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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment 

of the requirement for the degree of Doctor of Philosophy 

 

 

ROOF SOLAR COLLECTOR AND VERTICAL STACK FOR ENHANCING 

INDOOR VENTILATION OF SINGLE-STOREY SHOPHOUSE IN 

MALAYSIA 

 

By 

 

WARDAH FATIMAH MOHAMMAD YUSOFF 

 

January 2012 

 

 

Chair: Professor Dato’ Dr. Ar. Elias @ Ilias Bin Salleh 

 

Faculty: Design and Architecture 

 

 

 

The climatic conditions in Malaysia which result in small air temperature differences 

between the indoor and outdoor of naturally ventilated buildings have reduced the 

efficiency of stack ventilation. A viable alternative in enhancing stack ventilation is 

the utilization of a solar induced ventilation. In this thesis, a solar induced ventilation 

that utilizes a roof solar collector and a vertical stack is proposed for the application 

in small and medium enterprise (SME) premises. The aim is to enhance the air flow 

rate in the indoor working area. The research methodologies employed were 

experiment and simulation modelling. A prototype of the proposed strategy was 

constructed in the experiment to examine its ability in inducing stack ventilation in a 

hot and humid climate. Its potential performance was further evaluated using 

simulation modelling. The investigations involved the orientation of the solar 

collector and the height of the vertical stack. Simulation modelling was also 

employed to investigate the application of the prototype in the selected typology of 

SME building, which is a single storey shophouse. Results were analyzed and 
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presented in terms of five variables, namely temperature, air velocity, mass flow rate, 

air flow rate and air exchange rate.  

 

The findings from the experiment show that the prototype is able to induce stack 

ventilation in a hot and humid climate. High air temperature difference between the 

stack air and the ambient air was attained by the prototype, which was 9.9 ºC, for 877 

W/m² solar irradiance. The result of orientation study indicated that the 

recommended orientation throughout the year is west-facing. Meanwhile, the 

investigations of vertical stack height indicated that the higher the stack is, the lower 

the air temperature inside the stack, but the greater the induced mass flow rate.  The 

application of the prototype in the selected building also demonstrated positive 

results, in which it was able to enhance the indoor air flow rate and air exchange rate, 

as well as reduce the indoor air temperature. The prototype with 1 m width solar 

collector and 4 m high vertical stack was able to reduce the indoor air temperature by 

an average 0.6 ºC, increase the indoor air flow rate of less than 0.1 m³/s and provide 

the air exchange rate around 5 to 16 ACH. The air temperature reduction, air flow 

rate increment and air exchange rate were greater with the enhancement of solar 

collector width. The recommended width of the solar collector for the application in 

the selected building is 3 m. The prototype with 3 m width solar collector and 4 m 

high vertical stack was able to provide the highest indoor air temperature reduction 

of 2.6 ºC (for 446 W/m² solar irradiance), the highest indoor air flow rate increment 

of 0.24 m³/s (for 750 and 839 W/m² solar irradiance) and the highest air exchange 

rate of 26 ACH (for 839 W/m² solar irradiance). In summary, the research shows 

potential application of the proposed strategy in enhancing the indoor ventilation of a 

single storey shophouse in Malaysia. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Doktor Falsafah 

 

 

ATAP PENGUMPUL SURIA DAN CEROMBONG MENEGAK BAGI 

MENINGKATKAN PENGUDARAAN DALAMAN RUMAH KEDAI SATU 

TINGKAT DI MALAYSIA 

 

Oleh 

 

WARDAH FATIMAH MOHAMMAD YUSOFF 

 

Januari 2012 

 

 

Pengerusi: Professor Dato’ Dr. Ar. Elias @ Ilias Bin Salleh 

 

Fakulti: Rekabentuk dan Senibina 

 

 

 

Keadaan iklim di Malaysia telah menyebabkan perbezaan kecil suhu udara di luar 

dan di dalam bangunan yang menggunakan pengudaraan semulajadi. Faktor ini telah 

mengurangkan keberkesanan pengudaraan apung semulajadi di Malaysia. Alternatif 

untuk meningkatkan pengudaraan apung semulajadi adalah melalui aplikasi 

pengudaraan secara induksi suria. Oleh itu, kajian ini mencadangkan pengudaraan 

secara induksi suria yang menggunakan atap pengumpul suria dan cerombong 

menegak, untuk aplikasi di premis perusahaan kecil dan sederhana. Aplikasi ini 

bertujuan untuk meningkatkan kadar pengaliran udara di ruang kerja dalaman. 

Kaedah kajian yang digunakan ialah eksperimen dan simulasi komputer. Prototaip 

pengudaraan secara induksi suria telah dibina untuk eksperimen. Eksperimen 

bertujuan untuk memeriksa keupayaan prototaip menginduksi pengudaraan apung 

semulajadi di iklim panas dan lembap. Kajian lebih lanjut terhadap potensi prototaip 

dijalankan menggunakan simulasi komputer. Kajian meliputi orientasi pengumpul 

suria dan ketinggian cerombong menegak. Simulasi komputer juga digunakan untuk 

mengkaji aplikasi prototaip pada jenis bangunan di mana perusahaan kecil dan 
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sederhana dijalankan iaitu rumah kedai satu tingkat. Keputusan kajian dianalisis dan 

dilaporkan dalam lima pembolehubah iaitu suhu, kelajuan udara, kadar pengaliran 

jisim, kadar pengaliran udara dan kadar pertukaran udara.  

 

Penemuan eksperimen menunjukkan bahawa prototaip ini mampu menginduksi 

pengudaraan apung semulajadi di iklim panas dan lembap. Perbezaan suhu antara 

udara di dalam cerombong menegak dan udara persekitaran yang diperoleh adalah 

tinggi, iaitu 9.9 ºC, bagi 877 W/m² radiasi suria. Keputusan simulasi komputer untuk 

kajian orientasi mencadangkan agar pengumpul suria menghadap ke arah barat 

sepanjang tahun. Sementara itu, kajian bagi cerombong menegak pula menunjukkan 

bahawa semakin tinggi cerombong, semakin rendah suhu udara di dalamnya. Namun 

begitu, kadar pengaliran jisim didapati semakin bertambah. Aplikasi prototaip pada 

rumah kedai satu tingkat menunjukkan keputusan positif di mana ia dapat 

meningkatkan kadar pengaliran dan pertukaran udara, serta menurunkan suhu udara 

di dalam bangunan. Prototaip yang mempunyai 1 m kelebaran atap pengumpul suria 

dan 4 m ketinggian cerombong menegak berupaya menurunkan suhu udara secara 

purata 0.6 ºC, meningkatkan kadar pengaliran udara kurang daripada 0.1 m³/s dan 

mencapai kadar pertukaran udara antara 5 ke 16 ACH. Penurunan suhu serta 

peningkatan kadar pengaliran dan pertukaran udara bertambah dengan pelebaran atap 

pengumpul suria. Kajian mencadangkan agar atap pengumpul suria mempunyai 

kelebaran 3 m bagi aplikasi di rumah kedai satu tingkat. Prototaip yang mempunyai 3 

m kelebaran atap pengumpul suria dan 4 m ketinggian cerombong menegak berupaya 

memberi penurunan tertinggi suhu udara sebanyak 2.6 ºC (bagi 446 W/m² radiasi 

suria), peningkatan tertinggi kadar pengaliran udara sebanyak 0.24 m³/s (bagi 750 

dan 839 W/m² radiasi suria) dan kadar tertinggi pertukaran udara sebanyak 26 ACH 



© C
OPYRIG

HT U
PM

 vii 

(bagi 839 W/m² radiasi suria). Kesimpulannya, kajian ini menunjukkan potensi 

aplikasi pengudaraan secara induksi suria yang menggunakan atap pengumpul suria 

dan cerombong menegak bagi meningkatkan pengudaraan dalaman rumah kedai satu 

tingkat di Malaysia.  
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CHAPTER 1 

 

INTRODUCTION 

 

The thesis investigates the potential of solar induced ventilation in a hot and humid 

climate. The strategic aim is for the application of solar induced ventilation in 

industrial building, particularly in small and medium enterprises premises (SMEs). 

The application of this strategy in SME premises is expected to promote natural 

ventilation. Moreover, high ventilation rates are necessary for such building in 

maintaining healthy indoor air quality.  

 

1.1 Research Background  

 

The increase of global warming has encouraged many explorations of environmental 

friendly approaches in built environment such as low energy design, passive design, 

sustainable design and zero energy design. Though each approach has specific 

objectives to be achieved, its final aim is similar, which is for human well-being. 

Natural ventilation is one of the ways of achieving this aim. There are two natural 

ventilation strategies, namely cross ventilation and stack ventilation. Each strategy 

has its own driving mechanism. Cross ventilation is driven by wind forces, whereas 

stack ventilation utilizes air buoyancy. Although cross ventilation is more 

appropriate for hot and humid climate (Aynsley, et al., 1977), the potential of stack 

ventilation is also worth to be explored. This strategy can be an alternative to cross 

ventilation, especially when the building has a very deep plan layout and/or high 

ventilation rates are required (Awbi, 2003). Industrial building is among the 
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buildings that has such condition. It normally has a deep plan layout and internally 

sub-divided functional spaces. It also requires high ventilation rates due to the 

presence of much contaminants of the air due to work processes. In the present 

research, the industrial building is focused on the SME premises.  

 

SMEs provide high contribution to Malaysian economic sector as 99.2% of 

businesses in Malaysia are represented by them. Moreover, they also provide 56.4% 

of total employment in the country (Economic Planning Unit, 2010). National SME 

Development Council (NSDC) has approved a common definition of SME in the 

manufacturing, manufacturing-related services, primary agriculture and services 

sectors. The definition of SME is based on two criteria namely the annual sales 

turnover and the number of full-time employees. In Malaysia, specific definitions are 

given for SME in manufacturing sector as well as SME in services and other sectors. 

In manufacturing sector, SME is defined as an enterprise with annual sales turnover 

less than RM25 million, or less than 150 full-time employees. Meanwhile, in services 

and other sectors, SME is defined as an enterprise with annual sales turnover less 

than RM5 million, or full-time employees of less than 50. The specific classification 

of SMEs, whether they are micro, small or medium enterprises are shown in Tables 

1.1 and 1.2. Hence, any enterprise that meets the specified criteria is classified as 

SME (National SME Development Council, 2010).  

   

 

 

 

 

http://www.smeinfo.com.my/index.php?ch=5&pg=14
http://www.smeinfo.com.my/index.php?ch=5&pg=14
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Table 1.1. SME classification based on annual sales turnover  

 

Size Manufacturing 

(including agro-based) 

& manufacturing-

related services) 

Primary agriculture Services sector 

(including ICT) 

Micro  Less than RM 250 000 Less than RM 200 000 Less than RM 

200 000 

Small From RM250,000 to 

less than RM10 million 

From RM200,000 

to less than RM1 

million 

From RM200,000 

to less than RM1 

million 

Medium From RM10 million 

to less than RM25 million 

From RM1 million 

to less than RM5 

million 

From RM1 

million 

to less than RM5 

million 

(Source: National SME Development Council, 2010) 

 

Table 1.2. SME classification based on number of full-time employees  
 

Size Manufacturing 

(including agro-based) 

& manufacturing-

related services) 

Primary agriculture Services sector 

(including ICT) 

Micro  Less than 5 employees Less than 5 employees Less than 5 

employees 

Small From 5 to less than 

50 employees 

From 5 to less than 

20 employees 

From 5 to less than 

20 employees 

Medium From 50 to less than 

150 employees 

From 20 to less than 

50 employees 

From 20 to less 

than 

50 employees 

(Source: National SME Development Council, 2010) 

 

The total number of SMEs in Malaysia is about 548, 267. Services sector has the 

highest number of enterprises, which is about 474, 706, followed by manufacturing 

sector (39, 373 enterprises) and agriculture sector (34, 188 enterprises). Most of the 

enterprises are located in Selangor, which is about 98, 523. The other states which 

have more than 50, 000 enterprises are Kuala Lumpur (96, 818 enterprises) and Johor 

(56, 471 enterprises) (National SME Development Council, 2010).  
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1.2 Issues and Point of Departure 

 

There are many SMEs which are registered with SME Corporation Malaysia, and 

their locations are widespread. Therefore, the selected SME for the present study is 

limited to the manufacturing sector that is located in Selangor. Manufacturing sector 

is selected instead of other sectors due to its working nature, which fabricates 

products. Hence, it involves many indoor activities. Moreover, the products 

manufactured may also involve hazardous materials. Thus, good ventilation is crucial 

in ensuring healthy indoor working environment. Meanwhile, Selangor is selected as 

it has the largest number of enterprises compared to the other states in Malaysia. The 

products of manufacturing sector are various such as food, beverage, textiles, wood, 

glass, aluminium and many more. Different products require different working 

processes. For this study, the working process which needs less stringent of 

environmental control of air contaminants and hygiene is selected. Hence, the 

manufacturing sector that involves glass product is studied.  

 

There is no statistical data provided by SME Corporation Malaysia on the SME 

premises. Hence, a field study was executed in searching for a common building 

typology for SMEs that involve glass products. From the study, it is found that such 

enterprises are conducted in various types of buildings, namely the single storey and 

multi storey shophouses/shopoffices, the single storey industrial terraces and the 

detached buildings, such as factory (Figure 1.1). Among them, the single storey 

buildings, be it the shophouses/shopoffices or industrial terraces, are identified to 

have potential for the application of the proposed solar induced ventilation. This is 

because the multi storey shophouses/shopoffices encompass different premises at 
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different levels, whereas the detached buildings are large with complicated layout 

plans. Hence, extensive research is necessary for the application of solar induced 

ventilation in these buildings.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Building Typologies for SMEs that fabricate Glass Products 

 

Among 10 listed SMEs that manufacture glass product, only one enterprise is 

operating in a single storey shophouse and two enterprises are in single storey 

industrial terraces. Further study was conducted on these two building typologies. 

The summary of the study are as follow:  

 

1) The common spaces are an office/reception area and a working area.  

2) The width of the shop lot is between 5 m (16 feet) to 7 m (24 feet), whereas 

the length is between 21 m (70 feet) to 23 m (75 feet).  

3) The roof tilt angle is between 10º to 15º.  

4) The roof material is asbestos or zinc. 

Single storey shophouses/shopoffices Multi storey shophouses/shopoffices 

Single storey industrial terraces Detached building 
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5) The wall is brick. 

6) The floor finishes is cement rendered. 

7) The building height is between 5 m to 5.5 m. 

 

The ventilation mode in the working area is either naturally ventilated or using 

mechanical fans. Meanwhile, the office/reception area is ventilated with either 

mechanical fans or air conditioners. 

 

One enterprise which is located in a single storey shophouse in Bangi, Selangor was 

selected for further investigation of the indoor environmental conditions. It was 

chosen due to the presence of many interior partitions compared to the other 

enterprises. The interior partitions and the deep layout plan have made cross 

ventilation less efficient. The field measurement executed at the indoor working area 

of the selected SME premise had shown that the average indoor air velocity from 9 

am to 5 pm was around 0.33 m/s only. This air velocity is lower than the favourable 

air velocity for thermal comfort in hot and humid climate which is 1 m/s (Sapian, 

2004). Therefore, the owner has opted for mechanical fans to ventilate all the internal 

spaces, except the design studio, where an air conditioner is used. The utilization of 

mechanical fans and air conditioner have increased the utility bills, thus escalating 

the business operating cost. This can be reduced if the natural ventilation strategy is 

applied. As cross ventilation is less efficient due to the deep layout plan and many 

interior partitions, the stack ventilation is seen as an alternative.  

 

However, stack ventilation in Malaysia is less efficient due to small air temperature 

difference between the inside and outside of naturally ventilated buildings. Solar 
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induced ventilation is a viable alternative in enhancing stack ventilation (Awbi, 

2003; CIBSE, 2005). There are three distinguished solar induced ventilations namely 

Trombe wall, solar chimney and roof solar collector (Awbi, 2003). Roof solar 

collector is able to capture more solar radiation in the tropics compared to Trombe 

wall and solar chimney (Awbi, 2003; Mathur, et al., 2006b). However, its drawback 

is the stack height which is restricted by the roof slope (Awbi, 2003; Harris & 

Helwig, 2007). In enhancing the stack height, it is recommended to combine the roof 

solar collector with a vertical stack. The vertical stack functions as conventional 

chimney with no collection of solar radiation. The reason is to have higher air 

temperature, hence higher pressure inside roof solar collector than the vertical stack. 

Consequently, the air inside the roof solar collector rises and flows into the vertical 

stack due to the pressure difference between these two zones.  

 

This thesis investigates the potential of solar induced ventilation that utilizes roof 

solar collector and vertical stack in enhancing indoor ventilation in a hot and humid 

climate. The proposed solar induced ventilation is suggested to be applied in SME 

premises. The selected premise is located in single storey shophouses in Bangi, 

Selangor. The business conducted in the premise is the fabrication of glass and 

aluminium products, which is categorized in the manufacturing sector.  

  

1.3  Problem Statements and Research Questions 

 

Stack ventilation is an alternative to cross ventilation. One of the factors that 

influences the air flow rate induced by stack ventilation is the indoor and outdoor air 

temperature differences (Awbi, 2003; Aynsley, et al., 1977; Bassiouny & Koura, 
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2008; Brown & DeKay, 2001). However, the climatic conditions in Malaysia have 

made stack ventilation less efficient due to the normally low temperature differences 

between indoor and outdoor air (Kubota, et al., 2009; Nugroho, et al., 2007; Rajeh, 

1989). The air temperature difference between indoor and outdoor of naturally 

ventilated building in Malaysia is normally less than 5 ºC (Rajeh, 1989). This is also 

concluded by Nugroho et al. (2007), who had conducted a measurement on the 

indoor and outdoor air temperature of a single storey terrace house in Johor Bharu, 

Malaysia. The measurement on 21 March 2006 indicated that the air temperature 

difference between the master bedroom and the outdoor was between 0.6 ºC to 3.1 ºC 

from 8 am to 7 pm. Meanwhile, from 12 pm to 1 pm, the air temperature difference 

was around 1 ºC only.  The finding is also in concurrence with Kubota et al.’s (2009) 

finding on the field measurement of a terrace house, which also results in 1 ºC of 

indoor-outdoor air temperature difference at 12 noon. Thus, the small air temperature 

difference has made the stack ventilation less efficient. The field measurement 

conducted in the indoor working area of selected SME premise indicated that the 

average air temperature difference from 9 am to 5 pm was 1.7 ºC. Meanwhile, the 

highest air temperature difference of 2.7 ºC was achieved at 12 pm, whilst the lowest 

air temperature difference of 0.1 ºC was attained at 9 am.  

 

The performance of stack ventilation is more reliable in cold climate (Awbi, 2003; 

Aynsley, et al., 1977). In hot climate, the outdoor air temperature may become higher 

than the indoor air temperature. This condition causes the reversal flow whereby 

warmer outdoor air enters through the upper openings of the building. However, this 

reversal flow can be avoided through the utilization of solar induced ventilation 

strategy (CIBSE, 2005). The strategy is able to provide higher temperature 
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differences between the inside and outside air, thus enhancing the stack ventilation 

(Awbi, 2003; Bassiouny & Koura, 2008).  

 

The present research investigates the potential of solar induced ventilation in 

enhancing the stack ventilation in hot and humid climate. In investigating this 

potential, the research questions addressed in the thesis are as follows:  

 

Main research question:  

How can solar induced ventilation be utilized to enhance the air flow rate of a single 

storey shophouse? 

 

Sub-research questions:  

1) What is the potential prototype of solar induced ventilation for hot and humid 

condition?  

2) Is the prototype able to induce stack ventilation in hot and humid condition? 

3) What is the effective orientation of the prototype’s solar collector? 

4) What are the effects of vertical stack height on the air temperature and mass 

flow rate of the prototype? 

5) Can the prototype application in a single storey shophouse reduce the indoor 

air temperature as well as enhance the indoor air flow rate and air exchange 

rate? 

 

 

 

 



© C
OPYRIG

HT U
PM

 10 

1.4 Research Aim and Objectives 

 

The aim of the research is to investigate the potential of a proposed solar induced 

ventilation strategy in enhancing the air flow rate of a single storey shophouse. There 

are four objectives laid for the research, namely:  

 

1. To determine a potential prototype of the combined roof solar collector and 

vertical stack. 

2. To examine the prototype’s ability to induce stack ventilation in hot and 

humid condition.  

3. To evaluate potential performance of the prototype through simulation 

modelling.  

4. To test the performance of the prototype in a single storey shophouse through 

simulation modelling. 

 

1.5 Scope and Limitations 

 

The research focuses on health ventilation, which is maintaining good indoor air 

quality. The effects of indoor air quality can be divided into two categories, namely 

the people’s health and the people’s comfort (Awbi, 2003). The research is limited to 

the comfort criterion only, which is the provision of ventilation rates in preventing 

odorous and stuffy environment (Figure 1.2).  
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Figure 1.2. The Scope of the Research 

(Source: Awbi, 2003) 

 

The research investigates the potential of solar induced ventilation for the application 

in single storey shophouses. Many studies of solar induced ventilation in hot and 

humid climate to date are executed for the application in residential or single room 

buildings. The solar induced ventilation study for the application in commercial or 

industrial buildings is yet to be conducted.  

 

The dimensions and materials used in developing the solar induced ventilation 

prototype for the experiment are derived from the literature study. The effective 

configurations suggested by the literature are applied to the prototype, such as the 

effective length of roof solar collector’s channel, the effective tilt angle of roof solar 

collector and the effective ratio of inlet area to outlet area. Hence, further 

investigations on its potential performance are limited to the critical characteristics 

only, namely the solar collector orientation and the vertical stack height.  

 

The performance of the proposed solar induced ventilation is evaluated based on five 

variables, namely air temperature, air velocity, mass flow rate, air flow rate and air 

exchange rate. The investigations of air flow rate, air exchange rate and air 

Ventilation functions 

Health Thermal comfort Structural cooling 

Indoor air quality 

Health criterion 

Indoor pollutants 

Comfort criterion 

Odorous and stuffy 

environment 
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temperature inside the single storey shophouse are limited to the indoor working area 

only.  

 

Further enhancement of the prototype performance in increasing air flow rate and air 

exchange rate as well as reducing air temperature in the indoor working area of the 

shophouse is limited to the width investigations only.  

 

1.6 Research Methodology 

 

The methodologies applied in the thesis are literature review (in exploring the 

appropriate prototype model), experiment and simulation modelling. These 

methodologies were executed in addressing the research questions and objectives, as 

shown in Figure 1.3 and Table 1.3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Summary of the Methodologies used in investigating the Proposed 

Prototype

Experiment 

1) To determine a potential prototype of the combined roof solar collector 

and vertical stack. 

2) To examine the prototype’s ability to induce stack ventilation in hot and 

humid condition. 

 Simulation modelling 

Stage 1: Comparisons of 

prototype A, B and C 

Stage 2: Orientation and height studies 

Stage 3: Prototype application at 

the selected SME building 

1) To evaluate potential performance of 

the prototype  

1) To determine the prototype that induces the 

highest mass flow rate. 

Validation 

Simulation modelling against 

experiment 

Validation 

Simulation modelling against field 

measurement 

1) To test the performance of the 

prototype in a single storey 

shophouse 

Literature review 
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Table 1.3. Summary of research questions, objectives, methodologies and expected output  

 

Research questions Research objectives Research methodologies Expected Output 

What is the potential prototype 

of solar induced ventilation for 

hot and humid condition? 

To determine a potential prototype of 

the combined roof solar collector and 

vertical stack. 

-Literature review 

 

- Experiment 

-The development of prototype that 

utilizes roof solar collector and vertical 

stack 

 

Is the prototype able to induce 

stack ventilation in hot and 

humid condition? 

 

To examine the prototype’s ability to 

induce stack ventilation in hot and 

humid condition. 

- Experiment  

 

-Temperature differences between the 

stack air and the ambient air 

 

What is the effective orientation 

of the prototype’s solar 

collector? 

To evaluate potential performance of 

the prototype through simulation 

modelling. 

-Simulation modelling -Air temperature increment inside roof 

solar collector to determine the effective 

orientation  

 

What are the effects of vertical 

stack height on the air 

temperature and mass flow rate 

of the prototype? 

 

-Simulation modelling -Air temperature and mass flow rate 

inside vertical stack  

Can the prototype application in 

a single storey shophouse 

reduce the indoor air 

temperature as well as enhance 

the indoor air flow rate and air 

exchange rate? 

 

To test the performance of the 

prototype in a single storey 

shophouse through simulation 

modelling. 

-Simulation modelling -Indoor air temperature reduction as well 

as air flow rate and air exchange rate 

increment of a single storey shophouse 



© C
OPYRIG

HT U
PM

 14 

STAGE 3-DATA COLLECTIONS, RESULTS & ANALYSES 

 

Literature review 

-Small and medium enterprises (SMEs) 

-Natural ventilation: Cross ventilation 

and stack ventilation 

Issues and problem identification 

STAGE 2 – LITERATURE REVIEW 

Field study 

-Building typology of SMEs 

-Measurement of indoor environment of a 

single storey shophouse. 

 

Background study 

Literature Review 

1.7 Research Framework 

 

The overall research framework is summarized in Figure 1.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 1.4. Summary of Research Framework 
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1.8  Research Significance 

 

The research contributes to the enhancement of stack ventilation in single storey 

industrial buildings in Malaysia. The performance of stack ventilation in Malaysia is 

normally less efficient due to low air temperature differences between the inside and 

outside of the buildings. However, the utilization of the proposed strategy is expected 

to create higher air temperature differences, thus inducing greater air flow rate. It can 

also be an alternative when the effect of natural cross ventilation is less efficient due 

to internal obstructions to air flow. The application of solar induced ventilation at 

SME premises helps to enhance the ventilation rates, and consequently improve the 

indoor environment.  

 

1.9       Thesis Organization 

 

The thesis is divided into seven chapters. Chapter 1 is the introduction to the 

research. The introduction chapter discusses on the research background, the issues, 

problems and point of departure, the research questions, aim and objectives, the 

scopes and limitations and the significance of the research. Moreover, it also 

provides a brief explanation on the methodologies employed in the research.   

 

Chapter 2 reviews the fundamental theories of natural ventilation, as well as the solar 

induced ventilation studies. This review helps in developing the proposed prototype 

and selecting the appropriate methods for the present research 
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Chapter 3 discusses on the theoretical background of the proposed prototype. This 

theoretical background explains the energy balances involved in the proposed 

prototype.   

 

Chapter 4 presents and discusses the experimental setup which comprises the 

development of the prototype, the measuring equipments and the measurement time 

and procedures.  

 

Chapter 5 discusses the Computational Fluid Dynamic CFD analysis. In this chapter, 

the validations of the simulation setting up and procedures as well as the simulation 

modelling of the proposed prototype are presented.  

 

Chapter 6 discusses the results and findings of the research. The results include the 

experimental results and the simulation modelling results.  

 

Chapter 7 concludes the overall findings and suggests the potential area for future 

studies. The recommendations made for future studies are mainly on the areas of 

limitation in the present research, as well as the potential enhancement of the 

proposed solar induced ventilation strategy. 

 

1.10  Summary 

 

This chapter discusses the related issues and problems as well as presents the point of 

departure, the research questions, aim and objectives, the scope and limitations, the 

research methodology and framework, and the research significance. The thesis 
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organization is also presented in providing brief description on the works that have 

been executed. The next chapter presents the review of natural ventilation theoretical 

background and solar induced ventilation studies.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

 215 

REFERENCES 

 

 

Afonso, C., & Oliveira, A. (2000). Solar chimneys: simulation and experiment. 

Energy and Buildings, 32(1), 71-79. 

 

Ahmad, M. H., Salleh, M. R., & Foo, H. L. (2006). Towards Development of 

Tropical Solar Architecture: The Use of solar Chimney As Stack Induced 

Ventilation Strategy (Research report). Johor: Faculty of Built Environment, 

Universiti Teknologi Malaysia. 

 

Allard, F. (1998). Natural Ventilation in Buildings-A Design Handbook. London: 

James & James (Science Publishers) Ltd. 

 

Andersen, K. T. (2007). Airflow rates by combined natural ventilation with opposing 

wind--unambiguous solutions for practical use. Building and Environment, 

42(2), 534-542. 

 

Anderson, B., & Riordan, M. (1976). The Solar Home Book – Heating, Cooling and 

Designing with the Sun. Harrisville, New Hampshire: Cheshire Books. 

 

ANSYS (2009a). FLUENT Retrieved 23 September, 2009, from 

http://www.ansys.com/products/fluid-dynamics/fluent/ 

 

ANSYS (2009b). AIRPAK Retrieved 23 September, 2009, from 

http://www.ansys.com/products/airpak/default.asp 

 

Arce, J., Jiménez, M. J., Guzmán, J. D., Heras, M. R., Alvarez, G., & Xamán, J. 

(2009). Experimental study for natural ventilation on a solar chimney. 

Renewable Energy, 34(12), 2928-2934. 

 

ASHRAE (2005). ASHRAE Handbook Fundamentals Ventilation and Infiltration. 

Atlanta: American Society of Heating and Air Conditioning Engineers. Inc. 

  

ASHRAE (2007). ANSI/ASHRAE Standard 62.1-2007 Ventilation for Acceptable 

Indoor Air Quality. Atlanta: American Society of Heating, Refrigerating and 

Air-Conditioning Engineers, Inc. 

 

Awbi, H. B. (2003). Ventilation of Buildings (Second ed.). London: Spon Press. 

 

Aynsley, R. M., Melbourne, W., & Vickery, B. J. (1977). Architectural 

Aerodynamics. London: Applied Science Publishers Ltd. 

 

Bacharoudis, E., Vrachopoulos, M. G., Koukou, M. K., Margaris, D., Filios, A. E., & 

Mavrommatis, S. A. (2007). Study of the natural convection phenomena 

inside a wall solar chimney with one wall adiabatic and one wall under a heat 

flux. Applied Thermal Engineering, 27(13), 2266-2275. 

 

http://www.ansys.com/products/fluid-dynamics/fluent/
http://www.ansys.com/products/airpak/default.asp


© C
OPYRIG

HT U
PM

 216 

Baïri, A., Laraqi, N., & García de María, J. M. (2007). Numerical and experimental 

study of natural convection in tilted parallelepipedic cavities for large 

Rayleigh numbers. Experimental Thermal and Fluid Science, 31(4), 309-324. 

 

Bansal, N. K., Mathur, J., Mathur, S., & Jain, M. (2005). Modeling of window-sized 

solar chimneys for ventilation. Building and Environment, 40(10), 1302-

1308. 

 

Bansal, N. K., Mathur, R., & Bhandari, M. S. (1993). Solar chimney for enhanced 

stack ventilation. Building and Environment, 28(3), 373-377. 

 

Bansal, N. K., Mathur, R., & Bhandari, M. S. (1994). A study of solar chimney 

assisted wind tower system for natural ventilation in buildings. Building and 

Environment, 29(4), 495-500. 

 

Bari, S. (2001). Optimum orientation of domestic solar water heaters for the low 

latitude countries. Energy Conversion and Management, 42(10), 1205-1214. 

 

Barozzi, G. S., Imbabi, M. S. E., Nobile, E., & Sousa, A. C. M. (1992). Physical and 

numerical modelling of a solar chimney-based ventilation system for 

buildings. Building and Environment, 27(4), 433-445. 

 

Barthakur, A. (1996). Thermal Behaviour of Atria: A Comparative Study Between 

Measured Data and A Computer Fluid Dynamics Model. Unpublished Master 

of Building Science dissertation, University of Southern California Los 

Angeles. 

 

Bassiouny, R., & Korah, N. S. A. (2009). Effect of solar chimney inclination angle 

on space flow pattern and ventilation rate. Energy and Buildings, 41(2), 190-

196. 

 

Bassiouny, R., & Koura, N. S. A. (2008). An analytical and numerical study of solar 

chimney use for room natural ventilation. Energy and Buildings, 40(5), 865-

873. 

 

Blazek, J. (2005). Computational Fluid Dynamics: Principles and Applications 

(Second ed.). Oxford: Elsevier. 

 

Bouchair, A. (1994). Solar chimney for promoting cooling ventilation in Southern 

Algeria. Building Services Engineering Research and Technology, 15(2), 81-

93. 

 

Boutet, T. S. (1987). Controlling Air Movement: A Manual for Architects and 

Builders. New York: McGraw-Hill Book Company. 

 

Brown, G. Z., & DeKay, M. (2001). Sun, Wind and Light: Architectural Design 

Strategies (Second ed.). New York: John Wiley & Sons, Inc. 

 

Cengel, Y. A. (2006). Heat and Mass Transfer (Third ed.). New York: McGraw-Hill 

Book Company. 



© C
OPYRIG

HT U
PM

 217 

Chantawong, P., Hirunlabh, J., Zeghmati, B., Khedari, J., Teekasap, S., & Win, M. 

M. (2006). Investigation on thermal performance of glazed solar chimney 

walls. Solar Energy, 80(3), 288-297. 

 

Chen, Z. D., Bandopadhayay, P., Halldorsson, J., Byrjalsen, C., Heiselberg, P., & Li, 

Y. (2003). An experimental investigation of a solar chimney model with 

uniform wall heat flux. Building and Environment, 38(7), 893-906. 

 

Cheng, C. L., Sanchez Jimenez, C. S., & Lee, M.-C. (2009). Research of BIPV 

optimal tilted angle, use of latitude concept for south orientated plans. 

Renewable Energy, 34(6), 1644-1650. 

 

Chow, W. K. (2004). Wind-induced indoor-air flow in a high-rise building adjacent 

to a vertical wall. Applied Energy, 77(2), 225-234. 

 

Chow, W. K., & Li, J. (2007). Numerical simulations on thermal plumes with k-

[epsilon] types of turbulence models. Building and Environment, 42(8), 2819-

2828. 

 

Chungloo, S., & Limmeechokchai, B. (2007). Application of passive cooling systems 

in the hot and humid climate: The case study of solar chimney and wetted 

roof in Thailand. Building and Environment, 42(9), 3341-3351. 

 

Chungloo, S., & Limmeechokchai, B. (2009). Utilization of cool ceiling with roof 

solar chimney in Thailand: The experimental and numerical analysis. 

Renewable Energy, 34(3), 623-633. 

 

CIBSE (1999). Environmental design-CIBSE Guide A, External design data. 

Norwood, London: The Yale Press Ltd. 

 

CIBSE (2005). CIBSE Applications Manual AM10, Natural ventilation in Non-

Domestic Buildings. Norwich: Page Bros. Ltd. 

 

Concentration Heat and Momentum Ltd (2010). A Flair for Simulation Retrieved 22 

September, 2010, from http://www.cham.co.uk/DOCS/FLAIR-08.pdf 

 

Ding, W., Hasemi, Y., & Yamada, T. (2005). Natural ventilation performance of a 

double-skin façade with a solar chimney. Energy and Buildings, 37(4), 411-

418. 

 

Duffie, J. A., & Beckman, W. A. (1991). Solar Engineering of Thermal Processes 

(Second ed.). New York: John Wiley & Sons, Inc. 

 

Economic Planning Unit (2010). Tenth Malaysia Plan 2011-2015. Kuala Lumpur: 

Percetakan Nasional Malaysia Berhad 

 

Eicker, U. (2003). Solar Technologies for Buildings. England: John Wiley & Sons 

Ltd. 

http://www.cham.co.uk/DOCS/FLAIR-08.pdf


© C
OPYRIG

HT U
PM

 218 

Ernest, D. R. (1991). Predicting Wind-Induced Indoor Air Motion, Occupant 

Comfort, and Cooling Loads in Naturally Ventilated Buildings. Unpublished 

doctoral dissertation, University of California, Berkeley. 

 

Evola, G., & Popov, V. (2006). Computational analysis of wind driven natural 

ventilation in buildings. Energy and Buildings, 38(5), 491-501. 

 

Fox, R. W., & McDonald, A. T. (1998). Introduction To Fluid Mechanics (Fifth ed.). 

New York: John Wiley & Sons, Inc. 

 

Gan, G. (2006). Simulation of buoyancy-induced flow in open cavities for natural 

ventilation. Energy and Buildings, 38(5), 410-420. 

 

Gan, G. (2010). Impact of computational domain on the prediction of buoyancy-

driven ventilation cooling. Building and Environment, 45(5), 1173-1183. 

 

Gan, G., & Riffat, S. B. (1998). A numerical study of solar chimney for natural 

ventilation of buildings with heat recovery. Applied Thermal Engineering, 

18(12), 1171-1187. 

 

Givoni, B. (1981). Man, Climate and Architecture (Second ed.). London: Applied 

Science Published. 

 

Gunerhan, H., & Hepbasli, A. (2007). Determination of the optimum tilt angle of 

solar collectors for building applications. Building and Environment, 42(2), 

779-783. 

 

Hamdy, I. F., & Fikry, M. A. (1998). Passive solar ventilation. Renewable Energy, 

14(1-4), 381-386. 

 

Harris, D. J., & Helwig, N. (2007). Solar chimney and building ventilation. Applied 

Energy, 84(2), 135-146. 

 

Hirunlabh, J., Kongduang, W., Namprakai, P., & Khedari, J. (1999). Study of natural 

ventilation of houses by a metallic solar wall under tropical climate. 

Renewable Energy, 18(1), 109-119. 

 

Hirunlabh, J., Wachirapuwadon, S., Pratinthong, N., & Khedari, J. (2001). New 

configurations of a roof solar collector maximizing natural ventilation. 

Building and Environment, 36(3), 383-391. 

 

Hunt, G. R., & Linden, P. P. (1999). The fluid mechanics of natural ventilation--

displacement ventilation by buoyancy-driven flows assisted by wind. 

Building and Environment, 34(6), 707-720. 

 

Incropera, F. P., & DeWitt, D. P. (2002). Fundamentals of Heat and Mass Transfer 

  (Fifth ed.). New York: John Wiley & Sons. 

 



© C
OPYRIG

HT U
PM

 219 

Kaiser, A. S., Zamora, B., & Viedma, A. (2009). Numerical correlation for natural 

convective flows in isothermal heated, inclined and convergent channels, for 

high Rayleigh numbers. Computers & Fluids, 38(1), 1-15. 

 

Khedari, J., Boonsri, B., & Hirunlabh, J. (2000b). Ventilation impact of a solar 

chimney on indoor temperature fluctuation and air change in a school 

building. Energy and Buildings, 32(1), 89-93. 

 

Khedari, J., Hirunlabh, J., & Bunnag, T. (1997). Experimental study of a roof solar 

collector towards the natural ventilation of new houses. Energy and 

Buildings, 26(2), 159-164. 

 

Khedari, J., Mansirisub, W., Chaima, S., Pratinthong, N., & Hirunlabh, J. (2000a). 

Field measurements of performance of roof solar collector. Energy and 

Buildings, 31(3), 171-178. 

 

Khedari, J., Rachapradit, N., & Hirunlabh, J. (2003). Field study of performance of 

solar chimney with air-conditioned building. Energy, 28(11), 1099-1114. 

 

Khedari, J., Yimsamerjit, P., & Hirunlabh, J. (2002). Experimental investigation of 

free convection in roof solar collector. Building and Environment, 37(5), 455-

459. 

 

Kolb, A., Winter, E. R. F., & Viskanta, R. (1999). Experimental studies on a solar air 

collector with metal matrix absorber. Solar Energy, 65(2), 91-98. 

 

Kubota, T., Chyee, D. T. H., & Ahmad, S. (2009). The effects of night ventilation 

technique on indoor thermal environment for residential buildings in hot-

humid climate of Malaysia. Energy and Buildings, 41(8), 829-839. 

 

Kuehn, T. H., Ramsey, J. W., & Threlkeld, J. L. (1998). Thermal Environmental 

Engineering (Third ed.). New Jersey, United States of America: Prentice 

Hall. 

 

Lee, K. H., & Strand, R. K. (2009). Enhancement of natural ventilation in buildings 

using a thermal chimney. Energy and Buildings, 41(6), 615-621. 

 

Letan, R., Dubovsky, V., & Ziskind, G. (2003). Passive ventilation and heating by 

natural convection in a multi-storey building. Building and Environment, 

38(2), 197-208. 

 

Li, A., Jones, P., Zhao, P., & Wang, L. (2004). Heat transfer and natural ventilation 

airflow rates from single-sided heated solar chimney for buildings. Asian 

Architecture and Building Engineering, 3(2), 233-238. 

 

Li, Y., & Delsante, A. (2001). Natural ventilation induced by combined wind and 

thermal forces. Building and Environment, 36(1), 59-71. 

 

Li, Y., & Holmberg, S. (1994). General flow and thermal boundary conditions in 

indoor air flow simulation. Building and Environment, 29(3), 275-281. 



© C
OPYRIG

HT U
PM

 220 

 

Liu, P.-C., Lin, H.-T., & Chou, J.-H. (2009). Evaluation of buoyancy-driven 

ventilation in atrium buildings using computational fluid dynamics and 

reduced-scale air model. Building and Environment, 44(9), 1970-1979. 

 

Lunde, P. J. (1980). Solar Thermal Engineering: Space Heating and Hot Water 

Systems. New York: John Wiley & Sons, Inc. 

 

Malaysian Meteorological Department (2010). General Climate of Malaysia 

Retrieved 5 February, 2010, from 

http://www.met.gov.my/index.php?option=com_content&task=view&id=75

&Itemid=1089 

 

Malaysian Meteorological Department, Jalan sultan, 46667, Petaling Jaya, Selangor. 

 

Manz, H. (2003). Numerical simulation of heat transfer by natural convection in 

cavities of facade elements. Energy and Buildings, 35(3), 305-311. 

 

Manz, H. (2004). Total solar energy transmittance of glass double façades with free 

convection. Energy and Buildings, 36(2), 127-136. 

 

Mathur, J., Bansal, N. K., Mathur, S., Jain, M., & Anupma (2006a). Experimental 

investigations on solar chimney for room ventilation. Solar Energy, 80(8), 

927-935. 

 

Mathur, J., Mathur, S., & Anupma (2006b). Summer-performance of inclined roof 

solar chimney for natural ventilation. Energy and Buildings, 38(10), 1156-

1163. 

 

McVeigh, J. C. (1977). Sun Power : An Introduction to the Applications of Solar 

Energy. New York Pergamon Press. 

 

Mentor Graphics (2009a). FloTHERM: Optimizing Thermal Design of Electronics 

Retrieved 22 September, 2009, from 

http://www.mentor.com/products/mechanical/products/upload/flotherm.pdf 

 

Mentor Graphics (2009b). FloVENT: Mechanical Analysis Retrieved 23 September, 

2009, from 

http://www.mentor.com/products/mechanical/products/upload/flovent.pdf 

 

Mentor Graphics (2010). FloVENT® User Guide-Software Version 9.1. 

 

Miyazaki, T., Akisawa, A., & Kashiwagi, T. (2006). The effects of solar chimneys 

on thermal load mitigation of office buildings under the Japanese climate. 

Renewable Energy, 31(7), 987-1010. 

 

National SME Development Council (2010). SME Annual Report 2009/10-

Transformation to the New Economic Model Retrieved 12 January 2011, 

from http://www.smecorp.gov.my/node/1188 

 

http://www.met.gov.my/index.php?option=com_content&task=view&id=75&Itemid=1089
http://www.met.gov.my/index.php?option=com_content&task=view&id=75&Itemid=1089
http://www.mentor.com/products/mechanical/products/upload/flotherm.pdf
http://www.mentor.com/products/mechanical/products/upload/flovent.pdf
http://www.smecorp.gov.my/node/1188


© C
OPYRIG

HT U
PM

 221 

Nicol, J. F., & Humphreys, M. A. (2002). Adaptive thermal comfort and sustainable 

thermal standards for buildings. Energy and Buildings, 34(6), 563-572. 

 

Nugroho, A. M. (2007). Solar Chimney Geometry for Stack Ventilation in Malaysia 

Terrace House. Unpublished doctoral dissertation, Universiti Teknologi 

Malaysia, Johor. 

 

Nugroho, A. M., Hamdan, M., & Ossen, D. R. (2007). A preliminary study of 

thermal comfort in Malaysia’s single storey terraced houses. Asian 

Architecture and Building Engineering, 182, 289-296. 

 

Ong, K. S. (2003). A mathematical model of a solar chimney. Renewable Energy, 

28(7), 1047-1060. 

 

Ong, K. S. (2011). Temperature reduction in attic and ceiling via insulation of 

several passive roof designs. Energy Conversion and Management, 52(6), 

2405-2411. 

 

Ong, K. S., & Chow, C. C. (2003). Performance of a solar chimney. Solar Energy, 

74(1), 1-17. 

 

Othman, M. Y. H., Sopian, K., Yatim, B., & Dalimin, M. N. (1993). Diurnal pattern 

of global solar radiation in the tropics: a case study in Malaysia. Renewable 

Energy, 3(6-7), 741-745. 

 

Puangsombut, W., Hirunlabh, J., Khedari, J., Zeghmati, B., & Win, M. M. (2007). 

Enhancement of natural ventilation rate and attic heat gain reduction of roof 

solar collector using radiant barrier. Building and Environment, 42(6), 2218-

2226. 

 

Punyasompun, S., Hirunlabh, J., Khedari, J., & Zeghmati, B. (2009). Investigation on 

the application of solar chimney for multi-storey buildings. Renewable 

Energy, 34(12), 2545-2561. 

 

Rahman, A. M. A. (1994). Design for Natural Ventilation in Low-cost Housing in 

Tropical Climates. Unpublished doctoral dissertation, University of Wales 

College of Cardiff, Cardiff. 

 

Rajeh, M. (1989). Natural Ventilation in Terrace Housing of Malaysia: Effect of Air 

Well on Air Flow and Air Velocity. Unpublished master dissertation, 

University of Queensland. 

 

Said, S. A. M., Habib, M. A., Badr, H. M., & Anwar, S. (2005). Turbulent natural 

convection between inclined isothermal plates. Computers & Fluids, 34(9), 

1025-1039. 

 

Sapian, A. R. (2004). Possibilities of Using Void to Improve Natural Cross 

Ventilation in High-rise Low Cost Residential Building. Unpublished doctoral 

dissertation, Universiti Teknologi Malaysia, Johor. 

 



© C
OPYRIG

HT U
PM

 222 

Shariah, A., Al-Akhras, M. A., & Al-Omari, I. A. (2002). Optimizing the tilt angle of 

solar collectors. Renewable Energy, 26(4), 587-598. 

 

Sopian, K., & Othman, M. Y. H. (1992). Estimates of monthly average daily global 

solar radiation in Malaysia. Renewable Energy, 2(3), 319-325. 

 

Sopian, K., Othman, M. Y. H., & Wirsat, A. (1995). The wind energy potential of 

Malaysia. Renewable Energy, 6(8), 1005-1016. 

 

Spenser, S. (2001). An Experimental Investigation of a Solar Chimney Natural 

Ventilation System. Unpublished Master of Applied Science dissertation, 

Concordia University, Canada. 

 

Susanti, L., Homma, H., Matsumoto, H., Suzuki, Y., & Shimizu, M. (2008). A 

laboratory experiment on natural ventilation through a roof cavity for 

reduction of solar heat gain. Energy and Buildings, 40(12), 2196-2206. 

 

Szokolay, S. V. (1978). Solar Energy and Building (Second ed.). London: The 

Architectural Press Ltd. 

 

U.S. Department of Energy (1984). Passive Solar Design Handbook. New York: Van 

Nostrand Reinhold Company. 

 

UBBL (1984). Uniform Building By-Laws 1984. Petaling Jaya, Selangor: 

International Law Book Services. 

 

Wei, D., Qirong, Y., & Jincui, Z. (2011). A study of the ventilation performance of a 

series of connected solar chimneys integrated with building. Renewable 

Energy, 36(1), 265-271. 

 

Wong, N. H., & Heryanto, S. (2004). The study of active stack effect to enhance 

natural ventilation using wind tunnel and computational fluid dynamics 

(CFD) simulations. Energy and Buildings, 36(7), 668-678. 

 

Yakup, M. A. b. H. M., & Malik, A. Q. (2001). Optimum tilt angle and orientation 

for solar collector in Brunei Darussalam. Renewable Energy, 24(2), 223-234. 

 

Yousef, B. A.-R. A. A. A. (2007). Development of a Mathematical Model to Predict 

Thermal Performance and Cost Effectiveness of Solar Air Heaters. 

Unpublished doctoral thesis, Universiti Putra Malaysia, Selangor.  

 

Zain-Ahmed, A., Sopian, K., Zainol Abidin, Z., & Othman, M. Y. H. (2002). The 

availability of daylight from tropical skies--a case study of Malaysia. 

Renewable Energy, 25(1), 21-30. 

 

Zamora, B., & Kaiser, A. S. (2009). Optimum wall-to-wall spacing in solar chimney 

shaped channels in natural convection by numerical investigation. Applied 

Thermal Engineering, 29(4), 762-769. 

 



© C
OPYRIG

HT U
PM

 223 

Zhai, X. Q., Dai, Y. J., & Wang, R. Z. (2005). Experimental investigation on air 

heating and natural ventilation of a solar air collector. Energy and Buildings, 

37(4), 373-381. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	ROOF SOLAR COLLECTOR AND VERTICAL STACK FOR ENHANCING INDOOR VENTILATION OF SINGLE-STOREY SHOPHOUSE IN MALAYSIA
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS
	REFERENCES



