Ceiling  � wood  � tile  � brick  � glass  � plastic  � concrete  � steel 
� other____ 

Furniture � wood  � tile  � glass  � plastic  � concrete  � steel � other____ 



 

Satisfaction 

26. Please rate your comfort satisfaction with the following: 

 Very 
satisfied 

Somewhat 
satisfied 

Neutral Somewhat 
dissatisfied 

Very 
dissatisfied 

Room ventilation      
Natural lighting      
Humidity      
Air temperature      
Room location      
Room privacy      
Room size      
Room fee      
Overall      

 

27.If you have any further comments, please write them in the space below 

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
________________ 

Thank you very much for sparing the time to complete this question. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix C: Ethics Approval form for conducting questionnaire and collecting 
physical measurement data 
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Appendix D: Consent Form for collecting physical measurement data 

 

 

 

 

 

 

 



 

Appendix E: Ethics Approval Letter for conducting interview 
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Appendix F: Interview questions (Thai version in Appendix H) 

Introduction:  The aim of this research is to investigate the perception of building 
professionals in Thailand on the potential of natural ventilation options in thermally 
free-running apartment dwellings in Thailand climate condition. The natural ventilation 
options are designed to improve indoor environmental quality ± specifically relative 
humidity, thermal comfort and air quality. 

The focus of interview:  Interviews will be sought with local built professionals, e.g., 
architects, engineers, and academics, who are involved in multi-storey building design 
and construction projects. The research will solicit the perception of the built 
professional judgements on concepts within a proposed design framework for 
improving indoor environmental quality. This includes passive design strategies and 
design options. Semi-structured interviews will be applied as a method to interpret the 
professionals¶�thoughts, ideas and perceptions of the options.  

Institution:   Welsh School of Architecture, Cardiff University 

Contact detail: Warangkana Juangjandee (Juangjandeew@cardiff.ac.uk),  

Dr. Vicki Stevenson (StevensonV@cardiff.ac.uk) (supervisor) 

Interview Questions: 

The interview is divided into two phases. The interview will take place for 
approximately 20 minutes. 

Phase One  

Establish context of the H[SHUW¶V�H[SHULHQFH�DQG�NQRZOHGJH�LQ�UHODWLRQ�WR�current 
multi-storey residential building and passive design 

1.1 General question 

What is your built profession? (architect, engineer, academics, others) 

1.2 Issue of indoor environmental quality 

What (if any) indoor environmental quality problems exist in free-running multi-storey 
residential buildings in Thailand?  

What design solutions do you think could be implemented to solve these issues(s)? 

1.3 Natural ventilation 

Do you think natural ventilation is important in thermally free running building in 
Thailand?  

If yes - what benefits do you think natural ventilation brings? 

If no - are there specific issues that you associate with natural ventilation? 

 



 

Phase Two  

Focuses on specific questions about strategies and design options to improve 
natural ventilation in thermally free-running multi-residential buildings in Thailand.  

2.1 improve natural ventilation in building 

2.1.1: What feature in the picture below can be developed to improve ventilation in a 
thermally free running multi-residential building in Thailand 

 

 

 

 
 

Figure: the whole floor plan of multi-residential building 

2.1.2: What feature in the picture below can be developed to improve ventilation in a 
thermally-free running multi-residential building room in Thailand 

 

 

 

Figure: a plan of one room in multi-residential building 

2.2 Solar chimney 

2.2.1: What opportunities and obstructions do you see in integrating solar chimney 
with multi-residential building in relation to natural ventilation, building design, 
energy, and construction? 



 

 

 
 

Figure: solar chimney integrating with multi-residential building 

2.2.2: For obstruction, what additional system should be used to assist solar chimney 

in relation to natural ventilation, building design, energy, and construction? 

����3URIHVVLRQDOV¶�RSLQLRQV�RQ�RSWLRQV 

Please give your opinions on the options pictured below in relation to the potential of 

natural ventilation options in thermally free-running apartment dwellings in Thailand 

climate condition. 

2.3.1: different balcony type 

a) Room with solid wall balcony 

 

 
Perspective 

b) Room with railing balcony 

 

 
Perspective 

 



 

 

 
CFD result 

 

 
CFD result 

 

2.3.2: room inlet size 

a) Room with window size 1.0 x1.1 m 

 
Perspective 

 

 

 
CFD result 

b) Room with window size 1.0 x 2.0 m  

 
Perspective 

 

 

 
CFD result 

 



 

2.3.3: room with and without chimney 

a) Room without chimney  

 
 

 

 

 
Perspective 

 

 

 

 
 

 

 

 
CFD result 

b) Room with chimney  

 
Perspective 

 

 
CFD result 
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2.3.4: chimney design  

a) One chimney connected to multi-

rooms 

 
Perspective 

b) One chimney connected to only one 

room  

 
Perspective 

 

2.3.5: room outlet design  

a) Room with horizon room outlet 
 

 
Perspective 

b) Room with vertical room outlet 

 
Perspective 

 



 

 

 
 

 
CFD result 
 
 

 
 

 
Perspective: Room with horizontal room 
outlet with one chimney connected to 
only one room can designed for 2 
storeys. 
 

 

 
 

 
CFD result 
 

 
Perspective: Room with horizontal room 
outlet with one chimney connected to 
only one room can designed for 7 
storeys.  
 

 

 



 

Appendix G: Occupancy Questionnaire (Thai language) 

ĒïïÿĂïëćöÖćøĂ÷ĎŠĂćýĆ÷ 
ïìîĞć: üĆêëčðøąÿÜÙŤĀúĆÖ×ĂÜÜćîüĉÝĆ÷îĊĚìĊęđðŨîÖćøüĉÝĆ÷ÖćøúéÙüćößČĚîĔîĂćÙćøßčéóĆÖĂćýĆ÷ĔîÝĆÜĀüĆéđßĊ÷ÜĔĀöŠǰðøąđìýĕì÷ǰ

ìĊęÿŠÜñúêŠĂõćüąîŠćÿïć÷ēé÷ÖćøđóĉęöÖćøøąïć÷ĂćÖćýēé÷üĉíĊíøøößćêĉ ǰǰàċęÜÖćøÿĞćøüÝéšü÷ĒïïÿĂïëćöîĊĚÝąÿćöćøëĒÿéÜ

ÙüćöóċÜóĂĔÝĒúąÿõćóĒüéúšĂö×ĂÜñĎšìĊęóĆÖĂćýĆ÷ĔîĂćÙćøßčéĕéšǰ 
üĆêëčðøąÿÜÙŤĀúĆÖ×ĂÜÖćøýċÖþć: 

x ÖćøøĆïøĎšêŠĂÿõćüąîŠćÿïć÷đßĉÜÙüćöøšĂîǰ(Thermal Comfort Perceptions)  
x úĆÖþèąÖćøĂ÷ĎŠĂćýĆ÷ìĊęÿŠÜñúêŠĂÿõćüąîŠćÿïć÷đßĉÜÙüćöøšĂî 
x úĆÖþèąĂćÙćøßčéóĆÖĂćýĆ÷ 

ÿëćïĆîÖćøýċÖþć:   Welsh School of Architecture, Cardiff University 
øć÷úąđĂĊ÷éÖćøêĉéêŠĂ: Warangkana Juangjandee (juangjandeew@cardiff.ac.uk),  

Dr. Vicki Stevenson (stevensonv@cardiff.ac.uk) (supervisor) 
Öćø÷ĉî÷ĂöĔĀšđÖĘï×šĂöĎú: 
×šćóđÝšćđ×šćĔÝüŠćǰÖćøđ×šćøŠüöÜćîüĉÝĆ÷îĊĚöĊđðŨîÖćøđÖĘï×šĂöĎúđÖĊę÷üÖĆïöčööĂÜ×ĂÜ×šćóđÝšćìĊęöĊêŠĂĂćÙćøßčéìĊę×šćóđÝšćóĆÖĂćýĆ÷Ă÷ĎŠ ǰ

ēé÷ĒïïÿĂïëćöîĊĚĔßšđüúćðøąöćèǰ��ǰîćìĊĔîÖćøìĞćĒïïÿĂïëćö 
×šćóđÝšćđ×šćøŠüöēÙøÜÖćøüĉÝĆ÷îĊĚéšü÷ÙüćöÿöĆÙøĔÝǰĒúąöĊÿĉìíĉìĊęÝąïĂÖđúĉÖÖćøđ×šćøŠüöēÙøÜÖćøüĉÝĆ÷îĊĚĕéšēé÷ĕöŠêšĂÜĒÝšÜđĀêčñú 
×šćóđÝšćöĊÿĉìíĉĔîÖćøëćöÙĞćëćöǰĒúąöĊÙüćöĂĉÿøąĔîÖćøïĂÖđúĉÖĒúąëÖëćö×šĂÖĆÜüúÖĆïǰDr Vicki Stevenson 
(stevensonv@cardiff.ac.uk). 
×šćóđÝšćđ×šćĔÝüŠć×šĂöĎúìĊę×šćóđÝšćĔĀšĕüšÝąëĎÖđÖĘïĕüšđðŨîÙüćöúĆïǰǰöĊđóĊ÷ÜñĎšüĉÝĆ÷ĀúĆÖđìŠćîĆĚîìĊęÿćöćøëêĉéêćö×šĂöĎúîĊĚÖúĆïöć÷ĆÜ
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×šćóđÝšćđ×šćĔÝüŠć×šćóđÝšćÿćöćøë×ĂúïĀøČĂìĞćúć÷×šĂöĎúìĊę×šćóđÝšćĔĀšĕéšêúĂéđüúćǰêćöóøąøćßïĆââĆêĉÖćøðÖðŜĂÜ×šĂöĎú×ĂÜÿ

ĀøćßĂćèćÝĆÖøǰĒúą×šćóđÝšćÿćöćøëđ×šćëċÜ×šĂöĎúĕéšêúĂéđüúć 
� ×šćóđÝšć÷ĉî÷ĂöĔîÖćøđ×šćøŠüöìĞćĒïïÿĂïëćöîĊĚ 
 
ìĆęüĕð 
1. đóý 
� ßć÷  � ĀâĉÜ  � ĂČęîė______________  � ĕöŠêšĂÜÖćøêĂï 
2. Ăć÷č 
� 18-24 � 25-34 � 35-44 � 45-54 � 55 ĒúąöćÖÖüŠć  
3. ĂćßĊó ____________________________________________________________ 
4. øą÷ąđüúćĔîÖćøĔßšĂćÙćø 

4.1 øą÷ąđüúćĔîÖćøĔßšĂćÙćøßŠüÜüĆîíøøöéć? 
� < 8 ßĆęüēöÜ � 8-12 ßĆęüēöÜ � 12-16 ßĆęüēöÜ � 16-20 ßĆęüēöÜ � 20-24 ßĆęüēöÜ  

4.2 øą÷ąđüúćĔîÖćøĔßšĂćÙćøßŠüÜüĆîĀ÷čé? 
� < 8 ßĆęüēöÜ � 8-12 ßĆęüēöÜ � 12-16 ßĆęüēöÜ � 16-20 ßĆęüēöÜ � 20-24 ßĆęüēöÜ  
 



 

5. ÖøøöÿĉìíĉĝĔîÖćøÙøĂïÙøĂÜĀšĂÜìĊęìŠćîóĆÖĂćýĆ÷ 
� đÝšć×ĂÜĀšĂÜ � ñĎšđßŠćĂćýĆ÷ � ĂČęîǰ___________ 
êĞćĒĀîŠÜĒúąĂćÙćø 
ĂćÙćø 
6. ĂćÙćøìĊęìŠćîóĆÖĂćýĆ÷Ă÷ĎŠöĊÝĞćîüîÖĊęßĆĚî? 
� 1 ßĆĚî  � 2 ßĆĚî  � 3 ßĆĚî  � 4 ßĆĚî  � 5 ßĆĚî  � 6 ßĆĚî 
� 7 ßĆĚî  � 8 ßĆĚî  � ĂČęîė ________ 
7. ĂćÙćøßčéìĊęìŠćîóĆÖĂćýĆ÷öĊøą÷ąĀŠćÜÝćÖĂćÙćø×šćÜđÙĊ÷ÜìĊęĔÖúšìĊęÿčéìĊęöĊÙüćöÿĎÜêĆĚÜĒêŠǰ�ǰßĆĚî×ċĚîĕðÖĊęđöêø 
� ĕöŠöĊĂćÙćø×šćÜđÙĊ÷ÜìĊęÿĎÜêĆĚÜĒêŠǰ�ǰßĆĚî×ċĚîĕð  � 0-3 đöêø � 4-6 đöêø � 7-9 đöêø     � 9 đöêø×ċĚî
ĕð 
êĞćĒĀîŠÜ×ĂÜĀšĂÜ 
8. ÙčèóĆÖĂćýĆ÷Ă÷ĎŠßĆĚîĔé? 
� ßĆĚîǰ�  � ßĆĚî 2 ǰ � ßĆĚî 3  � ßĆĚîǰ4  � ßĆĚîǰ5ǰ� ßĆĚîǰ� 
� ßĆĚîǰ�  � ßĆĚîǰ�  � ĂČęîė ________ 
9. ĀšĂÜ×ĂÜìŠćîĂ÷ĎŠìćÜìĉýĔé 
� ìĉýđĀîČĂ � ìĉýêąüĆîĂĂÖ � ìĉýêąüĆîêÖ � ìĉýĔêš 
10. ĀšĂÜ×ĂÜìŠćîöĊ×îćéđìŠćĕø? 
� 8-20m2 � 21-30m2 � 31-40m2 � 41-50m2 � 51m2 and over 
11. ñĆÜóČĚîĔéöĊúĆÖþèąĔÖúšđÙĊ÷ÜÖĆïĀšĂÜóĆÖĂćýĆ÷×ĂÜìŠćîöćÖìĊęÿčé? 
� single load corridor  

öĊĀšĂÜòŦũÜđéĊ÷ü×ĂÜìćÜđéĉî 
 
 
 
 

� double load corridor 
öĊĀšĂÜÿĂÜòŦũÜ×ĂÜìćÜđéĉî 

 
 
 
 
 
 
 

12. ĀšĂÜ×ĂÜìŠćîêĆĚÜĂ÷ĎŠĔîêĞćĒĀîŠÜĔé×ĂÜĂćÙćø? 
� ÖúćÜĂćÙćø � öčöĂćÙćø 
 



 

13. øĎðĒïïĀšĂÜóĆÖĔéöĊúĆÖþèąĔÖúšđÙĊ÷ÜÖĆïĀšĂÜóĆÖ×ĂÜìŠćîöćÖìĊęÿčé? 

 
� type A- ÙüćöÖüšćÜ×ĂÜøąđïĊ÷ÜđìŠćÖĆïÙüćöÖüšćÜ×ĂÜĀšĂÜĀšĂÜîĞĚćĂ÷ĎŠêĉéÖĆïøąđïĊ÷Ü 
� type B- ÙüćöÖüšćÜ×ĂÜøąđïĊ÷ÜđìŠćÖĆïÙüćöÖüšćÜ×ĂÜĀšĂÜǰĀšĂÜîĞĚćĂ÷ĎŠêĉéÖĆïìćÜđ×šćĀšĂÜóĆÖ 
� type C- ÙüćöÖüšćÜ×ĂÜøąđïĊ÷ÜöĊ×îćéđðŨîÙøċęÜĀîċęÜ×ĂÜÙüćöÖüšćÜ×ĂÜĀšĂÜĀšĂÜîĞĚćĂ÷ĎŠêĉéÖĆïøąđïĊ÷Ü 
� other________________ 
óùêĉÖøøöĔîÖćøĂ÷ĎŠĂćýĆ÷ 
14. ÙüćöëĊęĔîÖćøìĞćÙüćöÿąĂćéĀšĂÜ×ĂÜìŠćî 
� ìčÖüĆî � 3-4 ÙøĆĚÜêŠĂÿĆðéćĀŤ � 1-2 ÙøĆĚÜêŠĂÿĆðéćĀŤ     � ĕöŠđÙ÷ìĞćÙüćöÿąĂćé  
15. öĊÖćøìĞćĂćĀćøĔîĀšĂÜ×ĂÜÙčèĀøČĂĕöŠ? 
� öĊ  � ĕöŠöĊ 
16. úĆÖþèąóČĚîìĊęìĞćÙøĆüĔîĀšĂÜÙčèđðŨîĂ÷ŠćÜĕø? 
� óČĚîìĊęÙøĆüĒ÷ÖĂĂÖÝćÖóČĚîìĊęĂČęîĂ÷ŠćÜßĆéđÝî � óČĚîìĊęÙøĆüĒúąóČĚîìĊęîĂîĂ÷ĎŠĔîïøĉđüèđéĊ÷üÖĆî� ĂČęîėǰ_______ 
17. ×šĂĔéđðŨîúĆÖþèąÖćøàĆÖñšćĔîĀšĂÜ×ĂÜÙčè 
� àĆÖñšćéšü÷öČĂĔîóČĚîìĊęĀšĂÜ � àĆÖñšćéšü÷đÙøČęĂÜàĆÖñšćĔîóČĚîìĊęĀšĂÜ � ĕöŠöĊÖćøàĆÖñšćĔîĀšĂÜ 
18. ÙčèêćÖñšćĔîĀšĂÜĀøČĂøąđïĊ÷ÜĀøČĂĕöŠ 
� êćÖñšćĔîóČĚîìĊęĀšĂÜ  � êćÖñšćìĊęøąđïĊ÷Ü  � ĕöŠöĊÖćøêćÖñšćĔîóČĚîìĊęĀšĂÜ  
úĆÖþèąđÞóćąBuilding specific 
ÙčèÿĉęÜĒüéúšĂöõć÷ĔîĂćÙćø 
ÿŠüîîĊĚđðŨîĒïïöćêøćÿŠüîðøąöćèÙŠćǰ	Rating Scale) ÝÜĔĀšÙŠćøąéĆïêĆĚÜĒêŠǰ�ǰëċÜǰ� 
19. ĂčèĀõĎöĉĂćÖćý 
úĆÖþèąĂčèĀõĎöĉĂćÖćýĔîßŠüÜùéĎĀîćüđðŨîĂ÷ŠćÜĕø 
ĀîćüđÖĉîĕð        øšĂîđÖĉîĕð 

úĆÖþèąĂčèĀõĎöĉĂćÖćýĔîßŠüÜùéĎøšĂîđðŨîĂ÷ŠćÜĕø 
ĀîćüđÖĉîĕð        øšĂîđÖĉîĕð 

 
20. ĒÿÜÿüŠćÜíøøößćêĉ 
úĆÖþèąĒÿÜíøøößćêĉõć÷ĔîĀšĂÜóĆÖöĊúĆÖþèąĂ÷ŠćÜĕø 



 

ĕöŠÿüŠćÜđú÷        ÿüŠćÜđÖĉîĕð 
21. ÙčèõćóĂćÖćý 
ĔîĀšĂÜöĊĂćÖćýÿéßČęîĀøČĂđĀöĘîĂĆï  
đĀöĘîĂĆï        ÿéßČęî 

22. ĔîĀšĂÜĂćÖćýßČĚîĀøČĂĒĀšÜǰ 
ĒĀšÜđÖĉîĕð        ßČĚîđÖĉîĕð 

23. úĆÖþèąÖćøĕĀúđüĊ÷îĂćÖćýđðŨîĂ÷ŠćÜĕø  
îšĂïđÖĉîĕð        öćÖđÖĉîĕð 

24. úĆÖþèąÖćøđÖĉé×ċĚî×ĂÜđßČĚĂøćđðŨîĂ÷ŠćÜĕøǰ	ðøĉöćèìĊęđÖĉé×ċĚîïîóČĚîñĉüüĆÿéčĔîĀšĂÜ
 
ĕöŠöĊđßČĚĂøćđÖĉî×ċĚî 

 
 

(0%) 

 
 
 

(10%) 

 
 
 

(20%) 

 
 
 

(30%) 

 
 
 

(40%) 

 
 
 

(50%) 

 
 
 

(60%) 

 
 
 

(70%) 

öĊóČĚîìĊęìĊęöĊđßČĚĂøć

ðøĉöćèöćÖ 
 

(>80%) 
         

 
üĆÿéč 
25. üĆÿéčìĊęĔßšĔîĀšĂÜóĆÖ×ĂÜìŠćîöĊúĆÖþèąĔé 
ðøąêĎĀšĂÜ � ĕöš � ÖøąÝÖ     � óúćÿêĉÖ  � đĀúĘÖ  � ĂČęîė____ 
ðøąêĎĀšĂÜîĞĚć � ĕöš � ÖøąÝÖ     � óúćÿêĉÖ  � đĀúĘÖ  � ĂČęîė____ 
óČĚî  � ĕöš � ÖøąđïČĚĂÜ  � Ăĉå  � ÖøąÝÖ  � óúćÿêĉÖ  � ÙĂîÖøĊê  � đĀúĘÖ � ĂČęîė____ 
ñîĆÜ   � ĕöš � ÖøąđïČĚĂÜ  � Ăĉå  � ÖøąÝÖ  � óúćÿêĉÖ  � ÙĂîÖøĊê  � đĀúĘÖ � ĂČęîė____ 
òŜćđóéćî  � ĕöš � ÖøąđïČĚĂÜ  � Ăĉå  � ÖøąÝÖ  � óúćÿêĉÖ  � ÙĂîÖøĊê  � đĀúĘÖ � ĂČęîė____ 
đôĂøŤîĉđÝĂøŤ � ĕöš � ÖøąđïČĚĂÜ  � Ăĉå  � ÖøąÝÖ  � óúćÿêĉÖ  � ÙĂîÖøĊê  � đĀúĘÖ � ĂČęîė____ 
øąéĆïÙüćöóċÜóĂĔÝêŠĂĀšĂÜìĊęìŠćîóĆÖĂćýĆ÷ 
26. ìŠćîöĊÙüćöóċÜóĂĔÝêŠĂĀšĂÜóĆÖ×ĂÜìŠćîĔîøąéĆïĔé 
 óĂĔÝöćÖ óĂĔÝ ðćîÖúćÜ ĕöŠóĂĔÝ ĕöŠóĂĔÝöćÖ 
Öćøøąïć÷ĂćÖćý      
ĒÿÜÿüŠćÜíøøößćêĉ      
ÙüćößČĚî      
ĂčèĀõĎöĉĂćÖćý      
êĞćĒĀîŠÜ×ĂÜĀšĂÜóĆÖ      
ÙüćöđðŨîÿŠüîêĆü×ĂÜĀšĂÜóĆÖ      
×îćéĀšĂÜóĆÖ      
øćÙćĀšĂÜóĆÖ      
õćóøüö      



 

27.ĒÿéÜÙüćöđĀĘîđóĉęöđêĉö 
___________________________________________________________________________________________
___________________________________________________________________________________________
___________________________________________________________________________________________
___________________________________________________________________________________________
___________________________________________________________________________________________
___________________________________ 
×ĂïÙčèÿĞćĀøĆïÖćøßŠü÷đĀúČĂĔîÖćøìĞćĒïïÿĂïëćöîąÙą 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Appendix H: Interview questions (Thai language) 

ïìîĞćǰÜćîüĉÝĆ÷îĊĚöĊüĆêëčðøąÿÜÙŤđóČęĂýċÖþćöčööĂÜ×ĂÜñĎšđßĊę÷üßćâéšćîĂćÙćøĒúąÖćøÖŠĂÿøšćÜĔîðøąđìýĕì÷ǰǰđÖĊ ę÷üÖĆï

ýĆÖ÷õćó×ĂÜøĎðĒïïÖćøøąïć÷ĂćÖćýêćöíøøößćêĉĔîĂćÙćøßčéóĆÖĂćýĆ÷ĔîÿõćóĂćÖćý×ĂÜðøąđìýĕì÷   àċęÜøĎðĒïïÖćø
øąïć÷ĂćÖćýêćöíøøößćêĉöĊđðŜćðøąÿÜÙŤđóČęĂóĆçîćÙčèõćóÿĉęÜĒüéúšĂöõć÷ĔîĂćÙćøǰēé÷đÞóćąÙüćößČĚîÿĆöóĆìíŤǰõćüąîŠć

ÿïć÷ǰĒúąÙčèõćóĂćÖćý  
ÝčéðøąÿÜÙŤ×ĂÜ×ĂÜÖćøÿĆöõćþèŤ�ǰÖćøÿĆöõćþèŤÝąđðŨîÿĞćøüÝöčööĂÜ×ĂÜñĎšđßĊę÷üßćâéšćîĂćÙćøĒúąÖćøÖŠĂÿøšćÜĔîðøąđìý

ĕì÷ǰđßŠîǰÿëćðîĉÖǰüĉýüÖøǰĒúąîĆÖüĉßćÖćøìĊęöĊÿŠüîøŠüöĔîēÙøÜÖćøĂĂÖĒïïĂćÙćøǰÜćîüĉÝĆ÷Ýą×ĂÙüćöĂîčđÙøćąĀŤĔîÖćø×Ă

×šĂöĎúĒúąöčööĂÜÝćÖñĎšđßĊę÷üßćâđÖĊę÷üÖĆïìćÜđúČĂÖ×ĂÜÖćøĂĂÖĒïïđóČęĂÖćøóĆçîćÙčèõćóÿĉęÜĒüéúšĂöõć÷ĔîĂćÙćøēé÷Öú

÷čìíŤÖćøĂĂÖĒïïĂćÙćøēé÷óċęÜóćøąïïíøøößćêĉǰ	Passive Design)  ÖćøÿĆöõćþèŤĒïïÖċęÜēÙøÜÿøšćÜ (Semi-structure 
interview) ÝąëĎÖĔßšđðŨîđÙøČęĂÜöČĂđóČęĂÖćøêĊÙüćööčööĂÜÙüćöÙĉéǰĒúąÖćøøĆïøĎš×ĂÜñĎšđßĊę÷üßćâđÖĊę÷üÖĆïì ćÜđúČĂÖ×ĂÜÖćø

ĂĂÖĒïïĒïïêŠćÜė 
ÿëćïĆîÖćøýċÖþć  Welsh School of Architecture, Cardiff University 
øć÷úąđĂĊ÷éÖćøêĉéêŠĂ Warangkana Juangjandee (Juangjandeew@cardiff.ac.uk),  

Dr. Vicki Stevenson (StevensonV@cardiff.ac.uk) (ĂćÝćø÷ŤìĊęðøċÖþć) 
ÙĞćëćöĔîÖćøÿĆöõćþèŤ 
ÙĞćëćöĔîÖćøÿĆöõćþèŤĒïŠÜĂĂÖđðŨîÿĂÜÿŠüîǰǰēé÷ÖćøÿĆöõćþèŤÝąĔßšđüúćðøąöćèǰ20- 30 îćìĊ 
ÿŠüîìĊęǰ1ǰ 
đÖĊę÷üÖĆïïøĉïì×ĂÜĂÜÙŤÙüćöøĎšĒúąðøąÿïÖćøèŤ×ĂÜñĎšđßĊę÷üßćâĔîöčööĂÜđøČęĂÜĂćÙćøßčéóĆÖĂćýĆ÷ĒúąÖćøĂĂÖĒïïĂćÙćøēé÷

óċęÜóćøąïïíøøößćêĉǰ	Passive Design) 
1.1 ìĆęüĕð 

ÙčèđðŨîñĎšđßĊę÷üßćâĒ×îÜĔéǰ	ÿëćðîĉÖ üĉýüÖø îĆÖüĉßćÖćøǰĂČęîė
 
1.2 ðøąđéĘîĀøČĂðŦâĀć×ĂÜÙčèõćóÿĉęÜĒüéúšĂöõć÷ĔîĂćÙćø 

ÙčèÙĉéüŠćĂćÙćøßčéóĆÖĂćýĆ÷öĊðŦâĀćìĊęđÖĊę÷üÖĆïÿĉęÜĒüéúšĂöõć÷ĔîĂćÙćøĀøČĂĕöŠǰëšćöĊÙČĂĂąĕø 
ÙčèÙĉéüŠćðŦâĀćéĆÜÖúŠćüÿćöćøëĒÖšðŦâĀćĕéšéšü÷ÖćøĂĂÖĒïïĂćÙćøĀøČĂĕöŠǰëšćĕéšēðøé÷ÖêĆüĂ÷ŠćÜ 

1.3 Öćøøąïć÷ĂćÖćýĒïïíøøößćêĉ 
ÙčèÙĉéüŠćÖćøøąïć÷ĂćÖćýĒïïíøøößćêĉöĊÙüćöÿĞćÙĆâêŠĂĂćÙćøìĊęĕöŠóċęÜóćøąïïđÙøČęĂÜÖúĔîÖćøðøĆïĂćÖćýĀøČĂĕöŠ 
ëšćêĂïĔßŠ�ǰÙčèÙĉéüŠćÖćøøąïć÷ĂćÖćýĒïïíøøößćêĉĔĀšðøąē÷ßîŤĂ÷ŠćÜĕø 
ëšćêĂïĕöŠ�ǰÙčèÙĉéüŠćĂąĕøìĊęđðŨîĂčðÿøøÙêŠĂÖćøĔßšÖćøøąïć÷ĂćÖćýĒïïíøøößćêĉ 

ÿŠüîìĊęǰ�ǰđÖĊę÷üÖĆïÖú÷čìíŤĒúąìćÜđúČĂÖĔîÖćøĂĂÖĒïïđóČęĂðøĆïðøčÜÖćøøąïć÷ĂćÖćýêćöíøøößćêĉĔîĂćÙćøßčéóĆÖĂćýĆ÷ēé÷

ĕöŠóċęÜóćøąïïđÙøČęĂÜÖúĔîÖćøðøĆïĂćÖćý 
2.1 ÖćøđóĉęöÖćøĕĀúđüĊ÷î×ĂÜĂćÖćýĒïïíøøößćêĉõć÷ĔîĂćÙćø 

2.1.1: ÙčèÙĉéüŠćÝćÖñĆÜóČĚî×ĂÜĂćÙćøßčéóĆÖĂćýĆ÷	õćóéšćîúŠćÜ
ǰÿćöćøëóĆçîćÖćøĕĀúđüĊ÷îĂćÖćýĒïïíøøößćêĉĕéš

Ă÷ŠćÜĕøïšćÜǰēðøéüćé�Ăíĉïć÷ 
 
 
 
 



 

 

 
 

øĎðõćó: ñĆÜóČĚîøüöìĆĚÜßĆĚî×ĂÜĂćÙćøóĆÖĂćýĆ÷ßčé 
2.1.2: ÙčèÙĉéüŠćÝćÖñĆÜóČĚî×ĂÜĂćÙćøßčéóĆÖĂćýĆ÷	õćóéšćîúŠćÜ
ǰÿćöćøëóĆçîćÖćøĕĀúđüĊ÷îĂćÖćýĒïïíøøößćêĉĕéš

Ă÷ŠćÜĕøïšćÜǰēðøéüćé�Ăíĉïć÷ 
 

 
 

øĎðõćó: ñĆÜóČĚî×ĂÜĀšĂÜóĆÖĂćýĆ÷ßčéǰ 
2.2 ðúŠĂÜúöĒÿÜĂćìĉê÷Ťǰ(solar chimney) 

2.2.1: ÙčèđĀĘîēĂÖćÿĒúąĂčðÿøøÙĔéïšćÜĔîÖćøñîüÖðúŠĂÜúöĒÿÜĂćìĉê÷Ťđ×šćÖĆïĂćÙćøßčéóĆÖĂćýĆ÷ǰìĊęÿČïđîČęĂÜÖĆï

ðøąđéĘîđøČęĂÜÖćøøąïć÷ĂćÖćýĒïïíøøößćêĉǰÖćøĂĂÖĒïïĂćÙćøǰóúĆÜÜćîǰĒúąÖćøÖŠĂÿøšćÜ 
 
 
 
 
 
 
 
 



 

 

 
 

øĎðõćó: ðúŠĂÜúöĒÿÜĂćìĉê÷ŤñîüÖđ×šćÖĆïĂćÙćøóĆÖĂćýĆ÷ßčéǰ 
2.2.2: ĀćÖöĊĂčðÿøøÙǰÙčèöĊÙüćöđĀĘîüŠćöĊøąïïĂąĕøđóĉęöđêĉöìĊęÿćöćøëÿŠÜđÿøĉöýĆÖ÷õćó×ĂÜðúŠĂÜúöĒÿÜĂćìĉê÷ŤĔî

ðøąđéĘîìĊęđÖĊę÷üÖĆïÖćøøąïć÷ĂćÖćýêćöíøøößćêĉ,ǰÖćøĂĂÖĒïïĂćÙćøǰóúĆÜÜćîǰĒúąÖćøÖŠĂÿøšćÜ 
2.3 ÙüćöÙĉéđĀĘî×ĂÜñĎšđßĊę÷üßćâđÖĊę÷üÖĆïìćÜđúČĂÖ×ĂÜÖćøĂĂÖĒïïđóČęĂÖćøóĆçîćÙčèõćóÿĉęÜĒüéúšĂöõć÷ĔîĂćÙćøēé÷Öú

÷čìíŤÖćøĂĂÖĒïïĂćÙćøēé÷óċęÜóćøąïïíøøößćêĉǰ	Passive Design)  
ÖøčèćĒÿéÜÙüćöđĀĘîđÖĊę÷üÖĆïøĎðêŠĂĕðîĊĚĔîðøąđéĘîđøČęĂÜýĆÖ÷õćóÖćøøąïć÷ĂćÖćýĒïïíøøößćêĉĔîĂćÙćøìĊęĕöŠóċęÜóćÖćø

øąïïđÙøČęĂÜÖúĔîÖćøðøĆïĂćÖćý 
2.3.1: øąđïĊ÷ÜĂćÙćø 
Ö) ĀšĂÜĂćÙćøßčéóĆÖĂćýĆ÷àċęÜöĊøąđïĊ÷ÜĒïïðŗéìċï 
 

 
õćóÝĞćúĂÜÿćööĉêĉ 
 

×) ĀšĂÜĂćÙćøßčéóĆÖĂćýĆ÷àċęÜöĊøąđïĊ÷ÜĒïïēðøŠÜ 
 

 
õćóÝĞćúĂÜÿćööĉêĉ 
 

 
 
 
 
 



 

 

 
õćóÝĞćúĂÜñúǰCFD 

 

 
õćóÝĞćúĂÜñúǰCFD 

 
2.3.2: ×îćé×ĂÜßŠĂÜđðŗé 
Ö) ßŠĂÜđðŗé×îćé 1.0 x1.1 ö� 

 
õćóÝĞćúĂÜÿćööĉêĉ 
 

 
 

õćóÝĞćúĂÜñúǰCFD 

×) ßŠĂÜđðŗé×îćé 1.0 x 2.0 ö� 

 
õćóÝĞćúĂÜÿćööĉêĉ 
 

 
 

õćóÝĞćúĂÜñúǰCFD 
 
 



 

2.3.3: ĀšĂÜìĊęĕöŠöĊðúŠĂÜúöĒÿÜĂćìĉê÷ŤđìĊ÷ïÖĆïĀšĂÜìĊęöĊðúŠĂÜúöĒÿÜĂćìĉê÷Ť 
Ö) ĀšĂÜìĊęĕöŠöĊðúŠĂÜúöĒÿÜĂćìĉê÷Ť 
 

 
õćóÝĞćúĂÜÿćööĉêĉ 
 
 
 
 
 
 

 
 

õćóÝĞćúĂÜñúǰCFD 

×) ĀšĂÜìĊęöĊðúŠĂÜúöĒÿÜĂćìĉê÷Ť 

 
õćóÝĞćúĂÜÿćööĉêĉ 
 

 
 

õćóÝĞćúĂÜñúǰCFD 
 
 
 
 
 
 
 
 
 

,QOHW�����[ ���BRXWOHW QR�RXWOHW



 

2.3.4: ÖćøĂĂÖĒïïðúŠĂÜúöĒÿÜĂćìĉê÷Ť  
Ö) ĀîċęÜðúŠĂÜúöĒÿÜĂćìĉê÷ŤđßČęĂöêŠĂÖĆïĀúć÷ĀšĂÜ 

 
õćóÝĞćúĂÜÿćööĉêĉ 

×) ĀîċęÜðúŠĂÜúöĒÿÜĂćìĉê÷ŤđßČęĂöêŠĂĀîċęÜĀšĂÜ 

 
õćóÝĞćúĂÜÿćööĉêĉ 

2.3.5: øĎðĒïï×ĂÜßŠĂÜđðŗéìĊęđßČęĂöêŠĂÖĆïðúŠĂÜúöĒÿÜĂćìĉê÷Ť 
Ö) ßŠĂÜđðŗéĒîüîĂî

 
õćóÝĞćúĂÜÿćööĉêĉ 

×) ßŠĂÜđðŗéĒîüêĆĚÜ 

 
õćóÝĞćúĂÜÿćööĉêĉ 

 



 

 
 

 
 

õćóÝĞćúĂÜñúǰCFD  
 
 
 

 
õćóĒÿéÜ: êĆüĂ÷ŠćÜÖćøĂĂÖĒïïðúŠĂÜúöĒÿÜĂćìĉê÷ŤìĊę
đßČęĂöêŠĂĀîċęÜðúŠĂÜêŠĂĀîċęÜĀšĂÜÿĞćĀøĆïĀšĂÜìĊęöĊßŠĂÜđðŗéĒïï

ĒîüîĂîÿćöćøëĂĂÖĒïïĕéšǰ�ǰßĆĚî 

 
 

 
 

õćóÝĞćúĂÜñúǰCFD  

 
õćóĒÿéÜ: êĆüĂ÷ŠćÜÖćøĂĂÖĒïïðúŠĂÜúöĒÿÜĂćìĉê÷ŤìĊę
đßČęĂöêŠĂĀîċęÜðúŠĂÜêŠĂĀîċęÜĀšĂÜÿĞćĀøĆïĀšĂÜìĊęöĊßŠĂÜđðŗéĒïï

ĒîüêĆĚÜÿćöćøëĂĂÖĒïïĕéšǰ�ǰßĆĚî 
 
 
 
 
 




