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ABSTRA T 

The housing industry in Malaysia is faced w ith one of the challeng , of 

sustainable development in the built cnvironm ent; that is pt'l' i iin' quality n dern 

houses with respect to thermal and energy p rformanc s, 

to address this challcn ic and Sl'V ml rd lkd issue ~ 

-h " is · uric l out 

·n • • ·lli.ci incy 

documentation and guid ·Jin s for 1 si I nt ill huildin is in t.11. '.'i 1. -lim tic design of 

modern houses to address th problem of thermal mfort nu oncems on energy 

efficiency, and rccomm end d limuti design le. tur st l: e d pted. 

The aim of this res arch is t identify the thermal de ign of roof assemblage for 

optimum whole-building thermal and n rgy performances for low-rise detached 

residential buildings in Malaysia. The objecti es are to quantify the optimum roof 

thermal parameters for best thermal performance, to apply the combined optimum roof 

thermal parameters and evaluate whole-building thermal and energy performances, and 

lastly to analyse the roof thermal design options pertaining to the thermal impact and 

cooling energy needs. The outcome is to contribute to recommendations for th .nnnl 

de ign of the r of: for low-rise detached residential buildings in Malaysia. 

The investigations were performed via numerical simulation on .omputcr using 

Tas as a thermal design tool. The Public Works Department New Quart rs I c: i in 

(PWD-NQD) double-storey bungalow was used as th' buildinu mod ·I. the 

performance evaluations were ba ·ed on dynamic whole-building analys c. for each re )1 

model. The material and con truction of the envelop wcr bas· I on cm cntional 

practice. The roof thermal parameter' arc th ext rnal urface c lour fr f nng, 

air space layer beneath roof covering, supplementary thermal in ulati n beneath 

conventional radiant barrier ventilation or roof space, option for horizontal c iling and 

thermal insulation over horizontal ceilin •. 



The respective computed optimum roof thermal parameters are light surface 

colour of roof covering, 50 mm of air space, 40 mm of supplementary thermal 

insulation, 10 air change per hour (ach) for roof space mtilation rate. and _o nun of 
thermal insulation for horizontal ceiling. S •l xtivc comhin.uion of th' iptinuuu roof 

thermal parameters produced seven d ·si n c)pt ions, each ith mo l ls ,f four colour· to 

consider the colour prefer •nc •. The findin s nrc c ,)mt il t into hnr s tl r comparative 

performance evaluations of the roof thermal dud '11 options .. n th d sign options 

reveal more significant thermal impact in the TI. ol sp. c th n the elected occupied 

living spaces. The modest temperature rnodific tion found in the selected occupied 

living spaces results in a nominal thermal comfort improvement. The ultimate solution 

to augment the thermal comfort needs was pro ided by active cooling. While the 

thermal improvement is minimal, the impact on the energy for cooling needs indicated 

by the sensible cooling load is quite notable with a savings between 2.8 % to 12.6 %. 

This could be equivalent to an energy savings of up 2.1 % by the residential sector that 

translates to a national savings of 0.4 %. 

In conclusion, the findings of this study reveal some potential in climaticnll 

responsive roof design alternatives. Despite the nominal. thermal modifications from the 

investigated roof thermal design options, the implication on energy for cool in' n • ds is 

noteworthy in view of the emerging demands for active c oling to nmcliornrc the 

thermal comfort condition. 
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AB TRAK 

Industri perumahan di Malaysia rncnghadapi salah satu darip da cabaran 

pembangunan mapan dalam alam terbina; iaitu untuk men diuk m rum ih med I yang 

berkualiti dari segi prestasi term· dan tcnuga, Knjinn ini Iil u u ut\ uk tu .u 1ludupi 

cabaran ini dan bcbcrapa isu ynn I erk ritnn iniru 1, kum u i in 'tri:punduan 

kccckapan tcna 'H untuk bun run m kcdl un n di ~ t.ll. si. .1 ntuk rumah moden 

yang bcrusnskan iklirn untuk mcngh 1 pi m sal. h ks lcsaar terma dan kecekapan 

tcnaga, dan adaptasi ciri-ciri r k b ntuk b r s. sk: n iklirn. 

Tujuan kajian ini ialah untuk mengenalp ti rekab ntuk tenna pemasangan 

bumbung untuk prcstasi tcnna dan tenaga yang optima untuk keseluruhan bangunan 

bagi bangunan kediaman rendah berasingan di Malaysia Objektif kajian adalah untuk 

mengkuanti.fikasi parameter terma bumbung yang optima untuk prestasi terma yang 

terbaik, untuk mengapli.kasikan gabungan parameter tenna optima bumbung dan 

menilai prestasi terma serta tenaga untuk keseluruhan bangunan, dan akhir sekali untuk 

menganalisis pilihan-pilihan rekabentuk terma bumbung yang berkaitan dcngan impnk 

terma dan kepcrluan tcnaga untuk pcnycjukan. Hasil kajian ialah untuk m myurubnng 

kcpada cadangan rekabentuk tcrma bumbung untuk ban iunan k diumun rend th 

berasingan di Malaysia. 

Kajian telah dilakukan melalui simulasi kornputcr d engun mcnggunnkun n. 

sebagai satu pcralatan rckabcntuk terma. Kuartcrs banglo dua tingkat r kub ntuk barn 

Jabatan Kerja Raya tclah digunakan sebagai model ban 1unan. Pcnilaian adalah 

bcrdasarkan analisis dinamik keseluruhan bangunan untuk etiap mod I bumbung. 

Bahan dan pcmbinaan sampul bangunan adalah bcrda 'arkan praktis s ma a. Parameter 

terma bumbung adalah tcrdiri duri warnn luar k ·pingnn humbung, lapL an ud. rn di 

bawah kcpingan hurnhun 1, insulasi tcrma tambahan di bawah lapi,an p nghalang 
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radiasi, pengudaraan ruang bumbung, pilihan untuk pcngunaan siling mendatar, clan 

insulasi terma di atas siling mendatar. 

Parameter terma bumbung optima yang dikira adnlah arn k 'pin an bumbung 

tidak gelap, 50 mm lapisan udara, 40 mm insulnsi tcrmn tuml ihan. t 0 tuk. mm udaru per 

jam (ach) untuk kadar pen udaraan ruanp, buml on km 0 mm in -ul isl siting 

mcndatar. Pcmilihan abuugan pnnunc k r re rm. l uml une 'n' iptima tclah 

mcnghasilkan tujuh rckub .ntuk nltcrnntif, scti p sntu kn'· n mp u pilihan warna untuk 

mcngambilkira kc, mnran warnn. , mu h. sil kirm n lisusnn 1 m bentuk carta untuk 

pcnilaian pcrbandingan prestasi bagi rel .. abenruk terma bumbung. Setiap rekabentuk 

mcnunjukkan impak tcrma yang t bih ketara dj ruang bumbung berbanding dengan 

ruang kediaman yang dipilih. Pcrubahan uhu kecil yang didapati di dalam ruang 

kediaman yang dipilih tersebut membawa kepada pembaikan keselesaan terma yang 

nominal. Penyejukan aktif digunakan sebagai penyelesaian muktarnat untuk memenuhi 

keperluan keselesaan terma. Oleh itu, walaupun penambahbaikan terma adalah kecil, 

impaknya agak ketara ke atas keperluan tenaga untuk penyejukan aktif den ran 

penjimatan diantara 2.8 % kc 12.6 %. Ini boleh mernberikan pcnjimatun tcnng \ 

sehingga 2.1 % dari sektor pcrumahan yang dapat ditukarkan kcpada 0.4 % dnripnd \ 

kcgunaan tenaga ncgara. 

Sebagai kcsimpulan, hasil kajian ini telah mcnunjukkan b ·b rapa r k 1t cntuk 

alternatif terma bumbung yang berpotensi untuk memb rikan resp n kcpada iklim 

pcrsckitaran. Walaupun rckabentuk altcrnatif bumbung dalam kajian ini mcmbawa 

kcpada pcnambahbaikan tcrma yang nominal, irnplikasi terhadap t n ga untuk 

penyejukan adalah wajar dipandang dari sudut pcningkatan kch ndak p nggunaan alat 

penghawa dingin untuk mcmpcrbaiki kcadaan kcsclcsaan lcm1a. 
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CHAPTER 1: INTRODUCTION 

1.1 Research background 

One of the primary purposes or u huildin \ is to l l )1 'I th \ ''U[ ants from the 

unfavourable external climatic cl nncnts. Bcsldcs prn' idinu th l lsi' nee l . for shelter, 

the building industry is going through mun conccpun 1 ,)S \ Il ls phy sic il reformations 

in tandem with the human civilisation. This is lcnrl dcmc nstrat d by the interest of 

many professionals and academics in a sus t inable built environment that has led to 

numerous studies on building design (Santamouri , '.2001; Baker and Steemer, 2000; 

Hyde, 2000; Givoni, 1998; Anink et al., 1996; Edwards, 1996; Thomas et al., 1996) and 

sophisticated building performance evaluations (Augenbroe, 2002; Hensen, 2002; 

Clarke, 2001; Cole, 1998) as well as energy resources (Australia, 2004a; FSEC, 2003; 

U.S.A, 2003). The primary concern is for harmonization of climate, building, man, and 

energy. 

The alarm about global warming has galvanised the international cornrnunit 

towards formulating global agreements to address the emerging related issues on 

humankind and environment (United-Nations, 2002, 1997, 1992). In the aspiration for 

Vision 2020, the Government of Malaysia has included sustainable development as one 

of the development thrusts in the Eight Malaysia Plan (Malaysia, 2001 a). One of th' 

strategies includes the provision for quality housing to enhance the quality of life, and 

the Malaysia Public Works Department (PWD) is taking the challenge by initiating a 

New Quarters Design (NQD) programme that embraces the principles of sustainability 

(Jaffar, 2004). The programme is at the forefront towards establishing the relevant 

standards and code of practices for residential buildings in Malaysia. Towards that end, 
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building performance evaluation is one of the fundamental undertakings to be 

accomplished. 

The national reviews regarding sustainable development fo cusing on climatic 

designs and energy efficiency (EE) have reveal ·d the luck of supporting do .um ntation 

and guidelines for residential buildin 'S. While some ' n ml r -onuu -ndations on 

climatic design strategics adopted from similar climntcs m .1 nilnbl • 1 svst matic and 

comprehensive study on the impact or the loc 11 climate is pm lent ml highly imperative 

to establish the notional benchmarks. This need is subst ntiated by the findings of 

several studies on the climatic . uitabilit of traditional h u es (Zain-Ahmed, 2000; 

Harith, 1997; Abdul Rahman, 1994) and modem houses (Davis et al., 2000; Harith, 

1997; Abdul Rahman, 1994; Hanafi, 1991) in Malaysia. Traditional houses were 

reported to demonstrate adaptations to the climate through the architectural design, and 

materials and construction of the envelope while the contemporary modem houses were 

criticised of being not climatically responsive. 

For buildings in equatorial regions with warm humid climate such as Malaysia, 

the roof has been said to be a major source of heat gain (Olgyay, l 992; Kocnigsbcrgcr 

et al., 1980; Markus and Morris, 1980; Givoni, 1976). Roof studies in other climntcs 

have shown significant impact on the thermal performance (Parker ct al., 2003; Al 

Sanea, 2002; Emmanual, 2002) and the cooling loads (Parker ct al., 2003; Nini, 2002; 

Parker et al., 2001). Similar studies on houses in Malaysia have shown a nominal roof 

impact on the whole-building thermal performance in natural ventilation (Davis and 

Nordin, 2002a; Zakaria and Woods, 2002a, 2002b; I Ianafi, 1991 ). I lowcvcr, except for 

Davis and Nordin (2002a) the data were not analysed for the cooling energy demand. 

Despite the climatic design of traditional houses, previous finding have 

concluded that in both traditional and contemporary modern houses, a whol -day indoor 

thermal comfort could not be attained 111 'rely by natural means due to climatic factor 
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as well as constructional constraints (Zain-Ahmed, 2000; Abdul Rahman, 1994; Hanafi, 

1991); hence active cooling is necessary to augment the comfort needs. Therefore, in 

view of the global concerns on the various humanity and n ironm .ntal is sues in 

relation to energy, it is imperative to investigate th im] 1 t of buil ling d .sign on 

thermal and energy performance of houses in Mula sia l 'on thi · re ·' irch is 

carried out in response to the discussed issues on 1 sid ntiul l nil tin' · ith ref .rence to 

the contemporary modern houses focusing on th roof l st in 

1.2 Re. earch issue. and statement 

The research issues discu scd m th preceding ection are summarised as 

follows: 

• EE documentation and guidelines for residential building 

• Failure of modem houses to provide quality housing with respect to thermal and 

energy performances 

• Climatic design strategies to be adopted. 

The stated research issues relate to the performance of the building based on a 

whole-building analysis. The thermal and energy performances arc determined by the 

heat exchange of the building. These exchanges arc influenced by the building 

response to the local climate. Control of the heat exchanges can b ' achieved via proper 

thermal design of the building envelope. For buildings in lower latitude regions, is-a 

vis the Equator, the roof has been said to be the major source of heat gain. ·1 his heat 

gain would be more significant in low-rise re idential buildings. Thus, appropriate 

thermal design of the roof would be able to moderate the thermal impact from the local 

climatic conditions. This research explores the thermal design of the roof for a Public 

Works Department New Quarters Design (PWD-NQD) double-storey bungalow by 

evaluating the dynamic whol i-building thermal and energy performances. 
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1.3 Aim, objective and outcome of res · rch 

The research aim, objectives, and outcome wer resolved follov 'ing the tared 

research issues and statement. 

a) Aim: The aim is to identify the thermal lk si in l,f t ,f \ss -mbl \) for optimum 

whole-building thermal and energy p rform inc lc.)t t, ns i 't,1 .h d residential 

buildings in Malaysia. 

b) Objectives: To achieve this aim, th obje ti cs of thi re earch are: 

i) To quantify the optimum roof thermal parameters for best thermal performance 

ii) To apply the combined optimum roof thermal parameters and evaluate whole 

building thermal and energy performances 

iii) To analyse the roof thermal design options pertaining to the thermal impact and 

cooling energy needs. 

c) Outcome: The outcome of the study i to contribute to recommendations for 

thermal design of the roofs for low-rise detached residential buildings in Malaysia. 

1.4 Significance of research 

This research investigates the strategies for the roof thermal design for warm 

humid climate that have been recommended by researcher. in the c untry and from 

abroad. It is a systematic study to identify and quantify the ugge ted climatic de ign 

elements and analyses the detail impact of various design alternative approaches for the 

roofs of low-rise detached residential buildings in Malaysia. It produces a s ries of 

definitive analysis on the impact in terms of thermal performance and energy 
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conswnption requirement incorporating realistic loads and heat transfer in a real 

building. Every roof thermal parameter identified in the previous international and 

national studies were methodically analysed to converge to se eral realistic de sign 

alternatives within the bounds of the conventional contcmpor u pm .riccs and the 

available construction technology in Mnlaysia. l'hc 1 s ru ·h fin lin is -ould u · ·i t 

designers for a comparative analysis und scr c is u b.isis for oth t le sign toll' to be 

transpired from further research. 

1.5 Research Methodology 

This study has prop sed to achieve the aim of the research by exploring and 

evaluating the suitable thermal design of the roofs for low-rise detached residential 

buildings in Malaysia. Subsequently, several roof design options were identified and 

quantified by dynamic whole-building thermal and energy analyses. To achieve these, a 

nwnber of roof parameters and variables were considered and selected permutations 

were executed. 

For those endeavours, the most realistic and economical research method was 

nwnerical simulation via computer modelling. Suitable computer th rmul design 

software was selected as the experimental tool. The investigations were performed 

within the defined scope of research, the analyses were confined within the capacity of 

the generated output data, and the research outcome was formulated within the 

limitation of research. The research process is illustrated in Figure 1.1. 
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1.5.1 Scope of research 

The defined scope of study covers the type and model of building. material and 

construction of the envelopes, and the roof param .tcrs. Th 1 \ f parameters were 

selected because they influence the external heat min in l h u -hanges of the 

building. 

a) Type and model of building: The house 1. l is me t rn .oruernporary and a 

Public Works Department New Quarters Design {P D- Q ) double- torey bungalow 

was chosen as the model. The selection for th building m del is explained in Chapter 4 

section 4.5 (a). 

b) Material and construction: These are based on the conventional construction 

practices for modem houses in Malaysia. This is to ensure the practicality and feasibility 

of implementing the research findings with recommendations that are consistent with 

the available conventional construction technology. The attributes for the building 

envelope are given in section 6.4.1 (b) and ( c ). 

c) Roof parameters: These are the characteristics of the conventional assembly of 

outer skin, thermal insulation, horizontal ceiling, and roof ventilation. These arc listed as 

follows and the details are explained in section 6.2.1 to 6.2.4: 

• External surface colour (hue) of roof covering 

• Air space layer beneath the roof covering 

• Supplementary thermal insulation beneath the conventional radiant barrier 

• Ventilation of roof space 

• Option for horizontal ceiling 

• Thermal insulation over the horizontal ceiling 
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1.5.2 Investigation tool 

Tas was selected as the most appropriate thcnnal design softv are (refer to 

Chapter 5 for the selection). It was used to perform dynamic hole-building imulation 

and the analyses were based on the generated output dut \. 

1.5.3 Analysis 

Appraisal for pcrformanc c nluations 1. re b sed on th analy es of thermal 

performance in terms of the thermal comfort hours, and en rg 'performance in terms of 

cooling load consumption. 

1.6 Thesis organisation 

The thesis comprises of eight chapters as follows: 

Chapter 1 presents an overview of the research that covers a brief introduction 

to the research background, issues and statement, aim, objectives, outcome, signi fican ' 

of research, and the research methodology employed in the study. 

Chapter 2 reviews the international studies of building design for warm-humid 

climates. It covers the climatic design strategies and thermal designs of the roof. A brief 

introduction to some basic thermophysical properties of material and construction is 

included. 

Chapter 3 reviews the national studies on climatic design of residential 

buildings in Malaysia. It covers the thermal performances of traditional and modern 

houses. An overview of the climate, thermal comfort studies, and energy in building are 

included. 
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•'Chapter 4 outlines the re iearch methodology that includes discussions on the 

research issues and statement, aim, objectives, outcomes, cope, approach. and 

analyses. 

Chapter 5 discusses the evaluation for the sclc .tion ot th · nuput 'r-modelling 

simulation tool and includes an overview of Tits th:\t 

software. The evolution and applicatir ns ot the t nil Iinu simul ui 'll tc .hn l gy in 

building performance asscssrn ents in rcscar -h n i r . l l 1 ti 

Chapter 6 explains and clnbort tcs the pn'~-·- fr th num rical simulation by 

means of computer modelling. It in ludcs the e: perim ntal de ign, setting up of the 

relevant input data for the software, and finally the execution of the simulation. 

Chapter 7 presents the analyses and discussion of results. These are illustrated 

in tables and graphs. The findings are summarised to produce charts to assist with the 

comparative analyses for the performance evaluations. 

Chapter 8 concludes the thesis by relating the major findings to the research 

objectives and suggest a design recommendation. The significant contribution to 

knowledge is highlighted. It also discusses the probable implications on the national 

energy usage and the conventional design concepts. Subsequently, recommendations for 

further work in this research area arc made. 

In this thesis, residential building refers to domestic dwelling in form of houses 

and the terms are used interchangingly. Optimum is defined as the condition for the be t 

thermal performance that would be constructionally viable and would not deviat from 

the contemporary conventional construction practices in Malaysia. I£ refer' to th 

necessary usage of active cooling to supplement the thermal comfort needs in respon e 

to the thermal impact of the envelope de igns. 

9 



CHAPTER 2: GENERAL OVERVI W 011' HlJILDING DESIG IN 

WARM HUMID CLIMATE 

2.1 Introduction 

'I his chapter presents a summnry of 11n intc rn \thm.ll 1 ' n th · me ept ' and 

applications of climatic and thermal d ·sign of buildings in nrm humid climate, for 

houses in general and roofs in parti ulnr. I he re mmcnd d haracteri tics and 

strategics as suggested in many ref ercncc ba ed on th architectural concepts and 

general principles of heat transfer arc discussed. This includes studies on thermal design 

of roofs that discuss the influence of thermophysical properties on thermal and energy 

performances of roof spaces as well as the whole building. 

2.2 Climatic building design 

The concerns and the necessity of the harmonization involving climate, building, 

man and energy have been extensively discussed, and articulately expressed and 

documented in numerous references from countless thermal studies of buildings 

(Krishan et al., 2001a; Santamouris, 2001; Baker and Steemer, 2000; Hyde, 2000; 

Givoni, 1998; Santamouris and Asimakopolous, 1996; Givoni, 1994; Olgyay, 1992; 

Szokolay, 1991; Simha, 1985; Hawkes and Owers, 1981; Markus and Morris, 1980; 

Koenigsberger et al., 1980; Saini, 1980; Evans, 1979; Givoni, 1976; Straatcn, 1967; 

Rogers, 1964). Consequently, a range of recommendations and guideline for climatic 

design strategies has been proposed. In this section, the discussions, suggestions, and 

recommendation on building designs and the appropriate design strategics are 

subsequently reiterated, examined, summarised, and discussed together with the 

findings from other related studi is, 
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One of the primary purposes of a building is to protect the occupants from the 

unfavourable outdoor conditions such as heat, cold, wind, and rain. part from 

providing shelter, to make the building habitable and fun nionnl, it -hould pnn ide the 

needed and required indoor environment. Thus, the buildinu shoul i l l • ·ign -d and 

constructed to provide the desirable indoor climate I ucunc is ,\ l uri -r 1Jr mo lifier 

between the exterior and interior .linuucs. This m ans h' tnk \ l um 1g • of the 

favourable climatic clements and control or modif the unfa onrablc '11l:S. The indoor 

climate is the condition consisting of nil the physical properties in room that influence 

the sensation of comfort of a person (Fanger, 1972). Th main concern is the thermal 

impact of climate on building that sub equently affect the physiological, psychological, 

and physical functions of the human body for health, well being, and comfort. 

For tropical climate where heat and humidity are the dominant problems, wind 

is beneficial while the intense solar radiation could be detrimental. Climatic control by 

the building can be accomplished through climatic design with the application of 

thermal design of buildings and these are further discussed in detail throughout the 

chapter. The control of the built environment could be achieved by passive and/or active 

mechanical means. However, passive means have their limitations where active 

mechanical means would be the final alternative to augment the comfort requirements. 

Therefore, various forms and sources of energy would be used to operate and maintain 

these buildings for its functional use to attain the necessary level of comfort. 

There are growing global interests and concerns on the energy resources and 

related environmental matters, and the consequential impact of human activities on the 

environment for our future generations (United-Nations, 2002; 1997; 1992). The 

worldwide awareness and the initiatives taken by the international community with the 

commitments and support by the many world leaders and governments have heightened 

the public awareness on the issues in various related sectors. 
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With regards to built environment, the primary concern is for sustainability in 

the developments of building industry and building energy consumption. The 'e have 

positioned many professionals in the building indu nry; builders, en iin .rs, irchitect 

and scientists alike, into the limelight, and have add 'd i iour to inst in: turth -r res -arch 

in the areas of climatic design (Capcluto 't nl., :>OO 

Oktay, 2002; Al-l lomoud, 1997; l lydc nnd D<ll'l1ll·t. lt)t); Kindunu n, t>t>7; Coch 

and Serra, 1996; Krishun ct ul., I 996; C h med tor, 1 t t 4; .. ti et 1.. l ) ) ; D Wall, 

1993), passive design (Oral ct 01., 2004; Tang, _002; Inrsh ct 1., _001; nsley, 1999; 

Khedari ct al., 1996; Yczioro and Shaviv, 1996), bioclimatic de ign (Emmanual, 2002; 

Labaki and KowaJtowski, 1998; Y cang, 1998), thermal design (Emmanual, 2002; 

BRANZ, 2001; Marsh et al., 2001; Gamble, 1999; Al-Homoud, 1997; Friedman and 

Cammalleri, 1996), low energy design (Coley and Schukat, 2002; Ahmad, 1999; 

Ansley, 1999), energy efficient design (Oral et al., 2004; Marsh et al., 2001; Carpenter 

et al., 1996; Elnahas, 1994), and green or sustainable or environmental design (Huong 

and Soebarto, 2003; Oktay, 2002; Y eang, 1998) with an endless list of researchers, not 

forgetting the contributions from renewable energy studies. 

The ultimate aim of the studies was to maximise the utilisation of beneficial 

parameters of external climate and to minimise the impact of the unfavourable ones on 

the building, which is the principle of climatic design. In other words, it was to 

maximise indoor comfort by minimising the adverse climatic effect with optimum 

energy consumption using sustainable resources for protection of the environment. All 

those studies on building design are subsets of each other and interrelated in many 

aspects; differed perhaps by the approach and terminology in some, whereby the 

fundamental concept is climatic design that is 'design for the climate'. 

Bioclimatic designs arc designs to respond to the environment by the use of 

suitable material to achieve comfort with the minimum use of energy by active and/or 
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passive means (Givoni, 1994; Olgyay, J 992). On the contrary, comfort in the pa ive 

designs is to be obtained by means of appropriate design and structural control that 

utilise the natural climatic elements such as sun and wind (Santamouris, _OOI: Givoni. 

J 998; Santamouris and Asimakopolous, 1996; Givoni, I ()<)4) l'h me 1 ration of the 

adverse climatic elements through building n c lc)t ':lt\ .\'l\l \ d \ i l th. 

application of the principles or thermal d1•sig11 (l\)'1..1s l')n-n /11·r111/ design of 

building can be defined as a technical design teclmique, or th· 'onstruction of the 

envelopes to act as an efficient thermal harrier between The in loor and the outdoor 

conditions (Rogers, J 964). It controls the indoor climate b the thermal characteristics 

of the material and construction of the envelope, con equently minimising the heating 

and cooling needs. The application of any mechanical devices to modify the indoor 

climate would be illogical if the architectural design, the material, and the construction 

of the envelopes are not appropriate for the climate. Thus, these can be categorised as 

studies in the area of low energy design. It is a study of architectural designs that lead to 

low energy consumption to achieve the desirable indoor climate via active or pas ivc 

means. If these designs were to consider the environmental impact and the sustainability 

of the resources for construction, operation, and maintenance, then they can also hr 

clustered into green and sustainable design (Thomas ct al., J 996; Anink ct al., 1996; 

Vale and Vale, 1991 ). As much as the physical building is concerned, these features arc 

also among the characteristics for energy efficient designs to be augmented with 

energy efficient building service systems, and lastly the most crucial clement is the 

'energy efficient behaviour' of the occupants (Baker and Stecmer, 2000). 

To conclude, climatic design of buildings can therefore be defined as buildings 

designed with adaptation to climate by means of appropriate architectural de ign 

strategies employing the principles of thermal design using suitable building material. 

Climatic designs arc designs that arc thermally efficient for air-conditioned building . or 
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thermally comfortable for passively cooled buildin '" (De Wall, 1993). Thus. a 

climatically well-designed building should either improve the desirable indoor comfort 

in natural environment, or reduce the energy required for acti c control l Furner and 

Szokolay, 1982). 

Various design strategics have been studied and s ' 1,11 I ,'tgn 'h'H l .tcristics 

arc recommended for the differ ·111 types of climate. I he tit:t .1111'1 'h in th climatic 

design suitability is passive design by means of thcrmnl .ontrols crnpl iying ippropriate 

thermal design techniques. The principal strutcg of thcmu l design L th control of 

building heat transfer via the thcrmophysical prop rties of th material and construction. 

Therefore, the architectural design and the thcrmoph ical properties of the building 

material are two main elements of climatic design. TI1e former influences the ventilation 

and heat transfer in the spaces while the latter determines the heat gains and/or losses 

into and out of the building. In the thermal design process, the climatic suitability of the 

building material can be evaluated by the thermal and energy performances of the 

building. 

In summary, it is concluded that climatic design and thermal design arc the basis 

for energy efficiency in building with respect to the requirements for indoor comfort. 

Accordingly, the design strategies recommended for houses in warm/hot humid climate 

are described and discussed in terms of the climatic architectural design and thermal 

design. The architecture climatic design strategies are presented in the following section 

while the thermal design is presented in section 2.3. 

2.2.l Architectural climatic design strategies 

For a tropical climate, solar radiation is one of the most important natural 

contributors to heat gains in dwellings where heat and humidity tresses are exacerbated 

by low and variable wind speed, with roof being the greatest receiver during daytime 
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(Al-Sanea, 2002; Emmanual, 2002; Santosa, 2000; Olgyay, I 992; Koenigsberger et al .. 

1980; Markus and Morris, 1980; Evans, 1979; Mukhtar, I 978; Gi oni, 1976). The 

direct effect of solar radiation is overheating and an c trn load on ir ·onditioning 

(Szokolay, 1975). Therefore, the control of heal gain is of pnrarnount imp man · ~ for 

this climate, and the first control of heat entry is nt the surfa 1. of th m -l 'P (Olgyny, 

1992). 

Thermal control for buildings in hot clim Its .an l ' nchi '' d by mean of 

mechanical control, structural control, and 1. ntilntion and air movement 

(Koenigsbcrgcr ct al., 1980). Mechanical controls in olv the u e of mechanical or 

active systems for cooling needs. On the other hand, structural controls are passive 

strategies via appropriate thermophysical properties of material, building orientation 

and configurations, and sun shading devices. Lastly, fenestration is a crucial factor for 

ventilation and air movement. 

The objectives of thermal control in warm humid climate are to prevent heat 

gain, maximise heat loss and to remove any excess heat by cooling (Koenigsbergcr et 

al., 1980). The first two can be achieved via structural control and ventilation using 

passive means, while the last one requires mechanical control using active sources or 
energy. With due considerations on energy efficiency, the former strategics must be 

fully exploited before resorting to the latter. The recommended strategics (Krishan t 

al., 2001 b; Hyde, 2000; Givoni, 1998; Koenigs berger et al., 1980; Markus and Morris, 

1980; Olgyay, 1992; Evans, 1979; Givoni, 1976) are summarised below. 

a) Form and planning: These are to minimise solar gains and assist cross ventilation 

so as to maximise air movement which can be achieved with the following approaches: 

• Shape, configuration and orientation 

• Large openings with shading devices 
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• Elevated above ground 

b) Walls: The principles of thermal storage do not work for r lion: ' ith mall 

diurnal variations. Thus, the use of lightw ·i iht with lo th rm tl 'li l .it m tt rial and 

minimising the wall area are strategics that can take ad 

This would downplay the influcnc of the wall: there for th 1 

dominant thermal effect. 

iul l h l i more 

c) Roof: Roof is the greatest r ceiver of olar radiati n in tropical climate where 

heat is the prevailing problem coupled with heavy rainfall. It must be designed to reject 

heat, and provide adequate shading and water drainage. The suggested roof 

characteristics are: 

• Pitched 

• Large eaves 

• Double roof 

• Ventilated roof space 

• Low thermal capacity with reflective upper surface 

• Thermal insulation 

d) Ceiling: The use of ceiling with the following features is recommended to act as a 

thermal barrier: 

• High reflective upper surface 

• Low thermal capacity 

• Good resistive insulation. 
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e) Thermal insulation: The application of th rmal in ulations at several locations 

are suggested; 

• Ceiling level or underneath the upper roof layer 

• Aluminium foil beneath roof to reduce radiant h al trun: f 1 

• Supplementary insulation above or b n xuh the -cilinc 

2.3 Thermal design 

The decisions in the thermal d ign pr c s are n idered mainly on three 

factors; the required indoor climate, the outdoor pre ailing' eather condition, and lastly 

the thermophysical properties of material (Chandra, 1980; Straaten, 1967; Rogers, 

1964). The underlying principle is heat exchange of building, which is a complex 

process of heat transfer involving external and internal heat gains and losses comprising 

of sensible and latent heat, influenced by the thermal properties of the materials and 

constructions as well as the weather conditions (Koenigsberger et al., 1980). 

Koenigsberger et al. (1980) described the heat exchange process as in Equation 2.1 and 

illustrated in Figure 2.1. 

Equation 2.1 

where; 

Qi= internal heat gain (human bodies, lamps and household appliances) 

Qs = heat gain due to solar radiation through opaque surfaces and glazing 

Qc =heat transfer via conduction (gains and/or losses) by building envelope 

Q, = heat exchange via ventilation 

Qm- heat introduction (heating) or removal (cooling) by mechanical controls 

(heater/air-conditioner) 

Q, heat removal via evaporation 
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Figure 2.1: Heat exchange of building 
(source: Koenigsberger et al, 1980) 

A thermal equilibrium is maintained when the net heat exchange is zero. The 

building is cooling down (losing heat) when the net heat exchange is negative and 

conversely is heating up (gaining heat) when it is positive. The energy cflicicnc ' 

strategies for warm humid climate are to optimise the structural controls by minimising 

the heat gains via Os (radiation) and Oc (conduction) while maximising the heat los 'S 

via Ov (ventilation) and Oc (evaporation) with the aim of minimising Om· The 

application of the thermal design requires knowledge on the concepts of heat transfer 

and understanding of the thermal effects of building materials. These are briefly 

explained in subsequent sections together with thermophysical properties and the 

climatic suitability of materials (Olgyay, 1992; Szokolay, 1987; Simha, 1985; Markus 

and Morris, 1980; Koenigsberger et al., 1980; Evans, 1979; Givoni, 1976; Szokolay, 

1975; Straaten, 1967; Rogers, J 964). 
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2.3.1 Heat transfer in building 

Heat is defined as an energy transfer between two or more bodie as a result 

from temperature difference (Halliday et al, 200 I). It is transferred into and out of a 

building via the building fabric by conduction, conve tion mdiation, '' aporution, and 

condensation. The first three is accompanied with a chunc in t mt ' uur • ' hit' the last 

two is associated with a change of the state of m ntcr. 

Conduction is the transfer or heat in solids II rm ' .11-m -r t ' , ild ·r mol cules in 

contact with each other while conv ntion is the heat transfer in fluid (air or water) by 

the movement of the molecules from a warmer to a ler region. On the other hand, 

radiation is the transfer of heat through space by electromagnetic waves. Evaporation is 

the process of heat gain where liquid changes to gas while condensation is heat lost 

when gas changes to liquid. 

The mode of heat transfer may change during the process of heat exchange. 

When a building receives solar energy by radiation all of the incident solar energy is 

absorbed (a), reflected (A.), or transmitted (-r) by the different parts of the envelope 

depending on the type of material and properties of the receiving surfaces (refer to 

Figure 2.2). The absorbed energy is later being transmitted into or out of the building, 

whereby the sum of heat transferred is equal to the total energy received. 

a+A.+-r=l Equation 2.2 

For opaque materials, all energy must either be absorbed or reflected. The 

proportion depends on the thermophysical properties of the envelope that includes the 

type of material and construction as well as the surface characteristics. These properties 

are explained in section 2.3.2. The absorptivity to solar radiation ranges from 15 % for 

polished aluminium surfaces to 97 % for black matte surfaces (Olgyay, 1992). 

Transparent material directly transmit most of the solar radiation falling on it and the 
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remaining is reflected and/or absorbed in proportion that depends on the transmission 

characteristics of the glazing materials. The respective proportion of olar radiation 

transmitted, absorbed, and reflected ranges from 80 %, 13 %. and 7 o o fix dear glass to 

46 %, 15 %, and 39 % for heat reflecting solar control l Ins,' l h lit'. \ QJQ). 

1 msmitted (T) 

reflected (A.) 

////// .. ,,,,,,,,,,,,,,,~ 

Figure 2. 2: Effect of solar radiation on building envelope 
(source: Givoni, 1976) 

The calculation of the heat transfer through a building element is complicated 

because more than one mode of heat transfer could occur at different parts of th 

envelope sections. The modes and the proportions are determined by th· typ und 

properties of the material as well as the external weather variations. 

For the simplest case by looking at only Qc in Equation 2.1, refer to Figure 2.2 

for heat absorbed at the surface of a building element via conduction under steady-state 

condition. This is the heat transfer when the temperature difference between the outdoor 

and indoor is constant. The rate of heat conducted into the building (P cond) is given by 

(Halliday et al, 2001, lncropera and DeWitt, 1996): 

Q kA(T -T) pcond = - = I u: ( W Of JS I) 
t d Equation 2.3 

where· ' 
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Q =quantity of heat 

T 1 = external temperature (°C) 

T 2 = internal temperature (°C) 

A= area of building clement (m ) 

d =thickness of building elem em (m) 

time (s) 

k coefficient of thermal conduct] it (Wm 11'. 1) 

The heat transfer through the building element is also affected by the thermal 

resistance of air layers (air films) adjacent to the inner and outer surfaces of the element 

that involve a convective heat transfer. In addition, real building elements could be 

constructed from two or more layers of different materials. The overall heat transfer 

then depends on the property of the construction assembly called the thermal 

transmittance or the U-value. Therefore, the actual heat transfer calculation is expressed 

in terms of the U-value that includes the total resistance of the materials as well as the 

air film resistance of outer and inner surfaces. These properties arc explained in section 

2.3.2. The heat transfer equation is then given as (Incropera and DeWitt, 1996); 

Equation 2.4 

where; 

U =thermal transmittance (Wm-2K-1) 

In actual situations, the diurnal variations of the weather conditions produce a 

non-steady state or transient heat transfer. It is a repetitive 24-hour cycle of increasing 

and decreasing temperatures described as periodic and is illustrated in Figure 2.3. The 

pattern of heat transfer shows the thermal effect of building material on the indoor air 

temperature. The proportion between the indoor peak temperature (T, ma:) and the 
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outdoor peak temperature (T0 max) is determined by the decrement factor, µ,and occurs 

at a later period determined by the time-lag, <j), and is given as (Koenig-berger et al, 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ ' / -, ...... ......... 

1980); 

Temperature 

l - r' """ ~-T 
OlllU:< 

Fquation 2.5 

Time-lag ( ~) 

Time 

Figure 2.3: Temperature profile due to transient heat transfer 
(source: Koenigsberger et al, 1980) 

The preceding steady-state and transient state heat transfer equations arc an 

oversimplified mathematical representation for one type of heat transfer through a 

segment of an envelope. In reality, the heat exchange of building as shown in Figure 2.1 

and the detail calculations for Equation 2.1 involves a eries of complex transient-state 

mathematical formulations. These are due to the interactive thermal effect between the 

building and the external as well as the internal environment, and the interplay effects 

of multi-layer constructions arising from the different physical and thermophysical 

properties. The predictions or the thermal and energy performances require a whole- 

building analysis that involves further computations coupling the thermal and the 
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cooling energy loads. These complex computations require a highly knowledgeable 

person for the design or performance appraisals, thus arc unwieldy for general practical 

applications (Straaten, 1967). 

The advent of advanced and sophistical d comput .r-mod lling softwares to 

compute the complex mathematical lorumlutions has l' '' t led .1 s ilution and an 

impetus for the evaluation of numerous perform lnl tages of a 

building's life via simulations und r realistic Ol eratinu condi ion (Clarke, 2001). 

However, the knowledge and und rstanding of. me b i oncepts of heat transfer is 

prudent to ensure aptness of any design decisions in any situations. 

2.3.2 Thermophysical properties of building materials and constructions 

The rate of heat transfer in a building is determined by the thermophysical 

properties of the materials used that consequently influence the thermal and energy 

performances of a building. A good thermal design of building is one that forms an 

efficient thermal barrier between internal and external climates (Rogers, 1964). 

Therefore in thermal design, building materials that could stop, delay, or damp n the 

rate of heat transfer would be more desirable. The basic thermophysical properties of 

materials in relation to the heat transfer and the subsequent thermal effects arc briefly 

discussed along with climatic suitability as follows: 

a) Heat transfer 

The thermophysical properties in relation to heat transfer in building envelope 

via conduction, convection, and radiation are identified as follows: 

i) Thermal conductivity (k-value), thermal resistivity (r-value), thermal conductance 

(C), and thermal resistance (R) heat transfer via conduction: 
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• k-value and r-value: k-value is the ability of the material to absorb and transmit heat 

while r-value is the resistance to heat transfer and is the reciprocal of the k-value. 

1 r=- 
k 

(Malaysia, 1989) Equation 2.6 

These are the properties of mat erial and nre ind t nd ut of th' si ' ind thickness of 

the material. The unit for k-vuluc is Wm 11'. 1 md tor t- ilu is mKw-1• The k-value 

is affected by the moisture cont nt, t empcrnture, mi porosity f the material. 

• C and R: the actual heat transf r a ros n building cl m nt depends on the k-value 

and the r-value of the material as well as its thickness, d, whereby the rate of heat 

transfer is inversely proportional to the thickness. The properties with a given 

thickness are denoted by C or R. C is defined as the ability of a specific thickness of 

material or construction to transmit heat. The unit for C is wm-2K-1• 

C=~ 
d 

(Malaysia, 1989) Equation 2. 7 

• R is the resistance to heat transfer of a material or construction of a spcci fie 

thickness. R is the reciprocal of C and the unit is m2KW"1• 

1 d 
R = - = - (Malaysia, 1989) c k Equation 2.8 

ii) Thermal transmittance (U-va/ue) - heat transfer via conduction and convection: 

The air-to-air heat transmission through a building section is determined by the U-value 

that depends on the material, thickness, construction, and the air film resistances. It is 

the reciprocal of the total thermal resistance (Rt) and is a property of a construction 

assembly. The unit for U is Wm"2K"1• 

(Malaysia, 1989) Equation 2.9 
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where 

Rt =Ro +R1 +R2 + +Rn +Ri 

=R +~+~+ +~+Ri 
o kl k, kn 

and 

R0= air film resistance of external surlucc (m' 1'. \ 

R, =air film resistance of int crn ll snrfncc (m 1'. 

R1, R2, ••••• , R0 thermal resistance of the respe tiv material. 

The reciprocal of the air film resistance is the surface coefficient and is explained in (iv) 

below. 

iii) Absorptivity (a), reflectivity (A) and emissivity ( e) - heat transfer via radiation: 

The surface characteristics determine the means and the rate of heat transfer from the 

external surface of a body to one or more other bodies, or to other surfaces such as the 

surrounding air, or the sky. 

• a: it determines how much solar radiation will be absorbed. A surface colour with 

darker hues absorbs more solar radiation than the lighter ones. The value ranges 

from 0.3 for white paint to 0.9 for black paint. 

• A.: it determines the how much solar radiation will be reflected. It ranges from 0.9 

for light coloured with smooth and shinny surfaces to 0.1 for dark, rough, and dull 

surfaces. 

• E: it is the ability of a surface to emit or re-radiate the absorbed radiant energy and 

is exhibited by all building materials. The net radiant heat exchange depends on 

various factors, such as colour, texture, as well as the shape and the configurations 

with respect to the each other. This radiant heat is referred as low-temperature 

radiation, or thermal radiation, or long-wave radiation as opposed to short-wave 

solar radiation from the sun. It ranges from 1.0 for a perfectly black urface to 0.05 
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for bright aluminium. A black coloured · rfacc has a high a value, thus is hot at 

daytime. However, the high E value of the black coloured surface causes it to cool 

down faster and at night-time could be at a lower t nnp rature than a bright reflective 

surface. For all parallel surfaces r 'gordkss of th ori -nt.uion, both surfaces 

simultaneously absorb and emit radiation. Th' rudintion h 'at ' ch mg' b tween the 

surfaces depends on the cmissivit t)f both surtu '~.' h 't 'hy th· effective emi sivity 

( ·) is (Givoni, 1976); 

Equation 2.10 

• The use of relective foil as a radiant barrier on one of the surfaces would reduce the 

E of an enclosed air space by about 94 % while the usage of such material on both 

surfaces would reduce it by 96 % - an additional reduction of only 2 % (Givoni, 

1976). 

iv) Surface coefficient (h) - heat transfer via conduction, convection, and radiation: 

This is due to heat transfer at the surface that comprises of convective and radiative h at 

exchanges. The rate of heat exchanges is determined by the surface coeffici nt. The 

convective surface coefficient (he) is dependent on the air velocity near th surfa e, 

which is influenced by wind or air movement. The radiative part (hr) is dependent on the 

emissivity as well as the temperature of the surfaces. The surface coefficient is the 

reciprocal of air film resistance and the unit is wm-2K"1. 

v) Thermal conductance of air spaces - heat transfer via radiation, convection, and 

conduction: The air spaces inside a material or construction provide resistance to heat 

transfer. The conductive and convective components are dependent on the thick.ne s of 

air space (width of cavity), position of the spaces (horizontal, vertical, sloping) and 
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lastly on the direction of heat transfer (horizontal, upwards or downwards). The 

radiative part is independent on the direction of the heat tran fer but is greatly 

influenced by the effective emissivity of the inner surfac s F. as gh en in Equation 2.10. 

The application of aluminium foil as a radiant burri 'r r due 'S th' F of th' surfaces. thus 

improving the insulation value or th' uir space. (. \)\ rine l)tl' surface or the cavity with 
foil reduces the thermal condu nnncc b t\ o to thr l tim -s (Struut .n, 1967), but the little 

additional reduction with the use foil on both surfn 'lS entails 

vi) Heat capacity (CJ: Heat capacity is defined as the amount of heat (Q) required to 

increase the temperature of a solid or liquid by one degree in unit of J 0C-1• It can be 

expressed as heat capacity per unit mass, that is the specific heat capacity, c, (Jkg-1 0C-1) 

or heat capacity per unit volume, that is the volumetric heat capacity, Cv, (Jm-3 0c-1). 

b) Thermal effect 

The periodic heat transfer in transient state illustrated in Figure 2.3 show the 

indoor temperature due to external heat transfer is determined mainly by the decrement 

factor(µ) and the time-lag (<j>). These are the thermal effects of the interplay of thermal 

conductivity, thermal resistance, heat capacity, and heat transmission, and ar not 

elaborated in this discussion due to the intricacy of the interactions. Nonetheless, the 

understanding of these interactive effects could be exploited to create the dcsirabl 

indoor conditions. 

It can be summarised that for application purposes the decrement factor and the 

time-lag are the fundamental thermal effects to be considered in selecting the materials 

and the constructions for the envelope. These are determined by the thermal insulation 

properties and thermal capacity that are directly influenced by the thickness of the 

material, whereby the thickness also affects the U-value. 
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i) Thermal capacity 

Thermal capacity is the ability of the material and con truction to tore and 

release heat. It is also known as thermal storage or thermal nu s ·. and is a product of 

mass and specific heat capacity (Kocnigsb erg ·r ·t ul I q, 0). 

thermal capacity-= me rV · p (Ad) c J ' I) {. Fquation 2.11 

where; 

m mass of building ·I erncnt (kg) 

c =spccific heat capa it ( Jkg·' 0 _,) 

p =density (kg m") 

V =volume (rn") 

A = area of building element (m2) 

d =thickness of building element (m) 

Due to the small range of specific heat capacity in building materials (from 0.4 

for wood to 0.11 for steel) compared to that of density (1 kgm' for air to 24000 kgrn" 

for concrete), the thermal capacity is closely related to its mass and thus is determined 

mainly by the thickness (Markus and Morris, 1980; Givoni, 1976). A lightweight 

material has a lower thermal capacity than heavyweight material, thus stores less heat. It 

warms up, quickly releases the heat, and cools down rapidly. The indo r temperature 

profile follows very closely with the ambient (largeµ with short o), which could cau 

overheating during the hot days but could prevent or reduce the night-time thermal 

stress (Szokolay, 1990; Forwood, 1983; Haigh, 1980). On the other hand, heavyweight 

material stores more heat before dissipating it indoors at a later period with a damping 

effect (Bansal et al., 1992; Forwood, 1983). 

The effect of thermal capacity is only significant when thermal conditions are 

fluctuating du .. to a large diurnal temperature range, whereby it allows higher control of 

28 



indoor thermal condition (Koenigsberger ct al., 1980; Markus and Morris, 1980; 

Givoni, 1976; Straaten, 1967). It can act as heat sink in hot arid climates and mitigates 

winter heat lost in cold and temperate climates (Szokolay, I <NO; Simha, 1985: Straaten, 

1967), and even in cool season or tropical climat (Malama and Sharpl "S, 1997). The 

combined effect of U-value and heat storing <.'.1p:l ·it. is important in warm climates 

when the control is entirely on the '11 elope strucnu (Kolokotr 'ni mi Young, 1990). 

ii) Thermal insulation 

Thermal insulation provides resistance to conductive, convective, or radiative 

heat transfer (ASHRAE, 1981 ). This can reduce the temperature fluctuations within an 

enclosure. The insulation materials can be grouped as conductive and reflective while 

the effects can be considered as resistive, reflective, and capacitive (Straaten, 1967). 

The conductive insulating material depends on the low k-value to provide the 

resistive effect by retarding heat transfer via conduction and convection. The reflective 

type depends on the surface characteristics, i.e. low a, high ')..,,and low e to provide the 

reflective effect by preventing heat transfer via radiation. The reflective effect is 

instantaneous while the resistive effect of conductive insulation materials provid s 

quick response to intermittent heating and/or cooling of heavyweight structures. The 

resistive effect is most effective for heat transfer under steady-state condition or when 

the rate of heat transfer is almost constant for long periods, such as in heated or air 

conditioned spaces. The impact is not very significant if the diurnal variation is small 

where the temperature reduction is minimal. The insulation lowers the U-value, 

therefore similar heat transfer pattern could be obtained between insulated lightweight 

construction and non-insulated heavyweight construction (Kolokotroni and Young, 

1990; Rogers, 1964; Lucas, 1963). Unlike the immediate resistive and the reflective 

effect, the capacitive effect is a function of time due to the periodic heat transfer 
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characterised by the time-lag factor and provides a temporal control of heat transfer as 

discussed earlier. 

For optimum performance, there should be a balun cc bet een the thermal mass 

and insulation. This could effectively moderate th dn. time he it and imped the night 

time cooling (Hyde and Docherty, 1997; FM\: ood, I l)_'_, ). l'he b '11 'fit' of thermal 

insulation due to the positioning and locntion in th 'm clo] .onstruction with respect 

to climatic conditions arc parade: i al, thus it is prudent to nulyse the co t effectiveness 

and identify the optimum value (Abd lrahm n and Ahm d, 1991; Evans, 1979; Givoni, 

1976; Straaten, 1967; Rogers, 1964). 

iii) Colour 

Besides the impact of the thermal capacity and insulation of the envelope, the 

colour of the external surface also directly determines the thermal impact of solar 

radiation based on the absorptivity to short-wave radiation. This directly influences the 

thermal performance in unconditioned buildings and the cooling load in condition d 

buildings (Givoni, 1998). 

In summary, the final thermal impact on the indoor climate that determines the 

thermal and energy performances of a building is primarily influenced by the interaction 

of all the climatic parameters with the building and a complex interplay of many 

thermal properties of the envelope in a dynamic heat exchange process (Clarke, 2001; 

Lord and Wilson, 1980). Thus, there is no single and simple thermal design solution for 

all applications. Every design is unique in accordance to its locality and functionality. 

The design decisions require an evaluation of the indoor requirements, basic knowledge 

of the principles of heat transfer, and the understanding on the interactive thermal 

effects of the building construction in terms of the thermophysical properties of the 
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materials. Nevertheless, general recommendations and guidelines can be used as a 

reference because the physical theories in science remain. 

2.3.3 Thermal design of roof 

The preceding section gives an over icv of th h 'lt trans fer in building. It is 

discussed in terms of the mode, of hcnt transfer is " -ll is the pertinent thermophysical 

properties of the material and constru tion. Sin c this th , i is a study on thermal design 

of roof, it is important to understand the heat tran f r through the roof. 

Figure 2.4 illustrates the modes of heat exchange in a roof (Wonorahardjo, 2000; 

Givoni, 1994; Koenigsberger et al, 1980). Various forms of heat transfer occur at the 

surface of the roof as well as in the roof space and through the ceiling. However, the 

proportion of each mode of heat transfer is not discussed in detail as the main focus in 

this study is the final thermal impact on the whole-building performance. 

() 

() 

Figure 2. 4: Heat transfer in roof 

SOLAR RADIATION 

CONVECTION ) 
CONDU TION 

LONGWAV[ RADIATION 

At the surface of the roof, solar radiation is reflected, absorbed, and transmitted 

by the roof covering in proportion that depends on the material and construction and 
' 
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are determined by the surface characteri uics, 'I hese arc as mentioned earlier in this 

section and are further explained in section 2 3.2. 'I h · absorbed heat i later c nducted 

and radiated into the roof space. The fir t convection o .cur near b ith the .ternal and 

internal roof surfaces due to a higher roof surfuc • temper uur • un] ire l to the air ju t 

above it. 

The heal enters th· roof spa ·~ in condu tion .md ru ii \h H1 from the roof 

covering. I Jere, a s cond conv ··ti ' heat transfer -currcd is th t 'mp rature increases 

due to radiation and conduction. Across the roof sp •. 0 °'o to 65 % of heat is 

transferred by radiation and the remainder i mainl b convection ( traaten, 1967). 

The conductive heat transfer can be reduced b in talling a conductive insulation. 

Likewise, the radiative heat transfer can be reduced by using a reflective thermal 

insulation underneath the roof covering. Aluminium foil is a common type of reflective 

insulation used as a radiant barrier for the roof. The principles of reflective insulation 

are reflecting the heat and lowering the thermal conductance of air space. The retlecti e 

insulation depends on the surface characteristics, i.e. low a, high A., and low c. The 

typical A. and e values are 0.9 and 0.05 respectively. hus, it reflects 90 % of the 

incoming heat and the low e reduces the thermal conductance of th air , pa ic in the 

roof, thus improving the insulation value. Thermal insulation and the effect of rcflc ti c 

insulation on thermal conductance of air space have been explained in section 2 .. 2. 

The net rate of heat exchange (P net) of a surface with an area A due to thermal radiation 

is given as (Halliday et al, 2001 ): 

(W or Js-1) quation 2.12 

where, 

~=Stefan-Boltzmann constant= 5.6703 x 10·8 Wm-2K4 

i; = emis ivity 

A surface area (m2) 
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Tenv =temperature of environment (K) 

T =temperature of the surface (K) 

The heat from the roof space is absort cd b th' ceiling, und later conducted and 

radiated into the living spaces und .rncnth. Th use or 't)n in 'th )r refle .tive in ulation 

can also reduce the heat transfer from th eilin \. The fin il st •g' )r nve tion occurs 

in the spaces underneath the ceiling due to the he tr dint d and conducted from the 

roof space and also from other parts of th building envelop . 

At night, roof is the envelope where most heat is lost via long-wave radiation 

due to its orientation to the cooler night sky. Therefore, roof is the most critical part of a 

building's envelope as it is exposed to all the climatic variations. It often has the most 

complex construction compared to the other parts, thus susceptible to numerous roofing 

problems. Among the roof problems are moisture that leads to condensation and 

hygrothermal problems in cold climates (Hens et al., 2003; Holm and Kuenzel, 2002; 

Derome, 2000) as well as hot humid climates (Rudd et al., 2000; Rudd and Lstiburek, 

1997), leakage due to rain in tropical climates, and heat gains and losses in all clirnat s 

(Parker et al., 2003; Emmanual, 2002; Parker et al., 2001, 2000; Alsaicgh, 1998~ Parker 

and Sherwin, 1998a, 1998b; Alasmar, 1995; Suman and Saxena, 1992). Proper thermal 

design of roof should curtail these problems within the life span of the building 

material, as highlighted, and recommended in some of the reviews below. However, it 

is not within the scope of this thesis to discuss the roofing problems in detail. This 

section presents and discusses the findings of previous studies on the thermal impacts of 

various roof designs in warm humid climate. These studies were selected in view of the 

recommended design strategies as discussed in section 2.2.1, and the influence of the 

thennophysical properties of building materials and construction on the heat transfer as 

explained in section 2.3.2. 
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a) Surface characteristics - a, A., and E 

Several experiments in test and real buildings have been performed during 

summer periods in Florida, in the United States of America (U.S.A) to study the thermal 

impact of various roofing configurations on th 'rmal l rform me and the cooling 

energy demands (Parker et al., 2003, 2000; Purk r and Sh rn in, l >l) '·1. l 99 b). 

Comparing the data coll' tcd for \:11k l dark ind licht .olour d roofing 

material, Parker ct al. (2003) con ludcd thnt ' hire met 11 ) )f with olar reflectance of 

67.6 % (a= 0.32) reduced the av rag tti maximum t mperature (T max) by 12.8 °C, 

the average attic mean temperature (Tmean) by 4.5 °C and the overall cooling load (CL) 

by 15 % over black shingles with solar reflectance of 2.7 % (a= 0.97). However, the 

average attic minimum temperature (T min) for both the white and the black roof were the 

same due to the same emissivity of both roof colours. The air space layer underneath the 

shingles was inferred to have provided effective thermal insulation, beneficial during 

daytime but on the other hand elevated the night-time temperature. 

In an earlier study, the average attic Tmax of white tile roof with higher olar 

reflectance of 75.4 % was 6 °C lower than that of the white metal roof (Parker and 

Sherwin, l 998a). In other studies; light coloured shingles reduced the attic T1rn:un b 

3.6 °C and the cooling load by 4 % over black shingles, a further 23 % load reduction 

was achieved with a higher reflectivity white metal roof (Parker et al., 2000), light grey 

shingles reduced the average attic Tmean by up to 3.8 °Cover dark grey shingles (Parker 

and Sherwin, 1998b). 

These studies have proven that in hot climate the white roof performed better to 

reduce attic air temperature and cooling energy demand, and was further improved with 

higher reflectivity roofing materials. On the other hand, while white roofing systems 

have demonstrated superior thermal and energy performances over the others, it 

retained the highest attic relative humidity (RIJ) due to the lower attic temperature. 
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Roof ventilation has been disputed to be the solution to the heat and moisture problems 

(Rudd et al., 2000; Rudd and Lstiburek, 1997). 

b) Roof ventilation 

Ventilation in the roof could mean cruinu .1 sin il .ornp ment or the roof 

assemblies or the attics (Be C, 200. ). Fi mrc ~.4 shox s thn: th' m tin modes of heat 

transfer in roof space arc conduction, on cction, m :l 1.1 ii tion 

According to (Straatcn, 19 7), th largest pr p r i n f heat transfer in roof is 

via radiation. He argued that ventilating the roof pace would not appreciably reduce the 

heat transfer as radiation is not affected by air mo ement, but has an indirect effect to 

slightly reduce the roof temperature. It was concluded that the improvement on thermal 

condition from ventilation of roof space was negligible when a test result in a full-scale 

brick dwelling with roof space ventilation of 22 ach reduced the maximum inner surface 

temperature of the ceiling by up to only 3.9 °C. 

However, according to Givoni (1976) roof ventilation has a direct affect on 

convective heat transfer as the surface coefficient increases with the velocity of air near 

its surface. It reduces the temperature of the roof and ceiling that indirectly affects the 

radiative heat transfer and has a greater advantage on darker coloured roofs. 

U.S.A building codes require the following ventilation for attic or any space in 

roof that is enclosed by ceilings (Parish, 1997): a minimum attic ventilation requirement 

is specified as net free vent area (NFV A) 1: 150 of ventilated spaces, or 1 :300 if vapour 

retarder is used in the attic, or if 50 % of the required ventilating area is located in the 

upper portion of attic space and the airflow must not be blocked by any insulation. 

NFV A is the ratio of an unobstructed total area (free from screens, louvers, or other 

materials through which air can enter or exhaust a non-powered ventilation system) to 

35 



the horizontal projection of attic floor area ( 'orning, 2002; Teed and Burton. 2002; 

Bianchina, 2001). 

Attic ventilation can be provided by three types of ventilation ') stern - active 

powered fans; passive mechanical wind assist 'd turhin nts; ind passive structural 

vents such as soffit vents, cave vents, ridge l: nts, mbl ' nts, ' all v mts, or of any 

combination creed and Burton, 2002; Waibel, . on.; orninc, 0 )_; Biun hina, 2001; 

Satterwhite, 2000). Appr prime sizing of the intake mi e .h rust v nt i e ential to 

meet the ventilation requirement and the rule of thumb i lO air change per hour (ach) 

(Teed and Burton, 2002; Alsaiegh, 1998). 

A combination of soffit and ridge vents showed better performance than soffit 

venting only (Parker and Sherwin, 1998b) or gable-to-gable ventilation (Alasmar, 

1995). Roofing vendors have proclaimed the benefits of attic ventilation in cold climate 

to prevent condensation due to moisture, and ice dams at the roof edges due to 

temperature gradient. For hot humid and hot dry climate, it is needed to expel hot attic 

air (Teed and Burton, 2002; Corning, 2002; Satterwhite, 2000) and to reduce cooling 

load (Teed and Burton, 2002; Satterwhite, 2000), which can also be achieved by using 

ceiling insulation (Satterwhite, 2000). Straaten (1967) suggested that ceiling insulation 

would be more economical as the needed high ventilation rates would require an 

expensive mechanical means. 

Several research findings have provided evidence of the influence of roof 

ventilation on the temperature of the rooftops. Alsaiegh (1998) concluded the 

temperature variations from the experiments on steady- tate heat transfer analy i using 

a 2-D finite element physical model and a numerical model. Berrub (1998) performed 

an experiment on a scale-model of channelled roof with continuous eave and ridge 

opening, and the measured data howed a temperature reduction of up to 4 °C. Parker 

and Sherwin ( l 998b) investigated various roof configurations with radiant barrier in te t 
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cells and found that the T max in NFV A 1: 150 ' uic was 8 °C lower than the 1 :300, and 

the added ventilation rate reduced the attic heat gain by 10 %. Alasmar (1995) 

conducted a steady-state experiment on a large-scale insulated attic v ith radiant barrier 

in an environmental chamber and concluded that th attic h ,\I g iins from the vented 

attic was 7 % to 16 % lower than the unvcntcd nuic. 

Some other research findin is ha c question l th signific mt bcn fits of attic 

ventilation and have suggested other alternntives 1~ Ienl wi h th heat and moisture 

problems in the attic and roof structur s. It ' as ss erred that venting the attic in hot 

humid climate could cause condensation due the cooling systems in the space that 

would degrade the thermal performance of roof. which would be resolved by unvented 

attic with sloping internal ceiling (Rudd et al., 2000; Rudd and Lstiburek, 1997). And 

venting the airspace below the thermal insulation could cause interstitial condensation 

(Hens et al., 2003). Simulation studies showed sealed sloping internal ceiling enclosed 

with air and thermal barrier did not imposed any energy penalty (Rudd and Lstiburek, 

1997), while empirical studies have shown savings in cooling and heating load 

compared to the conventional 1:150 vented attic (Rudd et al., 2000). 

A recent study (Porter, 2003) concluded that moisture transport into aui and 

sloping ceiling spaces existed. However, a combination of continuous soffit and ridge 

vents assisted the removal of moisture, and the roof sheathing moisture content was at 

an acceptable level regardless of whether the attic was vented or not. 

Hens et al. (2003) investigated the hygrothermal performance on compact zinc 

roof and ventilated metallic roof in cold climate. The findings of the 4-year study 

concluded comparable performance between the models. 

The requirement for venting attics in hot-dry and hot-humid climate was 

questioned (BSC, 2003) and was argued as being non-scientific (Ueno, 2002). 
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In summary, it is concluded that the decisions on roof ventilation depends on the 

climatic conditions and largely on the roof configuration whereby the impact of certain 

components such as surface characteristics and insulation could offset the others (BSC, 

2003). 

c) f nsulation 

Studies on the impact of insulation nrc di id :l int) two typ , which are the 

conductive insulation and reflective insulation. 

i) Conductive insulation 

Al-Sanea (2002) performed a study on steady-state heat transfer on a finite 

volume numerical model in hot arid region. The findings showed the use of 50 mm 

molded polystyrene and polyurethane reduced the heat transmission load by about 66 % 

and 75 % respectively. The performance was further improved when it was located 

closer to the inside surface of the roof. 

Emmanual (2002) studied the bio-climatic effects of roof cover in equatorial 

tropics. It was concluded the use of ceiling that acted as an insulation layer between the 

roof space and the spaces below improved the thermal conditions during daytime. But. 

it elevated the night-time temperature and resulted in a Jess desirable condition at night. 

According to Straaten (1967), the use of mineral wool and vermiculite for flat ceiling 

insulation in warm climates are more beneficial to reduce ceiling temperature than to 

lower the indoor air temperatures 

ii) Reflective insulation 

Radiant barriers (RB) could be installed under the rafters as truss RB (TRB) or 

on the floor attic over the ceiling as horizontal RB (HRB) (Alasmar, 1995; Levins and 

Hall, 1990). 
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Alasma (1995) investigated the infl .ncc of radiant barrier locations on the 

steady-state heat transfer. The results showed that it. usage under roof deck between 

rafters (TRB) reduced attic temperature 6 °C to 8 "C compar xl to no RB. while that 

mounted over ceiling insulation (HRB) had 1 iss 'r impn ·t. l h'' ' -r, it \ as concluded 

that the location of the barrier had lit ti cff ict on th .c ilinc h .u uaiu. 

Levins and l lall ( 1990) report d thnt the u h unruc s ,f llRl ire ca icr to in tall 

for retrofit and uses le s material. I low' er, it \ as 11 risk of con :l in sation during winter 

that could lead to structural damage, and dust nc umulati n that could degrade the 

thermal performance due to the increased emi si ity traaten, 1967). 

Levin and Hall (1990) conducted tests on dusted HRBs at research houses in 

Tennessee, U.S.A. and analysed the data as follows: A dirty HRB with E = 0.185 

increased the house cooling load by 8.4 % when compared to a clean HRB with E = 

0.05. However, this was still 7 % lower compared to ceiling with no RB. In terms of 

heat flux, the clean HRB (E = 0.05) reduced the net ceiling flux by 58 % while another 

dirty HRB with E = 0.51 reduced it by only 19 %. However, the dirty HRB with E = 

0.185 increased the attic heat flux by 28.4 %. This demonstrated that the dcgrad d HRB 

reduced the internal heat transfer from attic to spaces underneath via ceiling but 

increased the external heat gain, which was indicated by the attic heat tran fer. 

Nevertheless, it was finally concluded that the use of HRB was not prohibitive de pite 

its degradation due to dust accumulation as it was still effective in reducing the ceiling 

heat flux and house cooling loads compared with no radiant barrier. 

Similarly, Straaten (1967) also concluded that the performance of ceiling lined 

with degraded HRB was better than the unlined ceiling. Results of experimental tests on 

a scale model of a typical roof/ceiling combination showed that dust built up on the 

HRB reduced its thermal resistance by 75 % while the thermal resistance of an unlined 

ceiling was 85 % lower than that of a bright new foil. 
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The performance of a TRB was l died on real full-scale buildings during 

summer periods in Florida, U.S.A.; it reduced the average attic Tmax in a 1:300 vented 

attic from 3.8 °C to 4.4 °C (Parker et al., 200 l ; Parker and Shen in. 19Q8a) and 1.1 °C 

in the interior spaces. This reduction was t lire t im 'S gr xu 'r than adding extra 

insulation (Parker et al., 200 I). 

Wacwsak ct al. (2003) studi cd n hioclimntic t\ )f cum sol tr himn y for hot 

tropical climate. White concrct til s on the outside w re us d to reduce the solar 

absorption and a translucent sheet to pro ide I \ -glare daylight together with a 

combination of gypsum and aluminium board were used as the ceiling. The roof showed 

significant reduction of heat gain, provided sufficient daylight without overheating, and 

induced high ventilation rate to ameliorate the indoor comfort. 

2.4 Summary and conclusion 

For equatorial climates, roof has been said to be the major source of heat gain 

and several design strategies have been suggested. Studies on climatic building design 

in general and thermal design of roof in particular with an understanding on thermal 

design have provided evidences for provision of better indoor condition with practical 

energy saving measures. The emergence of advanced sophisticated computer-modelling 

software to compute the complex mathematical formulation of heat transfer in building 

is becoming a valuable tool for numerous decision-makings in building designs. The 

development and applications of computer simulation tools for building performance 

evaluations are discussed in Chapter 5. 

The empirical research findings have verified the roof surface characteristics 

such as colour and reflectivity; and assemblies of roofing elements such as insulation, 

radiant barrier, and roof ventilation could lower indoor temperature to alleviate the 

thermal stress as well as reducing heat gains to minimise the cooling load. In tropical 
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equatorial climate, besides the abundance of sunshine the region is also endowed with 

copious rain, thus adding the criticality of a proper roof design. More studies on 

climatic and thermal design of roof in tropical equatorial climate are certainly needed 

and are discussed along with a review of th' climatic suitahilit. \,f houses in Malaysia 

in the next chapter. 
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CHAPTER 3: A REVIEW 'LIMA IC DESIGN OF 

RESIDENTIAL BUILDINGS IN MALAYSIA 

3.1 Introduction 

This chapter presents n national re iL~, l)t' -limntic lesign of low-ri 'C re idential 

buildings in Malaysia. The discussions on limntic suitability re valuated in terms of 

the building thermal performances con erning thermal comfort and energy for space 

cooling. Thus, brief overviews of climate, thermal comfort conditions, and energy in 

building in Malaysia precede the chapter. 

3.2 Climate 

Climate is characterised and determined by spatial and temporal atmospheric 

variations and are termed as (Markus and Morris, 1980; Boucher, 1975; Battan, 1974): 

global climate that refers to the planet earth as a whole, macroclimate or regional 

climate as a condition for a region such as a state or a country on a scale up to I 000 km 

horizontally and 10 km vertically in a period of I to 6 months, topoclimate or local 

climate for an area such as a city for variations up to 10 km horizontally and 1 km 

vertically in a period of 24 hours, and lastly microclimate for limits of about l km 

horizontally and 0.1 km vertically also in a 24-hour period. 

Climate describes long-term atmospheric conditions; for example a month, a 

season, or a year, and is associated with both seasonal and diurnal variations, while 

weather is short-term conditions that relates to diurnal variations (Markus and Morris, 

1980; Battan, 1974; Trewartha, 1968). Thus, in the same locality, weather and climate 

differs only by temporal description in which both are expressed by the same spatial 

environmental elements; which arc solar radiation, sunshine, cloud, temperature, 

42 



humidity, precipitation, and wind (Martyn, 19n; Boucher, 1975; Trewartha, 1968; 

Griffiths, 1966). 

There are several different schemes of climate classification but the most 

referred ones are that of Koppen and Thornthwait \ hich ' ere us' i by other with 

appropriate modifications (Martyn, 1992; Boucher, I l)7~: Battan, l 974: 'I rewartha, 

1968; ritchfield, 1966; Griffiths, 1966). However, th t isis .r 11l ch mes i the 

characteristics and distribution patt ern of the pr , :tiling environm ntal or climatic 

elements, which typically arc temperature and m i tun: or precipitation. The world 

climate is generally categorised into three main types. namely tropical, temperate, and 

cold, and are further subdivided with other locality specifications. The boundaries for 

the climate groups and subgroups depend on the degree of complexity or simplicity of 

the classification. Nonetheless, a climate can be generalised over a certain geographical 

location. The type of climate for Malaysia and the climatic analysis for building design 

with respect of thermal comfort and energy are described in the following section. 

3.2. l Climate of Malaysia 

Malaysia is made up of two physical parts: i) a Peninsular Malaysia and (ii) a 

portion of the northern part of Borneo Island. The country comprises of twelve states in 

the Peninsular and two states on the Borneo Island. It lies between latitude of 1 ° to 7° N 

and longitude of 99° to 120° E with a total land area is about 333,000 km2. The 

Peninsular is bounded by large bodies of water; South China Sea on the Ea t, Strait of 

Malacca on the West, and Straits of Johore on the South. 

Lying within the region of 15° North of the equator, Malaysia is in the tropical 

rainforest zone and the climate is generally classified as hot-humid (ASEAN, 1990) 

according to Koppen classification (Trewartha, 1968; Griffiths, 1966), or warm-humid 
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equatorial (Ali et al., 1993; Koenigsberger et al., 1980; Evans, 1979; Givoni, 1976) due 

to the different definitions of temperature range. 'I he classification for hot humid is 

defined as mean temperature above 18 °C while the warm humid is for a temperature 

range of 21 °C to 32 °C. By these temperature d finitions, both th hot-humid and 

warm-humid classifications actually fall in the sum t -mpc ntur range. Therefore, in 

this thesis the climate of Malaysia is classified lS ' nrrn-humi t to m ike di tinction 

with the hot-arid dessert climates with higher 1 'mp 't tures f ibov 33 °C (De Wall, 

1993; Koenigsberger et al., 1980) and the term i also more referred to in climatic 

building designs. 

Malaysia is situated in the tropical climatic zone where heat and humidity are 

the dominant problem. The Malaysian Meteorological Service (Malaysia, 1998) 

describes the general climatic characteristics of Malaysia as follows: Abundant sunshine 

and solar radiation, uniform temperature, high humidity, heavy rainfall, and light and 

variable wind. The amount of solar radiation received and the length of sunshine hour 

are affected by the cloud cover. On the average, the sunshine hours are 6 hours per day. 

The temperature is high and uniform throughout the year. The annual variation is le , 

than 2 °C and diurnal variation of 5 °C to 12 °C. Daytime temperature arc high around 

26 °C to 32 °C while night-time temperature is lower in the range of 21 °C to 24 °C. 

Relative humidity is high with a monthly mean of 70 % to 90 %. Rainfall is heavy with 

annual average of 2000 mm to 3500 mm. Wind is generally light and variable and i 

affected by the land and sea breezes. The wind flow pattern is influenced by four 

monsoons. From middle of May or early June to September, the Southwest monsoon 

blows light wind of below l 5 knots from southwest. From November to March, 

Northwest monsoon blows north-easterly wind across the South China Sea. It brings 

heavy rains and strong winds of up to 30 knots to the east coast states. There are two 

inter-monsoon seasons with light and variable wind. 
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An understanding of the prevailing climatic conditions is pertinent to the 

climatic design strategies to be adopted. The ·c conditions will influence the thermal 

performance of the building and eventually the stat' of th rmal .ornfort e: .perienced by 

the occupants. The main climatic elements that atf 'I buildiue lesigns and human 

thermal comfort are solar radiation, air tern] cruturc, lnnuidity, ' in I. ind precipitation 

(Koenigsberger at al., 1980; Mork us and Morris, I t>.'O~ liv mi, I 7 > ). mong those, 

solar radiation is the most dominant element ns it is the sour .e of sol r energy, which is 

the single most important control of weather and limnte lriffiths. 1976; Trewartha, 

1968; Griffiths, 1966; Battan, 1974). It affects the air temperature and humidity, which 

are the primary determinant of thermal comfort (Fanger. 1972). Wind is unique due to 

its ability to reduce air temperature by flushing the heat and to provide comfort 

ventilation (Givoni, 1976). 

Local weather data is the fundamental information needed by designers in 

decision-makings on climatic design strategies to predict the indoor climate and energy 

consumptions. The performance assessments of those design decisions are now possible 

via whole-building analysis using numerical simulations on computers. The building 

simulation softwares require an input of a specific type of climatic data in a certain 

format. Several standardised typical weather data sets have been developed to provide 

the needed climate database for various commercial computer softwares and arc brief 

described in the next section. 

3.2.2 Typical weather data set 

Computer simulation programmes usually allocate an input of a year of hourly 

local climate data with variations in weather parameters. The needed weather 

parameters may consists of some of the following data that are available from the 

Malaysian Meteorological Service (Malaysia, 1998); dry bulb temperature (DBT), wet 
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bulb temperature (WBT), relative humidity (H II), sunshine hours, global radiation, 

rainfall, cloud cover, and wind speed and direction: or may also need dew point 

temperature, atmospheric pressure and diffuse radiation (Clarke. 2001: Crawley and 

Huang, 1997). 

In U.S.A and United Kingdom (l l.K), scv zrul orgunis.ui ms ire inv lved in the 

collection, compilation, and processing of long term me isui '1" ither data of up to 30 

years for various design applications (ClBSF, _00-k lTFM, 004; NCDC, 2004; 

RReDC, 2004). These data arc also pro ssed int 1 -pic l weather data sets of the 

respective locations that are specifically designed for energy simulation computer 

programs. Among the most notable type of data sets are Test Reference Year (TRY), 

Typical Mean Year (TMY), and Weather Year Energy Calculations (WYEC) (Clarke, 

200 l; Crawley and Huang, 1997). These are hourly weather data to describe the local 

climate. Each type differs by the processing concepts and techniques (Crawley and 

Huang, 1997; RReDC, 2004) with some variations among organisations and countries 

(Clarke, 2001). 

It was reported that the concept and technique for developing TMY and WYE 

were more comprehensive, thus would produce a more accurate predictions than TRY 

(Clarke, 2001; Crawley and Huang, 1997). However, a study conducted in several 

locations in U.S.A. to compare the variations in energy predictions using the above 

mentioned typical weather data sets had concluded that the performances were 

comparable in cooling-dominated locations (Crawley and Huang, 1997). 

For the climate of Malaysia, at the time of this review, only two types of typical 

weather data sets have been established; TRY (Reimann, 2000) and Model Year 

Climate (MYC) data (Zain-Ahmed, 2000). These were developed from 21 years (1975 

to 1995) weather data for Subang (latitude 3° 7', longitude 101° 33' E, 17 m above sea 

level) measured at the Subang meteorological station (Zain-Ahmed, 2000). The 
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measured data were hourly values for DB'f (°C), WlrJ (°C), RH (%), cloud cover 

(oktas), wind speed (ms") and wind direction (de irec from North), solar irradiation 

(MJm-2dai1), and sunshine hours (hr). These wcath r data represent the region of 

Klang Valley situated in the state of Selangor that is lo 'tlt d in th' P .ninsular. 

a) TRY: Reimann (2000) constructed TP\- for computer building simulation 

programme TSBl3. The data consist d of the foll )Wing weath r parameters; cloud 

cover, DBT, absolute humidity, diffuse solar r dintion, beam solar radiation, and wind 

speed. However, only five years of measured diffu e solar radiation data were available 

(1991-1995). lt was reported that development of TRY required at least 10 years of 

weather data, thus the remaining diffuse data were analytically deduced. Table 3.1 

shows the TRY data for Klang Valley. 

Table 3.1: TRY for Klang Valley 
(source: Reimann, 2000) 

Jan Feb Mar A r Ma Jun Jul Au Se Oct Nov Dec 
1993 1995 1991 1980 1990 1983 1981 1987 1985 1977 1986 1984 

b) Model Year Climate (MYC): Zain-Ahmed (2000) established a MYC data using 

the MYC analysis technique. This technique produced the best model year to represent 

the climate condition of a particular region from at least 20 years of data. Unlike the 

technique for TRY that selects a whole year to represent the weather data for each 

month, MYC technique identified a year to represent each weather parameter for each 

month. The MYC data is shown in Table 3.2 and Table 3.3 shows the MYC annual 

mean daily data. 

47 



Table 3.2: MY model ye 
(source: Zain-Ahm 

Month Jan Feb Mar Apr May 
DBT 1975 1994 1991 1987 1976 
WBT 1986 1975 1976 1985 1980 
RH 1993 1978 1975 1976 1975 
Cloud Cover 1995 1980 1981 1995 1995 
Wind Speed 1989 1985 1983 1975 1993 
Wind Direction 1991 1992 1980 1991 1987 
Solar Irradiation 1980 1979 1976 1984 1980 
Sunshine Hrs 1994 1994 1985 1978 l979 

Table 3.3: MYC annual 1 
(source: Zain-Ahm 

No Climate Parameters 
I DBT 
2 WBT 
3 RH 
4 Cloud Cover 
5 Wind Speed 
6 Wind Direction 
7 Solar Irradiation 
8 Sunshine Hours 

3.3 Thermal comfort 

Climatic and thermal designs of buildin 

and 2.3 with respect to heat exchanges in bu· 

processes, and thermal effects of building ma 

applications of the appropriate thermal desig 

optimum thermal and energy performances. T 

energy needs to provide an acceptable level of in 

This section gives a brief overview of t 

studies done in the Malaysian climate. A thoro 

area is not discussed for two reasons. 

Firstly, the computer software to be used 

(If (1975-1995) 
ed, 2000) 

Jun J 
197S 
1975 
1984 
1979 
199. 
1980 
198~ 
1977 

ul Aug Sep Oct Nov Dec 
1984 1979 1977 1995 1990 1984 - 

1986 1976 1993 1Q80 l98Q 1983 
977 JQT' 1986 1990 1977 1981 - +---- 

1979 1988 19 (l 1995 JQ78 1990 
198Q IQ, I IQ76 1979 1992 1992 
JQ,'I IQ.,_- IQQ_ 1990 1986 1993 
19'6 19'4 1984 1984 1981 1975 
I NO I )~ 1986 1979 1986 1985 

nenn d il · <lat 
ed, _QQO) 

Annual Mean value 
27.6°C 
24.2°C 
83% 
7 oktas 
1.2 ms" 
127 degrees 
16.4 MJm·L day" 
6.2 hours 

gs have been discussed in sections 2.2 

ilding, These are due to heat transfer 

terials and constructions for practical 

ns. The primary aim is to design for 

hese are mainly related to the building 

door thermal comfort. 

he thermal comfort theory, indices, and 

ugh and comprehensive review on the 

in this study and is described in section 

5.4 has a module (Tas Ambiensy for thermal comfort simulation. The Tas Ambiens 
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module uses the Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied 

(PPD) indices that are universally recognised. The module uses a two-dimensional (2D) 

computer fluid dynamic (CFD) modelling to analyse the th rmal comfort condition for a 

given one-hour period. These are computed by spc .if ing th hound iry conditions of 

the selected spaces. For that reason, only bri 'rd escriptions l,f th 'rm il comfort indices 

are given in section 3.3.2. 

Secondly, several studies hav b en condu .ted to CY ilu te the indoor thermal 

comfort conditions in buildings in Maloy-in. The ~ tudies have con idered all the latest 

developments in the area of thermal comfort. E 'ten ive reviews on the established 

thermal comfort studies and standards in various climatic regions have been done. 

Despite of the availability of various universally recognised indices from many studies 

in other countries, national benchmarking was deemed necessary. The findings of the 

national thermal comfort studies have led to recommendations for the thermal comfort 

requirements for the climate of Malaysia. Accordingly, these are all summarised and 

tabulated for easy referencing, and are briefly discussed in section 3.3.3. These findings 

are valid for the people who are acclimatised to the weather in Malaysia and could be 

considered for the thermal comfort assessment for the local context. 

3.3.1 Definition and Theory 

Thermal comfort is defined as that condition of mind which expresses 

satisfaction with the thermal environment (BS EN ISO 7730, 1995; ASHRAE 55, 1992) 

or the sensation of complete physical and mental well-being (Koenigsberger et al., 

1980). Thus, it is recognised that physical and psychological as well as physiological 

parameters influence a person's sensation of thermal comfort (ASHRAE, 1981 ). 

The physiological aspect involves the thermoregulatory system of the body with 

a complex heat exchange between the body and the surrounding. The fundamental 
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condition to be achieved is the heat br I nee ·xp iricnc d by the body that can be simply 

stated as: 

Heat production= heat dissipitation Equation 3 .1 

And the heat balance equation can b • writt '11 as (Fan l -r, ( l) . ): 

where; 

11 met - Ed - Esw Er, L K. R I l' f qua ti on 3.2 

flrnct = internal heat produ tion in the hum n b dy 

Ed = heat loss by water vapour diffu ion through the kin 

Esw = heat loss by evaporation of sweat from the surface of the skin 

Ere = latent respiration heat loss 

L = dry respiration heat loss 

K = heat transfer from the skin to the outer surface of the clothed body 

(conduction through the clothing) 

R = heat loss by radiation from the outer surface of the clothed body 

C = heat loss by convection from the outer surface of the clothed body 

The physiological mechanisms to achieve the heat balance arc also affected b 

the physical factors that consist of environmental and individual variables, which arc 

(BS EN ISO 7730, 1995; Fanger, 1972): 

a) Environmental variables 

• Air temperature 

• Mean radiant temperature 

• Air velocity 

• Humidity 
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b) Individual 

• Activity level or metabolic rate 

• Thermal resistance of clothing ( clo-value) 

The sensation of thermal comfort is the combined effects of th 1b we physical 

parameters that can consist of many di ffcr nt combinat ions. 'I he four nvironmental 

variables are independent and uncontrolled in the natural cm ironmcnt ind have been a 

great challenge to the researchers in the field. Many m ethods and approaches have been 

performed to establish standardised easy-to-use scales referred to as 'thermal indices' 

that combine the effect of the four variables. 

3.3.2 Indices 

Various thermal comfort indices obtained from numerous empirical and 

analytical studies are adequately elaborated in many specific references for each study. 

Among the mostly used indices that accounted for certain combinations of 

environmental parameters as well as the individual parameters are (BS EN ISO 7730, 

1995; Olgyay, 1992; ASHRAE, 1981; Koenigsberger et al., 1980; Markus and Morris, 

1980; Evans, 1979; Givoni, 1976; Fanger, 1972; Straaten, 1967): Predicted Mean Vote 

(PMV), Predicted Percentage of Dissatisfied (PPD), new Effective Temperature (ET), 

Corrected Effective Temperature (CET), Equatorial Comfort Index (ECI), and Standard 

Effective Temperature (SET). These are single-figure indices that have some limitations 

in practical applications, such as allowances for the effect of humidity at lower 

temperatures or the cooling effect of air movement at high humidity level. 

The PMV and the PPD were developed by Fanger (1972) to evaluate the thermal 

sensation of people in a given environmental condition. These standards are adopted by 

the British Standards Institution (BSl) (BS EN ISO 7730, 1995). 
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The PMV is an index that predicts the mean value of votes on the thermal 

sensation of a large group of people. It uses a 7-point scale shown in table below: 

Table 3.4: PMV 7-point thermal sensation scale 
(source: BS EN ISO 7730, I 995) 

- 
+3 +2 +l 0 -1 - 
hot warm slightly neutral slightl 

warm cool 

The PMV can be calculated using an equation that includes th different combinations 

of metabolic rate, clothing, air temperature, mean radiant temperature, air velocity, and 

air humidity. Due to its complexity and comprehensiveness, the PMV can be 

determined using a computer programme and tables. These are available in the BS EN 

ISO 7730 (1995) document. These can be referred and adopted for the local context. 

The PPD index predicts the percentage of people dissatisfied with the given 

thermal environment. This can be determined from the votes for the PMV index. It 

gives the percentage of the people who are likely to feel hot, warm, neutral, cool, or 

cold on the 7-point thermal sensation scale shown in Table 3.4. 

Abdul Rahman (1999) and Szokolay (1990, 1997) reported on discrepancies and 

inconsistencies among the various indices when subjected to internal and external 

climates that differed from the environment in the respective. The PMV-PPD indices 

were reported to be satisfactory for conditioned buildings but not for naturally 

ventilated buildings. Thus, adaptation to building usage using local climatic data was 

suggested. Nevertheless, within the given limitations, the later revised indices are 

considered as valid to provide a quick guide for thermal comfort assessments 

(Koenigsberger et al., 1980). 

To allow for more consideration on the independent effect of the environmental 

parameters, comfort zone plotted on bioclimatic charts (Olgyay, 1992) and 

52 



psychrometric charts (Szokolay, 1990; Givoni, 1976, J\ llRJ\h, 1981) are also used for 

thermal comfort assessment. Comfort zone is defined as the range of environmental 

conditions in which at least 80 % of the people would feel c omfortable (Koenigsberger 

et al., 1980). 

3.3.3 Thermal comfort for Malaysia 

The main causes of discomfort in Malaysia are the high humidity, and low and 

unreliable wind speed (Sapian et al., 2001 ). Table 3.5 summarises some of the latest 

findings on thermal comfort for the climate of Malaysia. 

Table 3.5: Thermal comfort studies for Malaysia 

Source Temperature Humidity Building condition Sample 
range (°C) range(%) 

(S. Ahmad and * 25.1 -30.1 77 Field study College-aged students 
Ibrahim, 2003) T11: 27.6 Non residential Clo-value: 0.56 - 0.64 

** 24.4 - 26.9 *NV; Vair= 0.37 ms" 
T11: 26.9 **Combined 

(SIRIM,2001) 23.0-26.0 60-70 Non-residential No information 
NC 

(Sapian et al., 200 l) 26.0-29.5 75-90 Field study No information 
Residential 
NV 
Vair= 0.5-1.0 ms" 
needed for comfort 

(Ismail and Barber, 20.3 -28.9 44-77 Field study Office workers 
2001) T11: 24.6 Non- residential Clo-value: 0.55 - 1.36 

NV Vair: O.tms" 
Vair= 0. J 5 ms-I 

(Zain-Ahmed, 2000) 24.5-28.0 72-74 Field study College-aged students 
Optimum: Non- residential Clo-value: 0.50 - 1.20 
26.3°C@73% NV; Vair= 0.6-1.0 ms" 

A/C; Vair= 0.1 ms" 
(Abdul Rahman, * 24.2-29.2 50 Empirical model MYC data 
1999) T11: 26.7 Non- residential 

** 23.0 - 28.0 Vair= 0 ms" 
r, 25.5 * NV 

*** 23.7 - 28.7 **AC 
Tn:26.2 *** Combined 

(Abdulshukor and 25.5 -29.5 45-90 Controlled climate College-aged students 
Young, 1993) Optimum: chamber Vair: O.lms"1 

28.2°C cm 50% Clo-value : 0.6 
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These were field studies for non-residential buildin zs in natural ventilation (S. 

Ahmad and Ibrahim, 2003; Ismail and Barber, 2001; Zain-Ahmed, 2000), mixed-mode 

ventilation (S. Ahmad and Ibrahim, 2003), and air-conditioned (Zain-Ahmed, 2000). 

There were also a field study for residenual building in natural ntil nion (Sapian, 

2001), an empirical model study for non-residential using M\ l' i u for natural and 

mixed-mode ventilation as well as air conditioned {Ah lul R ihmun, 1999), and a 

controlled climate chamber study ( Abdulshukor and Young. l 99 ). There is no 

information on the type of study for the recommended indoor d sign condition for non 

residential buildings in Malaysia (SlRIM, 200 l ). 

Two other studies have plotted the comfort zone on bioclimatic chart (Zain 

Ahmed, 2000) and psychrometric chart (Zain-Ahmed, 2000; Abdul Rahman, 1999) for 

naturally ventilated buildings in Malaysia using the MYC data. 

Zain-Ahmed (2000) plotted the comfort zone on Olgyay's bioclimatic chart, 

Givoni's building bioclimatic chart, and Szokolay's control potential zone. The 

Givoni's and Szokolay's charts were produced on psychrometric chart. It was 

concluded that the design strategies needed were ventilation with air movement of 

greater than 0.1 ms" for 50 % of the time, dehumidification for 100 % of the time, and 

lastly cooling for 43 % to 60 % of the time. 

Abdul Rahman (1999) proposed a comfort zone for naturally ventilated 

buildings plotted on psychrometric chart using Szokolay's procedure. The chart is 

shown in Figure ALO in Appendix A. The boundary for comfort was extended for air 

movement provision of 1.0 ms" to 1.5 ms" and humidity of up to 90 %. For air 

movement less than 1.0 ms", thermal comfort can be satisfied within the range of DBT 

25 °C with RH 65 % to 32 °C with RH of 12 %. The range for DBT can be extended up 

to about 35 °C with 0 % RH to 26.5 °C with 90 % RH with air movement of 1.0 ms". If 

the air movement is l.5 ms", the comfort zone can be further extended to DBT 37 °C 
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with 0 % RH to 27.5 °C with 90 % RH. The MY · weather data in table 3.3 shows that 

the annual mean for DBT is 27.6 °C and for RH is 83 %. 'I hus, an air movement of at 

least 1.0 ms" is required to attain thermal comfort in natural vcntil tion. 

3.4 Energy in building 

One of the primary concerns of th studies on building d sign discussed in 

Chapter 2 was the energy needed for operation of buildings with due concerns on the 

depletion of natural energy resources, local environmental impact, and global climate 

change. Thus, despite of the current developments towards renewable and cleaner 

energy resources, it is highly imperative for end users of energy in all sectors to 

consume energy efficiently. 

For the building sector, this calls for Energy Efficiency (EE) in building that is 

greatly influenced by the architectural design, building services, and finally the users' 

behaviour (Balcer and Steemer, 2000) in proportion of 25 %, 25 %, and 50 % 

respectively (Australia, 2003b ). Among these, building design has the most enduring 

effect, thus has to be made right from the outset of design planning and process. Energy 

assessment in building could commence as early as the pre-design stage via appropriate 

simulation modelling tools as well as after completion of the construction by means of 

energy auditing. EE is a term used to describe the practice of using energy wisely and 

productively that can be achieved by using currently available technologies and/or 

effective management of energy usage (Ibrahim et al., 2002). 

3.4.1 Eight Malaysian Plan (Year 2001-2005) 

Among the development thrusts in the Eight Malaysia Plan (8th MP) are 

sustainable development on resources and environmental issues, and enhancing the 
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quality of life (Malaysia, 2001a). The trategic include; sustainable utilisation of 

energy and concerns on the consequent environmental impacts that entail to Energy 

Efficiency (EE) programmes such as energy audits coupled with nvironment friendly 

measures; and housing development programmes that include prov ision for quality 

housings with lower cost but better comfort that lead to r ·l.111.:d r -s arch in .onstruction 

technology and design concepts. 

3.4.2 Energy audit and standard 

In the year 2002, the industrial, commercial, and residential sectors respectively 

consumed about 52.2 %, 28.4 % and 18.2 % of the total energy sales of 60,054 GWh in 

the Peninsular (Malaysia, 2003a). Thus, the industrial and commercial sectors have 

been the focus for EE programmes (Malaysia, 2002a, 2002b, 2001a). Amongst others 

are energy audit as a low-cost measure and building insulation as high-cost or long-term 

measure (Ibrahim et al., 2002). 

One of the EE programmes implemented by the Government of Malaysia is 

Energy Audit in Government Building (EAGM) managed by Malaysia Energy Center 

(PTM) that began in 2001 (Kashani, 2004; Malaysia, 2002a). Kashani (2004) reported 

that the following activities have transpired from the programme; a Guideline and 

Technical Reference on the energy audit procedure document was produced to assist 

the auditing process, 12 government offices had been audited, several EE measures 

were proposed, several buildings have received ASEAN Energy Awards, and 55 

government offices had undergone an ASEAN Benchmarking programme. 

Prior to this, in 1989, the then Ministry of Energy, Telecommunications, and 

Posts had prepared a Guidelines for Energy Efficiency in Buildings (Malaysia, 1989). 

This was then revised into Code of Practice on Energy Efficiency and Use of Renewable 

Energy for Non-Residential Buildings in MS 1525:2001(SIRIM,2001). 
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In the U.S.A, United Kingdom (U.K), f) nrnark, ~ nd Australia, EE for houses 

are being promoted, implemented, or incorporated in th· Building Codes to educate and 

create awareness as well as complying and supporting towr rds sustainable development 

(Australia, 2004b; Denmark, 2004; NEF, 2004; lJ.S.A, 2004b~ Austrnli l. 2003a). 

At the time of writing, in Malaysia. the Im programmes in :t lo .umcntations are 

available only for non-residential buildings. The on\. FF do .um nt for residential 

building was published by CETREE (2002) and is 1 guide on th' u · 'r· behaviour for 

EE at home. Although the residential building onl us es 18.- 0'o of the national energy 

consumption (Malaysia, 2003a), the impact of urbanisation on the energy demand and 

the related environmental issues must not be underestimated. 

Zain-Ahmed (2000) reported a study by Ramatha (1995) on the breakdown of 

energy consumption in residential sectors as follows: 25.3 % for lighting, 8.3 % for air 

conditioning, 10.1 %, for fan, and 47.9 % for household electrical appliances. Masjuki 

et al (2001) reported that the number of residential room air conditioner had increased 

from 13 251 units in the year 1970 to 253 399 units in 1990. It was predicted that the 

number would increase to 956 115 units in the year 2010 and 1 511 276 units in 2020. 

This reported and predicted increase on the number of air conditioning units showed 

that active cooling has and would become a necessity while it was once a pure luxury in 

domestic buildings. The installations of air conditioning units are becoming common 

sights in most of the housing estates in the urban areas. While the failure of the modern 

housing to respond to the climate was blamed, nature imposes limitations on the indoor 

thermal comfort conditions in Malaysia (Abdul Rahman, 1994; Hanafi, 1991). 

3.4.3 EE projects 

The Low Energy Office (LEO) building of the Ministry of Energy, 

Communications, and Multimedia built in Putrajaya demonstrates the commitment of 
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the Government towards EE and sustainability in the built environment (Ibrahim et al, 

2002). The project was granted design support from th Danish Agency for 

Development Assistance - DAN/DA (formerly known as DAN 'ED) (Malaysia, 2003b ). 

It is intended to be a showcase for EE with the integration of th h st FF measures, 

which are optimised to achieve the overall best cost/effective solution. 

The Public Works Department (PWD) New Qu: rtcrs Design (NQD) programme 

is the first EE project for residential building that is initiated h the 1 vernment, and at 

the time of writing is the only one. The programme started in D cember 2000 as a 

sustainable development project under the 8th MP. It is to adopt all the principles of 

sustainability, and it was officially launched in November 2002 (Jaffar, 2004). The 

design concepts are briefly explained in section 3.7.4(b). 

3.5 Housing in Malaysia 

Residential houses in Malaysia can be classified into two main categories; 

traditional and modern. The traditional house refers to the Malay traditional house built 

in the villages to meet the socio-economic and cultural needs using the locally available 

material, thus attuned to the local environment (Chen, 1998; Killmann et al., 1994; 

Gibbs, 1987; Lim, 1987). The traditional houses that had evolved over generations have 

been gradually transformed into modern houses. These are houses built with new design 

concept and construction material introduced from the west during the colonial period 

and has become a symbol of status (Chen, 1998; Lim, 1987). 

The escalating housing demand instigated by industrialisation during the late 

1970s has transpired in the emergence of a new generation of commercially mass 

produced modern houses (Chen, 1998). According to Chen (1998), since then the 

housing development have proliferated to meet the demands due to urban migration, 

predominantly in the Klang Valley. The house forms have also departed from the 
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traditional type into single or double storey link/terr· cc ho 11; , low-rise and high-rise 

flats, apartments and condominiums, as well as bungalows, with totally different 

planning concepts and spatial arrangements. 

The housing need is ever-increasing (Malaysia, 200 I h) as the urban population 

is growing in tandem with the country's economic growth in various sectors {Malay ia, 

2002c). Tn Census 2000 the country's population was ')J."Y7 million with . .57 million 

living quarters, and the urban population has increased to 62.0 °o from 0.7 % in 1991 

(Malaysia, 2001 c, 2001 d, 2001 e ). Houses are provided b ' the public sector 

encompassing of the Government agencies such as the PWD and the Ministry of 

Housing and Local Government (MHLG), and the private sectors that comprise of 

licensed developers. These housing providers carried out the so-called formal housing 

activities, whereby the planning of the townships and the associated houses are 

subjected to the approval by the relevant authorities before being marketed (Y ahya and 

Ramachandran, 2001). In the public sector, the MHLG is directly involved in the low 

cost housing (Malaysia, 2001b, 2001c) while the PWD is responsible for the design and 

construction of Government Residential Buildings (GRB) since 1986 (Malaysia, 1995). 

The GRB is also referred as Government Standard Quarters (Malaysia, 1995) 

and has been known to the public as PWD quarters. These quarters are designed and 

built to comply with the standards set by the government. These are standards on the 

building form and size of built-up area, the quality of building materials for the interior 

and exterior finishes, and mechanical and electrical works according to the category of 

the quarters that are classified as Class A, B, C, D, E, F, G and H (Malaysia, 1995, 

2000). The building forms are bungalows, semi-detached, and low-rise apartments of 

several sizes. The built-up area is biggest for class A with 860 m2 and smallest for class 

H with 76.4 m2. Guidelines are given for building materials for the roof, ceiling, floor, 

walls, and doors and windows. The materials of high grade are for quarters class A, 
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medium grade for class B, C, and D, and utility grad · for class E, F, and G. These 

ranges from composite sheets to concrete tiles for the roof; timber strip to chipboard for 

the ceiling; wood, stones to ceramic for the floor; wood, glass, stones to bricks for the 

wall, aluminium frames for the window frames; and glass door to vood n door. 

Guidelines for the mechanical and electrical works arc provisions t't)r lighting, water 

heater, and air conditioning systems. 

In the 81h MP, the housing industry in Malaysia is also dcvel ping in line with 

the principles of Agenda 21 of the Rio Summit (Malaysia. _oo 1 b ), which is a global 
declaration for sustainable development worldwide (United-Nations, 1992). Principle 1 

in the agenda proclaimed that 'human beings are at the centre of concerns for 

sustainable development'. The PWD is the first government body to publicly declare 

their commitment to take the challenge of sustainability in built environment through 

the PWD-New Quarters Design (PWD-NQD) programme. 

3.6 Climatic design of houses in Malaysia 

This section presents the literature on climatic suitability of traditional and 

modern houses based on references of Y ahya and Ramachandran (2001 ), Chen (l 998), 

Killmann et al. (1994), Lim (1987), and Gibb (1987). 

3.6.1 Traditional house 

The predominant features of traditional Malay house are detached, arranged in 

random orientation throughout the village, elevated above ground, and constructed 

using locally available material, which are lightweight with low thermal capacity. The 

house form, and construction materials and methods are generally similar throughout 

the country but with some variations in the roof designs. Thus, the houses are identified 
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mainly by their roof shapes that can be clas ificd into four basic forms; bumbung 

panjang, bumbung Zima, bumbung perak, and bumbung llmas as depicted in Figures 3.1 

to 3.4. Regional variations of bumbung minangkabau and bumbung gajah menyusu are 

illustrated in Figures 3.5 and 3.6. 

Roof eaves are normally large for extra prot tion from rain and sun. The 

original material for roof covering was thatched lo cnl palm le 1 : in the n tum] dark 

hues. These were gradua11y replaced by new roofing m ncrials such as galvanized iron 

(commonly known as zinc), shingles, or tiles as a symbol of tatus and also due to its 

durability and easy maintenance. No-ceiling high roof with decorative openings at the 

gable provides ventilation for the roof space as well as daylighting. It allows hot air to 

be released, which in turn creates the temperature gradient for air movement. 

The walls and floors are made of wood with the naturally dark hues. These are 

lightweight materials with low thermal capacity and shorter time-lag, thus do not store 

heat. They respond quickly to the changes of the external climate, therefore the indoor 

climate follows very closely to the variations of the outdoor condition. Full-length 

windows, veranda, and raised floors maximises the benefits of wind for extra thermal 

comfort while the minimal indoor partitions assist good indoor air movement and 

ventilation. 

Figure 3.1: Bumbung Panjang 
(source: Lim, 1987) 

Figure 3.2: Bumbung Lima 
(source: Lim, 1987) 
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Figure 3 .3: Bumbung Perak 
(source: Lim, 1987) 

Figure 3.5: Bumbung Minangkabau 
(source: Lim, 1987) 

3.6.2 Modern house 

igure 3.4: Bumbung Limas 
(source: Lim, 1987) 

Figure 3.6: Bumbung Gajah Menyusu 
(source: Lim, 1987) 

In contrast to the traditional house, modem houses are constructed on ground 

using heavyweight materials of high thermal capacity with longer time-lag, such as 

bricks, concrete, and tiles. The high thermal mass retained heat and radiate it indoor at 

later hours. The mass-produced modem houses in housing estates are mostly attached or 

clustered such as the link houses, flats, apartments, and condominiums. The blocks are 

arranged and oriented to maximise the number of units for the given land size. Small 

compounds limit the trees and ground vegetations to be planted. 

Full internal partitions are used to separate rooms, ceilings are installed to 

separate the roof space from the living spaces underneath, and glazed windows are 
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elevated to provide privacy. All these create bs rri r to internal air movement and 

prevent hot air from escaping to the roof space. Roof caves and overhangs are minimal, 

thus exposing the walls and windows to solar radiation. 

3.7 Climatic design of traditional and modern houses - re' iew nd critical 

analysis 

Studies done on the climatic suitability of traditional and contemporary modern 

houses in Malaysia have made comparisons on the thermal performance between the 

two types of housing. The findings on the thermal performance with respect to the 

thermal comfort were analysed in terms of the architectural designs and the construction 

material. Some of the concepts of climatic design and energy efficiency have also been 

implemented in real practices. 

The characteristics of the design, materials, and construction employed in the 

traditional houses as shown and discussed in the preceding sections were said to display 

adaptations to the climate, which has evolved from centuries of experiences and 

observations (Zain-Ahmed, 2000; Harith, 1997; Abdul Rahman, 1994; Ilanafi, 1991; 

Lim, 1987). However, despite all the climatic design features, it was concluded that it 

would be difficult to achieve thermal comfort throughout the day merely by natural 

means due to high indoor temperature and relative humidity (Abdul Rahman, 1994; 

Zain-Ahmed, 2000; Jones et al., 1994). 

On the contrary, the architectural designs of contemporary modem houses have 

been criticised as climatically unresponsive (Zain-Ahmed, 2000; Davis et al., 2000; 

Davis and Shanmugavelu, 1999; Harith, 1997; Abdul Rahman, 1994; Hanafi, 1991; 

Lim, 1987) due to the unsuitable characteristics that were partly due to cost constraints. 

These are the arrangements to maximise the number of units on the available plot with 

no consideration given to the sun path; the introduction of floor-to-ceiling interior 
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partitions for privacy disrupt the indoor airflow f r ood ventilation; the insulated roofs 

with ceiling - whilst was believed to moderate the daytime radiation from the roof also 

inevitably traps the indoor heat during night-time, coupled with poor ventilation have 

elevated night-time indoor temperature above the outdoor; inad quate shading from 

trees while the size of the roof eaves, overhangs and oth 'r shadine dcv ices ire left to the 

minimum. It was concluded that the full floor-to-c eiling compartm .nt 11 interior, the 

internal layout, and the orientation that disregard th" sun path nd ' ind direction cause 

large areas of the building envelope to be exposed to solar radiation, and reduced the 

wind flow in the locality. The night-time thermal performance is further exacerbated by 

the heavyweight building materials of high thermal capacity with longer time-lag, 

which release the daytime stored heat later in the evening. This could last throughout 

the night depending on the amount of heat stored and the duration of time-lag that is 

influenced by the thickness or thermal capacity of the envelope. However, modem 

mass-produced commercial building materials have been preferred owing to its 

availability, durability, fire safety, and aesthetic appeal. 

Consequently, the suggestions and recommendations for climatic designs are 

listed below (Davis and Nordin, 2002a; Zain-Ahmed, 2000; Ahmad, 2000; Ibrahim et 

al., 1999; Harith, 1997; Abdul Rahman, 1995, 1994; Hanafi, 1991; Lim, 1987). 

• Provision for ventilation: external and internal layout to maximise air movement; 

large opening size of 40 % - 80 % of wall area. 

• Walling material and construction: lightweight; insulated lightweight; light colour . 

• Roofing covering material and construction: heavyweight; lightweight; low thermal 

capacity; light colour; reflective; radiant barrier; insulation; roof ventilation; no 

ceiling; double roof. 

Field studies using data logging systems on various types of contemporary 

modem unconditioned houses have identified the climatic elements for unsatisfactory 
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indoor thermal condition; namely high indoor temp raturc (Davis, 2000; Harith, 1997; 

Jones et al., 1994; Abdul Rahman, 1994; Hanafi, 1991 ), high indoor humidity (Harith, 

1997; Abdul Rahman, 1994; Hanafi, 1991), and low indoor air speed (Harith, 1997; 

Abdul Rahman, 1994). The data analyses of field studies and simul tions via computer 

modelling, and two projects in real practice arc presented ind di "U sed in the 

subsequent sections. 

3.7.1 Field data monitoring 

Abdul Rahman (1994) performed simultaneous indoor environmental 

monitoring on two traditional Malay houses with thatched dried palm leaves roof and 

zinc roof (galvanised iron); and three modem contemporary. mass-produced houses 

classified as: double-storey cluster link with corrugated roof, walk-up flats with no 

exposed roof, and single-storey terrace with clay tiles roof. Data for the traditional 

houses showed indoor daytime Tmax of 34 °C to 36 °C (2 °C to 04 C higher than the 

external air temperature) that is well above the thermal comfort temperature (T1c) range 

of 23.8 °C to 30.1 °C obtained from studies in naturally ventilated (S. Ahmad and 

Ibrahim, 2003; Abdul Rahman and Kannan, 1997) and combined (Zain-Ahmed, 2000) 

spaces. The night-time indoor temperature dropped close to the external air temperature 

of 23 °C to 26 °C and was below the Ttc range. For both traditional houses, the average 

temperature difference (T diff) between the external and internal was about 2.5 °C. 

However, at night-time the house with the zinc roof was about 1 °C cooler due to its 

higher emissivity compared to the thatched palm leaves. The RH ranged from 50 % to 

90 % and the air speed was less than 0.2 ms". As for the contemporary houses; the 

indoor daytime were lower - Tmax of 32 °C to 33 °C with a time-lag of 2 hours to 5 

hours and indoor-outdoor Tdiff up to 2.5 °C, night-time temperature was high at about 
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30 -c RH ' ranged from 50 % to 90 %, and the air speed were between 0.1 ms" to 

0.2 ms" and h 1 reac ed 0.5 ms· aided with fan. In conclusion, the results show that the 

daytime tern perature of both houses was above the Ttc range, however the traditional 

house provided better night-time thermal condition. At the time or writing. this is th 
most comp h . re ensrve data collection on thermal pcrfr)rmancc of trndition tl and 1\\( l -rn 

hous · es m the country. 

Harith (1997) conducted field study monitoring and computer simul tion to 

evaluate the thermal performance of traditional and mod rn houses. Fhe field data 

analyses of the traditional house with asbestos sheet roofing showed daytime T max of 

32.4 "C ( 0 • • • 0.8 C higher than the external air temperature) that is above the mentioned 

rte. The. d rn oor Tmean was 27.4 °C with night-time temperature close to the external air 

temperatu . re of 23.6 °C, which was slightly below the lower Te range. The indoor RH 

ranged from 66 01 • f O 58 ·1 Th T 
10 to 96 % and the airflow reached a maximum o . ms · e max 

in the modem houses roofed with corrugated cement tiles was 32 °C to 32.4 °C with a 

time-la g of about 4 hours, and the RI [ ranged from 61 % to 78 %. Although the RH is 

low er com d . pare to that in the traditional house, the overall mdoor temperature was 

higher Si . · imilar to the findings of Abdul Rahman (1994), it was concluded that both 

houses we . . . re thermally uncomfortable during daytime but trad1t1onal house performed 

bett er at night. 

The above findings show that in the traditional houses, the indoor daytime T max 

Was up to 5.9 °C above the upper limit of Tic but at night, it was slightly below the 

lower li . mit. Therefore, the indoor daytime temperature could be unbearably hot when 

the solar rad· . . iatton is at its peak. It cools down quickly after sunset but it could go well 

below the comfort temperature. This was mainly due to the lightweight building 

material s of low thermal capacity with ne iligibl, thermal mass, thus responded quickly 

to the changes of the external climat '. They do not store heat and the time-Jag is very 
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short. Thus, the traditional building materials are suitable durin 1 night-time to take 

advantage of the cooler external temperature, but the usage are threatened by scarcity, 

maintenance, durability, and fire hazard. 

In the modern houses, the Tmax was up to 3.8 °C above the upp r limit of r1,. ind 

the · · rmrumum night-time temperatures were barely within the comfort temperature 

range. Many occupants in the concrete modern houses :p1.:ricnl't. iis -omfort luring 

most of the early evening to early morning hours mainly due to the higher humidity and 

lack of air movement and ventilation. These were among th causes of discomfort 

identified in all the studies and were deduced to be the consequences of improper design 

and inappropriate building materials. The RH recorded were as low as 50 % during 

daytime and as high as 90 % at night-time while the indoor air speed was up to only 

o.3 ms" (Harith, 1997) even with the aid of fans (Abdul Rahman, 1994). The proposed 

comfort zone by Abdul Rahman (1999) shows that to be thermally comfortable with 

airflow of less than 1.0 ms-1 the upper RH limit must be in the range of 45 % to 65 %, 

Which means that the indoor condition in these houses would never be in the comfort 

zo . ne m natural ventilation during daytime. 

It was concluded that the overall thermal performance of contemporary modem 

houses was worse than the traditional house. Despite the different building materials 

Used in the traditional and modem houses, the daytime performance in modem houses 

Were si ·1 1m1 ar - an average of 2.5 °C higher than the external temperature but occurred 

later in th ft · h di · 1 b ildi · e a emoon due to time-lag, but at mght t e tra itiona ui mg matenals 

Provided a more favourable indoor condition (Abdul Rahman, 1994; Jones et al., 1994). 

These analyses were from field data recorded in different house forms at different 

localities and during different periods that were subjected to variations in external 

Weather conditions. However due to the nominal annual weather disparities in 
' 
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Malaysian climate, the similarity in the findings could be u ·d as an indication of the 

general performance of the two categories of houses. 

3. 7.2 Numerical simulation via computer modelling 

Dynamic numerical simulations and whole-building anal s s i l .oruputer 

modelling performed concurrently with the above empirical studies us ing suitable 

thermal softwares of FACET/APACHE (Harith, 1997) and HTB- ( bdul Rahman, 

1994) showed similar temperature and RI-I profiles on both types of houses despite of 

some discrepancies among the measurements. Apart from the accuracy and limitations 

of the softwares, the inconsistency of the assumptions on the internal conditions and the 

thermophysical properties of the building materials could be another underlying factor. 

More comprehensive computer simulation investigations were carried out using HTB2 

(Hanafi, 1991), Bsim2000 (Davis and Nordin, 2002a), TSBI3 (Reimann, 2000), and Tas 

(Zakaria, 2002; Zak.aria and Woods, 2002a, 2002b) as numerical evaluation tools to 

predict the sensitivity of the indoor thermal environment in contemporary modem 

houses towards various building conditions such as ventilation and thermal designs of 

the envelope. 

Hanafi (1991) conducted parametric studies usmg HTB2 to investigate the 

appropriate thermal design of walls and roof based on a simple one-storey detached 

single-space dwelling and later applied the most favourable elements to a more complex 

two-storey detached multiple-space dwelling. Both the traditional and modem 

constructions were considered and evaluated in terms of the thermal performance using 

the Corrected Effective Temperature (CET) as the thermal comfort index. The findings 

on choice of the design elements for the single space dwelling and the application on 

the multiple space dwelling are summarised below. 
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• Space ventilation: Optimum rate was identified a' 0 ch, which was equivalent to 

an air movement of 0.45 ms-1 and produced 15 hours of comfort. 

• Solar shading: Shading on wall and window reduced the CET 'I ma by 1.2 °C. 

• Roof insulation and ceiling option: Glass fibre insulation was applied to corrugated 

asbestos cement sheet roof and asbestos cement sheet. w is used for th' eiling. 

Uninsulated roof with no ceiling performed the worst ' hilc the use of eiling had 

resulted in a less favourable condition. The benefit of roof insulation ' as confirmed 

but that of the ceiling was doubted. 

• Wall construction: The walling configurations were uninsulated lightweight, 

insulated lightweight and heavyweight. The effect of thermal mass and time-lag 

were demonstrated by a lower T max with one hour delay in heavyweight wall. 

Uninsulated lightweight wall was the least satisfactory while the lightweight 

insulated resulted in a comparable performance with the heavyweight walls and was 

therefore recommended. 

• Roof covering materials: The materials used were the asbestos cement sheeting, 

concrete tiles, traditional clay tiles, traditional shingles, and thatched palm. There 

was no significant effect in terms of indoor air temperature, but with respect to the 

mean radiant temperature, thatched and shingles produced the most favourable 

results while zinc gave the highest daytime Truax due to its higher k-value but the 

lowest value in the morning owing to its lower emissivity. Despite the better thermal 

performance of thatched and shingles, they were less durable and more vulnerable to 

dilapidation, and thus new roofing materials with higher reflectivity and insulating 

property were recommended. 

• Application to multiple-space dwelling: The most desirable elements were applied to 

the multiple-space dwelling with higher ventilation rate and corrugated asbestos 

cement sheet as the roof covering to account for the practicality of the 
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implementation. The simulation of the improv d con truction showed a more 

satisfactory indoor condition by the reduction of the discomfort hours. Whilst total 

comfort still could not be achieved, the following conclusions were made with 

respect to construction features to reduce heat gains and heat huilt up in the building: 

provision for better air movement, adequate solar shading, roof insulation and no 

ceiling, and lightweight wall with insulation. 

At the time of this review, Hanafi's work is the most compreh nsive numerical 

simulation studies on thermal design of traditional and modem building envelope. 

Harith (1997) used FACET/APACHE to predict the thermal impact of several 

building parameters on traditional and modem houses. These are summarised below. 

• Space ventilation: Optimum rate was identified as 35 ach. 

• Roof ventilation: Reduced indoor temperature by 0.1 °C and the impact was 

concluded to be insignificant. 

• Ceiling emissivity: E of 0.01 reduced the internal air temperature by 0.2 °C and 

ceiling surface temperature by 1.2 °C. 

• Ceiling insulation: A 100 mm glass wool lowered indoor Tmax by 0.9 °C with vented 

roof space and 1.4 °C if sealed. It was concluded to be beneficial regardless of roof 

space ventilation. 

• Higher thermal mass wall: Reduced the indoor air temperature up to 0.5 °C with 

vented roof space and gave a difference of 0.1 °C between vented and sealed roof 

space. 

• Venting of roof space was highly recommended irrespective of other thermal design 

measures. 

Reimann (2000) performed numerical simulations on roof designs of the 

Universiti Putra Malaysia (UPM)-Thermal Comfort House (TCH) that used RapidWall 

building system that is discussed in section 3.7.3. Software Heat2 that is a steady-state 

70 

-· 



2D computer program was used to determine the -vr lu · of the existing steel frame 

lightweight RapidWall roof and several modified Rapid'Wall roof with additional RB, 

insulation and ventilation rates. The results were as follows: the u. e of aluminium foil 

as RB lowered the U-value by 13 % and thus was recommended for less insul ted roof; 

ventilated air cavity of 100 ach beneath the roof covering r educed the ll-\ alue by 13 %. 

thus was also recommended for poorly insulated roof. A mor corupr .hcnsivc T Bl3 

software was later used to determine the impact on the cooling load. Th result howed 

that the additional 100 mm insulation had a nominal energy impact with 7 % reduction 

in cooling load. 

Davies and Nordin (2002a) investigated the benefits of five thermal design 

elements, individually and combined, on a single-storey semi-detached house using 

BSim2000. Evaluations were based on the T max in the living room. The elements and 

respective analysis are summarised below. 

• Colour: Changing red metal roof to white lowered Tmax by 0.3 °C. 

• Wall thermal mass: Higher thermal mass cement rendered brick wall reduced Tmax 

by 0.3 °C over the lightweight Rapidwall building system. 

• Roof thermal mass: Changing the roofing material from highly insulated Rapidwall 

roofing system (red metal) to the commonly used concrete tiles increased T max by 

3.5 °C. 

• Infiltration rate: Lowering the rate from 3 ach to 0.5 ach reduced Tmax by 0.4 °C. 

• Nightime mechanical ventilation: The rate of 28 ach reduced night temperature by 

1 °C and daytime temperature by 0.2 °C. 

• When a combination of the identified elements was constructed, T max was predicted 

to be 28 °C with electricity consumption of 10 kWhm-2year-1 to run the night-time 

mechanical ventilation system. 
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Zakaria and Woods (2002a, 2002b) performed p· ram tric simulations of thermal 

design of roof on a two-storey linked house using Tas (EDS[,, 1989). Evaluations were 

based on the Tmax in the living room on the upper floor. Roofing material was concrete 

tiles and dark colour with a = 0.9 was taken as the basc-cas . The roof parameters 

investigated and the analyses are summarised below. 

• Colour: changing roof colour from a= 0.910 0.3 reduced Tnn h) t .0 C. 

• Insulation: 200 mm insulation reduced Tmnx by 1. I °C. 

• Roof ventilation: 100 ach reduced Tmax by 0.9 °C and 10 ach was identified as the 

optimum, which lowered it by 0.8 °C. 

• Roof pitch: increasing the pitch from 22° to 45° lowered T max by 0.3 °C. It was 

concluded that light coloured high pitch roof was the best while dark coloured low 

pitched was the worst. 

Using the same software and house model, Zakaria (2002) performed another 

simulation study to investigate the effect of orientation and roof colour on surface solar 

gain (SSG) and indoor temperature with the following results: 

• SSG: SSG of the roof was 86 % of the total SSG for the whole envelope. Orientation 

altered the SSG of the roof by only 0.3 % while that of the other parts of the 

envelope by 32 % to 38 %. Light coloured roof lowered the roof SSG by about 

65%. 

• Temperature: orientation affects the temperature in living spaces up to 2 °C and the 

light coloured roof altered it by 0. 7 °C. 

In conclusion, the above analyses from both physical and numerical studies have 

confirmed certain benefits of space and roof ventilation, roof insulation, lighter roof 

colour, higher pitch with bigger roof volume, ceiling insulation and higher thermal mass 

walls. On the contrary, the above findings stirred some doubts on the benefits of ceiling 

and uncertainties on the optimum type of wall and roof constructions as both the 
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lightweight and heavyweight have the advantage nd li advantages. In all the above 

studies, the evaluations were based on either very few identified variables or only 

several preset values. Thus, the optimum values were not idcnti ficd xcept for space 

and roof ventilations. The cost analysis for the economic benefits would b of interest to 

many end-users. Therefore, it is imperative to identify the optimum ilues for all the 

design parameters and the interactive impacts on the indoor therm 11 m ironment. In 

addition, it is worth mentioning that the above investigations w re p erformed using 

different commercial computer thermal programs on various design configurations in 

variable external climatic conditions. Nevertheless, the data show some consistent 

patterns on the prediction of the performance. Apart from space ventilation, the 

temperature modifications due to the above design considerations were quite nominal 

which gave minimal improvements on the thermal comfort conditions. The intricacy of 

improving the thermal comfort conditions mainly due to high humidity and other 

limiting factors have eventually led many households to resort to air conditioner 

systems to alleviate the thermal stress as reported by Masjuki et al (2001 ). Therefore, 

additional analysis for the energy performance is prudent and this calls for a more 

comprehensive study on the thermal designs of contemporary modern house. 

3. 7.3 Research projects 

In search of suitable building materials, the research group at the Centre of 

Thermal Comfort Studies in Universiti Putra Malaysia (UPM) had conducted a research 

on a new building system for thermally comfortable and energy efficient houses in 

Malaysia (Davis, 2000; Davies et al., 2000). The Rapidwall building system, a 

technology from Australia, was used for the wall and roof of a prototype low-cost house 

dubbed as UPM Thermal Comfort House (UPM-TCH) shown in Figure 3.7. The system 

consisted of pre-fabricated lightweight load hollow walls made from gypsum that is 
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reinforced with fibreglass. The voids were filled with 75 mm rockwool insulation. 

Initial comparison study with a normal single-storey terrace house showed a lower peak 

hour temperature of about 3 °C. It was reported that the house could be kept within the 

comfort zone with the use of 6.4 kWh of electricity per day to nm an ir-conditioner 

unit and a whole-house fan ventilating system. However, a later ornputer simulation 

study using computer software as discussed in the previous section revealed that this 

building system had a peak indoor temperature of 0.3 °C higher than th u ual cement 

rendered walls, thus concluded the contemporary walls to b more suitable than the 

Rapidwall system (Davis and Nordin, 2002a). There seemed to be an inconclusive 

finding on the aptness of the building material for the country - should it be lightweight 

or medium weight or heavyweight? 

Figure 3.7: UPM-TCH (1999) Figure 3.8: UPM Cool Roof 
(Davis and Nordin, 2002b) 

Another study done by this research group was the UPM Cool Roof (Davis and 

Nordin, 2002b) shown in Fig 3.8. The outer layer of roof was constructed from white 

metal tiles, insulated with reflective aluminium foil and rockwool insulation. It was 

reported that the UPM Cool Roof had successfully reduced the thermal discomfort unit 

from one to 18 units in the living spaces and 66 units in the roof space. Using the UPM 

definition of thermal discomfort units (Davis and Shanrnugavelu, 1999), these are 

equivalent to the average temperature difference of 0.1 °C to 0.5 °C for the living 
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spaces and 2.8 °C in the roof space, and the peak hour tcm] rature in the roof space was 

reduced by 13 °C. However, energy evaluation was not included. While this product 

appears to have demonstrated a promising solution to the thermal problem in Malaysian 

houses, an exhaustive research is desperately needed to establish information that is 

more scientific and the necessary database for f urthcr dcv elopmcut on th' product or for 

other related products. 

3. 7.4 Projects in real practices 

This section presents two housing projects that were initiated with the concepts 

of energy efficiency and sustainability. 

a) Beris Dam Resettlement project in Kedah 

A core house for the Beris Dam Resettlement housing project was designed by 

the then Department of Architecture of the Universiti of Malaya with the concept of 

Low Energy Architecture encompassing energy efficiency and sustainability issues 

(Woods and Ahmad, 2000). Several prototype houses constructed at Paya Pahlawan are 

depicted in Figure 3.9. Figures 3.10 to 3.12 show some of the 600 houses constructed at 

Sungai Pau. 

Figure 3.9: Prototype houses at Paya Pahlawan Figure 3.10: Site at Sungai Pau 

75 



Figure 3.1 l: The completed house Figure 3.12: Rapi h: all huildinc system 

Figure 3.11 shows Rapidwall building system was used for the ground floor and 

the lower Part of the upper floor where wooden wall was used for the remaining part 

upper. Unlike in the study at UPM, the voids in the wall panels were left hollow as can 

be seen i F' n igure 3 .12 - perhaps to cut cost. Referring to findings from the UPM- TCH 

discussed . earlier, the evaluations of the building system have shown some 

Inconsist · enc1es in the performance. Thus, a Post Occupancy Evaluation (POE) of the 

building ..e: peuormance on the thermal, energy, and social aspects would provide valuable 

information. Apart from looking the climatic suitability of the material as a component, 

a Study on the thermal design of a construction to function as a whole-building system 

rnust be . considered to make it suitable and applicable for all needs and purposes. 

b) Puhr IC Works Department (PWD)- New Quarters Design (NQD) 

The existing standards and guidelines of the PWD quarters mentioned in the 

Preceding se ti al' f b 'Id' . c ion 3.5 are only on the infrastructure and qu ity o ui mg materials. 

lhereareno id · · fd · d · gui elmes on sustainable development m terms o esign an construction 

With respe ct to human comfort and energy efficiency as well as the resources. 

To respond to the call by the global community on green or sustainable 

develo Prnent, the PWD of Malaysia has initiated the PWD-NQD programme as 

rne · ntioned · · · · I f · in section 3.5. Among the design criteria in the pnncip es o sustainable 
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development to be adopted in the design process were human comfort, energy 

efficiency and renewable energy, building shape and orientation, and the characteristics 

of the building envelope with the following details and provisions (Jaffar, 2004): 

i) Human comfort 

• good daylighting, ventilation, air quality 

• good security and safety 

• thermal control on temperature and radiation 

ii) Energy efficiency and renewable energy 

• utilisation of natural energy resources such as daylight and natural ventilation 

• low energy and energy efficient electrical fixtures and building systems 

• utilisation of renewable energy technologies such as photovoltaic, solar heating, and 

rain water harvesting 

iii) Building shape and orientation 

• long axis of building in north-south orientation and avoid it from east-west 

• shading devices at required locations 

iv) Building envelope 

• material for good thermal performance and insulation 

• construction with consideration on Overall Thermal Transfer Value (OTTV) and 

Roof Thermal Transfer Value (RTTV) 

• design with minimum external wall to volume ratio, and light colour to minimise the 

absorption of solar radiation 
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Translating these in terms of thermal design, it me· ns considerations on the 

solar thermal impact on the building envelope to maximise the indoor thermal comfort 

with minimum energy consumption. 

In addition to the existing standards and guidelines on infrastructure md 

building materials stated in section 3.5, the PWD-NQD designs have ilso undcrgon the 

JKR ISO 9001 standard procedures that involved three singes of design cv ilu itions 

based on the new criteria (Jaffar, 2004). The first stage was c nluation b the e 'P rt 

from Tenaga National Berhad, Economic Planning Unit, Selangor State Development 

Board, and the PWD. The second stage was evaluation by the top management 

personnel of PWD and directors from headquarters and states. The final stage was 

evaluation by all the PWD district engineers. Out of the four criteria mentioned above, 

an analyses of the design evaluations revealed that the designers have paid the least 

attention to criteria (ii) and (iv), which are the energy efficiency features and building 

envelope considerations. 

3.8 Summary and conclusion 

The lack of EE documentations and guidelines for residential buildings could be 

due to the low consumption of only 18.2 % of the national energy. However, the 

previous research findings on the thermal condition of contemporary modem houses 

should be taken as early warnings on the energy and environmental implications by the 

domestic sector. 

The studies done by the previous researches have identified the causes that have 

diminished the ability of modem houses in Malaysia to provide quality housing with 

respect to thermal and energy performances. Physical and numerical investigations have 

been performed to ascertain the appropriate climatic design strategies for residential 

buildings in the country. These were the architectural design and planning, material, 
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construction, and building systems for the walls and roofs. 'I he parameters were form 

and layout, space and roof ventilation, usage of ceiling, lightweight materials, 

heavyweight materials, thermal insulation, and colour of envelope. l lowever, these 

studies by researchers in the country are only the tip of an iceberg compai d to those 

done for other climates in other countries as discussed section _, 1.1. Mor' det iil ind 

comprehensive studies on many aspects of building design arc needed 1,) est iblish the 

groundwork for further development towards providing quality housing s outlined in 

the gth MP. This includes researches for quantification of the identified de ign strategies 

and parameters for wide ranging built environment applications for it to be used for 

guidelines and standards. 

Working towards the nation's and country's aspirations for Vision 2020 

(Malaysia, 1994 ), the Government is leading the implementation of some sustainability 

development concepts with EE strategies in built environment. The design evaluations 

on the PWD-NQD have revealed the need for more systematic research to materialise 

the concept. The country is still at the teething stage towards this implementation, thus 

tremendous efforts, commitments, and collaborative work among academics, 

government bodies, and various private sectors would be needed. 

To that end, this study takes the challenge by pursuing a research on thermal 

design of roof. The research framework and methodology adopted are fully explained in 

the next chapter. 
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CHAPTER 4: RESEARCH METH IOGY 

4.1 Introduction 

The research issues discussed on the global and national reviews in the 

preceding chapters have clearly j usti ficd tho need for a stud on t hi: rmnl d 'sign of roof 

for modem houses in Malaysia. This research cxplor • th' thermal Iesign of the r of 

for modern residential buildings by evaluating the dynamic whole-building thermal and 

energy performances. Referring to the research process illustrated in Figure 1.1 on page 

6, this chapter elaborates on the theoretical framework. The research issues and 

statement are stated in section 4.2 and 4.3 respectively. The aim, objective, and outcome 

of the research are listed in section 4.4. The scope of research is explained in section 4.5 

followed by the analysis in section 4.6. The scope of research determined the research 

approach to be employed and the options are discussed in section 4.7. Lastly, a brief 

overview of the execution of the selected research approach is given in section 4.8. 

4·2 Research issues 

Recapitulating the discussions on the building designs and the relevant research 

findings in Chapter 2 leads to the following research issues regarding the climatic 

designs and the implication on space cooling needs, and EE measures for residential 

b ·1 . . ui dmgs in Malaysia 

a) EE documentations and guideline 

EE programmes have been identified as one of the strategies toward sustainable 

development in the gth MP. Since the commercial and industrial buildings are the major 
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consumers of energy, the Government has shown more intere on pro zrarnmes for non 

residential buildings. The PWD-NQD programme is making a debut in government 

sponsored EE project for residential buildings. The guidelines and documents (STRIM, 

2001; Malaysia, 1989) mentioned in section 3.4.2 are providing the much need d 

references for immediate practices and current research 'S. However, from the stag of 

literature review until the preparation of this thesis, similar guidelines 111 i refer n 'C' for 

non-residential buildings are still not available and the ompilnrion of the relevant 

technical data for Malaysia is very much lacking. 

In the year 2000, 4.6 million residential buildings in the Peninsular (Malaysia, 

200le) consumed only 16.8 % of the national energy consumption and it has increased 

to 18.2 % in 2002 (Malaysia, 2003a). While the overall percentage is small, the impact 

of higher living standards due to socio-economic development and the savings that 

could be generated with EE measures must not be misjudged. Moreover, it is essential 

to establish Malaysian standards and guidelines for this building type in the aspirations 

of materialising Vision 2020. Other developed countries such as U.S.A, U.K., Denmark, 

and Australia have established and are continuously revising the building energy codes 

to comply with the global agreement and concerns on the energy and environmental 

issues as was mentioned in section 2.2 and 3.4.2. The standards and benchmarking must 

take into account the climatic factors, needs of the society, and the cultural diversity. 

The compilation of the relevant databases is the first step towards further 

researches in the related area. Whilst the residential buildings appear to have a nominal 

short-term consequence on the national energy consumption, the long-term impact on 

the mindset of future generations must not be underestimated, since this is the type of 

building aspired by every single energy-environment conscious citizen of a developed 

country. 
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b) Climatic designs of modern houses 

The discussions on the climatic building design and energy in building in the 

preceding chapters have demonstrated that studies on residential buildings have been of 

interest to many researches - local and abroad. At the national I .vcl, the: literature 

search has found several studies conducted on the thermal and energ performan .es of 

residential buildings. Traditional houses were reported to displn the tdnpt nion t the 

climate by means of the architecture design and type of mat erial. n the contrary, th 

contemporary modern houses were criticised of being no1 climate-re p nsive. However, 

it was concluded that generally both the traditional and modern houses exhibited 

limitations on the thermal comfort level that could be attained. The shortcomings were 

mainly due to the building material of traditional houses, while for modern houses the 

constraints of architectural design and planning were identified as the major factors. 

The concept of formal housing as introduced by the government to address the 

housing needs and to ensure proper planning of townships towards Vision 2020 has 

transpired in the emergence of contemporary mass-produced modern houses provided 

by both public and private developers. In due time, this type of houses is also going 

through some transformation in many aspects in respond to the socio-economic 

development. Thus, the quality of modern houses is of great concern, amongst others 

studies to improve the thermal and energy performances of these houses are highly 

imperative. 

c) Recommended climatic design features 

The design characteristics recommended m Chapter 2 can be classified as 

architectural and planning, and envelope construction; and both have cost implications. 

However, the architectural design and planning such as form, size, orientation, and 

external and internal layout are subjected to more constraints in term of the project 
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development as a whole. On the other hand, the constructi n of the envelope could be 

given a more individual attention and prioritised according to the degree of impact on 

the overall building performance. 

For low-rise buildings in equatorial region such as Mala sin. the roof is the 

major source of heat gain. Thus, several features have been recommend d b) many 

researchers and have been extensively studied in crtain countri 'S is mentioned in 

section 2.3.3. Among others were; light surface colour, lightv eight material. ro f pac 

ventilation, ceiling, and thermal insulation for roof and ceiling including radiant 

barriers. Some of these features have also been investigated for houses in Malaysia as 

discussed in section 3.7. However, a more comprehensive study on thermal design of 

the roof to quantify the optimum values and the interactive impact on thermal and 

energy performances would provide valuable information for studies on residential 

buildings in Malaysia. 

4.3 Research statement 

The thermal and energy performances are determined by the heat exchanges of 

the building. These exchanges are influenced by the building response to the local 

climate. Control of the heat exchanges can be achieved via proper thermal design of the 

building envelope. For buildings in lower latitude regions, vis-a-vis the Equator, the 

roof has been said to be the major source of heat gain. This heat gain would be more 

significant in low-rise residential buildings. Thus, appropriate thermal design of the roof 

would be able to moderate the thermal impact from the local climatic conditions. This 

research explores the thermal design of the roof for a Public Works Department New 

Quarters Design (PWD-NQD) double-storey bungalow by evaluating the dynamic 

whole-building thermal and energy performances. 
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4.4 Aim, objectives, and outcome of research 

The aim was set to address the research issues and statement. The research 

objectives were actions to be done to achieve the aim and the ·e were documented a the 

research outcome. 

a) Aim 

• To identify tbe thermal design of roof assembly for optimum ' h I -building th rmal 

and energy performances for low-rise detached residential buildings in Malaysia. 

b) Objectives 

• To quantify the optimum roof thermal parameters for best thermal performance. 

• To apply the combined optimum roof thermal parameters and evaluate whole 

building thermal and energy performances. 

• To analyse the roof thermal design options pertaining to the thermal impact and 

cooling energy needs. 

c) Outcome 

• To contribute to recommendations for thermal design of the roofs for low-rise 

detached residential buildings in Malaysia. 

4.5 Scope of research 

This covers the type and model of building, materials, and constructions of the 

envelopes, roof parameters, and the investigation tool. The details are elaborated in 

Chapter 6. 
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a) Type and model of building 

The national review in Chapter 3 has revealed the need for the establishment of 

an appropriate database on the thermal and energy performance. for residential 

buildings in Malaysia. Reports on urbanisation and the hou ing sc nario in the country 

have concluded that modern houses are the contemporary housing t pc. 1\1 n) of the 

previous studies have identified various thermal and cncrg r lated pc vblems with thi 

type of house. The rapid development of the country and the cs luting d mand for 

houses have indeed made these problems as issues that need to be addressed at the 

national level. 

The Government have initiated and embarked in implementing some of the 

recommendations and suggestions proposed by researchers and professional 

practitioners as mentioned in section 3.4. At the time of selecting the house model for 

this study, the PWD-NQD programme was the only housing project that promoted the 

concept of EE in buildings. Therefore, this research is very opportune to evaluate the 

designs that have been given careful considerations on EE and sustainability features as 

mentioned in section 3. 7.4 (b ). These features and the existing guidelines mentioned in 

section 3.5 are qualitative descriptions. These have to be quantified for the purpose of 

perfonnance evaluations. Therefore, it is very timely to produce and compile the 

necessary technical details to support the programme. Even though all the architectural 

designs have been finalised, the findings of this research could still be of benefit for this 

programme and others in the future. 

In the PWD-NQD programme, there are 28 building design types comprising of 

bungalow, semi-detached, low-rise, and medium-rise and mixed development 

apartments (Jaffar, 2004). Since the research is to study the thermal design of roof, the 

most appropriate type of design is a low-rise building as the ratio of roof surface area to 
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total building surface area is higher. A double-storey 'bung<dow dcsi zn was chosen, as 

this type is a detached building that would eliminate the thermal cl feet. due the adjacent 

dwellings. The bungalows are in the categories of Class B, C, D, and E with respective 

floor areas of 345 m2, 288 m2, 188 m2, and 135 ni2. To evaluate th signifier nee of the 

overall thermal impact on the building, the smaller ize would be u b 'tier option. The 

Class D bungalow was chosen as it is the intermediate size compared 10 the other to 

enable future comparison studies with the next bigger Class C and the muller Cla 

bungalows. 

These quarters have been designed to comply with the standards and guidelines 

set by the Malaysian government as mentioned in section 3.5 and are used for all 

government quarters throughout the country. Thus, any findings from this research 

would give direct contribution to the government of Malaysia in particular, and the 

population of Malaysia in general. With regards to the EE and sustainability features 

mentioned in section 3.7.4 (b), the findings could be set as a guide for the performance 

evaluations for the other designs of the PWD-NQD. These can also be used as a 

reference to benchmark the thermal performance and energy rating to the housing 

industry in Malaysia. Certainly, adaptations must be made to consider the possible 

disparity in thermal responses for other types of house form. 

In conclusion, contemporary modern house is the most appropriate type of 

residential building to be studied, and a PWD-NQD Class D double-storey bungalow 

was chosen as the house model for this research. The model for the real house and the 

intemal layout are shown in Figures 4.l(a) to 4.l(d). 

1 
Bungalow in Malaysia implies stand-alone building which could be one or two-storey. 

86 



Figure 4.l(a) Front view 

Figure 4.1 (b) Perspective 
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Figure 4.1 ( c) Floor plan of ground floor 
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Bed4 

Bed 2 

Figure 4.1 ( d) Floor plan of upper floor 

Figure 4.1: Building model of PWD-NQD (courtesy PWD of Malaysia) (scale 1: 100) 
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b) Material and construction 

The materials and constructions for the house model arc ha! cd on the design 

specification of the real PWD-NQD house (Malaysia, 2002e). 'omc modifications were 

made due to the availability of the required input details for th databas . However. all 

these are within the norms of conventional construction practi es for mod ern hous s in 

Malaysia (Shaari., 2001). The details of the materials and constructions for 1 h part of 

the building envelope as the input data required by the software are d ribed in e tion 

6.4.1. 

c) Roof parameters 

The parameters were chosen based on the recommended design strategies from 

the international and national reviews. These are the climatic design strategies given in 

Chapter 2, roof parameters in the previous international studies that need to be 

investigated for the climate of Malaysia, and lastly roof parameters in the national 

review that need more extensive studies as discussed in Chapter 3. 

The roof parameters identified for this research are the attributes of the assembly 

of outer skin, thermal insulation, roof ventilation, and ceiling. These are listed below: 

• External surface colour of roof covering 

• Air space layer beneath the roof covering 

• Supplementary thermal insulation material beneath the conventional radiant barrier 

• Ventilation of roof space 

• Option for horizontal ceiling 

• Thermal insulation over the horizontal ceiling 

The variables for each parameter are described in sections 6.2. l to 6.2.3. The 

roof construction is based on the conventional method that is used in the PWD-NQD as 

shown in Figure 4.2. The use of aluminium lining as radiant barrier has become a 
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standard feature and concrete roof tiles in an assortment of c1 lourx is becoming the 

most common roof covering for PWD-NQD (Jaffar, 2002) as well as in conventional 

practices for other residential buildings (Shaari, 2001 ). Therefore, the radiant barrier 

and the other types of roofing material were not considered as a parameter of study. 

INl£RLOCKING CO C. ROOf HUS Al 30" 
PITCH 

SOmm x SOmm H.W llMB[R 8AllW 
ISOmm x ISOmm RA[T[R 

DOUBLE SIDED ALUM. fOIL INSULATION 

SOmm x SOmm H. W SOFFIT BEARERS 

200mmx 20mm. THK. H.W. FASCIA BOARD. 

'------ 4.SMM. THK. CELLULOSE flBRE CEMENT 
EAVES SOFFIT SHEET LINING. 

R.C BEAM TO STRUCTURAL DETAIL 

L-------------- 175mm x 44mm H.W RIDGE PIECE 

L..---------------- CEILING 

Figure 4.2 Roof detailing of PWD-NQD 
(Malaysia, 2002e) 

d) Investigation tool 

This was determined from the research approach employed. The options and the 

selection of the most befitting technique are discussed in the next section. The scope of 

this study is to utilise a commercially available tool to perform the identified 

assessments within its capacities and limitations. The selected investigation tool for the 

research was a thermal design computer software Tas (EDSL, 1999). The selection of 

the tool and an overview of Tas are described in section 5.3 and 5.4. 
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4.6 Analysis 

The roof thermal designs were appraised by the dynamic whole-building thermal 

and energy performances. In general, domestic buildings in Malaysia are naturally 

ventilated. Hence, the thermal performance was evaluated by the indoor temperature 

variations due to the thermal impact by the ambient weather conditions. It was al o 

analysed in terms of the thermal comfort hours attained. The encrg p .rformanc wa 

evaluated by the energy for cooling required to supplement the thermal comfort 

conditions. The cooling schedule is explained in section 6.4. l(d). 

Accordingly, the thermal performance (TP) was used to determine the optimum 

values of the roof thermal parameters. The thermal designs of the roof were appraised 

by the thermal comfort (TC) hours in natural ventilation, and the energy for cooling in 

terms of cooling load (CL). These are briefly as follows: 

• TP - based on the maximum indoor air temperature. The air temperature was used, 

as it is the basis for the comfort zone used in the evaluation. The mean indoor air 

temperature was also used in certain parts of the analysis. 

• TC - based on the recommended comfort zone (CZ) for Malaysia shown in Figure 

Al.O in Appendix A. 

• CL - the sensible CL was used as an indication to the pattern of the energy 

consumption 

The evaluations were performed to analyse the dynamic whole-building thermal 

and energy performances due to the thermal impact by the ambient weather conditions. 

Therefore, the impact from individual roof element such as the roof/ceiling surface 

temperature were not analysed separately. 

One of the criteria for selecting Tas as the thermal design software as mentioned 

in section 5.3.1 was the TC assessment using the PMV and PPD indices. However, the 

selected software has a limitation of a one-hour TC analysis, in which a 24-hourly 
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individual data input would be required. The model would b1 individually simulated for 

each hour to obtain a daily TC evaluation. This means for each design, an hourly data 

consisting of the required boundary conditions have to be manually entered and has to 

be repeated for a total of 24-hourly period. Considering the number of design option to 

be evaluated, the manual entry of the needed data was considered impractical. 

Moreover, the PMV-PPD indices were reported to be unsuitable for nuturally ventilated 

buildings as mentioned in section 3.3.2 

For that reason, it was decided that the findings from the previous thermal 

comfort studies in Malaysia would be the most fitting reference to be adopted. The 

appraisal for the TC conditions was TC hours. This can be obtained from a comfort 

zone chart for Malaysia. At the time of analysing the data, the comfort zone chart for 

Malaysia proposed by Abdul Rahman (1999) is the most appropriate method to be used. 

It was constructed using the MYC data that was used as the climate data in this 

research. Thus, it would be valid for the evaluation performance. 

4. 7 Research approach 

The aim of the research is to identify the thermal design of roof assemblage for 

optimum whole-building thermal and energy performances for low-rise detached 

residential buildings in Malaysia. To perform the tasks in order to meet the objectives, 

several roof parameters and variables were considered. A range of permutations of these 

variables and parameters were executed to identify and quantify the optimum design 

strategies and the pragmatic design options. These were done by parametric studies, 

whereby a base-case design was identified and only one parameter was then varied at a 

time. The design alternatives were explored and the thermal performance of each design 

option was evaluated to determine the affect of a particular variable on the thermal 

performance of the building. To that end, the main criterion for the selection of the 
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approach was the ability to investigate the thermal re pon · and the energy impacts of 

the various roof configurations. 

Three possible approaches for data collection and analyses were identified as 

listed below and are explained in the following sections: 

• Approach 1: Field study and test house 

• Approach 2: Field study and numerical simulation 

• Approach 3: Numerical simulation 

In the final analysis, Approach 3 was chosen, as it was the most viable approach 

within the approved time and funding constraints. The experimental procedures for the 

approaches are briefly discussed, and the strengths, weaknesses, and limitations are 

included. 

4.7.1 Approach 1 (an alternative): Field study and test house 

Approach I would consist of two parts: Part A would be an empirical study on a 

real PWD-NQD and to be referred as the base-case. Real data would be collected using 

a suitable monitoring and data logging system. Part B would be the investigations for 

the optimum thermal design of roof. For part B, a test house would be constmcted with 

a few options for the roof parameters. The monitoring would be repeated and all the 

data would be analysed and compared. 

The fundamental drawback of the approach is the limitation on design options to 

be studied. No doubt this approach would give the opportunity to record measurements 

in the real practical situation. However, the uniqueness of the real situations would 

make it very difficult to control the parameters under study. There are many 

uncontrollable variables that could influence and impose limitations on the findings. 

Among these are weather conditions, and human factors such as the occupants' 

activities and occupancy schedules. The external weather conditions might vastly 
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change during the periods of the physical experiment . 'I h in flu ·nee of human factor 

could be minimised by choosing an unoccupied house. Nevertheless, it would not 

satisfy the main criterion for the selection of approach as the cost and time will impose 

limitations on the design options. In addition to all the above limitations, Part A could 

not be conducted because at the time of selecting the research approach, the building 

had not been constructed yet. 

To summarise, among the shortcomings of this approa h ore no real building for 

Part A and limited design options for part B. Time and budget would impose constraints 

on the number of design options to be investigated. Therefore, this approach could not 

be considered. 

4.7.2 Approach 2 (an alternative): Field study and numerical simulation 

It would consist of three parts: Part A would be an empirical study on a real 

PWD-NQD, and Part B and Part C of would be numerical simulations on computer. 

Part A would be a study on the base-case design as in the alternative Approach 1. Part B 

would be a numerical simulation study of the base-case using suitable thermal design 

computer software. The simulation and the empirical results would be analysed and 

compared. Lastly, Part C would be the investigations for the optimum thermal design of 

roof using the thermal design computer software. All the identified design options 

would be modelled and the proposed designs could be evaluated. 

The comments and limitations for the field study in Part A are as mentioned in 

the alternative Approach 1. The numerical simulation in Part B would serve as a 

comparison with the empirical findings in Part A. Since there was no real PWD-NQD 

building, Part A and Part B cannot be performed. Thus, this approach was excluded as 

well. 
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4.7.3 Approach 3 (the selected approach): m i< •I [mulatlon 

Approach 3 that is numerical simulation was selected as the research approach. 

It was totally by numerical simulation using an identified thermal d sign computer 

software. The simulations were performed on the base-case design and all the 'elected 

design options. The design options were selected based on the perform me evaluation 

of the parametric analyses. 

The deciding factor on the selection of the research approach wa that at the 

time of the selection, the building to be studied had not been constructed yet. This had 

eliminated the possibility of employing the alternative approaches described above. 

Secondly, the main criterion for the research approach chosen was the ability to collect 

the data for all the possible thermal designs of the roof. Apart from the fact that the 

building had not been constructed, the alternative approaches could only be conducted 

with limited design options. The computer numerical simulation approach would enable 

all the possible design options to be modelled and analysed. Variables could be selected 

and controlled. These were parametric studies whereby evaluations were made by 

comparing the performance among the chosen designs. All other parameters were kept 

constant, thus any inaccuracy would be consistent for all the models throughout the 

evaluation process. 

The only drawback is that there were no comparisons to the actual performance 

in the real situation because there was no real building at the time of the investigation. 

Nevertheless, this is the best approach to explore various roof thermal designs options. 

Moreover, the analyses involve the computations of numerous dynamic heat transfer 

processes. The emergence of sophisticated as well as simplified computing thermal 

software opens up a horizon for realistic exploration on building designs and 

performance evaluations. The outcome of the PWD-NQD design evaluation mentioned 

in section 3.7.4 has substantiated the need for computer simulations to aid the decisions 
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at the early design stage, due to the relatively fa t t ·md flexibility of simulating 

permutated designs before being drawn on the blueprint. 

In essence, this project is a comparative study of the performance of suitable 

thermal designs of the roofs for low-rise detached residential buildings using a PWD 

NQD double storey bungalow as a case study. 

The usage of computer software as a simulation tool hr th pcrf rmance 

assessments in research as well as in design process is discussed in haptcr 5. A pilot 

study was done to test the reliability of the software chosen for this study. This is 

explained in section 5.4.7. 

4.8 An overview of the execution of the selected approach 

After selecting the research approach, several tasks were carried out before the 

actual investigations could be performed. These were carried out in three stages; the 

first stage was selection of a suitable thermal design software to be used as the 

experimental tool, the second was learning and setting-up of the software to perform the 

experiments, and lastly was the execution of simulation modelling using the identified 

computer thermal software. The process for each stage is briefly as follows: 

a) Selection of the thermal design software: The potentials of commercially 

available computer-modelling software are compiled from the Internet and discussions 

with the users. A qualitative analysis was performed based on the required criteria. 

Lastly, after considering all the related factors, the most appropriate one was selected. 

Details and discussions on the selection are presented in Chapter 5. 

b) Learning and setting-up of the software: The tasks involved learning of the 

software and setting-up of the required database. The learning part included 
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understanding of the basic principles, its operation' nd limifations, the type of analyses, 

the required input data, and the generated output data. 1 he cttin •-up consisted of the 

general set-up, the preparation of the specific databases, and the input data. The general 

set-up involved the selection of the weather data and the design day. I'he databases 

prepared were the local climate, internal condition , and the material and con struction of 

the building envelopes. The input data were the house model and the nttribut of the 

envelope as well as the internal. conditions. These arc elaborated in section 6.4. 

c) Numerical simulation via computer modelling: Numerical simulations were 

performed for each model of the design options. Results were analysed and performance 

assessments were evaluated. Conclusions were drawn and design recommendations 

were proposed. Details of the experimental process and design are presented in Chapter 

6, and the results and analysis in Chapter 7. 

4.9 Summary and conclusions 

The research issues are the EE documentations and guidelines for residential 

buildings, the climatic designs of modern houses, and the recommended climatic design 

features. The findings of the previous researches in Malaysia and other countries with 

similar climate are the basis of the research aim, objectives, and the parameters of 

study. The research outcome is to contribute to recommendations for the thermal design 

of the roofs. 

At the time of selecting the building model, the PWD-NQD programme was the 

only housing project that promoted the concepts of sustainability and EE for residential 

buildings. This research took the opportunity to support the programme by using a 

PWD-NQD as the case-study. A double-storey bungalow was chosen as the house 

model. The findings would provide the compilation of some technical design details 
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that could contribute towards recommendation for h rrnal d si '11 of the roof for low 

rise detached residential buildings. 

This research explores the thermal design of the roofs for the PWD-NQD 

double-storey bungalow by evaluating the dynamic whole-building thermal and energy 

performances. The research employed a numerical imulation nppro ich using suitable 

computer thermal design software as the experimental tool. 

The selection and overview of the suitable software ar pr nted and di cussed 

in the next chapter. It also includes the developments and the applications of computer 

modelling software as simulation tools for building performance assessments. 
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CHAPTER 5: SIMULATIO -1 f,J fiORMANCE 

ASSESSMENT, SELECTION A 0 OV'1 .. RVI W 

5.1 Introduction 

The core discussions in this chapter arc the selection ind ov 'r 1 w of the 

thermal design computer software to be used as a simulation tool to meet the research 

aim and objectives. It also highlights the evolution and applications of the building 

simulation technology in building performance assessments in research and real 

practices to verify its use as a valid research approach. An overview of the selected 

software outlines the conceptual operation, the required input data, and the generated 

output data. 

5.2 Building simulation technology 

This section presents the development of computer-modelling software to 

demonstrate the tremendous efforts that have been devoted by researchers and 

professionals to turn numerical simulation into a state-of-the-art approach in building 

design process. The application of numerous computer simulation tools in many aspects 

of building performance assessments verified the validity and reliability of this 

numerical experiment method as a research approach. 

5.2.1 The development 

Research in computer design started after 1930 whereby the applications of 

computer modelling and simulation were mainly for military purposes following World 

War II and for almost two decades thereafter (Martin, 1968). It was then extended to 

99 



other disciplines with the invention of commercial computers for icicntific and business 

applications in the mid-twentieth century (Martin, 1968). The groundwork of 

formulating the computer-modelling software as simulation tools in the architectural 

design, engineering services, operation, and management of building start' i in I )60s 

(Augenbroe, 2002). Since then, the advancements and intH)V:llilmS in the digit 1\ 

technology had caused dramatic improvements in the computing power mi vcrs uility 

of the appli ti I f. 1 I · · · · rca rons, t rus emerging as the state-o -t ic-art tc nnquc m nppraismg and 

predicting building performances (Augenbroe, 2004, 2002; Hensen, _002. 2001; Al 

Homoud, 2000; Cole, 1998; Clarke, 1993; Clarke and Maver, 1991 ). The developments 

of the hardware have enabled the refinements of computing codes and techniques that 

allowed more complicated problems to be studied. Consequently, the applications of the 

buildi ng performance simulations have been extended from the thermal and energy 

application in 1970s to the more sophisticated applications for lighting, airflow using 

Computational Fluid Dynamics (CFD), moisture flow, and acoustic in late 1980s and 

1990s (Augenbroe, 2002; Hensen, 2002). 

The pursuit for more superior, accurate and reliable, yet friendly and simplified 

software · d d · · b 'ld' f is an on-going challenge to researchers an esigners m ur mg per ormance 

simulat· fi . . . · · ion ield. Research on mtegrated design tools (Amor et al., 1990, Athientis et al., 

1990); integrated thermal simulation software with airflow (Tuomaala and Rahola, 

1995)· c . ' FD (Bartak et al., 2002; Zhai et al., 2002); HV AC Systems (Riederer et al., 

2002· Ch ' ow, 1998; Rousseau and Mathews, 1993); and visual, acoustic, energy and 

environmental building simulation (Citlerlet and Hard, 2002) were developed to 

facilitate h 1· · ak hi hni o istic performance assessments so as to m e t is tee que acceptable and 

Practical t l d F · 1993 o the practitioners (de Wilder et al., 2002; More an aist, ; Amor et al., 

1993, 'l\K ' Mathews and Richards, 1993). The fascination to materialise computer- 

siinuJar · · I ions as an easy-to-use and a friendly tool 111 real practices ias further encouraged 
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the formulation of simplified computer tools (Gratia and de Hcrdc 2002; Ellis and 

Mathews, 2001; Y ezioro and Shaviv, 1996; Szokolay and Ritson, l 982 ). Advanced 

mathematical algorithms for daylighting (Miguet and Groleau, 2002), thermal (l aouadi, 

2004. Be l · 1 M . ' auso et - ornson, 2002; Boyer et al., 1996), airflow (Mus ct 11.. 00 ). 

estimation techniques (Chen and Atnienitis, 2003) and optirnisntion models (Ali er 11.. 

2002) were formulated to increase the precision or computing .npnl ility n i th 

consistency of output data. New improved met'hodological tc hniqucs for d -Iighting 

(Glaser and Ubberlohde, 2002) and optimisation methods (Cole and Schukat, 2002; 

Bouchlaghem and Letherman, 1990) were developed to assist and enhance the 

prep · aration and analysis processes. And last but not least, new approaches for the 

performance assessments of life cycle analysis (Mithrarafne and Vale, 2004; Cole, 

1998) and energy performance (Botsaris and Spyridon, 2004; Pedrini et al., 2002; Al 

Homoud, 2000) were introduced to broaden the applications. 

New generations of computer simulation tools for buildings are progressively 

b• eing developed and improved at various energy-related research centres to keep up to 

the challenges of the commercialisation to meet the demands of the end-users (U.S.A, 

2oo4b, 2004c; CSIRO, 2003; FSEC, 2003; U.S.A, 2003). These research centres and 

several other international organisations such as the International Building Performance 

s· . ll11ulation Association (IBPSA, 1986), International Energy Agency (IEA, 2004), and 

American Society of Heating, Refrigerating, and Air Conditioning Engineers 

(ASHRAE) d · 1· . h di . 1· are also responsible in promoting an assunng qua ity in t e rscip me as 

Well as s · d P f th · · · · erving as platforms to disseminate knowle ge. art o e activities earned by 

the IEA · ·a11 ·1 bl . l . ft is monitoring the validation of the commerc1 y avai a e simu ation so ware. 

Those remarkable efforts in the past have paved the way to the current progress 

towards · · · · · · h estabhshmg building performance snnulat10ns as a promising researc method. 

The inv l c. • l d . . o vements and commitment of many researches, pro1ess10na an internationally 
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organised bodies in supporting the development and the estab1i hmcnt of the discipline, 

and the applications in many aspects of built environment and building industry have 

verified the validity of the simulation method for research and real practical practice , 

and the usage of computer software as an effective tool in man d cision-making 

processes in the building industry. These applications arc further elaborated in the 

following section. 

5•2•2 The application 

Computer software has become a powerful design tool in the decision-making 

processes to optimise the perfonnances of the building envelope and the required 

building services systems at the design stage. The predictions of the performances could 

be projected under a range of anticipated external and internal conditions. Numerous 

building c. · b ildi d · · perrormance assessments are of mterest to ui mg esigners, engmeers and 

the end -users. Amongst others are the impact of building heat transfer on indoor 

environmental conditions for human comfort and health such as thermal, visual, 

acoustic 1 · 1 h a , airflow and indoor air quality; energy supp y systems sue as renewable 

energy, heating and cooling power systems; building services systems such as Heating 

Venn · 1 atmg and Air Conditioner (HV AC) systems and Energy Management Systems 

(EMS); and last but not least is EE and sustainability in the built environment which 

include construction, operation and maintenance. 

Depending on the scope and levels of assessment to be investigated in the 

studies tl 1· h . . b id ' re ist of parameters and variables, and t eir permutations to e consi ered 

could b d · h d Id b b' e en less. Modelling via the physical experiment met o wou e su jected to 

variou t · Id · · s emporal, spatial, and financial constraints that wou consequently impose 

r . 11111tations on the scope and depth of the investigations. Due to the complexity of the 

Process d · h · I f 1 an the mathematical computat10ns, or t e mterp ay o arge a number of 
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parameters, or time-factor, and/or cost factor, numerical experiment via computer 

modelling would be the best method to conduct a comprehensive study in the areas of 

inte t · res m a controlled environment (Holm and Kuenzel, 2002; I Iydc and Do herty, 

1997; Lomas, 1996; Forwood, 1983; Turner and Szokolay, 1982; Sha i\ and Shnv iv, 

1978). All the physical interactions between the external and int crnal parameters of the 

building and systems as well as within the building and systems must be 1 .count d for 

in all the design options. J\ good and suitable design tool would LP able to con i tently 

compute all the mathematical formulations for all the design options onl at the cost of 

the tool and the competency of the user. It is thus an economical method using a very 

resourceful tool to assist and support the researchers and building professionals on 

many aspects at various stages of the life of a building. 

The use of the computer technology as predictive tools could facilitate 

designers in much decision making at the design stage (Capeluto et al., 2003; Gratia and 

De Herde, 2003; Coley and Schukat, 2002; Tahat et al., 2002; Shaviv and Shaviv, 

1978), retrofit options (Gratia and De Hertle, 2004b; Gratia and De Hertle 2004c; Coley 

and Schukat, 2002; Noble and Barthakur, 1998) and performance assessments (Burnett 

and Yaping, 2002; Holm and Kuenzel, 2002; Shaviv et al., 2001; Hyde and Docherty, 

1997; Elnahas, 1994; Kaushik and Chandra, 1982) have clearly indicated that 

confidence has been established in the reliability of the numerical simulation technique 

for the a 1· . PP icanon in real situations. 

The LEO building that is the showcase of Malaysia on EE building mentioned in 

section 3.4.3 was designed with the aid of a computer-simulation Energy 10 software to 

assist th d · b ildi d · d e ecisions in the optimisation of the ur mg esigns an energy systems. 

Numen 1 · 1 · d h d · ca simulations were performed during the p anmng an t e esign stages to 

support the design decisions and to predict the building energy consumptions. 
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5.3 Thermal design software 

A broad range of building simulation tools is available with various levels of 

user-friendliness, modes of operation, computational capabilities a well as limitations. 

and prices. The search for a suitable commercially available building anal sis software 

for the thermal design of buildings was done via Internet surveys (ll.S.A, -00-ih. _Q04c. 

2004d, 2003; FSEC, 2003), literature reviews cited in the pre cdinu sections, ind 

informal discussions with several users (Harith, 2001; Pcdrini, 2001; R imann, 2001; 

Tang, 2001). 

Several keywords were used to short-list the selection; these were thermal and 

energy analysis, dynamic whole-building analysis, thermal comfort, airflow, residential 

building, and portable personal computer (PC) platform with graphical user interface 

facility Th 1 · · d · · f t . th d . · · e ast cntenon was the final etermmmg ac or smce e es1gn process in 

this study · · d · · h th · · d was to be applied on other bmldmg esigns wit e intention to emonstrate 

simplicity and user-friendliness. Besides the criteria mentioned above, the information 

obtained from users were indispensable since they provided the insight of the respective 

softwar c: e rrom their hands-on personal and professional experiences. Finally, the 

commercial software that best satisfies the six listed criteria were reduced to five 

ch· 01Ces and are briefly described below. The overviews given were based on the 

informat· b · · f h 1 · ion o tamed from the above resources at the time o t e se ection. 

a) v· •suaIDoe3.0: An energy simulation program for residential and commercial 

building · h PC . h M. ft Wi d s wit graphical interface facility. Runs on wit icroso - in ows 95, 98 

and 2000. Uses DOE-2. lE calculation engine for energy analysis. Requires whole 

b' Ullding plan and has CADD files import facility. Libraries for input data are available 

anct new ones can be created. Performs multi-zones whole-building analysis for quick 

evaiuar · O · d c. ton of energy savings for building design options. riente ror actively 
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conditioned buildings. Target users are architects, engineers, ener y analyst~. and utility 

personnel. 

b) Bsim2000: A building simulation package for energy, daylight, thermal. and 

indoor climate analysis with graphical interface facility. Runs on PC v ith i\ licrosoft 

Windows 9x and NT/2000. Uses upgraded tsbi3 program with more nc\\ f uure .. 

Requires whole-building plan with computer aided design (CAD) import facility. 

Libraries for input data are available and new ones can be created. The calculations on 

complex buildings with many thermal zones could be performed simultaneously. 

Evaluation of building design options for actively conditioned spaces with limited 

capacity for natural ventilation or mixed mode. Outputs are available in graphical and 

tabular forms. Target users are engineers, researchers, and students. 

c) Energy-10: An energy simulation software for residential and small commercial 

building with floor area of less than 10,000 m2. Runs on PC with MS-Windows 

3.0/9519812000. Performs whole-building energy analysis, dynamic thermal and 

daylighting specifically designed for perfonnance assessments in the very early stages 

of the design process. Simultaneous analyses are limited to only one or two zones. Very 

easy to use since it does not require the actual architectural building plans. Requires 

only four input data to generate two initial generic building descriptions for comparative 

evaluation of design options with base-case. Libraries for input data are available and 

new ones can be created. Evaluation of building design options for actively conditioned 

spaces. Outputs are available in graphical and tabular forms. Target users are designers, 

enginee · · rs, utility companies, and students. 
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d) Integrated Energy System (IES): An integrated whole-buildin simulation of 

building with the HVAC systems. Predicts building performance on thermal, energy, 

thermal comfort, lighting, airflow (3D CFD), plant, cost and life-cycle, and occupants 

evacuation. Runs on PC with MS-Windows except the airflow using CFD program. 

Requires whole-building plan with CAD import facility and creates mod -ls with or 

without CAD data. Libraries for input data arc available and n '' ones cm ht> crcat d. 

Performs multi-zones whole-building analysis for indoor climate in n rural ntilation 

and energy evaluation for actively conditioned spaces. Outputs ar a ailable in graphical 

and tabular forms. Target users are designers, engineers, building managers, building 

design c 1 onsu tants, researchers, and students. 

Tas: A software package for dynamic whole-building analysis. Performs 

simulat · ( CFD) d h 1 ions on thermal, energy, plant, airflow 2D , an t erma comfort 

e) 

performances. Runs on with MS-Windows NT 4.0 on Pentium PC with user interface 

facility. Requires whole-building plan with CAD import facility and creates models with 

or · h wit out CAD data. Libraries for input data are available and new ones can be created. 

Perform · · · 1 · fi · d 1· · s simultaneous multi-zones whole-bmldmg ana ysis or in oor c imate m natural 

ventilation and energy evaluation for actively conditioned spaces. Outputs are available 

in graphical and tabular forms. Target users are building service engineers and 

architects. 

Selection of the most appropriate modelling tool was crucial to ensure the 

needed computations to be within the boundaries and the capabilities of the operation of 

the selected software. Therefore, the next stage was the qualitative evaluation of the 

above id · · fi al' th h · f h 1 entified thermal design software. This was to · in ise e c oice . or t e purpose 

of this · research and is presented in the next section. 
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5.3.1 Evaluation of thermal design tools and selection of th pproprlate software 

The evaluation for selecting an appropriate computer simulation tool could be 

categorised into the quantitative and qualitative assessments (Ahmad, 1998). The 

quantitative evaluation is the comparison with the empirical results and is normally used 

as a validation procedure. The qualitative evaluation is the as sessrncnt on the le itures of 

the tools such as input data, output data, capabilities, limitations, and user-fri n ilin s . 

A qualitative evaluation was performed on the five short-listed software for the 

final selection. The building performances appraised were the thermal performance, 

energy performance, and thermal comfort. Detailed features specified in the evaluation 

Were user friendliness, modes of operation, building type/size, ventilation mode, 

number of zones, availability of the required input data and the needed simulation 

outputs. 

All the software has comparable capabilities and flexibilities in terms of user 

friendliness, input data such as default databases and the making of new ones, creation 

of building models and assignment of attributes, and analyses of simulation outputs for 

the energy performance. All has A UTOCAD import facility to assist with the drawing of 

the building plan and performed simultaneous multi-zones calculations except Energy 

lO. Energy-IO does not require the actual building plan whereby hypothetical spaces 

are g enerated from the specified input data and are treated as one or two zone 

increments. Only JES and Tas are capable of simulating naturally ventilated spaces and 

IEs ranked top in the list with a JD Computational Fluid Dynamics (CFD) as well as 

cost and life cycle analysis. Tas came second with a 2D CFD but is obtainable at a 

lower 1 · al · c. · d · ICence cost. A CFD analysis would assist the ev uation ror in oor au movement 

for TC assessment, but since airflow is not the main focus of the study it was decided 

that a 2D CFD would be sufficient. Moreover, the TC conditions could be assessed via 

other techniques as discussed in section 4.6. Finally, after weighing up all the 
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capabilities and limitations against the needed performance cv: luations to meet the 

objectives of the study, Tas was resolved as the most appropriate ·oft ware to be used 

for this research. The evaluation is summarised in Table 5.1. 

Table 5.1: Summary of software evaluation 

~Rating: Poor(*); Limited(**); Good(***); Not available/appli~bl' (N ) - 
~ Visual Ooe3 .0 Bsim2000 Encruv-10 lFS l' \S 

~ 1. Residential 
·f- - 

*** *** *** *** *** 
2. Analysis 

a. thermal NA NA NA *** *** 

b. energy *** *** *** *** *** 

c. whole-building *** *** NA *** *** 

d. thermal comfort NA NA NA *** *** 

e. airflow NA NA NA *** ** 

i-f:. multi-zones *** *** * *** *** 
3 · Ventilation 

a. natural NA NA NA *** *** 

b. active_ ale *** *** *** *** *** 

~mixed-mode NA NA NA *** *** 
4· User friendly 

a.Pc *** *** *** *** *** 

b. interface *** *** NA *** *** 

c. default database *** *** *** *** *** 

d. new database *** *** *** *** *** 

S,4 Overview of Tas 

Tas has been commercially developed by the Enviromnental Design Solutions 

Limited (EDSL) since 1989 (EDSL, 1999). It is a software package for dynamic whole- 

builcti h . · · 1 f C ng t ermal and energy simulatlon The prograrnmmg anguage o ++ and the 
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software runs on Pentium machines with Microsoft Window' N'l 4.0. It has been sold 

as a software product and used for consultancy work by EDSL (Jones, 2003 ). 

Tas comprises of four modules; Tas Building Designer for the dynamic 

building simulation in natural and forced airflow, Tas Systems for the: l leating 

Ventilating Air Conditioner (HV AC) systems simulation, Tas Ambiens for the: iirflow 

and thermal comfort simulation using a two dimensional (.20) cornput uional fluid 

dynamics (CFD) modelling, and Report Generator (RG) for post-processing facility to 

Increase the range of outputs for the analysis and/or display of outputs to meet the 

various needs of the users. User guide for all the modules is available in reference 

manuals and tutorials. Detail information on the theoretical formulation, technical 

scope, and capabilities are available in the references and website (EDSL, 1999). All the 

modules have undergone the validation exercise by the IEA (EDSL, 1999). 

Built-in databases of climate, internal conditions, and building material and 

construction are available in the software while new ones can be added. The building 

can be modelled using either interactive or batch simulation in natural or mixed-mode 

ventilation. The interactive simulation is a one-day simulation and the outputs can be 

viewed in graphical or tabular forms. The batch simulation is a simulation over a 

specified period and the outputs can be viewed using the report generation facilities in 

the RG module. 

The software requires several input data that must be entered and the needed 

simuI ti a ion outputs could be selected. Results can be exported to other software for 

further analyses, such as MS-Excel, Lightscape for daylighting analysis or Cymap for 

building services. 

The flowchart in Figure 5.1 summarised the building thermal design sequence 

of Tas. The features for each module are explained in the following sections and the 

details of each input data used in this research are elaborated in section 6.4.1. 
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Figure 5.1: Thermal design sequence of Tas 

5·4·1 Tas Building Designer 

This module has two programmes; 3D-Tas andA-Tas. 

3D-Tas - 3D Modelling programme: It creates a model and prepares data for the a) 

thermal · 1 · · fr simu ation by A-Tas. Buildings can be drawn or imported om CAD files and 

the model can be viewed in 3D along with display of shadows. The model saved in 3D 

Tas could be retrieved and linked to theA-Tas module for thermal analysis. 

A-Tas - Building analysis programme: A-Tas performs dynamic simulations to 

evaluate the thermal performance of buildings. The hourly thermal state of the building 

b) 

due to numerous thermal processes occurring in the building throughout the simulation 

Period · . d · c is contmuously analysed. The various heat an moisture transrer processes 

occ . . urnng around and within the building are accounted from conductiou, convection - 
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external and internal, advection - infiltration, ventilation, air movement and aperture air 

flows, psychometrics -air heat capacity and air moisture content, radiation - solar and 

long-wave, and casual gains - occupants, lighting and equipments. All these processes 

are combined by the zone heat balance equations to simulate the performance of the 

whole building. The heat transfer calculations arc based on methods, models and 

standards from ASIIRAE, Chartered Institution of Building Services Engineers 

(CIBSE), British Standards Institutions (BSI), and the European Standards. he building 

attributes to be assigned to the models are zone names, building material and 

construction, aperture schedules and opening size, and internal condition. 

5.4.2 Tas Systems 

This module uses B-Tas as the software for the HV AC Systems Analysis 

program. It simulates the thermal performance of heating and air conditioning systems. 

There are basically three stages in the applications. The first stage is the system 

assembly where the schematics of the HV AC systems are assembled from the selected 

system symbols and the control links are set. The second stage is the parameter where 

the control settings and performance characteristics for each component are set. The 

final stage simulates the system's performance. 

5·4·3 Tas Ambiens 

This is a 2D CFD modeller. It simulates airflow and temperature across a 2D 

section of an internal space for comfort assessment. The index used for the thermal 

comfort assessment is the Percentage of People Dissatisfied (PPD) based on the 

Predicted Mean Vote (PMV). 
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5.4.4 Report Generator 

It is a post-processing facility to increase the simulation outputs. 'I he facilities 

are used to customise the format of Tas output; as a post-processor for further naly sis 

such as the analysis of energy systems and economics; and as an interface between Tas 

and other software packages such as a spreadsheet and word processing. 

5.4.5 Input data 

The software requires several input data that must be entered and the needed 

simulation outputs could be selected. The required input data are: 

a) Weather data: A weather database of 365 days with parameters of global solar 

radiation (Wm"2), diffuse solar radiation (Wm-2), cloud cover (0-1), dry bulb temperature 

(0C), relative humidity(%), wind speed (ms") and wind direction (degree east of north). 

b) Building design: The design can be drawn or imported using the CAD links 

facility. The building attributes are assigned from the relevant databases. 

c) Building material and construction: These databases can be created and require 

the input of the thermophysical properties of the materials and the layering of 

construction components. An envelope can be composed of constructions of up to 12 

layers comprising of an opaque material, a transparent material or a gas. 

d) Zones: Zone numbers are assigned to a space or a group of spaces. This identifies 

the space/s for the thermal and energy analyses. A building can have a maximum of 60 

zones and each zone can have individual internal climate and operation schedule. 
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e) Aperture schedules: This controls the schedule and the op ·nin~' uzc of apertures. 

It provides an hourly 24-hour schedule for Weekday, Saturday and Sunday. 

f) Internal condition (IC): This database contains information on the occupancy and 

the equipment schedules. It describes the internal activities within the .on s that 

contribute to the internal heat gains. The input data arc the set-point temp -raturc and 

relative humidity, heating and cooling operating schedule in four int ervals, and a 24- 

hour occupancy schedule in eight intervals. The occupancy schedule table requires the 

Input of the period of occupancy, infiltration and ventilation rate, and heat gains from 

lighting, occupants, and equipments. 

5.4.6 Output data 

Among the automatically generated simulation outputs are: temperature - air, 

mean radiant and resultant; relative humidity (RH); airflow; surface outputs - 

temperature and solar gain; heating and cooling loads; building services performance; 

load breakdown; and thermal comfort assessment. 

The generated outputs for the interactive data can be viewed directly on the 

screen in a graphical form or viewed in tabular form that can be exported for further 

analysis. For batch simulation, the outputs can be viewed using the report generator 

fa T CI ity. These generated outputs can also be exported for further analysis. Other user- 

specified data analyses can be performed using the RG facility. 

5•4• 7 Pilot study 

A pilot study was done to test the reliability of Tas as the software to be used for 

the simulation. The house model used was a real existing double-storey terrace house. 
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Although this is a different type of house compared to the leered detached PWD 

NQD, it is a low-rise building where the thermal impact of the roof would be 

significant. This type of house was purposely selected to compare the findings for 

evaluating the reliability and validity of the simulation output data. 'I hcrmal simulations 

were done using the roof parameters of interest. Similar assumptions were made on the 

input data for the IC as well as the building materials and constructions. l'he finding 

have been briefly summarised in section 3.7.2. Due to the different configuration of the 

house, the findings in the pilot study showed a greater thermal impact of the roof 

compared to that for the PWD-NQD double-strorey bungalow that are presented and 

discussed in Chapter 7. Nonetheless, the pattern persists and was concluded to be 

consistent with the findings of the other research using other thermal design software. 

5.5 Other users 

In U.K the Tas users ranges from individuals to practising companies as well as 

academic institutions and research centres (Jones, 2003). Tas has also been successfully 

used for numerous building performance evaluations in other countries of varying 

climatic conditions and these are summarised below. 

Gratia and De Herde (2003) used Tas for parametric studies to evaluate the 

strategies for designing a low energy office building in the climate of Belgium. It was a 

double skin facade building proposed by the IEA in a subtask for performance of solar 

fa9ade components. Tue double skin facade was a relatively new architectural design 

concept and has been applied to only very few buildings. Thus, with the little 

experience on the expected performance, numerical simulation technique was employed 

to investigate on the advantages to be exploited and the cautions to be taken. Among the 

design strategies modelled were form, thermal insulation, control of internal gains, 

Window area and orientation, type of glazing, natural ventilation, and thermal mass. The 
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recommended practices for each design strategy were ·ugg sled. 'I he insulation was 

found to be beneficial to reduce the heating load in winter but the trapped internal gains 

had adverse effect in summer. The heating and cooling loads were evaluated on eight 

types of days during the four seasons with the external air temperature ranged from 0 °C 

on a sunny winter day to 26.7 °Con a sunny autumn day (Gratia De I lade • ..,004c). The 

performance in natural ventilation was studied on a sunny summer da with c .ternal 

temperature ranging between 1 I .4 °C to 23.3 °C (Gratia De Ilerdc, _004b) and detailed 

strategies were qualitatively analysed (Gratia De Herde, 2004a). 

Tahat et al. (2002) used Tas for design decisions to construct a two-storey flat 

roofed detached house in a Mediterranean climate. The summer time temperature 

ranged from 26 °C at night to 39 °C during daytime with RH of about 48 %. In winter, 

the temperature ranged from -1 °C to 10 °C with RH of about 75 %. The aim was to 

reduce the heating and cooling energy consumption. Among the design parameters 

considered were building fabric specification, building orientation, shape, and aspect 

ratio of building, window-to-wall area ratio, and thermal insulation. The selected 

Parameters were initially individually optimised and later were done collectively. The 

U-value and time-lag were considered in the technical specification for the construction 

of the envelope. The house was built as close as possible to the theoretical design. The 

measured experimental data agreed with the predicted numerical data and the house 

performed much better than typical similar house type. There was only several days of 

overheating heating in summer and during winter the average indoor temperature was 

between 15 °C to 19 "C without supplementary heating. It was concluded that the house 

performed as a low energy house and was recommended to other countries in the 

.Mediterranean climate. 

Gorgolewski et al. (1996) evaluated the predicted energy savings for retrofitting 

of thermal insulation, double-glazing, ventilation controls, and sunspaces for high-rise 

115 



housing in the U.K. It was found that the space heating load on th fir t floor was lower 

than that for the tenth floor. Hence, the design strategies should be depends on the floor 

levels. For individual renovation measures, the space heating loads were mainly 

affected by the infiltration rates, followed by glazing, and wall insulation had the least 

effect. However, the combination of several envclopc-insulalion mcnsur 'S could 

generate more savings than the sum of the savings by individual measure. 

Tassiopoulou et al. (1996) studied the energy efficient design strategies of two 

traditional dwellings in the warm-temperate climate of Greece. Tas was used to study a 

dynamic simulation of the heat transfer processes in the buildings. The building thermal 

and energy performances were simulated with building usage as was originally intended 

and when adapted for modem living. Realistic assumptions were made on the 

occupancy pattern, space heating schedules, and the type of ventilation for the occupied 

spaces. These were to represent the typical Athenian dwelling as well as adaptations for 

contemporary life style. From the :findings, it was concluded that the traditional 

dwellings responded well to the climate. However, adaptations for modem living 

standard such as modified central-heating system and added thermal insulation led to 

higher heating load in winter and the tendency for overheating in summer. Thus, 

appropriate evaluations were suggested to be considered in the refurbishments of 

historic dwellings. 

Grindley and Hutchinson (1996) calibrated Tas using the weather data of New 

Mexico in U.S.A with measured diurnal ambient temperature ranged from 4 °C to 

35 °C. The building was enveloped with soil, and the walls were of high thermal mass 

made of re-cycled car tyres. Physical measurements of the air and mean radiant 

temperature were recorded and compared to the Tas simulation outputs. The building 

Was also simulated using the weather data for the south-eastern region of U.K. Both the 

recorded and the simulated data showed the building was overheated in the summer. 
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The discrepancy between the measured and predicted me n radiant t rnpcrature was 

within +/- 1.2 °C. It was concluded that the correlation between the predicted and 

measured temperature was good and Tas was used for other performanc assessments 

of the building. 

Panayi (2004) used Tas to investigate the impact or s ivcrul passi 1.: design 

strategies on energy consumption of dwellings in the climate or C prus. l'hc design 
strategies were the insulations for the wall and roof, glazing, thermal muss for the wall, 

building orientation, and the optimum roof structure. The aim was to determine the 

impact of each parameter individually and the interaction among them in order to 

prioritise the investments for energy savings and cost. The heating and cooling energy 

were analysed for a detached house and an apartment in a three-storey flat house. 

Realistic assumptions were made on the typical constructions for the structural frame 

and the building envelope, and for the occupancy and household appliances schedules 

and usage pattern. The impact of each parameter was simulated individually to identify 

the best option for each parameter. The best measure for energy savings was added to 

the base-case model and this improved base-case model was simulated again with the 

addition of the other identified options. This was to determine the best combination, as 

the impact of the measures was not additive. From the findings, it was concluded that 

fabric insulation gave the most significant energy saving and the other measures led to a 

red · uction on the overall energy consumption. It was reported that Tas has been 

validated for detached dwellings in the climate of Germany. The availability of the 

Weather data for Cyprus and the assumptions made on the occupancy and appliances 

schedules for the heat gain calculations were considered as the limitation of the study. 
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5.5 Summary 

Numerical modelling via computer simulation is becoming a . tatc-of-the-art 

method for various building performance assessments. It has become almost ubiquitous 

In many design processes, in research and real practices. The immense r searches in this 

discipline that entails from the advancements of computing and digital technology have 

revolutionized its applications. The validity and the confidence in the num rical 

computer simulations have been demonstrated in numerous applications in various 

fields. 

Due to the nature of the investigations in this research, a numerical simulation 

via computer modelling was identified as the most suitable. A qualitative evaluation 

performed on selected thermal design software has chosen Tas to be the most 

appropriate simulation tool for the study. The selection was based on the computing 

capabilities, its limitations, the necessary input data, and the required output to perform 

the needed analyses as well as cost. Among these are: 

• PC based 

• User friendliness 

• Ventilation: natural artificial mixed-mode ' ' 
• Multi-zones thermal and energy analyses 

• Thermal comfort assessment 

• Airflow analysis - 2D CFD 

All the programmes in Tas has been validated and used in consultation and 

research on a range of building performance evaluations in several countries with 

varying climatic conditions. Realistic assumptions were made and the evaluations were 

performed on various building types. Within the limitation of the available input data 

and computation capabilities, the findings were concluded to be valid and reliable. 
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CHAPTER 6: NUMERICAL SIMULATI 

AND EXECUTION 

- J E 'f(. , SET-UP 

6.1 Introduction 

This chapter explains the process for the numerical simulation vi 1 computer 

modelling. It comprises of configuration of the experimental design and models, the 

selection of the simulation day, the preparation of the input data, and finally the 

execution of the simulation. 

6.2 Experimental Design 

The experiment was designed to meet the aim and research objectives for this 

thesis. The scheme was parametric studies on hypothetical models of a real PWD-NQD 

house selected for the case study. The aim is to identify the thermal design of roof 

assemblage for optimum whole-building thermal and energy performances for low-rise 

detached residential buildings in Malaysia. The research objectives are to quantify the 

optimum roof thermal parameters, to apply the combined roof parameters and evaluate 

whole-building thermal and energy performances, and lastly to analyse the roof thermal 

design options pertaining to the thermal impact and cooling energy needs. The outcome 

is to contribute to recommendations for thermal design of the roofs for low-rise 

detached residential buildings in Malaysia 

The investigations were divided into three parts: EXPERIMENT 1 was to 

quantify the optimum roof thermal parameters for the assembly of outer skin of roof, 

EXPERIMENT 2 was to evaluate the thermal impact of roof ventilation, and 

EXPERIMENT 3 was to appraise the use of ceiling. 
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The optimum variable for each parameter and the op irnurn con truction for the 

models were determined by the reduction of peak and mean daily indoor temperature. 

This was to achieve the best thermal condition with viable construction t chnology and 

contemporary field practices in Malaysia. The values for the optimum parameters were 

within the bounds of reasonable practical construction. 

The base-case roof design is as shown in Figure 4.2. The investigations in the 

following experiments were based on this design with appropriate modification' on the 

identified roof parameters as discussed in section 4.5(c). The experimental design and 

process for each part of the investigation are elaborated in the subsequent sections. 

6.2.1 EXPERIMENT 1: Optimum assembly of outer skin of roof 

This was to quantify the optimum roof thermal parameters for the assembly 

using three basic roof parameters based on the conventional contemporary practice by 

means of two experiments; IA (ExptlA) and IB (ExptlB). The roof parameters were 

the external surface colour of roof covering (C), thickness of air space (AS) beneath the 

roof covering, and the supplementary roof insulation (Rin) beneath the conventional 

radiant barrier. Each parameter in the base-case (BASE) model was varied in a number 

of small increments to quantify the optimum value. A number of trial simulation runs 

have been performed to make certain that the optimum values could be determined from 

the selected variable range. For that reason, several extreme variable values were 

included. 

a) External surface colour of roof covering (C): The hues were indicated by the 

solar absorption coefficient (a) which was varied from 0.3 (Cl) for light hue, to darker 

hues of 0.5 (C2), 0.7 (CJ), and finally 0.9 (C4). a=0.9 was used for the (BASE) model 

due to the contemporary general preference for darker roof. 
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b) Thickness of air space beneath roof covering ( '): 'I h Hit pace represented 

the thickness of the batten used in the construction. The batten dimension of 50 mm x 

50 mm is used in the PWD-NDQ as shown in Figure 4.2. Thus, air space thickness (d) 

of 50 mm (AS2) was taken as the base-case (BASE). lt was then reduced to "0 mm 

(ASl) to investigate the effect of a smaller air space, doubled to 100 mm ( ~"J). and 

finally an extreme of 200 mm (AS4) was used to analyse the magnitude of impact of the 

air space. 

c) Supplementary roof insulation (Rln): The conventional ahuninium foil lining 

with no supplementary roof insulation (RlnOO) was taken as the base-case (BASE) A 

supplementary insulation material (Rln) with the thickness ( d) of 10 mm (RinO 1) to 100 

mm (RlnlO) in an increment of 10 mm was added underneath the aluminium lining. 

Thus, the roof attributes for the BASE model were: colour with a of 0.9 (C4); 

airspace of 50 mm (AS2) and aluminium insulation 0.25 mm (RinOO). 

• ExptlA - individual parameters: This was to study the thermal impact of each 

parameter independently. Only one parameter was varied from the BASE model at a 

time and the optimum variable of each parameter (C, AS, Rln) was identified. 

• ExptlB - combination parameters: This was to study the thermal impact of 

combined optimum variables on the spaces in the proximity. The optimum air space 

(AS) and supplementary roof insulation (Rln) were put together with all hue 

variations (Cl, C2, C3 and C4). These models became the combined-optimum 

(COMBO) models with four ranges of solar absorptivities. These were considered to 

allow for personal preferences. Whilst providing the best environmental 

perfonnance, the designs have to be aesthetically pleasing as well as socially and 

culturalJy acceptable. 
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The discussions of results and analyses for xp 1 A and •~xpl l Ii arc presented in 

section 7.3.l and section 7.3.2 respectively. 

6.2.2 EXPERIMENT 2: Roof ventilation (RV) 

This was to evaluate the thermal impact of roof ventilation on the ccupicd 

spaces on the upper floor. Tt consisted of two experiments; -A (Expt? ) and 2B 

(Expt2B). 

• Expt2A- optimum RV rate: This was to quantify the optimum RV rate. The BASE 

model has a RV rate of O ach (RVOO). It was then modelled with RV rates of 5 ach 

(RVOl) to 50 ach (RVIO) in increments of 5 ach and the optimum rate was 

identified. 

• Expt2B - apply optimum RV: This was to determine the benefits of RV towards 

improving the indoor thermal environment. The optimum RV rate identified in 

Expt2A was applied to the COMBO models created in EXPERIMENT 1. The new 

models then became the combined-optimum with roof ventilation (COMBORV) 

models. 

The discussions of results and analyses for Exp2A and Expt2B are presented in 

section 7.4.1 and section 7.4.2 respectively. 

6·2·3 EXPERIMENT 3: Ceiling. 

This was to appraise the usage of the horizontal ceiling that was intentionally 

designed as a thermal barrier between the roof space and the occupied spaces 

underneath. There were three experiments; 3A (Expt3A), 3B (Expt3B), and 3C (Expt 

3C). 
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• Expt3A - no-ceiling (nc): This was to ascertain the bencfi ol 11 in 1 the horizontal 

ceiling. The ceiling in the COMBO and COMBORV model'! was removed. The 

models are named as COMBOnc and COMBORVnc. 

• Expt3B - optimum ceiling insulation (Cln): This was to quantify the optimum In. 

The BASE model with no Cln (ClnOO) was simulated to idcntif the optimum 

thickness (d) of insulation for the horizontal ceiling. An insulation materi il with a 

thickness of 10 mm (ClnOl) to 100 mm (CinlO) in increments of 10 mm wa 

horizontally laid above of the ceiling (the insulation was in the roof space) and the 

optimum Cln was identified. 

• Expt3C - apply optimum Cln: This was to study the thermal impact of Cin. The 

optimum Cln identified in Expt3B was applied to the COMBO and COMBORV 

models. The models are named as COMBOCln and COMBORVCin. 

The discussions of results and analyses for Exp3A, Expt3B and Expt3C are 

presented in section 7.5.1, section 7.5.2, and section 7.5.3 respectively. 

6.2.4 Experimental models for roof 

The needed roof models have been described together with the explanation of 

the purpose for each experiment. The models in EXPERIMENT 1 were to quantify the 

optimum roof thermal parameters for the assembly of outer skin of roof and consisted of 

two types: individual parameters and a combination of the optimum parameters 

(COMBO). For EXPERIMENT 2, the models were to quantify the optimum RV rate 

and its benefits on the COMBO models. In EXPERIMENT 3, the first part was to 

ascertain the benefits of horizontal ceiling on the COMBO and COMBORV models, the 

second part was to quantify the optimum thickness of Cln, and lastly was to study the 

benefits of the optimum Cln on the COMBO and COMBORV models. 
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All the models were decided following a pilot im lati( n ol the anticipated 

models for EXPERIMENT 1 that was performed to investigate the thermal impacts of 

individual and combined parameters. The analyses showed that the cumulative thermal 

effects were not additive but were interactive. However, il would be superfluous to 

model all the possible combinations of the parameters. An educated selection of the 

permutations of the parameters and variables was prudent to u oid an end! 'S' Ii t of 

experimental models. For that reason, each parameter in the base-ca e (B ) m d 1 

was varied in a number of small increments to quantify the optimum value. A number 

of trial simulation runs have been performed to make certain that the optimum values 

could be determined from the selected variable range. Consequently, several extreme 

variable values were included. Finally, only the optimum value of each parameter was 

added to the BASE model to produce the most befitting roof thermal design options for 

low-rise detached residential building in Malaysia. Therefore, the models used were 

decided based on the reasonable deductions from the output data for the optimum 

thermal and energy performances. Nevertheless, these models were sufficient to 

generate the data needed to produce the analyses and charts to contribute to 

recommendations for the thermal design ofroofs for the PWD-NQD. 

In summary, the experimental design has produced seven thermal design options 

for the roof, namely: COLOUR, COMBO, COMBORV, COMBOnc, COMBORVnc, 

COMBOCin, and COMBORVCin. Each design has four colour options to consider the 

colour preference. The roof thermal design options and the construction details of the 

assembly for each model investigated are sequentially listed in Table 6.1. The 

investigated roof parameters and variables are illustrated in Figure 6.1 while the 

detailing of the design options are depicted in Figures 6.2 to 6.8. 
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Table 6.1: Models for each experimcn 

Expt Parameter Variable Model name ( .onstruction attributes 
IA 
Individual 

Colour (C) a Cl 1. 'olour: ( 1, C2, C3, C4 

(COLOUR) 0.3 2. Air space: 50 mm(BASE) 

0.5 C2 3. RB: 0.25 mm 

0.7 C3 (note: /JASE with variable C) 

0.9 C4 (BASE 
Air space (AS) d(mm) ASl I. Colour: C4 (B. E) 

20 2. Air space: SI to 4 

50 AS2 (BASE 3. RB: 0.-. mm 

100 AS3 (note: BASE with variable AS) 

200 AS4 
Supplementary d(mm) RlnOO (BASE) 1 . Colour: C4 (BASE) 

roof insulation 0 2. Air space: 50 mm (BA ) 

(Rin) 10 RlnOl 3. RB: 0.25 mm 

20 Rln02 4. Supp. insulation: 

30 Rln03 RlnOO to RlnlO 

40 Rln04 
(note:BASE with variable Rln) 

50 Rln05 
60 Rin06 
70 Rln07 
80 Rin08 
90 Rin09 

,____ 100 RlnlO 
lB Optimum AS ComboCl 1. Colour: Cl, C2, C3, C4 
Combination 

a 
OptimumRln 0.3 2. Air space: 50 mm 

All colours C 0.5 ComboC2 3. RB: 0.25 mm 

(COMBO) 0.7 ComboC3 4. Supp. insulation: 40 mm 

2A 
0.9 ComboC4 

Roof Rate (ach) RVOO (BASE) 1. Colour: C4 
Roof Ventilation 0 2. Air space: 50 mm 
ventilation (RV) 5 RV05 3. RB: 0.25 mm 

10 RVlO 4. Roof ventilation: 

15 RV15 RVOOtoRV50 

20 RV20 
(note:BASE with variable RV) 

25 RV25 
30 RV30 
35 RV35 
40 RV40 
45 RV45 

,.___ 50 RV50 
2B Optimum AS ComboRVCl 1. Colour: Cl, C2, C3, C4 
Apply 

a 
Optimum Rln 0.3 2. Air space: 50 mm 

optimum RV Optimum RV 0.5 ComboRVC2 3. RB: 0.25 mm 

All colours C 0.7 ComboRVC3 4. Supp. insulation: 40 mm 

(COMBORV) 0.9 ComboRVC4 5. Roof ventilation: 10 ach 
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Table 6.1 - continue 
- 

Expt -- 
~ Parameter Variable Model name ( 'onstruction attributes 
3A 
No 

Optimum AS a ComboClnc I. Colour: Cl, C2, C3, C4 

OptimumRin 0.3 2. Air space: 50 mm 
Ceiling All colours C 0.5 ComboC2nc - 3. RB: 0.25 mm 

(COMBOnc) 0.7 ComboC3nc 4. Supp. insulation: 40 mm 

0.9 ComboC4nc 5. no ceiling 

- 
Optimum AS a ComboRVC Inc I .Colour: CI, C2, C3, C4 

Optimum Rln 0.3 2. ir space: 50 mm 

Optimum RV 0.5 ComboRVC2nc 3. RB: 0.-5 mm 

All colours C 0.7 ComboRVC3nc 4. Supp. in ulation: 40 mm 

(COMBORVnc) 0.9 ComboRVC4nc 5. Roof ventilation: 10 ach 
6. no ceiling 

3B Ceiling d(mm) ClnOO (BASE) 
~eiling insulation (Cin) 0 1. Colour: C4 

Insulation IO CinOl 2. Air space: 50 mm 

20 Cin02 3. RB: 0.25 mm 

30 Cin03 4. Ceiling insulation: 

40 Cin04 
ClnOO to Clnl 0 

50 Cin05 
(note:BASE with variable Cln) 

60 Cin06 
70 Cin07 
80 Cin08 
90 Cln09 

~ 100 CinlO 
3C Optimum AS ComboClCin 1. Colour: Cl, C2, C3, C4 
Apply 

a 
OptimumRin 0.3 2. Air space: 50 mm 

Optimum All colours C 0.5 ComboC2Cin 3. RB: 0.25 mm 

Cin OptimumCin 0.7 ComboC3Cln 4. Supp. insulation: 40 mm 

(COMBOCln) 0.9 ComboC4Cin 5. Ceiling insulation:20mm 

Optimum AS a ComboRVClCin 1. ~olour: Cl, C2, C3, C4 

OptimumRin 0.3 2 Arr space: 50 mm 

Optimum RV 0.5 ComboRVC2Cin 3. RB: 0.25 mm 

All colours C 0.7 ComboRVC3Cln 4. Supp. insulation: 40 mm 

Optimum Cin 0.9 ComboRVC4Cin 5. Roof ventilation: 1 O ach 

(COMBORVCin) 
6. Ceiling insulation:20mm 
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2 An space (AS) betten 
tl11ckness (d) 
•/\SI 20 mm 
• AS2 50 mm base-case 
• ASJ 100 mm 
• AS4 200 nun 

l ·11pp 1t 111 .. fRlfil 
thn::h1t•(r11 
• Rh100 O Mrn 
• RhMll ftlno' 

t\t ll)mnl 
•Rini!) 1nurt1111 

I. Colour (C)- solar 
absorptivity (u). 
•a:I =0.3(CI) 
•a:= 0.5 (Cl) 
•a: 0.7 (CJ) 
• a:= 0. 9 (C4) - base-case 

[ 

4. lloofvc11til11tion (JlY) in 
roof spa c 
• RVOO 0 nch hnsc--cflliC 
•RV()\, l(V02. i11c1t'llh't1IA 

ol'S nch 
'RVIO SOnch 

6, Ccili11~ insulation (Cln) 
thic~ncss (cl) 
• ClnOO 0 mm bnse-case 
• Cln01, Cln01,. , increments 

of JO mm 
• ClnlO• IOO mm 

Figure 6.1: Roof parameters and variables 

Figure 6.2: COLOUR design 

LEGEND 
'\/'vv\. VV' RB 
'Vvvvvv- Cln 
'Vvvvvv Rln 

l) RV 
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Figure 6.3: COMBO design 

Figure 6.4: COMBORV design 

[No ceiling J 

Figure 6.5: COMBOnc design 
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[Noceili~ 

Figure 6.6: COMBORVnc design 

Figure 6.7: COMBOCin design 

Figure 6.8: COMBORVCln design 
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6.3 Design day 

The MYC weather data (Zain-Ahmed, 2000) mentioned in section 3.2.2 was 

used as the local weather data for the simulations and the election is explained in 

section 6.4.1. This section discusses the analyses of the MYC weather data to identify 

the suitable simulations days for this study. The selection of the appropriate de. ign day 

for the design purposes are imperative due to the interactive thermal effect in the built 

environment. Information on the extreme weather conditions is pertinent for mechanical 

systems design while the typical or normal weather conditions are essential for 

architectural climatic design strategies (Straaten, 1967; Koenigsberger et.al, 1980; 

Olgyay, 1992). However, generally the extreme conditions and the expected frequency 

could be more important than the average conditions (Givoni, 1976). 

The MYC weather data were analysed to identify three days as the design days 

to represent the best day, the average day, and the worst day, which were determined by 

the criteria discussed in the following sections 6.3.1 to 6.3.3. This was to observe the 

possible ranges of the indoor climate for the weather conditions in Malaysia. The 

selection of the weather elements for the design data practiced in the United States of 

America (ASHRAE, 1981); and as reported by Straaten (1967) for the United States of 

America (ASHRAE, 1965), Canada (Thomas, 1955, 1953), United Kingdom (IHVE, 

1959), and South Africa (Richards, 1959, Richards 1954) are summarised as follows: 

a) American and Canadian method: Maximum design dry-bulb temperature (DBT) 

and wet-bulb temperature (WBT) must equal or exceed 1 %, 2.5 %, 5 % and 10 % of the 

hours in the summer months in a record of at least a 5-year period. The probability of 

occurrence of the DBT and WBT were considered independently. The maximum value 

of solar radiation was used. 
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b) British method: For summer design data, the DBT W'' cho en from the month 

that has the highest average monthly maximum DBT. The WB'I was produced from the 

association of the vapour pressure with the DBT. 

c) South African method: The design data were selected based on the principle of 

the combined effect of the weather clements. However, the selection w is ba ed purely 

on the basis of air temperature, whereby the mean air temperature, humidity, and total 

and diffuse radiation were derived from twenty hottest days according to the highest 

daily maximum temperature. This was said to provide coincident values of four weather 

elements, but the variability and the independency of the various elements were not 

accounted for. 

The selection of the weather data based on the independent probability of 

occurrence was appropriate for service engineers, but for thermal design of buildings, 

the designer must consider the thermal impact of the combined pertinent weather 

elements (Olgyay, 1992; Koenigsberger et al., 1980; Markus and Morris, 1980; Evans, 

1979; Givoni, 1976; Straaten, 1967; Rogers, 1964). The significant weather elements 

are solar radiation, air temperature, humidity, and wind. Solar radiation is necessary for 

computing the maximum cooling load and thermal performance in natural ventilation 

(ASHRAE, 1981; Markus and Morris, 1980), and air temperature is the fundamental 

element for determining thermal comfort (ASHRAE, 1981; Markus and Morris, 1980; 

Fanger, 1972). While single element of air temperature could be used to observe a 

simplified pattern of relationships between indoor temperature and outdoor air 

temperature (Givoni et al., 2002; Givoni and Vecchia, 2001; Kruger and Dumke, 2001; 

Givoni, 1999) as well as residential energy consumption (Hart and de Dear, 2002), the 

application is only limited to similar data configurations. 
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From the established works and findings of pr viou · tudies as mentioned 

above, it was concluded that the most referred method was the American's (Givoni, 

1976; Straaten, 1967; Rogers, 1964). The combined effect of the weather clements must 

be considered whereby the air temperature is the most prevailing clement. 

Therefore, for this thesis, the MYC weather data were analysed und the de sign 

days were selected based on the American method and the combined cl fret of three 

climatic elements. In order of significance, these were the DBT. RH, and olar 

radiation. The effect of the wind was considered as not significant due to the low and 

variable wind speed (Malaysia, 1998). The selected days must have the DBT with the 

probability of at least 1 %, 2.5 %, 5 %, or 10 % of occurring (ASHRAE, 1981). The 

coincident RH must have similar probability of occurrence and the extreme value of the 

solar radiation was used. 

The daily maximum, minimum, mean, and the probability of occurrence of the 

three climatic elements were calculated for the whole year. Table 6.2 shows the daily 

maximum, minimum, and the mean for DBT and RH that have the probability of 

occurrence of at least 1 %. The values for the radiation are the total daily maximum, 

minimum and mean. 

Table 6.2: Maximum, minimum and mean with occurrence of at least 1 % 

Air temperature Relative Humdity 

Max 
oc) (%) 

28.4 93 5820 2135 
Min 25.2 74 4730 1508 
Mean 26.7 83 5203 1915 

The possible design days were firstly selected based on the temperature. Then 

the coincident RH of the days was checked for the probability of occurrence 

independently. The days were again selected based on the coincident maximum, 

minimum, and mean values of the DBT and RH. Lastly, the days with the highest global 
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radiation were used as a guide to the selection. The coincidcn diffu radiation was also 

used as a reference. 

Preliminary simulations were done to observe a graphical di .tribution pattern of 

the indoor climate. The selected days were the design days that could b used as the 

representative days for the weather conditions in Malaysia. However, some of the day 

showed some abnormalities of the curves due to certain c ncrnal weather condition. 

such as afternoon rain, high wind speed due to thunderstorm, and unus ual high evening 

solar radiation. While these are quite normal daily phenomena during certain periods of 

the year, the days with the normal distribution graphs are preferred as the reference for 

the design decisions for the parametric studies. Thus, the final selection of the design 

days were based upon the indoor climate with the normal distribution curves. 

6.3.1 Design day for the best day 

Table 6.3 shows the probabilities for the low air temperature range. The lowest 

mean daily air temperature is 24.2 °C, but the probability of occurrence is less than l %. 

Thus, the next lowest air temperature of 25.2 °C with the probability of 1 % was 

chosen. The days with this minimum air temperature (T min) were selected and are shown 

in Table 6.4. 

The next criterion was the day with the lowest relative humidity (RHmin). Day 2 

has the lowest RH of 73 % but has the probability of less than 1 % of occurrence 

individually, hence was discarded. None of the days has an RH of 74 % that is the 

minimum RH of at least 1 % of occurrence as listed in Table 6.2. Day 205 has the next 

lowest RH of 77 % with the probability of occurrence of 2.74 % and a greater value of 

solar radiation. Therefore, it was chosen to be the design day to represent the best day. 
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Table 6.3: Range of low air temperature and prob' bility ol occurrence 

Tmin °C 24.2 24.3 24.2 24.6 24.7 24.9 f 25.1 l 25.2j 
Probabilit Tmin % 0.55 0.27 0.27 0.55 0.82 0.82 0.27 J 1.37 

Table 6.4: Days for T min and the design data for RH and solar radiation 
- 

Tmin Probability RH Probabihty Global 
- 

Day Date Diffuse 
(°C) Tmin ( %) (%) Rll ( %) (Whrn 

1) (Whm-2) 
25.2 l.37 2110 Jan 73 0.55 5247 

,__ __.:;... 

2 1675 
25.2 24111 Jul 

~- - 1912 1.37 205 77 2.74 5447 
25.2 1.37 15111 Jun 80 6.85 

>- - 
166 3945 _1641 

25.2 1.37 284 11t11 Oct 88 4.93 5157 1919 
25.2 1.37 241 29111 Am! 90 2.94 5152 1849 

6.3.2 Design day for the average day 

The average of the mean daily DBT is 26.7 °C, which occurs 24 days of the year 

with the probability of occurrence of 6.58 %. This is also the mode and the median of 

the mean daily DBT, which shows a uniform annual distribution. Table 6.5 shows the 

days with the coincident value of mean of the mean daily RH of 83 % that is the 

average RH of at least 1 % occurrence as listed in Table 6.2. The selected design day 

with the daily RH of 82 % is also shown. Days 296 and 301 have unusual temperature 

distribution curves, thus were not chosen as the representative day. The choice of day 

304 was discarded because the solar radiation is less than the mean total daily. 

Therefore, other days with a RH of lower than 82 % and higher than 84 % were 

considered. The RH of 82 % is the mode with the probability of occurrence of 9 .0 % 

and the probability of RH of 84 % is 8.22 %. The percentage difference from the mean 

value is 1.2 %. Six days were identified and day 292 was found to be the best 

representative day. The other days are either on weekends or the distribution curve is 

not normal. 

134 



Table 6.5: Days for Tavg and the design data for RH nd 1IM radiation 

0c ~r 
26. 7 292 19 Oct 2082 
26.7 296 23r Oct 1900 
26.7 301 28 Oct 2115 
_2_6_.7-L __ ~~--_L~3~04:!.J_~3~1s~o~ct~~'.......l..---'-.:~__J~..:!..!..~-1- 1950 

6.3.3 Design day for the worst day 

Table 6.6 shows the probability for the high temperature range. The highest 

mean daily temperature is 29.0 °C but the probability of occurrence is less than 1 %. 

The highest temperature with the probability of at least 1 % is 28.4 °C. Thus, this was 

taken as the maximum mean daily temperature to be used as the design day to represent 

the worst day. Table 6. 7 shows the days with this mean daily temperature and the 

corresponding RH. 

Table 6.6: Range of high air temperature and probability of occurrence 

Tmax °C 29.0 28.9 28.7 28.6 28.5 28.4 
Probabili Tm 0.55 0.27 0.55 0.55 0.27 1.64 

Table 6.7: Days for Tmax and the design data for RH and solar radiation 

l Probability Day Date RH Probabihty Glob~!) Diffusr _coc) Tmax (%) (%) RH(%) (Whm- (Whm-) 

_28.4 1.64 290 17m Oct 84 8.33 5629 2432 

~ 28.4 1.64 76 It" Mar 85 7.12 5443 1781 

- 28.4 1.64 114 24m Apr 85 7.12 4893 1748 
28.4 1.64 66 ?111 Mar 90 2.74 5445 1993 
28.4 1.64 62 3ra Mar 93 2.19 5928 1987 

.._ 28.4 1.64 96 s" Anr 95 0.27 4707 1716 

The maximum RH with the probability of occurrence of at least 1 % is 93 % as 

showu in Table 6.2. In Table 6.7, day 62 has the highest RH of 93 % at 2.19 % 

probability of occurrence and also has the highest solar radiation, but the curve of the 

indoor condition on day 66 is more representative. On day 62, both the DBT and RH are 

high from the hours of 0900 to 1800 hours. This pattern was observed for most of the 
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days with RH of above 93 %. Although the indoor RH on d y 62 i highe: than day 66, 

the indoor temperature is lower. Since the design strategy is to minimise the heat gain 

and thus directly reducing the indoor temperature, choosing the day with the higher 

indoor temperature would be more appropriate than the higher Rf I. This is due to the 

fact that for building in natural ventilation, applying passive design stratcgj s to control 

the heat gain is much easier than to control die humidity. Thus, du 66 is more suitabl 

to be used as the design day to represent the worst day. A summary of th de ign day 

for the simulation and the corresponding design data is shown in Table 6.8. 

Table 6.8: Summary of the design days 
- 

Day Date Temp Probability RH Probability Global Diffuse 

~ (oC) (%) (%) (%) (Whm-2) (Whm-2) 

.]!est 205 24tn Jul 25.2 1.37 77 2.74 5447 1912 

~verage 292 19m Oct 26.7 6.58 82 9.0 5771 2028 

l.Worst 66 tnMar 28.4 1.64 90 2.74 5445 1993 

6·3.4 Simulation day 

The interactive simulation was used for the evaluation of thermal performance 

and thermal comfort while a 365-day batch simulation was done to analyse the energy 

perfonnance. 

a) Interactive simulation: The preceding discussion on the design days have 

suggested that the average weather conditions were sufficient for climatic design 

strategies while the extremes were required for the system designs. This mainly referred 

to climates with distinct seasonal variations whereby the architectural and the system 

designs must be optimised for all the weather disparities. However, in Malaysia the 

Weather variations are very small as was mentioned in section 3.2.1. The findings on 

thermal comfort studies shown in Table 3.4 show that the comfort condition is mainly 

determined by the temperature and humidity. The MYC data shows that the mean daily 
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DBT ranges from 24.2 °C to 29.0 °C while the mean dr ily I H ran c. from 72 % to 

95 %. The differences between the extreme conditions for DB1 and f f I arc 4.8 °C and 

23 % respectively. The pilot runs on the BASE model have shown that the daytime 

temperature variations in the living spaces on the worst and the best day \ as about 1 °C 

to 3 °C and the RH variations were 4 % to 22 %. It could be inferred that it would not be 

necessary to analyse the design strategies for all the three design days. Ihe design day 

have been selected based on the accepted levels of probabilities of occurrence. or the 

average day with mean daily OBT of 26.7 °C, the frequency of occurrence is 6.6 %, the 

frequency of higher DBT is 48.2 %, and the :frequency of lower DBI is 45 %. Thus, 

choosing the average day as the design day for the study would mean that the indoor 

condition could be worse during 48.2 % of the year and better during 45 % of the year. 

The choice of the worst day as the design day would mean that the indoor condition 

could be worse during only 2.2 % of the year but could be better during 95.6 % of the 

Year. Therefore, after analysing the general weather condition of Malaysia and the 

indoor thermal performance, it was finally concluded that the worst day (day 66; ih 

March) would be used for the interactive simulation for the thermal performance and 

thermal comfort assessments. 

b) Batch simulation: At least a week's data would be needed to predict the energy 

for cooling due to the different cooling schedule for each day-type listed in Table 6.9. 

However, a 365-day simulation was performed to account for the impact on the annual 

nf a tonal energy consumption 
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6·4 Numerical Simulation 

The experimental process comprised of three stages. The first stage was the 

preparation for the required data inputs comprising of the creation of databases and the 

setting-up of the experimental models. The models were then ready for the simulations 

in the natural and mixed-mode ventilation settings. In the second stage. interactive 

simulations were performed on the selected day in natural ventilation and batch 

simulations were performed for the selected period in natural and mixed-mode 

ventilation settings. Lastly was the retrieval of the simulation outputs for data analysis. 

6.4.1 Preparation of input data - creation of databases 

The required input data to create the relevant databases were climate, materials, 

constructions, internal conditions and calendars that have been briefly described in 

section 5.4.5. The details of the input data for each database are elaborated below. 

a) Climate data 

The options for the typical weather data sets were the TRY and MYC. These 

data sets have been described in section 3.2.2. The weather parameters needed by Tas 

are hourly values for solar radiation (Wm-2), diffuse radiation (Wm-2), dry-bulb 

temperature (°C), relative humidity (%), cloud cover, wind speed (ms") and wind 

direction (degree East of North). TRY weather data has all the needed parameters but 

the diffuse solar data were obtained from an analytical deduction. This was because the 

MYc does not provide the needed diffuse solar data, but a five-year average hourly 

value for diffuse and direct solar radiation data were available. Apart from the critical 

comments about TR y data set mentioned in section 3 .2.2, for this thesis it was preferred 

138 



to use all measured values to ensure consistency of the comp IHtional error throughout 

the analyses. 

To consider only measured data sets, the five-year average hourly diffuse solar 

data have to be used. These were initially used concurrently with the MYC global solar 

data. However, some of the diffuse data were higher than the global solar radiation data 

suggested in Table 3.2. This happened because the data were from different ) ars, Due 

to the incompatibility of the five-year average hourly diffuse radiation data with the 21 

years global data, both the diffuse and global radiation data must be taken from the 

same years. Thus, the global data used were the summation of the five-year average 

hourly direct and diffuse data. Therefore, the weather data used were as in Table 3.2 

with annual average given in Table 3.3 except for the diffuse and global data with 

annual day average of 6.9 MJm-2daf1 and 18.7 MJm-2daf1 respectively. Despite the 

adjustments made on the MYC data, this was the latest and most comprehensive set of 

processed real climatic data available in the country at the time of this selection. The 

data represented the climatic characteristics for Klang Valley, which is going through a 

rapid transformation towards urbanisation. Thus, it could present the anticipated local 

climate in other urban areas. If the local climate were to have more favourable weather 

conditions, then the roof design options would be expected to perform better. 

Although the PWD-NQD houses will be built at numerous sites in the country, it 

Was not necessary to run the simulations using the weather data at the anticipated 

locations, as it would not contribute to the investigations for the optimum thermal 

design of roof. For this parametric study as discussed above, the site location must be 

Invariant and the variables were only the roof thermal parameters. The minimal 

variations of the weather conditions in Malaysia as discussed in section 3.2.1 verified 

the use of the MYC data for the study. 
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The required weather parameters were entered in ' <• programmed Tas 

formatted Microsoft Excel worksheet and were exported to Tas climate database. The 

hourly data for day 66 (J1h of March) that was chosen for the interactive simulation is 

shown in Appendix B in Table B 1.0. 

b) Materials 

The building materials used were based on the conventional contemporary 

building construction practices in Malaysia. Some of the materials were not listed in the 

database of the software, thus new materials had to be added. However, there was 

insufficient information on some of the thermophysical properties required for the input 

data. Therefore, some assumptions and deductions were made on the properties from 

several references available at the time of the preparation of this database (Kannan, 

1991; Malaysia, 1989). The material was specified as opaque, transparent or gas. The 

needed inputs for the properties were the solar absorptance, emissivity, conductivity 

(Wm-1 0C-1), density (kgm"), convection coefficient (Wm-2 0C-1), specific heat capacity 

(Jkg-1 0C-1), and vapour diffusion factor. The materials used for the construction are 

listed in (c) below. 

c) Construction 

The construction of the building envelopes were also based on the conventional 

contemporary building construction practices in Malaysia. However, due to the lack of 

available information on the needed input data, some of the materials and properties 

Were selected from the default database. The selected values have been thoroughly 

checked and compared with the most relevant available data. Hence, within the 

limitation on existing documented references, to the best of knowledge from the 

literature and discussions with practitioners (Shaari, 2001), the input data could best 
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represent the type of materials, constructions, and properti · of the building materials 

used in conventional contemporary practices. 

The details of the input data required by the software for the materials and 

constructions for each part of the building envelope for the base-case design are as 

follows: 

• ground floor (from inside): 25 mm marble; 50 mm concrete screed; 125 mm 

concrete with 3 % moisture content; 75 mm crushed brick aggregate; 1000 mm sand 

• external glass window: 1 O mm clear float 

• external door: 40 mm hardwood 

• • rnternal door: 35 mm plywood 

• external and internal wall: 20 mm plaster; 115 mm common dry brick with 0% 

moisture content; 20 mm plaster 

• ceiling: 4.5 mm asbestos free ceiling 

• roof (from outside): 20 mm concrete roof tile; 50 mm air space; 0.05 mm aluminium 

foil underlined with 0.20 mm paper 

The above input data and the corresponding thermophysical properties are given 

in Tables Bl.I to Bl.8 in Appendix B. These are the specifications for the house model 

With the base-case roof design. For house models with the other roof design options, 

only the constructions for the roof and ceiling were varied while that for the other parts 

of the envelope were the same (refer to the diagrams in figures 6.1 to 6.8). 

Table 6.9 below shows the Tas output of some of the thermophysical properties 

of the building elements for the base-case design. 
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Table 6.9: Thermophysical properties of building element 11 HAS!~ model 

Builomg elements U-v~lue Decrement I [me rag. (4>) - 
(Wm· K"1) Factor (u) (hours) _ 

Ground floor 0.285 0.008 20.4 
Wall 0.673 - 

2.567 4.7 
Window 5.445 1.000 0.0 - 
External door 2.279 0.996 1.0 
Outer skin of roof 1.261 0.973 0.6 
Internal ceiling 

- 
2.606 0.994 0.2 - 

d) Internal Condition (TC) 

To model the response of the occupied building under realistic occupancy 

schedules, several assumptions were made on the IC of each zone. These were to 

simplify the complexity of the actual occupancy schedule and the usage pattern of heat 

generating household appliances that would contribute to the internal heat gains, which 

would affect the energy balance of the house. The internal conditions were set up with 

the assumption of intermittent occupancy due to the working and schooling hours. 

Inputs for the occupancy period had to be in whole number of hours. Thus, the hours 

were rounded off and averaged out for the short intermittent occupancy periods. This 

was to allow for realistic random uncontrolled movements of the occupants. Due to 

short occupancy period in the bathrooms, they are therefore considered to be 

unoccupied. The details of the assumptions on the occupants and the household 

appliances are given in Tables B2.0 and B2. l in Appendix B. 

The required input data were temperature and humidity setting, cooling 

schedules, and occupancy schedules with the predicted casual gains. The internal 

conditions for each zone were grouped into three day-types; Weekday, Saturday and 

Sunday. The input data for each day-type were different according to the anticipated 

occupancy schedules and activities. The data pages for the IC for each occupied zone on 

each day-type in the natural and mechanical ventilation setting are shown in Tables 

82·2 to B3.9 in Appendix B. 
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i) Temperature and humidity setting: The set points for h tcmr rature and relative 

humidity for the air-conditioned mode were 26 °C and 70 % respectively. '1 hese are the 

code of practice on EE for non-residential buildings (SIRJM, 2001 ). 'I he set point for 

natural ventilation mode was zero. 

ii) Cooling schedules: The cooling hours were set based on the therm 11 comfort 

condition during the occupancy period. Jn real practice, most residents limit the use of 

the cooling systems in the bedroom during sleeping hours - at night-time and sometimes 

during afternoon naps on weekends. The analyses of the thermal comfort hours also 

showed that the thermal conditions in the bedrooms were outside the comfort zone 

during those hours. Some houses also operate the cooling system in the family room 

during limited occupancy hours. It was included in the schedule to avoid 

underestimating the usage. The cooling hours of each of the four spaces and the total 

annual cooling hours are shown in Table 6.10. The table shows that at certain hours 

some of the spaces were simultaneously cooled. 

iii) Occupancy schedules: Assumptions were made on the daily routine of the 

occupants in each zone and the operation of the commonly used household electrical 

appliances and equipments. The heat gains from the occupants depended on the 

activities (ASHRAE, 1981) which were resting, eating, and light work in seating or 

standing position. The appliances and equipments were rated based on the typical and 

recommended ratings for EE at home and office (CETREE, 2002; Malaysia, 2002d). 

However, no published literature was available for the sensible and latent gains from 

occupants and equipments in naturally ventilated residential buildings. Since the 

building was set to mixed-mode ventilation, it would be reasonable to refer to the heat 

gains in conditioned spaces in office and commercial buildings (ASHRAE, 1981; 
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Carrier, 1965). For the equipments, reference was made to h · h at •ain') for hooded 

appliances and some adjustments were made based on the given recommendations. 

Similarly, the lighting power was also based on the code of practice on 1.,E for non- 

residential buildings (SIRIM, 2001). The infiltration rate was determined by the 

configuration and type of the windows and doors in each space (ASI IR F. 1981 ). 

Table 6.10: Cooling hours in the spaces on each day-type 

- Weekday (hours) Saturday (hours) Sunday (hours) 

Bedroom 1 0000-0600 0000-0600 0000-0600 

2200-2400 .i->: 1500-1800 

Total daily (hr) -=----- .i->: 2200-2400 

8 6 11 

Bedroom 2 0000-0600 0000-0600 0000-0600 

2200-2400 2300-2400 1500-1800 

Total daily (hrs) --=-----= ~-------- 2200-2400 

8 7 11 
- 
Bedroom 3 0000-0600 0000-0600 0000-0600 

2200-2400 2300-2400 1500-1800 

Total daily (hrs) ~-------- ~-------- 2200-2400 

8 7 11 
- 
Family room 1500-1900 0 1500-1800 

~Total daily (hrs) 4 0 3 

Annual total (hrs) 7308 1040 1872 

- 10220 

e) Calendar 

The first day (1st of Jan) of the calendar was adjusted so that all the probable and 

intended simulation days for the interactive simulation fall on the same day-type. This 

Was crucial for the analysis because the IC database was set into three day-types, as 

explained in ( d) above. The parametric analyses required data generated from the same 

internal conditions. The calendar was set such that the worst day, best day, and the 

average day fall on Weekday day-type. The weekdays make up 71.5 % of the days in a 
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year, for this reason simulations on weekdays would give b •lf r repr · cntation of the 

whole-year building performance. 

6.4.2 Preparation of input data - experimental model 

The PWD-NQD bungalow Class D house model used in this stud arc illu strated 

in Figures 4.l (a) to 4.1 (d). The total floor area of the house is 188 m2 und the cooling 

floor area is 73.7 m2. The first part was the preparation of the plan in 3D-Tas. The 

second part was the application of A-Tas to the models whereby the operational 

conditions and the relevant databases were assigned before it was ready for the 

simulation runs. An overview of the operations of 3D-Tas and A-Tas modules was 

given in section 5.4. 

a) 3D-Tas module: The design was available in an AutoCAD file. It was imported 

into the Tas Building Designer module and was used as a template in 3D-Tas. Doors 

and windows were assigned according to the specifications, and the walls, floors and 

ceilings were assigned accordingly. Zone numbers were then given to all spaces. 

Assumptions were made on the usage of the spaces to simplify the final analyses of the 

data. The occupied living spaces are portrayed in Figures 4.l(c) and 4.l(d) and the 

location of the bedrooms (Bedl, Bed2, Bed3) and family room (Family) discussed in the 

analyses in Chapter 7 are shown. The regularly occupied living spaces were assigned to 

individual zones. These spaces were the three bedrooms and one family room on the 

upper floor, while that on the ground floor were the living and dining room, kitchen, and 

the maid's room. The unoccupied roof spaces were also assigned to individual zones to 

compare the indoor conditions profiles with the occupied spaces. The other less 

frequently occupied living spaces were grouped and assigned to the same zones to speed 

up the process of specifying the needed data inputs. These zones and the bathrooms 
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were set as vacant with no occupant or casual gains. This 1 du <1th limitations on the 

schedules for the internal condition that required a minimum occupancy period of one 

hour. The contributions for the internal heat gains from these spaces were minimal due 

to the infrequent and short occupancy periods. 

b) A-Tas module: The building model in JD-Tas was then linked to A-Ta for the 

following data inputs and it was then ready for the execution of the simulations. 

i) General details: A brief description of the model was made. 

ii) Zone names and groups: Zone names were assigned and grouped to speed up the 

assignment of the internal conditions and the generation of simulation outputs. 

iii) Schedules: The opening of the doors and windows were assigned. These were 

based on the ventilation mode of the respective spaces - natural or air-conditioned. 

iv) Construction details: The constructions of doors, windows, walls, floors, ceilings, 

and roof were assigned from the construction database. The schedule and openable 

proportion were assigned to all the apertures according to the occupancy and operation 

schedule. These were hourly periods for day-type Weekday, Saturday and Sunday. 

v) IC: The IC for all spaces was assigned for each day-type from the IC database. 

vi) Output specification: The needed simulation outputs for each zone were specified. 

The model was then ready for the simulation runs. 
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6.4.3 Execution of the simulation 

Two types of simulations were executed on each model in EXPLRIMENT 1, 2, 

and 3 as listed in Table 6.1. An interactive simulation, which is a one-day simulation on 

the selected day, which was ih March (day 66) was performed in natural ventilation 

mode for the assessment on the TP and TC hours. A 365-day batch simulation wa then 

carried out in mixed-mode ventilation for the energy performance. In the mixed-mode 

ventilation, the Family, Bed], Bed2 and Bed3 on the upper floor were actively 

ventilated as scheduled in Table 6.10 using room air conditioner system while the other 

occupied spaces on the ground floor were naturally ventilated. 

The simulations were performed on each experimental model in the sequence 

described in section 6.2 using the models listed in Table 6.1. These are summarised in 

the flowchart of experimental design and process in Figure 6.9. 

6-4.4 Simulation output data - retrieval and analyses 

The simulation outputs were selected based on the analyses to be performed. 

The interactive simulation outputs produced hourly data performance and were 

retrieved in a tabular format. The data were saved and exported to Microsoft Excel for 

further analyses of the maximum, minimum, mean values as well as the TC hours. The 

TP evaluations for the models in EXPERIMENT 1, 2 and 3 required the data output on 

indoor air temperature and RH. These data were also used to assess the TC hours. The 

batch simulation outputs were available in the project folder and were retrieved using 

the RG module for the needed analyses. The necessary outputs for the energy 

Performance appraisal were the cooling load. All the required data were then ready to 

be processed for the needed analyses. The results are presented and discussed in the 

next chapter. 
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2 

EXPERIMENT MODEL 

RlnOO(BASE). RlnOI. 
Rln02, Rln03, Rln04, 
Rln05, Rln06, Rln07, 
Rln08, RlnOQ, RlnlO 

IB 
Combination 
(COMBO) 

---·-·-·- - -·- - -·- - - - - - - - - - - - - - - - - - - - - -·- - - - - - - - - - - - - -·- - - - - - - - - - - - - 

2A 
Roof Ventilation 
(RV) 

RVOO(BASE), RVOl, RV02, RV03, RV04, 
RV05, RV06, RV07, RV08, RV09, RVIO 

28 
Apply opt RV 

3A 
No ceiling f) 

ComboClnc, ComboC2nc, ComboC3nc, ComboC4nc 
ComboRVCJnc, ComboRVC2nc, ComboRVC3nc, ComboRVC4nc 

CinOO(BASE), ClnOI, Cln02, Cln03, Cln04, 
Cin05, Cin06, Cln07, Cin08, Cln09, ClnlO 38 

Ceiling Insulation 
(Cln) 

~ 
3C --+ 
Apply opt Clo 

ComboCJC[n, ComboC2Cln, ComboC3Cln, ComboC4Cln 
ComboRVCJCln, ComboRVC2Cln, ComboRVC3Cln, ComboRVC4Cln 

Figure 6.9: Flowchart of experimental design and process 

148 



CHAPTER 7: RESULTS, ANALYSI 

7.1 Introduction 

This chapter presents and discusses the output data and analyses of the whole 

building numerical simulations and consists of two parts: PART I and P R r 2. 
PART 1: Analyses and discussion on data outputs of computer modelling ba ed 

on the models of roof designs shown in Figure 4.2 and illustrated in Figures 6.1 to 6.8. 

These models are referred to throughout this chapter. The models for Colour (C), Air 

space (AS), Supplementary roof insulation (Rln), Roof ventilation (RV), and Ceiling 

insulation (Cln) were used to determine the respective optimum values. Selective 

combination of the individual optimum values produced seven roof design options. 

These are: BASE roof with four colour options (COLOUR), combined optimum 

parameters (COMBO), combined optimum parameters with roof ventilation 

(COMBORV), combined optimum parameters with no ceiling (COMBOnc), combined 

optimum parameters with roof ventilation and no ceiling (COMBORVnc), combined 

optimum parameters with ceiling insulation (COMBOCln), and lastly, combined 

optimum parameters with roof ventilation and ceiling insulation (COMBORVCin). 

Each design has four models to consider the colour preference and the final 

performance evaluations were made on each model of each design options. The designs 

Were initially appraised by the thermal performance in natural ventilation, and later by 

the energy performance in mixed-mode ventilation. The thermal and energy 

performances of each model are summarised. The needed optimum values are identified 

and the performances are compared. These are presented in sections 7.2 to 7.5. 
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PART 2: Conclusions of the findings are surnmari ·e an l pres nted in form of 

charts for comparative thermal and energy performance evaluations of' the thermal 

design ofroofs investigated in this study. These are presented in sections 7.8 to 7.10. 

PART 1: SIMULATION OUTPUT DATA 

The major findings obtained from the analyses in PART 1 are the optimum 

value for each roof thermal parameter, indoor thermal performance and thermal comfort 

hours, and the predicted energy savings based on the cooling load. The concern is more 

on the thermal condition in the occupied spaces. However, comparisons are made with 

the roof space to observe the temperature variations between the two spaces. This is to 

mvestigate all the possible benefits that could be exploited for the roof design options. 

The evaluation assessments and the details of the analyses are presented in the 

following sections. 

7.2 Evaluation assessment and data presentation 

Evaluation of the roof design options were based on whole-building appraisal of 

thermal performance (TP), thermal comfort (TC), and energy performance (EP) m 

terms of the following conditions: 

a) TP T T T T Td,·rr, RH. These are the indoor environmental 
- ain mau mins mean' 

cond't· th h) di d · · 11ons on the selected simulation day (7 Marc iscusse m section 6.3. An 

hourly air temperature (T air) and relative humidity (RH) are tabulated to determine the 

hourly TC condition in natural ventilation. T max' T min, Tmean are the day highest, lowest, 

and average Tair respectively. The extreme conditions (Tmax and Tmin) are of interest to 

observe the temporal benefits, but the overall impact (T mean) is also considered. T diff is 

used to quantify the advantages and disadvantages of the design options. T diff refers to 
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the temperature difference between the roof models in the i cut ion. In general, it is 

used to analyse the advantage or disadvantage between the models or designs, unless 

otherwise stated. 

b) TC - comfort zone (CZ). An hourly TC hours in the occupied living spaces 

which are bedroom 1 (Bed]), bedroom 2 (Bed2), bedroom 3 (Bed3), and family r om 

(Family), located on the first floor are determined from the CZ for Malay ia (Appendix 

A- Figure A 1.0) 

c) EP - energy performance. Analyses of annual sensible cooling load (CL) are 

used as an indication to the cooling energy needs by the models. The annual CL for each 

oc . cup1ed space: bedroom I (Bed]), bedroom 2 (Bed2), bedroom 3 (Bed3), and family 

room (Family), located on the first floor and the total load for the building are recorded. 

A CL index (CLI) is introduced as a benchmark for the cooling energy demands, 

defined as the CL per square meter of cooled floor area. 

Optimum values for Rln, RV, and Cln are identified from the TP by varying 

only one variable at a time from BASE. The whole house was naturally ventilated and 

the optimum values are determined by the reduction of T max in Family. Family is used 

to represent the impact on the living spaces underneath the horizontal ceiling. This 

space was chosen as it is usually the most commonly used space and has the least 

exposed external wall. Therefore, the impact of other influences such as heat transfer 

through external walls and windows are minimal. Thus, roof is the major source of 

external heat gain compared to the other spaces. 

The simulation outputs and analyses are presented in tables and graphs. For each 

Inodel, a summary of indoor T max, Tmin, Tmea1i. RH, TC hour, and annual CL and CLI of 
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living spaces on the first floor and roof space (RSpace) of th· rppcr rno1 arc tabulated 

and discussed. These are extracted from the tabulated hourly indoor thermal condition 

in Tables CLO to C2.0 that are placed in Appendix C. Graphs arc used to show the Tair 

profiles in Family and RSpace, the TdifT, and the building annual CL. The thermal 

comfort hours in the two spaces are compared to investigate the impact of roof 

variations on the RSpace and occupied living spaces underneath which is separated b) a 

horizontal ceiling. Comparisons are also made on the Tmox. Tmean. and annual L among 

the models. 

7.3 EXPERIMENT 1: Identification of optimum assembly of outer skin of roof 

These are the analyses for EXPERIMENT 1 described in section 6.2.l that 

comprises of ExptlA and ExptlB. ExplA was to analyse the impact of individual roof 

thermal parameters and subsequently the optimum values are identified. The parameters 

are external surface colour (C) of the roof covering, air space (AS) underneath the roof 

covering, and supplementary roof insulation (Rln) underneath the conventional 

insulation, and the designs are named as COLOUR, AS, and Rln respectively. ExptlB 

Was to investigate the impact of combined optimum parameters with the entire colour 

0 f P ions and named as COMBO. Colour refers to the hue of the roof covering 

determined by the solar absorptivity (a) and these are synonymously used throughout 

the chapter. 

7.3.1 ExptlA: Individual roof parameters and identification of an optimum value 

a) Colour (C) 

An hourly TP (T air and RH) and TC hour in the occupied living spaces for model 

C4 (BASE) of the COLOUR design are shown in Table 7.1. For the TC data, symbol X 
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is used to show that TC cannot be achieved at that given hour, whil • the values of 

1.0 ms-I and 1.5 ms" refer to the required air movement to attain the 'I · condition. The 

table shows TC condition is achieved for two hours in Bed], Bed2, and Bed), and one 

hour in Family at 0007 and 0008 hours with provision of air movement of I .0 ms" to 

1.5 ms". The hourly thermal comfort condition in the living spaces and the annual L 

for the other models of the COLOUR design arc shown in Table CI .0 in pp ndix 

The hourly Tair profiles in Family for all the models are also illustrated in Figur 7.2. 

Table 7.1: Thermal performance for C4 (BASE) 

Bedl Bed2 Bed3 Family 
r., RH TC Tair RH TC r., RH TC r.. RH TC 

Hour (OC' (% ~ coc) (%) (OC) (%) (OC) (%) 
1 32.5 75 x 32.9 80 x 31.8 73 x 31.7 72 x 
2 32.2 76 x 32.6 81 x 31.6 74 x 31.5 71 x 

- 3 31.8 76 x 32.4 82 x 31.2 73 x 31.3 71 x 

- 9 29.8 88 x 29.9 87 x 30.6 84 x 30.2 85 x 
,_ 10 31.0 89 x 31.2 88 x 31.9 84 x 31.3 87 x 
- 11 32.3 88 x 32.3 88 x 32.9 85 x 32.9 85 x 
"- 12 33.4 83 x 33.3 84 x 34.0 80 x 33.0 85 x 
f-_ 13 34.1 84 x 34.0 84 x 34.6 81 x 33.6 86 x 
,_ 14 33.8 75 x 34.0 76 x 34.4 73 x 33.8 77 x 
- 15 34.8 68 x 34.5 70 x 34.9 67 x 34.2 71 x 
f--_ 16 33.9 78 x 34.3 76 x 33.9 78 x 34.1 77 x 
f--_ 17 32.9 83 x 33.4 81 x 33.8 79 x 33.9 78 x 

18 29.9 74 x 30.4 73 x 30.4 73 x 31.3 70 x 

4 31.5 76 x 32.0 82 x 30.8 73 x 31.0 70 x 
5 31.1 76 x 31.7 83 x 30.5 73 x 30.7 70 x 
6 30.8 76 x 31.5 83 x 30.2 73 x 30.1 71 x 
7 26.7 85 I.Oms-1 27.7 81 1.5ms-1 27.8 80 l.5ms·1 27.2 83 l.Dms" 
8 27.3 89 1.5ms-1 27.7 87 l.5ms:r 27.9 85 l.fims" 28.4 83 X 

- 19 29.3 83 x 29.3 82 x 29.4 82 x 30.5 77 x 
f--_ 20 29.9 81 x 30.5 78 x 30.5 78 x 31.0 76 x 
t-- 21 28.3 85 x 28.6 83 x 28.6 83 x 32.6 69 x 
r---)2 28.7 82 x 29.6 78 x 29.5 78 x 30.7 73 x 
--=~2~3-+~3~3.~0~6~7j___~x~.-1-~32~.~1-1~2:+--=:x=--i~3~1~.4t-;:;7~Ir-~x-;---~31~.oj--;1~0+--~x 

i--..:v2=4-+~3~1~.91-.'...72::.J-_.:.X~.,i_:::32~.2+-7~5:+--=--=x:..-..,,t~3~1~.3r-;;-72-;:-t-~x--:1~31~.2:j-;6~9:+-_:_:x~ 

~ ~::~ ~~l / ~;:~ ~~v ~;:~ !~I~/~;:~ !~I / 
r--Mean 31.3 791/ 31.6 80 31.4 'n 1/ 31.6 761/ 
TC hour 2 ~ 2 »>: 2 ------- 1 - 
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Table 7.2: Summary of thermal and energy performance for (<JI,()( JI{ models 

Bedl Bed2 Bed3 Family RSpace Annual CU 
riLr;--~~+=-----+--+--+--t---_J_--~C~LJ.!(kWh (k Whm 

2yea{1 

C4(BASE; Tmax(°C) 34.8 34.5 34.9 34.2 43.41/1/ 
a==0.9) Tmin (°C) 26.7 27.7 27.8 27.2 28.0 

t-T='=ne=an~('-°C~:)4-3:...:...l...;...3=--1-3=-l=-.6.:..+--=-31=-.4-1--3-1_.6-+--33_._;_,i8 
TChrs 2 2 2 1 v 

L r-c=L--(k:...:...W_h-1-1-=9=-33+-13-=-9-81-1_:3=-99-1-3-8-=-2-11 85 56 1-i > 
C3 (a==0.7) Tmax(°C) 34.7 34.3 34.8 34.1 41.31/ I/ 

r-T==m=i1"-'1 ('-°C::....1.~)~=..:26:.:... 6::..i.-:2::..:.7..:..:. 7+-=2:...:...7:...:.... 7+-2=-7-.2-l __ 2_7_,.. 9_ 
t-T_,=nc=an'-"(_°C::...L:)+-=3-=-I .:..::· 2+.....::3....::.1.:.:.. 5-1-=-3:...:...l =-· 3-1--3_1_.5-1-_3 3_.-?10 
t---=T_C_h~rs:__-1-~2:.._j...--=2:.._j...--=2:_+_=-1-lT / ._ CL (kWh 1890 J 355 1347 37261/r---=-:83:-:-l-=-:8-r--13-9---' 

C2(a-0.5) Tmax(°C) 34.6 34.2 34.7 34.0 39.21/1/ 
t-:T~m=in~(0_::._C.L_) +..::.2::..:...6 .~6 ......::2:.:..7.:..:.. 6+-=-27:...:.... 7-1--_2 7_.1-t----:-2-=-7 .-:--19 
Tmean (°C) 31.2 31.4 31.3 31.4 32.3 

Model 

TC hrs 2 2 2 1 I / 
~. t-C_L_(_k_W_h--1--'18-=-4-17._l-=3=--12-1--l 2-9-+4 -3-6-26--11 / 8079 13 5 

TChrs 2 2 2 1 v 
t-c=L-(=k-=-Wh-1--1--~l 8..::.0-14f-l-=2=-69+--l 2-=-4-+2 -3-5-27=- 7841 131 

Table 7.2 shows a performance summary of the living spaces and RSpace for the 

models of the COLOUR design. Similar temperature pattern is obtained for each model 

and the TC hour in each living space is the same. T max and T mean are highest in Bed3 and 

Bed2 respectively while T min is lowest in Bed]. These could be explained by the 

orientation of the bedrooms as shown in Figures 4.1 (c) and 4.1 (d). Bed3 with the 

highest T max is south facing and is exposed to both the morning and evening sun as well 

radiation from the lower roof. Bed2 with the highest T mean is north facing and located on 

the east, thus is exposed to the morning sun and the radiation from the lower roof. Bed] 

is also north facing but is located on the west and there is no lower roof within the 

perimeter, although is exposed to the evening sun it has with the lowest T min· It could be 

deduced that the radiation from the lower roof has an impact on the indoor temperature 

of the spaces exposed to it. The Tdiff between daytime Tmax in RSpace and the living 

spaces is up to 3.1 "C for Cl to 9.2 °C for C4. However, the Tdiff between Tmin in all the 

154 



spaces are only up to 1.3 °C for all roof colours. This provi e vid .ncc of night-time 

radiant cooling of roof. While roofs with higher a become much more heated during 

d . ayime, at night all roofs cool down equally due to the same E of 0.9 for all the colours. 

The roof colour has a more profound effect on CL than TP or TC condition . The 

difference of annual CL between the darkest (BASE) and the lightest (CI) roof colour is 

715 kWh, equivalent to 8.5 %. The CLl ranges from 143 kWhm-2 car"1 for B P to 

131 kWhm-2year"1 for Cl. The CL in Family is 45 % of the total annual CL ven though 

the cooling hours is only 23 hours per week compared to 57 hours in Bed]. and 58 

hours in Bed2 and Bed]. This could be due to the cooling hours during daytime and the 

opening at the staircase. When the opening at the staircase was closed during the 

cooling hours, the CL for Family in the BASE model is reduced by 46 % but is still the 

hi ghest compared to the bedrooms. 

Figures 7.1 and 7.2 show the hourly Tair profiles in RSpace and Family for 

models of the COLOUR design set in natural ventilation. The external T max and T min is 

34.I °C and 24.6 °C respectively. I max in RSpace is 43.4 °C for BASE and 37.1 °C for 

Cl. In Family it lags about one to two hours with a peak of 34.2 °C for BASE and 

34.0 °C for C2 and Cl. Thus, Teur between the external environment and RSpace ranges 

from 9.3 °C for Cl to 3.0 °C for BASE, while in Family it ranges from 0.1 °C to 0.2 °C. 

Temperature profiles similar to Figures 7.1 and 7.2 were recorded for the models 

of other roof designs, thus are not mentioned or discussed in the rest of the analyses. 

However, information on the hourly indoor condition for each model can be obtained 

from the respective tables in Appendix C. Note that the pattern of the temperature 

profiles in Family and RSpace are consistent with the external temperature. The profiles 

in RSpace follow very closely with the external but the variations and fluctuations at 

certain hours in Family are due to the internal heat gains that are influenced by the 

occupancy schedule and activities. 
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Figure 7.1: Indoor Tair in RSpace for COLOUR models 
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Figure 7.2: Indoor Tair in Family for COLOUR models 
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Referring to Figure 7.2, the Tair for all models in Family rlr >r harply at 0006 

hour. This is due to the opening of the door that draws in the cool external air that is at 

the lowest during the hours of 0005 to 0007. The space starts to cool down at 1700 hour 

but the temperature is slightly elevated at 1900 hour when the door is closed. 'l he peak 

at 2100 hour is due to occupancy, however it drops again at 2200 hour when it i 

unoccupied. 

Figures 7.3 and 7.4 show the Taur between the lighter coloured roof model of 

Cl, C2 and C3 with the darker coloured BASE model for RSpace and Family 

respectively. 

Referring to Figure 7.3, due to the lower solar absorptivity (a) of Cl, it has the 

highest Tdiff followed by C2 and C3. However, the significance of a diminishes at 

night-time as also shown in Table 7.2 and can been seen clearly in Figure 7.1. This is 

due to long-wave radiation exchange of the roofs having the same E with cooler night 

sky. However, the thermal impact in Family is much less as shown in Figure 7.4. The 

peak Tctiff between BASE and Cl in RSpace is 6.6 °C while in Family it is only 0.4 °C. 

Note that different scales are used for the graphs the figures to obtain better individual 

profiles due to the temperature variations between the Family and RSpace. 

It is concluded that the optimum roof colour is Cl (a=0.3). With respect to 

BASE, it reduces the Tair in Family up to 0.4 °C. The savings in the annual CL is 

715 kWh or 8.4 % at no added capital cost. 
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Figure 7.4: Tdiff in Family between BASE and COLOUR models 
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b) Air space (AS) 

A performance summary for the living spaces and RSpace tor AS models is 

shown in Table 7.3. It shows similar TC hours and conditions as the models in the 

COLOUR design. The T ditr of daytime T max in RSpace and living spaces is up to 11.0 °C 

for ASl and 8.0 °C for AS4. However, the TdifT between Tmin in RSpacc and the living 

spaces ranges from 1.0 °C for ASl to 1.5 °C for AS4. These shov similar th rmal 

radiation effect as with the COLOUR models. With reference to BAS (A 2), 

increases the annual CL by 120 kWh equivalent to 1.4 % while AS3 reduces the load by 

55 kWh and AS4 reduces it by 87 kWh, equivalent to a reduction of 0.6 % and 1.0 % 

respectively. The CLI ranges from 145 kWhm-2year-' to 14lkWhm-2year-1 for ASl and 

AS4 respectively. 

Table 7.3: Summary of thermal and energy performances for AS models 
,...__ 
Model Bedl Bed 2 Bed 3 Famil y RSpac e Annual CLI 

ASI 
CL (kWh ) (kWhm-2yea{1) 

Tmax(°C) 34. 8 34.6 34.9 34.3 45.3 v I/ (d===20 mm) Tmin(°C) 26.7 27.7 27.8 27.2 27.7 

Tmean (°C) 31.3 31.6 31.5 31.6 34.2 

TC hrs 2 2 2 1 v 1--- CL (kWh) 1947 1415 1420 3894 8676 145 
AS2 Tmax (°C) 34.8 34.5 34.9 34.2 43.4 v I/ (BASE· 
d===5o m'm) Tmin(°C) 26.7 27.7 27.8 27.2 28.0 

Tmean (°C) 31.3 31.6 31.4 31.6 33.8 

TC hrs 2 2 2 1 v t-- CL (kWh) 1933 1398 1399 3827 8556 143 
AS~ Tmax (°C) 34.8 34.4 34.8 34.2 42.6 I/ I/ (d===100 mm) Tmin (°C) 26.7 27.7 27.8 27.2 28.1 

Tmean (°C) 31.3 31.6 31.4 31.5 33.6 

TC hrs 2 2 2 1 j/ 
CL(kWh' 1926 1390 1398 3797 8501 142 

AS4 Tmax (°C) 34.7 34.4 34.8 34.l 42.1 v I/ (d ===200 mm) Tmin(°C) 26.7 27.7 27.8 27.2 28.2 

Tmean (°C) 31.3 31.6 31.4 31.5 33.5 

TC hrs 2 2 2 1 v CL(kWh) 1922 1385 1383 3779 8469 141 
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The benefits of the AS variations on thermal condi ion in JtSpr1r r' and Family are 

shown in Figures 7.5 and 7.6 respectively. The positive Tdifr shows the advantage over 

BASE while the negative Tdiff shows the disadvantage. This meaning of positive Tdiff 

and negative TdiIT also apply for the modifications due to other roof parameter' in 

models discussed in subsequent sections. 

In Figure 7.5, ASl with a smaller AS increases RSpace daytime T111 up to 1.9 °C 

but lowers the night-time Tair up to 0.2 °C. Conversely. bigger AS in A 3 and A 4 

reduces daytime T air but increases the night-time Tair· The AS acts as an insulation that 

reduces the daytime heat gain, which also reduces the heat loss at night. Much lesser 

benefits are recorded in Family as depicted in Figure 7.6 where Tair is altered by only 

O.I °C. To increase the AS from the normal practise of 50 mm in AS2 to 200 mm in 

AS4 would mean to quadruple the batten thickness that would have an effect on the 

design. However, this lowers Tmax in Family by only 0.1 °C with 1.0 % reduction of 

annual CL but an added cost on the roof structure. Thus, it is concluded that the normal 

practise of 50 mm AS is the optimum. 

c) Supplementary insulation (Rln) 

A performance summary for the living spaces and RSpace for Rln models is 

shown in Table 7.4. It shows similar TC hours and conditions as the COLOUR and AS 

models. The T diff of daytime T max in RSpace and living spaces is up to 7. 7 °C for RlnO 1 

and 3.3 °C for RinlO. Again, the Tdiff between Tmin in RSpace and the living spaces are 

much smaller as in the other models. Table 7.4 shows for each space, there appears to 

be a minimum T max that could be achieved in the natural ventilation mode. Additional 

lllsulation could not lower the temperature any further. 
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Table 7.4: Summary of thermal and energy performanc f 1t JI f n models 

RlnOO (BASE· 
d=Omm) ' 

Model 

TC hrs 2 2 2 I I / 
CL (kWh) 1933 I 398 1399 3827 I/ 8556 I .t3 

~:::;:~;:~) ~::; ~~:~ ~~:: ~~:~ ~!:~ I/ ?I/ 
Tnoc1111(°C 31.3 31.6 31.4 31.5 33.4 

RlnOl 
(d=lO mm) 

TC hrs 2 2 2 I ~· / 
CL(kWh) 1923 1386 1383 3768 / '--8459 141 

Rln02 
(d=20 mm) ~:::~.~f=~ ~::; ~~:~ ~~:: ~~:~ ~~:~ 1/1/ 

T,,1e8n(°C) 31.3 31.6 31.4 31.5 33.1 
TC hrs 2 2 2 I I / 
CL (kWh) 1912 1374 1369 3726 I/ 8382 140 

Rln03 
(d=30 mm) 

TC hrs 2 2 2 1 / / 
CL (kWh 1905 1365 1358 3695 I/ 8322 139 ..____ 

Rln04 
(d=40 mm) 

Rln05 
(d=50 mm) 

Rln06 
(d=60 mm) 

TChrs 2 2 l 1 V 
t-- CL (kWh) 1881 1339 1325 3599 8144 136 ~:~11-,,0°o_m_m_)_i-:i~;:::.:::~~~~~~))L.J_;~:~:~~;~~~: ~:'.-J-;::.::~~:~+--=.:;=-:-~:-:-~ +-::~:::;;:-;;~-+1/---':..;:_:_-----:?!-I / _ ___.:_=:::__-J 

Tmean (°C) 31.3 31.5 3 l.3 31.4 32.2 
TC hrs 2 2 l I r / 
CL (kWh) 1879 1337 1322 3591 l / 8128 135 
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Due to minimal temperature variation with each con · uivc mod ·I, Figures 7.7 

and 7.8 show the impact of Rln on RSpace and Family for only ieveral selected models. 

Similar to the impact of COLOUR and AS, the advantage is more iignificant in RSpace 

than in Family. RlnlO reduces the Tair in RSpace up to 6.7 °C but in Family the 

reduction is up to only 0.3 °C. The Tdiff in RSpace shows that additional Rln lowers the 

daytime Tair but increases the night-time Tair· 1 Iowevcr, the de' ated night-time 

temperature is much less than the daytime reduction. Nevertheless, the minimal impact 

in Family necessitates the identification of an optimum thickness due to the cost of 

insulation material despite the continual reduction in CL. Therefore, whilst the impact 

on the TP and TC are nominal, it is prudent to consider the implication on CL. Figures 

7.9 and 7.10 illustrate the technique used to determine the optimum thickness for Rln. 

INSULATION: Temperature difference in RSpace 
• BASE-Rln04 BASE-Rln06 O BASE-Rln08 O BASE-Rln10 

8 

7 

6 - 

5 

§:4 
!!: 
~3 a. 
E 
~2 

-2 Hour 

Figure 7.7: Tditrin RSpace between BASE and Rln models 
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INSULATION: Temperature difference In Family 

I• BASE-Rln~ BASE-Rln06 LJ BASE-Rln08 r BASE-Rln10 

0.41---------- 
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ll:: 
'5 ci. 0.2 
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I!! 
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Hour 

Figure 7.8: Tctiff in Family between BASE and Rin models 

INSULATION: Tmax vs din Family 

34.25 ,------ 

34.20 34.20 

34.15 

[ 
~ 34.10 
! 

34.10 34.10 34.10 

34.05 

90 

34.00 34.00 34.00 34.00 34.00 34.00 34.00 

34.oo 

Base 10 20 30 40 50 
d (mm) 

60 70 80 
33.95 -t----..,---.---,------r---.---,----.--~---.----.,.----1 

100 

Figure 7.9: To identify optimum Rin: Truax in Family for Rin models 

164 



INSULATION: Tmean vs d Inf: mlly 
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Figure 7 .10: To identify optimum Rln: T mean in Family for Rln models 

To find the optimum thickness, Tair in Family was analysed to represent the 

impact on the living spaces on the upper floor. Graphs of daily Tmax and Tmean are 

plotted against the thickness of Rln as shown in Figures 7.9 and 7.10 respectively. Both 

temperatures are considered to appraise the overall thermal impact. The graph of T max in 

Figure 7.9 shows the temperature gradient is either zero or 0.1 °C. Based on the first 

plateau of T max, the optimum thickness is 10 mm but the temperature is further reduced 

by 0.1 °C for 40 mm after which it remains constant for thickness up to 100 mm. Thus, 

for the purpose maximising the effect of the insulation, 40 mm is identified as the 

optimum. However, the graph of Tmean in Figure 7.10 shows the 50 mm insulation 

further lowers the temperature by 0.02 °C. Nevertheless, since T max remains unchanged, 

a further reduction of T mean by a hundredth of a degree Celsius is considered as not 

significant for TC improvement. Thus, it is concluded that 40 mm is the optimum 

thi ckness for Rin. With respect to BASE, Table 7.4 shows Rin04 with CLI 

138 kWhrn-2year·1 reduces the annual CL by 280 kWh or 3.3 %. 
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7.3.2 ExptlB: Combined roof parameters 

The analyses of the impact of individual roof parameters have identified the 

optimum variables for COLOUR, AS, and Rin as Cl (a.=0.3), AS2 (50 mm), and 

Rin04 (40 mm) respectively. Models of the optimum parameters with all roof colours 

were constructed to allow for personal and aesthetic preferences. 

A performance summary for the living spaces and RSpace for model in 

COMBO design is shown in Table 7.5. For this optimum assembly, the TC hour and 

conditions are still similar to the models of individual parameters in Exptl A. The T difT 

of daytime Tmax in RSpace and living spaces is up to 5.3 °C for ComboC4 and 2.0 °C 

for ComboC 1, while T min differs by 1.9 °C and 1. 7 °C for the respective models. 

Changing the roof colour from C4 (ComboC4) to Cl (ComboCI) reduces the annual 

CL by 409 kWh or 4.9 %. 

Table 7.5: Summary of thermal and energy performances for COMBO models 
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Effect of Rln04 on COLOUR: Temperature difference In R c 

[ D C 1-ComboC 1 U C2-ComboC2 C3-ComboC3 • C4-ComboC4 
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Figure 7.11: Tdiff in RSpace between COLOUR and COMBO models 

Effect of Rln on COLOUR: Temperature difference in Family 
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Figure 7.12: TditrinFamily between COLOUR and COMBO models 
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Figures 7.11 and 7.12 show the Tdiff between the mod l HJ COLOUR and 

COMBO designs. Since the optimum AS is BASE, this also compares the benefit of 

Rin04 on all the roof colours. The profiles in RSpace and Family arc comparatively 

similar to the previous designs indicating minimal thermal impact in Family but notable 

savings in the building CL. 

7·3•3 Summary of EXPERIMENT 1 

EXPERIMENT I was to identify the optimum thermal parameters for the 

assembly of the outer skin of roof. It is concluded that the optimum parameters based on 

individual impact on TP, TC, and CL are light colour with a of 0.3 (Cl), AS of 50 mm 

(AS2), and Rln of 40 mm (Rin04). 

Results for the individual models show changing the colour from C4 (BASE) to 

CI reduces Tmax in Family by 0.2 °C and the total annual CL by 715 kWh or 8.4 %, 

While adding a Rln of 40 mm to BASE reduces Tmax in Family by 0.2 °C and the CL by 

280 kWh or 3.3 %. This means comparable TC condition could be attained either by 

using roof colour Cl with CLI of 131 kWhm-2yea{1 at no added construction cost, or by 

Installing a 40 mm insulation on roof colour C4 with higher CLI of 138 kWhm-2year"1 

and at the cost of insulation material. 

Figures 7.13 and 7.14 compare the Tmax and Tmean of COLOUR and COMBO 

models in RSpace and Family respectively. These signify the benefits of Rln on 

COLOUR models. Note that different scales are used due to the temperature variations. 

Rln04 reduces T max in RSpace up to 4.1 °C while that in Family up to only 0.2 °C. 

Figure 7.15 shows it has the most benefit on the darkest roof C4 with CL savings of 

280 kWh or 3.3 %. Whilst impeding daytime heat transfer thus lowering the daytime 

T max, the insulation trapped night-time heat hence increasing the indoor temperature. 
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However, the reduction of daytime Tmax is more consid ·r· ble than the night-time 

temperature elevation. Nevertheless, the benefit depends on the occupancy pattern as 

well as the choice of ventilation. If the space were to be naturally ventilated, in ulation 

would exacerbate the thermal condition. But if it were to be actively cooled, the 

insulation would reduce the CL. 

It is concluded that COMBO models demonstrated an insignificant thermal 

improvement but noteworthy the impact on CL. 

COLOUR and COMBO: Tmax and Tmean in RSpace 
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Figure 7.13: Tmax and Tmean in RSpace for COLOUR and COMBO models 
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Figure 7.14: Tmax and Tmean in Family for COLOUR and COMBO models 
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Figure 7.15: Annual CL for COLOUR and COMBO models 
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7.4 EXPERIMENT 2: Roof Ventilation (RV) 

These are the analyses for EXPERIMENT 2 described in ·cction 6.2.2. It 

comprises of Expt2A and Expt2B. Exp2A was to identify the optimum RV rate. The 

selected rates were modelled on BASE named as RV models and the optimum \\US 

identified s b . . · · u sequently, m Expt2B the optimum RV rate was applied to the CO IBO 

models named as COMBORV models. 

7.4.1 E t2A xp : Identification of an optimum RV rate 

The TP for RV models demonstrate similar impact as that on Rln models where 

there ar · . ~ e mnumum values for Tmax and Tmin for each space. A per1ormance summary for 

the living spaces and RSpace for RV models are shown in Table C2. l in Appendix C. 

The minimum indoor T air indicates there is an optimum RV rate where higher rates 

Would not significantly improve the TC condition. 

Similar analyses as RJn were used to determine the optimum RV rate as shown 

in Figures 7.16 and 7.17. The graph of Tmax clearly shows the optimum rate is 10 ach 

because there is no further temperature reduction with higher rates. The T mean shows 

furth er temperature reduction, however, since the subsequent reduction is to a 

hundredth of a degree Celsius, it is considered as not significant. Thus, RV of 10 ach 

(RVIO) · . . Is identified as the optimum rate. 
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Figure 7.16: To identify optimum RV rate: Tmax in Family for RV models 
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RV: Tmean vs RV rate in Family 
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Figure 7.17: To identify optimum RV rate: Tmean in Family for RV models 
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7·4·2 Expt2B: Application of the optimum RV rate 

The optimum RV rate is applied to COMBO models and named as COMRORV. 

A performance summary for the living space and RSpace for COMBORV models is 

shown in T bl a e 7.6. It shows comparable TC hours with models of previous designs. 

The Td· r of d · 11 aytime Tmax in RSpace and Jiving spaces is up to I. I °C for l omboR CI 

and 2·5 °C for ComboRVC4. However, unlike the other models. the Tmin in Rspace for 

COMBORV models are lower up to l.2 °C than the living spaces. This could be due to 

the exch · · ange with cooler night~time external atr, The CLI ranges from 

125 kWhm-2 year" for ComboRVCl to 129 kWmn·2year·1 for ComboRVC4. 

Figures 7.18 and 7.19 show the hourly Tdiff between COMBO and COMBORV 

models · in RSpace and Family respectively. It computes the benefit of RVlO on 

COMBO models that was up to 2.8 °C in RSpace and 0.4 °C in Family. 

Table 7.6: Summary of thermal and energy performances for COMBORV models 
~~-r~~__,.~_,...~-.-~-.-~::-r~~i--;~.-r-~~;--~ 

Bedl Bed2 Bed3 Famil) RSpace Annual CLI CL(kWh (kWhm-2year·1 

~ Tmin (°C) 26.5 27.5 27.6 27.l 26.5 
Tmean (°C 31. l 31.3 31.2 31.3 30.5 
TC hrs 2 2 2 1 I /~----1"-----.....J 
CL(kWh) 1768 1242 1212 3518 I/ _ 7739 129 
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Effect of RV on RSpace: Temperature difference in RSpace 
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p· igure 7.18: Tdiff in RSpace between COMBO and COMBORV models 

Effect of RV on COMBO: Temperature difference in Family 
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7.4.3 s ummary of EXPERIMENT 2 

EXPERIMENT 2 was to evaluate the thermal impact of roof ventilation. The 

selected RV rates of 5 ach to 50 ach modelled on BASE demonstrate the e: istcnce of un 

optimu m value where higher rates could not further improve th' indoor thermal 

condition Th . · e optimum RV rate was identified as I 0 uch (RY I 0) nnd the impact wns 

analysed for all models of' - 'OMBO and 'OMBORV designs to consitkr the colour 

Preferenc es. 

Figures 7.20 and 7.21 compare the TmflX and Tmcnn of COMBO and COMBORV 

models in R Space and Family. These signify the benefits of RVlO on COMBO models. 

Note that di f 1 ferent scales are used due to the temperature variations. The overall benefit 

on T . .,. and Tm"" range from J 'C to 2.8 'C in RSpace and 0.2 'C in F amity, and T mean 

in R.Space is l . ower than Family for all colours. Figure 7.22 shows more notable effect 

onct R · VIO reduces the load by 4.9 % for Cl to 6.5 % for C4. Thus, it has the most 

advantage . on dark coloured roof in terms of the cost for cooling needs although no 

irnpro Vement was computed on TC condition. 

All models consistently show more significant thermal impact on RSpace than 

F'aho ·i .,,zy. Thi · s could be due to the use of the ceiling that acted as a thermal barrier. The 

effecr !Veness of the ceiling as a thermal barrier was investigated in EXPERIMENT 3 

and· is Pres . ented in section 7.5.1. 
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These are the analyses for EXPERIMENT 3 described in section 6.2.3. It 

Colllp . nses f 0 Expt3A, Expt3B, and Expt3C. Exp3A was to ascertain the advantage of 

the ho . nzontal ·1· cer mg. The ceiling of COMBO and COMBORV models were removed 

and n anted as COMBOnc and COMBORVnc. Expt3B was to identify the optimum 

c . e1Iing. insulation (Cfn). The selected thickness of an insulation material were modelled 

on lll\SE and named as Cln models. Subsequently, in Expt3C the optimum Cln was 

apPliect t ° COMBO and COMBORV models and named as COMBOCin and 

CoMBoRv Cin respectively. 
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7.5.I E t3 .. xp A: No-ceiling (nc) 

a) COMBO no-ceiling (COMBOnc) 

A performance summary for the occupied Jiving spaces and R."i'pace for models 

of COMBOnc design are shown in Table 7.7. The Tnrr of daytime Tm11' in R.\)>c1 ·c und 

living . spaces is up to only 0.5 ° ' for .ornbo 1 Inc anti 1.2 °C for Combo( -lnc. Similnr 

to COMBO RV, the Tmin in RS/w ·e for COMBOnc modds nro gen-mil sligh1ly lower 

than the F . ivmg spaces. The removal of ceiling has added one hour r T in Beds f r 

ComboCJ nc and two hours of TC in Family for all models. However, compared to the 

Previous . models, the L for no-ceiling models is tremendously mcreased. The CLI 

ranges fl torn 239 k Whm=year' for ComboClnc to 250 kWhm-2yea{1 for ComboC4nc. 

Table 7.7: Summary of thermal and energy performance for COMBOnc models 
~----r~~~,--~..--~-.---,--,--=--::-r~--r-~~-i-~~~---i Bed f Bed2 Bed3 Family RSpace Annual CLI 

~m~c1~--:~:~~~~~~~~~~~~~~~~~~:~::~~~-~~364:.·85::v-~~(_kW~~~V~~-w-~~~~e_M_-~~ Tlll'IX (°C) 34.2 34.0 34.4 34.0 
Tmin (°C) 26.6 26.3 27.3 26.6 
Tmen11(°C) 30.8 30.8 30.7 30.7 30.9 

TC hrs 2 2 I 3 r-- / 
Comb _ __,pc~L~,(~kw~~h)~t~22~5~si~1t22~5j=-1~5to5[t~9~58~6Crl/~;n- --r-~1~45~7_4/t~~2_4~3~7! 

°C3nc 349 Vl / Tmnx (°C) 34.2 34.0 34.9 34.2 · 

TC hrs 2 2 2 3 I/ 
t-C-=:L=-,(.:.:.:kW~h)_j__23..:::.0_0.J_l~26::.-3-l---, 5=-69-+-:9::::g=-79-::-I / ··~ 150 II 250 
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r _ COMBO and COMBOnc : Temperature difference in RSpace 
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p· igure 7.23: TditT in RSpace between COMBO and COMBOnc models 

COMBO and COMBOnc: Temperature difference in Family 
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Figure 7.24: Tc1irr in Family between COMBO and COMBOnc models 

179 



The hourly modifications on Tair in RSpace and Family due to removal of' ceiling 

are illustrated in Figures 7.23 and 7.24 respectively. The figures show the Td,11 between 

COMBO and COMBOnc models. The absence of the ceiling has lowered th' I'111r in 

Rspace during the hours of 0700 to 2200 with a maximum reduction or _.9 °C on 

ComboCJ nc and 4.6 ° 'on 'ombo '4nc. I Iowever, Tnit' is cl vnt 'd up tn 1.0 C durin 1 

the early morning hours for all models. The impact in Famtly is slight!) less with 

tempe t ra ure reduction of up to 2.2 ° with little variations among th models. How ver, 

at 1200 t l 0 500 hours the temperature is elevated up to 0.6 °C. 

It is interesting to note that the two spaces demonstrate counter temporal 

benefits of the 'no-ceiling' situation. During the hours of 1200 to I 500, when RSpace is 

getting the biggest temperature reduction of up to 4.6 °C, Tair in Family is elevated up to 

Q6oc . · On the other hand, T air in RSpace is elevated during 2200 to 0600 hours when 

Farnay is ex · · ft T l · · 
17 

l · penencmg lower temperature. The a ernoon air e evation in Famity is due 

to the dl . . .. irect radiation received from roof because the ceiling that acted as a thermal 

barrier · is removed. While the radiant heat transfer during those hours elevates Tair in 

Farntz . Y, the temperature reduction in RSpace demonstrates the advantage of the bigger 

Volume of bi · · f 1 d. ti b 'd d com med spaces. However, when the mtens1ty o so ar ra ia 10n su si e , 

Farnu Y also benefited from the heat transfer in the bigger volume that lowers the Tair 

later . in the evening until late morning. Conversely, the elevation of temperature in 

!?.Space ct · "fi · d unng the early morning hours is due to temperature strati tcanon cause by 

llnob structed heat exchange between the cooler air in RSpace and the warmer air in 

F'arni/y. The heat transfer between the two spaces is indicated by the TdirT between 

Rs Pace and Family in COMBOnc that is up to only 1.1 °C compared to a maximum of 

s 3 0 . C for COMB models that can be obtained from Tables 7.7 and 7.5 respectively. 
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b) COMBORV no ceiling (COMBORVnc) 

A performance summary for the occupied living spaces and Rspace for models 

ofCOMBORV . nc design are shown in Table 6.8. The Tdilf of daytime T11rn in R .. C.,'pacc 

and living · spaces is up to 0.5 °C for ComboRVClnc and 0.9 ° ' for (\)mboPVC.fn '. 

These ar . . . , e comparable to the temperature variations 111 the spaces for COMBOnc but 

With slight thermal improvement. Additional one to two TC hours is n .hievc i in ill 

living spaces for all roof colours. This lowers the CU that ranges from 

225 kWh -2 -I - -1 m year for ComboRVCl nc to 234 kWhm 2ycar for ComboRV -lnc. 

Table 7 8· s · · ummary of thermal and energy performance for COMBORVnc models 
~~~-,--~~~..---~-_,...~--..~--r:~-.--~---:--r----~ 

r Bedl Bed2 Bed3 Family RSpace Annual CLI 

Cornb0Rvrrc;-r1 n::-:c:--1-r-- ~- ~- ~- ~- ~- --1- +- -- :c- :c- '--L ,_- -'-'-'-cc- -J_ '-- -- -- --1- +- -- -- ~-~--ii--~ ~23:64:.·44~-+v_:C::'.:L~(.::_kW~b)~ll~ /(k~Wbm~~-2E.y1e~ar~-1.L,1) Tmax (°C) 34.2 34.0 34.3 33.9 
T111;11 (°C) 26.3 26. I 27.0 26.5 
Tmean (°C) 30.4 30.4 30.4 30.4 30.3 

TChrs 3 3 3 3 V ~ i-C-::--L=-(:..:..:.k.:::...W_h-i- \_2_:06:__3-l--l 0:::..6-0-1--1...:20~4-+--::9-=-54~0-1 13867 23 I 
ll'lb0Rvc4~-+~~~·u,~~j_!.~'....J-~~---7~+-::;-;~V--7t--.=..c:._-:;-l 

nc Tmax (OC) 34.2 34.0 34.9 34.1 34.9 l /1 
~T~n~1in~(0~CL-)).......::2~6.~4.J_:2~6~.2~~27~.0::,..+-2~6~.5:--f-~26~.4:-I 
~T,~11ea~11~('0~C.)-l-~30~.5:._i.~3~0~.4:_...J-~3~0~.6-t-~3~0._5-t-~30_.5-:?I 
TC hrs 3 3 3 3 - / 

t-C::-:L=-(l.::.:k.:::..W_h_1)-1-2.....:0::....8_1 ..J-l...:0:__75-1--:-12~2~6-t--;;:967-6-:-;:5'4 -: 1404 7 234 

Figures 7.25 and 7.26 show the hourly modifications on Tair in RSpace and 

F'a11z '/ 1 Y for 'no-ceiling' 
011 

OMBORV. The profiles are similar as the COMBO models 

~~ . . RV has produced a different degree of impact because the RV brought m 

Warm.er d . . . d . . . ayt1me ambient air but cooler air at mght. The daytime temperature re uction 

111 R.Spa · · . bi Th 11 ce is smaller but the night-time temperature elevation rs 1gger. e overa 

te111 
Peratur' reduction in Faintly is better during 2400 to 0500 hours. 
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COMBORV and COMBORVnc : Temperature difference In RSpace 

J 0 ComboRVC1-ComboRVC1 nc D ComboRVC2-ComboRVC2nc a ComboRVC3-ComboRVC3nc • ComboRVC4-ComboRVC4nc I 
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p· igure 7.25: Tarr in RSpace between COMBORV and COMBORVnc 

COMBORV and COMBORVnc: Temp. Difference· Family 
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Figure 7.26: TdifT in Family between COMBORV and COMBORVnc models 

In ummary, b th OMBO and COMBORV models demonstrate temporal 

benefit . . and advcr ·c effects of the horizontal ceiling that acts as a thermal barrier. The 

182 



tremend . . ous increase m CL concludes an advantage of the ceiling for air-condilioncd 

spaces b t th ' u e added TC hours supports the 'no-ceiling' condition for natural! 

Ve fl n 1 ated spaces. Due to the conventional usage of ceiling in residential houses and the 

em · ergmg demand for active cooling, further investigations were performed to 

determine the benefit or ceiling insulation. The optimum thickn 'SS for the insul uion 

Was det . ermined and later applied to COMB and OMBORV models. Th 'S~ rre 

presented in sections 7.5.2 and 7.5.3. 

7.s.2 E xpt3B: Identification of an optimum Cln 

Similar to the TP due to Rln and RV, there are minimum values for T max and 

Trnin for each space with the CLI of 142 kWhm-2year-' for Cln of 30 mm and thicker. A 

Perform ance summary for the occupied living spaces and RSpace for Cln models are 

showu. in Table C2.2 in Appendix c. Using the same analyses for optimum Rin and RV, 

a graph of daily Tmax shown in Figures 7.27 clearly shows the optimum Cln is 20 mm. 

Base 10 30 50 
d(mm) 

70 90 

34.3 
Celling Insulation: Tmax vs d In Family 

34.2 • 34.2 34.2 

34.1 34.1 • 34.1 • 34.1 • 34.1 • 34.1 • 34.1 • 34.1 • 34.1 • 341 

34.o 
20 40 60 80 100 

Figure 7.27: To identify optimum Cln: Tmux in Family for Cin models 
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7.5.3 Ex t3C P : Application of the optimum Cln 

The optimum Cln02 was applied to COMBO and COMBORV to investigate if it 

could further improve the indoor thermal condition. 

a) COMBO Tn 

A performance summary for the occupied living spn cs nnd R.\'pac1• for mo i els 

of COMBO Cin design is shown in Table 7.9. The TC hours and ondition are simil r 10 

COtvmo models. With the negligible thermal impact, the CL consw11ption is increa ed 

up to 0.5 % and the LI ranges from 132 kWl11n-2year"1 for ComboCl Cln to 

138 kWhm-2yea(1 ComboC4Cin. 

rT~1~11;1,~(0~'C~)~26~.7'.....!-~27~.~7.J..-.:'.2~7.~7+-2~7~.2;-t-::;-;28~.0>! 
r::;T1~11c~a11~(0:::LC:)l-:'.-3~1.3~~3~1.~5+_.:3~1.~3+-~31~.4-j-_3_2.~2~ 

r---....._ TC hrs 2 2 2 I I/ 
I Co~-~C::!:L1.!.(k~W~h~1)~1~89~3~1~3;!_37W-!..:13~2~1 ~3~69~5~l/~:o-v-'-8-15-6-;11r/--13-6-"":;;;1 ~:::::~; ;:~ ;~; ;~; ;~:~ ;:: 

Tmean (°C) 3 1.3 31.6 31.4 31.5 32.6 

TC hrs 2 2 I I l / 
~:--+r-C~L~l~kW~~h )~~~I 8~69:ZtZ13~1~3 tr 2~9ll x=3~5~57~-r:I /~:;-;---tv_8:..-0_30/f I / __ I _34_/71 

T111ax (°C) 34.6 34.1 34.6 34.0 38.5 

TC hrs 2 2 2 I ~ / 
t-c=L=-,(:.:.:.k W.::..1_1 )-l-1..:::.91_6-l-13..=.6-0-l-l 3.::.5-2 +-::3~65:-::5:-i -: 8283 13 8 
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Effect of Cln02 on COMBO: Temperature difference in RSpace 

I ~boC1C -- - omboC1 Cln O ComboC2-ComboC2Cln ComboC3-ComboC3Cln • ComboC4-ComboC4Cln 
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Figure 7.28: T ditr in RSpace between COMBO and COMBOCin models 

Effect of Cln02 on COMBO: Temperature difference In Family 

[uComboC1.ComboC1Cln oComboC2.ComboC2Cln •CombOC3-CombOC3Cln •ComboC+ComboC4CI~ 
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Figure 7.29: Tanr in Family between OMBO and COMBOCln models 

Figures 7.28 and 7.29 show tho Tctill' between the models of COMBO and 

corvis O In de .igns in f?1)/m ie and Family respectively. Jt computes the benefit of 
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Cino2 on COMBO that show temporal counter benefit between the two spaces. Cln 

impedes daytime heat transfer from RSpace to Family, thus elevating Tair in RSpace up 

to O.S °C during 0900 to 1700 hours. Consequently, this reduces Tuir in Fa111i(11 up tn 

O.l °C within those hours. Similarly, Cln traps the warmer night-tim i air in l"ami~1· that 

resulted in temperature elevation of up to 0.1 °C while that in /?,)/wee is reduced ur h' 

0.6 "C. 

b) COMBORVCTn 

A performance summary for the occupied living spaces and RSpace for the 

lllodels are shown in Table 7.10. The TC hours and condition are similar to COMBORV 

lllodels b 0 Th CLI fr ut the CL consumption was increased up to 2.0 Yo. e ranges om 

127 kWhm·2year·1 for ComboRVCICin to 131 kWhm·2year"1 ComboRVC4Cin. 

'fabl 7 e .IO: Summary of thermal and energy performance for COMBORVCin models 

~--~,-~~--r~--.~--ir-::--:-::ir::;--:;:~;;c;-::::=-r-A-::~~~--;;:;rr-~---, Bed f Bed2 Bed3 Family RSpace Annual CU 

~VCfCln,~~~~~~~~~~~~3~3~9~~23675 .. o~o~vCUkWWl/~~m~~(I) r Tmnx (°C) 34.5 34.0 34.5 
Tmm (°C) 26.6 27.6 27.6 27. I 
T111.an (°C) 31.2 31.3 3 I. I 31.3 29.7 
TC hrs 2 2 2 I I/ 

~ 1-C:::-L~,(~kW~h )_j._l_:.78:_1-+--__:12:....27-t--:-:11==8-:-I t--;3;-;47140~1 -: 7629 127 
0Rvc2c111 ~.:::i:~; ;::~ ;~~ ;~~ ;;:; ;~~ v1 .> 

Trnenn(°C) 3(.2 3(.4 31.2 3JJ 29·9 I/ i 

TChrs 2 2 2 I v 
~b f-C.:,..L::::...,(.:.::kW~h )--1 _ __:17:....94-1--12.::..4-1+-1-=-l9=-=9~-;;-3-;;4 7:;;:;3I 7708 128 

01Wc3c111 
33 9 361 Vl/ T111., (°C) 34.5 34. f 34.5 · · 

T (°C) 3 I 2 31 4 3 I 2 31.3 30. I 
Tmin (°C) 26.6 27.6 27. 7 27.1 26. J 

TC hrs 2 2 2 I 
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Similar analysis as the COMBOCin models to evaluate the impact of Cln02 on 

COMBORV. di in icates no added advantage. The Tair in Family cannot be reduced an 

further ho . . ' Wever, the insulative property of the insulation has exacerbated the TP. 

7.5.4 s ummary ofEXPEIUMENT 3 

EXP RIM NT 3 was to appraise the usage of the horizontnl ceiling. The results 

in Expt3A show that the removal of the ceiling has a slight advnntng~ on the TP and the 

Tc, hut h · as increased the annual CL up to 82 %. These impacts are due to the bigger 

Volume f h 0 t e combined spaces. Whilst the unobstructed heat exchange improves the 

TP and d a ds up to two hours of TC, it imposes great penalty on the needed CL. It is 

conclud d e that indoor thermal modifications could not outweigh the tremendous 

increas . . . e in the required CL. Nonetheless, an openable or removable ceiling could be 

consider d e as an alternative to the conventional type. 

Expt3B identifies Cin of 20 mm (Cln02) as the optimum. Its application on 

COM:Bo and COMBORV models in Expt3C show negligible thermal modification but 

inc re a ses the CL up to 2.0 %. It is concluded that Cin has no added benefit on TP of 

Tc, hut 1 ias a CL penalty. 

Summary and conclusion for PART 1 

PART I is the analyses and discussion on the data outputs of the computer 

1110cte1r Wl l b ildi I · tng on a number of identified thermal designs of roof. 10 e~ ui mg ana ysis 

I.Vas Performed to evaluate the impact of each model on thermal and energy 

Perfo . rrnances of the house in this study. The thermal perfonnance (TP) was appraised 

by the indoor environmental conditions and the thermal comfort (TC) hours in natural 

Vent· tlation Tl , . . , T . T and RH that represent the hourly 
· 1ese condition · arc Toir, 1 nHlX• 111111• 111c111i. 
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air temper tu hi h a re, g est hourly temperature, lowest hourly temperature, average hourly 

temperature and h 1 l . h idi . 1 Th . ' our y re atrve urm ity respective y. e energy pcrf ormancc is 

assessed b th . . . Y e needed coolmg load (CL) to provide the desirable thermal comfort ( l'C) 

cond· · ition. Cooling load index (CLI) is introduced to appraise the cooling, ener~~ 

demand T · · tis defined as the annual 'L per square meter of (he cool 'u floor urea. 
The actual conventional roof using a roof covering with solar nbsorptivitj ll'() of 

0·9 denoted as 4 was used as a base-case (BASE) roof mod "'L onsidering th 

Personal d . an aesthetic preferences for colour, three other hues were al o on idered 

based on a of 0.7, 0.5, and 0.3; denoted as CJ, C2, and Cl respectively. These are 

tnodels for the COLOUR design. The BASE (C4) model was used to identify the 

0 f p imum values of the following roof thermal parameters: thickness of air space (AS) 

Undern 1 eat 1 the roof covering, thickness of supplementary roof insulation (Rin) 

Underneath the conventional radiant barrier, rate of roof ventilation (RV) in the roof 

space, and lastly the thickness of ceiling insulation (Cln) laid above the horizontal 

ceiling Tl . . . . . . · rese opumum values were determined by the Tmax reduct10n m Family. This 

space Was chosen to represent the impact on the living spaces underneath the ceiling 

due to . . its envelope configuration with regards to exposure to the external environment. 

Se!ecti . . . ve combination of the optimum values were later applied to the COLOUR design 

to create several other roof designs named as COMBO, COMBORV, COMBOCin, and 

C0}.,1B . ORVCin. Each design has four models with the external roof covermg of colour 

Cl, C2 c · I ·1· . . ' 3 and C4. Each model was also simulated without t ie cet mg to investigate 

the b enefit of its usage. The 'no-ceiling' models are named as COMBOnc and 

COMB ORVnc. 

The optimum values were found to be 50 mm for AS, 40 mm for Rln, I 0 ach for 

l~.V, and lastly 20 mm for In. All models consistently show more significant thermal 

'll1pact fl on RSpace than Family. This n;sulted in only slight modi ication on TP in 
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Fa ·1 mi Y and the consequent TC improvement is negligible. However, the predictions on 

the needed CL reveal quite noteworthy energy implications. 

The thermal modifications and CL demands on each design options arc 

summ . ansed as follows: 

a) Ch· oice of colour ( OLOUR models) 

' Te mperature varies up to 6.6 °C in RS/Jace and 0.4 ° m Family with no 

improvement in TC hour. 

• L' ight coloured roof reduces CL up to 8.4 % at no added capital cost. The CLI for C4 

(BASE) is 143 kWhm-2year"' while the lightest hue (Cl) is 131 kWhm-2year"1• 

b) Use of 40 mm Rin on COLOUR models (COMBO) 

' Daytime temperature is reduced up to 4.4 °C in RSpace but only 0.2 °C in Family. 

Night-time temperature is elevated up to 0.6 °C in RSpace and only 0.1 °C in 

Family. This is due to the property of insulation that impedes heat transfer, which is 

beneficial during daytime but unfavourable at night. Nevertheless, no changes on TC 

hour Were computed. 

' Rin has the most benefit on dark coloured roof with CL reduction of 3.3 % for 

ComboC4. CLJ for ComboCl remained at 131 kWhm"2year·' while that for 

ComboC4 is reduced to 138 kWhm-2year·'. However, the COMBO design has an 

added cost for the insulation. 

c) Application of RV of 10 ach to COMBO models (COMBORV) . 

• Temp 8 oc · RS'. a rd 0.4 °C in Family. 
· erature is further reduced up to 2. m 1Jace 

1 

Additional one hour ofT is attained in one of the bedrooms. 
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' Similar to Rln, RV also has the most benefit on dark coloured roof. 'I he CL 

reduction ranges from 4.5 % for ComboRVCl to 6.5 % for ComboRVC4 with CI l 

of l25 kWhm"2year"1 to 129 kWhm"2year"1 for the respective models. COMBOR 

design has an additional cost for the devise or design to provide th required R\ 

rate. The needed RV could be supplied by passive structurnl design, or issistcd b~ .1 

mechanism such as powered fan or wind-ns~listed vents. 

d) 'No-ceiling' for COMBO and COMBORV models (COMBOnc and 

COMBORVnc) 

' Removal of the horizontal ceiling exhibits temporal counter benefits between 

RSpace and Family that verifies its function as a thermal barrier. While the daytime 

Tair for COMBOnc is reduced up to 4.6 °C in RSpace, that in Family is elevated up 

to 0.6 °C from noon to 1500 hour. However, during the other hours Tair in Family is 

lowered up to 2.2 °C when on the other hand RSpace experiences a higher Tair of up 

to l .O °C from midnight to 0600 hour. Additional two hours of TC is achieved in 

Family. This is the effect of heat transfer in bigger volume and temperature 

stratification. 

• B. owever, the use of RV (COMBORVnc) has aggravated the TP in RSpace but in 

Family it gives an overall higher temperature reduction. These were due to the heat 

exchange with warmer daytime and cooler night-time external air. This resulted in 

an add' · uional one to two hours of TC in all the spaces . 

• Thus h · · · h f T h · I ' w List the daytime Tair elevation verifies t e usage o cet mg as a t enna 

barrie h · · 1· ti · r, t e added TC hours with 'no-ceiling' design imp res o ierwise . 

• 1'he CL is increa ed by 80 % to 83 % with CLI ranging from 225 kWhm"2year"1 to 

250 kWhm-2year·'. Whil t rcmovin 1 the ceiling could provide some improvement in 
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TC c di · on 1t10n, the tremendous increase in CL could not justify the 'no-ceiling' 

design if th · e space were to be cooled by active means. 

e) Installation of Cln of 20 mm to COMBO and COM BORY models (COMBOC!n 

and COMB RV 'f n) 

• Cin demonstrates similar insulativc effect a the Rln. Tlowcvcr unlike Rln, "ln h is 1 

CL penalty of 0.5 % to 2.0 % on the OMB and OM BORY designs . 

The CLI ranges from 127 kWhm"2ycar"1 to 138 kWhm·2yem·1• 

' It · IS concluded that Cln has no added benefit on TP of TC, but has a CL penalty. 

• 

The charts in Figures 6.30 to 6.35 show the overall impact of the models on the 

thermal . and energy performances in Family with comparison to the BASE model. 

These c b an e concluded as follows: 

• Thermal improvement: COMBORVnc provides the lowest Tmean with temperature 

variations of about 1.2 oc. 1 he Tnrnx temperature variations are only up 0.3 °C with 

any model from all the design options. 

• Energy savings: The ComboRVCl model in comparison to BASE achieves a CL 

sa · vtngs of 12.6 %. 

The predicted CL savings of 12.6 % per household can be translated into 

national . . . . . electnc1ty savings for the natwnal interest as well as C02 reduction for the 

&lobaJ . . . intere t on the environmental impact with regards to sustamable development. 

l'hese ar e calculated as follows: 
a) 

The facts, re earch findings, and a sumptions are: 

• F acts: 4.6 million living quarters in the Peninsular (Malaysia, 200lc) consume 

16·8 % of the national energy consumption of 54, 254 GWh or equivalent to 
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9,093 GWh (Malaysia, 200la); C02 emission in Malaysia is 0.62 ton per I MWh of 

electricity generation (United-Nations, 2004). 

• Research findings: The best roof option in this investigation reveal' a potential Cl 

s . avrngs of up to 12.6 % per household equivalent to I 074 kWh. 

• Assumption: The L savings of the modelled building nppli s to I 0 
11 
o or th' 

residential buildings which is equivalent to 0.46 million Ii ing quarters; the 

coefficient of performance ( OP) for air-conditioning and mcchani I ventilation 

(ACMV) system equipment is 2.6 (STRIM, 2001). 

The calculations for the energy savings and C02 reduction are: 

• CL 1 COP = electricity load 

b) 

• Electricity load savings per household: 1074 kWh/ 2.6 = 413 kWh 

• Residential sector savings: 413 kWh x 0.46 million= 190 GWh 
= 190 GWh / 9093 GWh = 2.1 % 

• National savings: 190 GWh I 54, 254 GWh = 0.4 % 

• CQ2 emission reduction: 190 GWh x (0.62 ton/ lMWh) = 117.8 kton 
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PART 1: SUMMARY-Tm ax in RSpace 
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Figure 7.30: Tmax in RSpace for all models 

PART 1: SUMMARY - Tmean in RSpace 
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Figure 7.31: Tmcun in RSpace for all models 
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PART 1: SUMMARY -Tmax in Family 
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Figure 7.32: Tmax in Family for all models 

PART 1: SUMMARY-Tmean in Family 
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Figure 7.3 : T@·mi in Family for all models 
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PART 1: SUM MARY of CL 
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Figure 7.34: Summary of CL for all models 

PART 1: SUMMARY of CLI 
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Figure 7. 5: Summary of CLl for all models 
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7.6.I M. ajor findings 

To conclude, the analyses in PART 1 have contributed to the following major 

findings: 

a) Optimum val ucs 

• Colour: Cl 

• AS: 50 mm 

• Rin: 40 mm 

' RV: 10 ach 

• Cin: 20 mm 

b) Design options 

• Rin and RV have the most benefit for dark coloured roofs. Some degree of thermal 

unprovements could be achieved but the CL savings are worth considering. 

1 Cin has no added advantage for thermal improvements but increases the CL. 

• The 'n . . . o-ceiling' design could provide more TC hours but greatly increases the CL. 

While the design reveals a promising solution to improve the indoor thermal 

conditio · id d if · 1· n rn natural ventilation, it has to be recons1 ere 1 active coo mg would still 

be needed . 

• All the d · I . b esign options demonstrate nominal therma improvement ut noteworthy 

CLs · avmgs of up to 12.6 %. 

It is worthwhile to note these are whole-building performances on the worst day. 

1'he Perfo · d L · 1· 
1 
rnances are expected to be better on the other ays. ess active coo mg would 

be needed · tl · · 1· th t tl d · · with improved thermal condition. Thus, 11s imp res a re esign options 

could add more 'I hours und generate L ·i.wi ngs of more than J 2.6 %. 
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The findings in PART 1 are put together and presented in PART 2 as for 

compa ti ra Ive performance evaluations for decisions on roof designs for the house in this 

Study. Si ·1 . . mi ar analyses could be applied to other house designs. 

PART 2: PERFORMANCE EVALUATIONS OF THERMAL DESlGN 0 ROO 

7.7 Evaluation and data presentation 

A compilation of the findings in PART l are presented in form of charts that 

displa d ye the appraisal on thermal and energy perfonnances of the roof design options 

investig t d . a e m the study. The design options are COLOUR, COMBO, COMBORV, 

COM BOnc, COMBORVnc, COMBOCin, COMBORVCln. 

7.8 Thermal performance: T1118x and Tmean 

Figures 7.36 and 7.37 can be used for decisions on the roof design to be adopted 

to optimise the indoor TP. The attributes for each design are as described in Table 6.1 

anct are also indicated on the charts. TC temperature (Ttc) is plotted to give a qualitative 

Jlldge ment on the comfort condition in the spaces. 

Results in p ART I have revealed that light colour gives the best overall 

Perform ance, However, due to colour preferences, for either aesthetic appeal or 

n1 · ainten d idi J:'. h d · ances, colour of the roof covering would become a ecr mg factor on t e esign 

0Ptions c . 17 ·1 f h f d · · olour sensitivity on indoor Tair in RSpace and rami yo eac roo esign are 

de · Ptcted as CHART IA in Figure 7.36 and CHART JB in Figure 6.37 respectively. The 

Charts ill ·1 · h hi J iti it T ustrate greater impact in RSpace than Fami y wit ig ier senst 1v1 y on max 

than 1' 
111cu11. 

F igurc 7. ihows the scil'itivity diminishes with the application of either 
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RV, or Cin, or both, and removal of the conventional horizontal ceiling. If owcver, the 

' no-ceiling' designs are the least sensitive to the choice of colour. This implies that for 

naturally ventilated spaces, the 'no-ceiling' design with RV (COMBORVnc) performs 

best followed by 'no-ceiling' without RV (COMBOnc) - with c mparablc p -rformancc 

by all colours. "Or designs with ceiling, Rln and RV would slightly modif the Tl' but 

With no significant T improvement. The evaluation for th' ncrg perform mcc is 

Presented . h ti . . 111 t e ollowing section. 
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7.9 Energy performance: Annual CL - demand, savings, and index 

Data analyses in PART 1 have also concluded the roof dcsi ms investigated in 

study demonstrated nominal impact on TP of livin i spn L'S underneath the this 

horizontal . ·1 • · cei mg but noteworthy influence on 'L. Colour s ensiti ity on Cl 1,' 

Portrayed by Chart 2A in Figure 7.38. The CL for the 'no-ceiling' d sign is bout 80 °o 

hi tgher than the other designs, thus is not included in the chart to allo for better visual 

analysis. All the other roof designs display a similar degree of sensitivity except the 

COLOUR models. Chart 2A illustrates that COLOUR design gives the worst CL 

Performance while COMBORV performs the best. This implies that for spaces 

req · · Utrmg active cooling, Rln coupled with RV would generate a notable energy savings 

for s pace cooling. 

The energy performance of each model is shown in Figure 7.39 as CL profiles in 

tenns of demand, savings, and index. Chart 2B shows that some models exhibit similar 

Perform ance, for example the ComboC4 and ComboC4Cin. Generally, models with CTn 

~~u . e a penalty on CL consumption. Thus, performance companson among models 

Would e . sttmate the savings that can be appraised by the cost. 

Design decisions could also be aided by the performance of CLI depicted in 

p· tgure 7.35 and is replicated by Chart 2c in Figure 7.40. Reading from the preference 

for co Jo . ur, the best or the worst design could be predicted. 

The roof designs options are constructed based on the optimum values of Rin, 

~.V. a d · · n Cin. The values were determined by their thermal performances m naturally 

Ventilat d ildi · Mal · e spaces. This is because most of the domestic bui 111gs in aysia are mostly 

naturally d id d c. th ventilated. As these optimum values were not eci e rrom e energy 

Perro . r. rrna11cc, hart 2D in Figure 7.4 I displays the predicted CL penormance for each 

n1octe1 S of Rln, RV and 'In. The L profiles are comparisons with the BA E model. 
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The performances of the design options are next discussed in relation to the 

thermophysical properties of the roof material and construction. These arc however 

constrained to the limitation of the software to generate the computations for the 

inct· · ividual roof components only. 
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7.10 Thermophysical properties 

The thermal and energy performances of roof models for the design options 

analysed and discussed in PART 1 are summarised and displayed in Charts I.\ to _ n 

for co . rnparatrve performance evaluations. These arc now discussed nnd prcscntc i in 

terms of the design attributes, which arc the thicknc s of the insulation mntcri I. roof 

ventilation, and U'-values of the roof construction. 

The U-values in the analysis computed by the software are that for the 

assemblage of the outer roof skin only, which are due to the air space and roof 

insulation. For each model, the assembly for the other parts of the roof structure are 

lnVari ant. Thus, the computed CL indicates the effect of the changes of the Ll-value for 

the out · · · c. h er roof skm. Some of the thermophys1cal properties tor eac assemblage of the 

outer roof skin and the computed CL and CLI are tabulated in Table 7.11. The values 

for the ceiling insulation is also included but is not graphically analysed due to the 

Penalty on the CL. 

The relevant analyses are shown in Figures 7.42 to 7.45. The relationships are 

deterrn · di f · · med by the regression analyses of data. The understan mg o the relationship 

betwe . . . l en the performances and thermophysical properties rs essentia to create other 

Innov ti . . f h 1 d . Si I a ive roof designs based on the principles o . t errna esign. mce t re design 

0Ptio I. h ... ns of roof investigated in this study have revealed a ug er sensitivity to CL than 

l'p ' the following discussions are based on the CL performance. 
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Table 7 .11: Analyses for selected roof parameters 
,..__ 
Part Model d(mm) U-value Decrement Time-la! Annual CL cu 

...._ (Wm-2K) Factor (hr) (kWh) (kWhm 2 car") 

~ ASl 20 1.695 0.974 0.5 8676 145 - 

AS2 
-- - 

50 1.261 0.973 0.6 8556 14. 

AS3 
I- -- 

100 1.097 0.973 0.6 8501 142- 

AS4 
- ·- 

200 1.011 0.973 0.6 8469 141 

~ RlnOO 
,_ - 

0 J .261 0.973 0.6 8556 14J 

RlnOJ - _,_ 1- - 
r-_ 10 0.953 0.972 0.6 84.9 141 

RTn02 
- - - - 

r--_ 20 0.766 0.971 0.6 8. 8 140 

Rin03 
,_ - -1- -- - 

t-- 30 0.640 0.970 0.7 g3 __ L19 

t--- Rln04 40 0.550 0.969 0.7 8_76 138 

Rln05 
- - - - 

r--_ 50 0.482 0.968 0.7 8_39 137 

I--- Rln06 60 0.429 0.967 0.8 8208 137 

Rin07 0.966 0.8 8183 136 
- 

r-- 70 0.386 
r--_ Rln08 80 0.352 0.965 0.9 8162 136 

r--_ Rln09 90 0.323 0.965 1.0 8144 136 

I---. RinlO 100 0.298 0.964 1.0 8128 135 

~ CinOO 0 2.606 0.994 0.2 8556 143 

r-- CinOI 10 1.742 0.991 0.2 8565 143 

r-- Cln02 20 1.204 0.991 0.2 8548 142 

r--- Cin03 30 0.920 0.988 0.3 8538 142 

r-- Cin04 40 0.744 0.986 0.3 8531 142 

r-- Cin05 50 0.625 0.985 0.4 8525 142 

r--_ Cin06 60 0.539 0.984 0.4 8522 142 

r-- Cin07 70 0.473 0.982 0.4 8519 142 

r-- Cln08 80 0.422 0.981 0.5 8516 142 -- Cin09 90 0.381 0.980 0.5 8514 142 

---- CinlO 100 0.347 0.979 0.6 8512 142 
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a) Effect of colour: The a of the roof covering directly determines the amount of 

solar radiation absorbed by the surface. Chart 2A in Figure 7.28 shows COLOlJR design 

is the most sensitive to the choice of colour. However, the graphs in Figure 7.42 shov 

that CL is linearly dependent on a for all roof designs. The variations or the d ·gr'' t,f 

dependency are due to the U-valuc of the designs. Thus, th If-vnln docs not l'11 .. me 

With a as it is a property of a construction. Therefore, it· is concluded th 1t Cl is lint lrly 

dependent on the a of roof covering regardless of the modif ntion on Ll-value by ny 

design option. 

CL vs a 

[-.-COLOUR -+-COMBO -.tr-COMBORV -COMBOCln _._COMBORVCln 

8600 

8400 

8200 

I 8000 
.J 
(J 

7800 

7600 

7400 

0.3 

y = 136.4x + 7730 

y = 76.3x + 7554 

0.5 
0.7 0.9 

a 

Figure 7.42: Effect of a on CL 
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b) Effect of Rio: The Rln used are made from conductive insulation material with k 

value of 0.04 wm-1K-1 to supplement the reflective effect of the conventional aluminium 

foil that acted as radiant barrier. It impeded heat transfer and demonstrated a temporal 

benefit for naturally ventilated spaces as discussed in section 7 .. I (c). It ulso hm .rcd 

the U-value that reduces the CL of mechanically cooled spaces. Th' effect of ll-\ ilu is 

analysed in item (d) of this section. The analyses in PART I have identified .+n mm l, 

the optimum thickness that would optimise the TP in natural ventilation for the ss um d 

occupancy pattern. The relation between thickness, d, of Rln inve tigated and the 

resulting CL is given by the equation in Figure 7.43. The graph shows further reduction 

in CL could be obtained with the use of thicker RJn. However, the pattern of occupancy 

and active cooling operating hours must be considered to ascertain the optimum benefit. 

CL vs d 

8600 

8550 \ 

8500 
\ 
\ 
\ 

8450 ~ 

' 
8400 ' I ' ~ 8350 _, ' o ' 
8300 

...... 

' ..... 
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...... ...... y = -185.67Ln(x) + 8573.5 

...... 

r--:1~i=·~ll.-1-1 - 
8200 

8150 

8100 
BASE 30 40 50 60 70 80 90 100 

10 20 
d(mm) 

Figure 7.43: Effect of Rin on CL 
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c) Effect of RV on CL: The analyses in PART A have identified 10 ach us the 

optimum rate that would optimise the TP in natural ventilation for the assumed 

occupancy pattern. RV increased the air movement in Rspace, thus increasing the 

velocity of air near the underside of the roof surface. The relation bctwc in th' 

investigated RV rate and the re. ulting L is given by the equation in Figure 7.44. Ihc 

graph shows further reduction in CL could be obtained with the use of higher rate. 

CL VS RV 
8800 l 
8600 

\ 
8400 

\ 
\ 

~ 8200 ' 
~ 
..J ' 0 8000 

<, 

' ' ....... ....... ...... 
7800 

...... - - - y = 8500. 7x.-0.om 

rr- R2 = 0.9892 
7600 -r-1 
7400 

-l l 
r- t- 

BASE 20 25 30 35 40 45 50 

5 10 15 
RV (ach) 

Figure 7.44: Effect of RV on CL 
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d) Effect of U-value on CL: The U-value of a building envelope depends on the 

material and thickness, construction, and the air film resistances, which arc also 

influenced by the air movement near its surface. The U-valuc determines the heat 

transm· · ission through envelope, thus influences the thermal and crier 1y p 'rfi.mn:m~t's. 

Results in PART J have indicated the impacts on the thermal conditions nrc minimal hut 

rather significant on the L. The output of the software is limited to the ll-v iluc of on!) 

the individual roof component but not the whole roof assembly. Thus, this n lysis us es 

the U-value of the outer skin of the roof models to identify the optimum Rln. This can 

be used to show the relationship as the Rln is the only variable in the roof 

Configurations. The U-value and annual CL for Rln models is given in Table 7.11. The 

equation in Fig 7.45 shows the relation between the modeJJed U-value and the CL is a 

Polynomial function. 

CL vs U-value 

8600 y: -198.42X2 + 753.32x + 7921.5 :( 
R2=1 / 8550 

8500 

8450 

-.. 8400 
~ 
~ 8350 
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8250 

8200 

8150 

8100 
0.000 0.600 0.800 1.000 1.200 

0.400 0.200 
u-value (W/mK) 

igurc 7.45: Effect ofU-value of CL 
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7.11 Summary of PART 2 

The findings in PART 1 have been summarised into graphs and charts in PA RT 

2 to serve as comparative performance evaluations for decisions on the roof design 

based on thermal and energy performances of the whole-building. Although these arc 

obtained from the appraisal of only seven design options for tho house in the stud). 

tnost of these findings arc consistent with some or th' pr vious intcrnntion 11 mi 

national studies discussed in hapter 2 and 3. 

To conclude, the findings of this study have corroborated some of the previous 

research findings, and confirmed as well as questioned the aptness of some of the 

recommended roof designs for the climate of Malaysia. Therefore, several 

recommendations for thermal design of the roofs for low-rise detached residential 

buildings for the climate of Malaysia are put forward and are presented in the next 

Chapter 8. 
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CHAPTER 8: CONCLUSION AND RECOMMENDATION 

8.1 Introduction 

This chapter concludes the research findings. The research objcctiv 'S ire 

restated to relate to the important research findings and comparisons' ith the l revious 

research are made. Recommendations for thermal design of th roofs for low-rise 

detached residential buildings in Malaysia arc put forward as the resear h outcome. The 

significant contribution to knowledge is stated and limitations of study are clarified. 

Finally · ' suggestions for future work are made. 

8.2 Conclusion 

The research findings have addressed all the stated research objectives. The 

analyses on all the roof design options investigated lead to the conclusion of nominal 

therm 1 . . a improvement but noteworthy CL savmgs of up to 12.6 % per household. Some 

Other p t · h · h ld l · · o ential design alternatives are revealed, w ic cou prope to a new paradigm 

in roof design and these are further discussed in section 8.3. The predicted CL savings 

could · · impose implications on the national energy consumption as well as the global 

env· rronment. 

These energy implications could be inferred from a projection analysis as 

fon . . . ows: In the year 2000, 4.6 million Jiving quarters m the Pemnsular consumed 16.8 % 

of the national energy consumption. This is equivalent to the usage of9,093 GWh of the 

total Utilization of 54,254 GWh. If a CL savings of 12.6 % per household could be 

target d · d 11· · 1· · e with a realistic assumption that 1 O % of the we ings use active coo mg with 

Usag l 1 · e pattern assumed in the study, then this amounted to a tota annua energy savings 

Of 19Q Wh. This is cquivalt:nt to a savings or 2.1 % by the residential sector that 
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translates to 1· I . . . a na iona savmgs of 0.4 %. This amount of energy savings corresponds to 

the country's C02reduction of 117.8 kton. 

While the savings and the environmental impact may appear very modest, these 

are non-trivial small benefits over the life span of many buildings. Smull indiv idunl 

impacts may not be prof und but repeating occurrences of many small cffc ·1s coul i 

accumulate the advantages over time or accrue to permanent i1T' crsible dctrim n1 

e . nvironmental effect. 

To conclude, varying the roof design within the limited parameter of the 

conventional construction practices has little impact on thermal comfort condition in the 

spaces within the building. However, the small cooling load reductions when 

aggregated over a large number of buildings would be significant. 

Summaries of design options performances are displayed as reference charts for 

comparative evaluations in sections 7.8 to 7.10. These could serve as a starting point to 

formul · · f d · · ate other performance evaluations for dec1s10ns on roo esign options as well as 

for Ot} ier parts of the building envelope. 

In the subsequent sections, the research objectives are restated to relate to the 

important research findings. The important research findings are summarised and 

reco nunendations for thermal design of the roofs 

buiJct· . mgs m Malaysia are made. 

for low-rise detached residential 

8.21 R · esearch overview 

This research addresses the issue of thermal comfort and EE in residential 

buildings focussing on the design of the roof. Consequently, the aim is to identify the 

thermal design of roof assembly for optimum whole-building thermal and energy 

Performances for low-rise dctachl!d residential buildings in Malaysia. The research 

Ob' ~Cctives are: 
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' To quantify the optimum roof thermal parameters 

' To apply the optimum roof thermal parameters and evaluate whole-building thermal 

and energy performances 

' To analyse the thermal roof design options pertaining to the thcrmul impact and 

cooling energy needs. 

The outcome is to contribute to recommendations for thermal d csign of the roof for low- 

rise detached residential buildings in Malaysia 

The research employed a numerical simulation method using Tas as the 

experimental tool. The findings are summarised and compiled into charts for 

comparative analysis on the energy performance of the design options. 

The roof design options investigated in this study were hypothetically 

constructed based on the conventional construction practices in Malaysia. The designs 

Were appraised by the dynamic whole-building analyses on the thermal and energy 

Performances. The thermal performance was evaluated on an identified worst day, 

Which was the i11 of March (day 66) based on the analysis using the MYC data (refer to 

section 6.3) while the energy performance was based on whole-year consumption. 

8.2 2 I · mportant findings 

The important findings to meet the research objectives are: 

a) Optimum roof parameters 

• E xtemal surface colour (C) - light 

• Air space (AS) - 50 mm 

' Supplementary thermal insulation (Rln) - 40 mm 

' Roof ventilation (RV) rate - 10 ach 

' Thermal insulation for ceiling ( In) 20 mm 
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b) Application of combined optimum roof parameters 

Selective combination of the parameters produced seven design options, each 

with models of four hues to consider the colour preference. These are: 

' COLOUR - conventional roof with four hue options. The darkest hue or (. '4 , us 

used as the base-case m del. 

' COMBO- conventional roof with supplementary insulation beneath rudinnt bnrri 'r 

' COMBO RV - COMBO design with ventilated roof space 

' COMBOnc - OMBO design without ceiling 

' COMBORVnc - COMBORV design without ceiling 

' COMBOCin - COMBO design with ceiling insulation 

' COMBORVCin - COMBORV design with ceiling insulation 

c) Thermal and energy performances of the design options 

All the design options demonstrate more significant thermal impact in the roof 

space (RSpace) than the occupied spaces (represented by Family) underneath with little 

improvement on the thermal comfort (TC) conditions. However, noteworthy impact on 

the cooling load (CL) and cooling load index (CLI) were computed. The performance 

evaluations of all designs are compared with the conventional COLOUR design. The 

overall advantages of the design options are: 

1 Thermal modifications on Tmean in Family is up to 1.2 °C and an extra 2 hours of TC. 

1 CLI ranges from 125 kWhm-2year"' to 143 kWhm·2year·1 with CL savings of up to 

12.6 %. 

d) The significance of each design options are: 

OLOUR _ light colour gives the best thermal and energy performances with no 

added c st. 

• 
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' COMBO - Rln has temporal benefit due to the property of insulating material that 

unpedes heat transfer. 

' COMBO RV - RV shows a potential technique to reduce CL. 

' COMBOnc and COMBORVnc - the 'no~ceiling design' reveals a promising 

solution to ameliorate the indoor thermal condition or naturally entilatcd spaces. 

Due to the limitation of the software, a more detail p rforrnancc evaluation of 

actively conditioned spaces is needed. 

' COMBOCin and OMBORVC[n - Cln has no computable benefit on the T but 

imposes a penalty on the CL with an added construction cost. 

R.eferr· mg to the graphs in figures 7.32, 7.33 and 7.34: 

' Tmax is lowest for designs COMBOCin, COMBORV, COMBORVnc 

COMBORVCin with roof colour Cl. 

• Tmax is highest for designs COLOUR, COMBO, and COMBOnc with roof colour 

C4. 

' COMBORV is the best option for actively conditioned space. 

8.3 Recommendations for thermal design of the roof 

The findings of this research are consistent with the previous studies and 

reco . ith · d f i mmendatwns discussed in Chapter 2 and 3, but wit varyrng egree o impact 

ow· ing to the microclimatic variations as well as different research techniques and 

investigation tools. These are the advantage of using light colour, the need for extra 

insulation, the use of ceiling, and the provision for roof ventilation. Within the scope 

and limitation of this study, the investigations have ascertained and verified the 
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functionality of d d f d h . . some recommen e eatures an ave also identified the unnecessary 

ones. 

The charts and graphs in Figures 7.36 to 7.45 could assist the visual comparison 

for design 1· • · • eva uations. For general reference, the following conclusions can he drnv n 

regarding the thermal parameters to be considered for thermal design of the roofs 1'1.)f 

low-rise residential detached buildings in Malaysia: 

a) Colour - light: 

The hue is an indicator of the solar absorptivity (a) that determines the amount 

of solar radiation absorbed. Thus, the roof colour would influence the amount of heat 

gain even though the U-value remains the same. Nonetheless, the colour option might 

not impose significant modification on the TC condition in the occupied living spaces, 

but the generated CL savings would need to be considered. Therefore, the roof can be 

designed to make use of other thermophysical properties of material or construction to 

rectllc th h d · · · p· e e colour sensitivity as demonstrated by t e es1gn options m igure 7.42. 

b) Thermal Insulation - yes and no: 

' Underneath radiant barrier: yes 

' On top of horizontal ceiling: No 

The application of a conductive insulation underneath the conventional radiant 

barr· ier would not significantly aJJeviate the indoor thermal stress, which would 

nece · · · I · l th U 1 d ss1tate the usage of active cooling. The msu atwn owers e -va ue an would 

contribute towards more efficient use of energy for cooling. However, its installation on 

top of the ceiling could aggravate the indoor thermal condition and increased the needed 

CL. The thermal resistance or the insulating material creates favourable as well as 

adverse cff ects on the indoor condition as it impedes heat transfer between the spaces. 
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Therefore, for each design alternatives a detail investigation on the overall performance 

18 prudent to attain the desirable effect. This includes the identification for the optimum 

thickness and type of insulation material, as well as the temporal thermal impact and the 

consequent cooling needs. The identified optimum thickness for thermal insulation 

underneath the conventional radiant barrier is 40 111111. For insulation lhl)\ c th, 

conventional horizontal ceiling, the optimum thickness is 20 mm. 

c) Roof ventilation - yes and no: 

• Design with ceiling- yes and no 

• D . esign without ceiling-yes 

For designs with the conventional horizontal ceiling, ventilating the roof space 

Would not significantly improve the TC condition. An additional one to two extra TC 

hours could be attained, thus it would bring about some energy savings. Therefore, RV 

Would be advantageous for actively conditioned spaces but its benefit for naturally 

Ve til n 1 ated spaces is doubted. 

However, if the roof is designed without the ceiling, RV could appreciably 

irnprove the night-time TC condition as it draws in cooler ambient air. This would 

elirn · ·1· · mate the need for active cooling thus entai mg to more energy savmgs. 

Hence, RV reveals a promising technique to reduce CL for designs with the 

conventional horizontal ceiling, but the optimum RV rate must be determined. The 

neectect rate could be achieved by various active or passive means. An assessment to 

ascertain its performance in response to the microclimatic conditions is essential. The 

optirnum rate identified is 10 ach. 

d) eiling - yes and no: 

• Design for natural ventilation: yes and no 
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' Design for active cooling: yes 

The ceiling acts as thermal barrier to mitigate the impact of long-wave radiation 

from the roof. For naturally ventilated spaces, it would provide better thermal condition 

during daytime but could exacerbate the night-time condition as it trap' th' warmer 

indoor air that resulted from the internal gains. Thu , the ccilinu is n cede i onl~ durinu 

the day but not at night. At night, the 'no-ceiling' design not only allm s the warmer iir 

to move upwards from the occupied spaces to the roof space but also provide l bigger 

space for better thermal stratification. The cooler air in the roof space would ink to the 

occu. d pie spaces underneath, thus lowering the indoor temperature. 

However, if active cooling would still be needed, the impact on the required CL 

could be tremendous. Consequently, the usage would depend on the usage pattern of the 

spaces and detail assessment of the impact is necessary to optimise the need and 

Performance. 

The above recommendations generally indicate that thermal and energy 

Performance evaluations would ascertain the advantages of the design options. This is 

due to the interactive effect of the relevant environmental factors with the whole 

building design. These recommendations are based on the findings of this research that 

Were subjected to various limitations. The implication of the findings and the limitations 

of study are used to suggest several suggestions for future work in the area. 

The significant contribution to the body of knowledge for studies on residential 

buildings in Malaysia, the research limitations, and the suggestions for future works are 

disct1 d . . sse next to conclude this thesis. 

8.3.I s· I d ignificant contribution to know e ge 

The finding, in this .tudy have significant contributions to knowledge in the 

foll . owing ways: 
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• Th · e optimum values for roof parameters recommended in literatures from 

international and national studies were systematically quantified. This is proven h 

the fact that all the cited references done so far for the Malaysian cases, onl s eral 

selected values were investigated (refer to critical reviews of literature in section 

3.7). 

• The evaluations on the thermal and energy perfonnnnces ha c is cert iin -d the 

aptness and functionality of the all the parameters in the stud . In ddition to the 

descriptive evaluation of the roof design options, this study has actually transformed 

the performances into 'measureable quantities'. These are indicated b the 

performance appraisals of all the roof models as illustrated in the charts and graphs 

in PART 2 of the analyses presented in Chapter 7. 

• The whole-building thermal and energy performances were simulated on a computer 

modelling tool that is used for the first time in the Malaysian climate. The 

consistency of the findings with previous research findings has proven that this 

modelling tool is suitable for the Malaysian climate. 

• Since the PWD-NQD design is new and unique, all results in this study in itself is 

already a significant contribution to new knowledge, since it has not been done 

before by anyone. Jn addition, the performance evaluations on the proposed design 

options can be used as a reference for comparative analysis of roof designs generally 

as this design will be used widely throughout the country. 

• The methodology and findings can be used as a basis for studies on other types of 

residential buildings. 
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8.4 Limitation of study 

The findings of the research are based on the analyses of the generated output 

data from a computer-modelling software by numerical simulation on the house mod ·I 

using conventional building material and construction with realistic assumprions l'T1 

some of the input data. Thus, the limitations of study arc us follows: 

a) Type of building - double-storey detached house: Th quantification f th 

performances may apply only to this particular building configuration. The actual 

figures might differ, however based on the discussions and comparisons with the 

Previous mentioned studies it is expected that the pattern of the performance will prevail 

for other building types. 

b) Assembly of material - conventional contemporary: The performances 

obt · amed could be limited to the conventional contemporary practices employed. 

Bowever, these are fundamentally determined by the thermal design of each building 

elem · 1 d · ·11 ent. The thennophysical properties of the matena an construct10n wt determine 

the heat exchange of the building. 

Assumptions of input data - occupancy and household appliances: The 

assumptions on the number of occupants, occupancy pattern and schedules, and the 

household appliances were realistically fonnulated. However, to some extent the 

c) 

findings would be affected by the occupancy pattern and total internal heat gains. 

d) Investigation tool _ computer-modelling thermal design software: The 

findings are predictions based 00 the input data that are 'partly real' such as the house 

1110dcJ and 'partly as ·wncd' such as the internal conditions. The accuracy of findings is 
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determined by the capabilities of the computations. However, such errors of parametric 

analyses would be consistent for all the design alternatives. 

8.5 Suggestions for future work 

The findings have revealed some potential climatically r isponsivc ro vf d 'sign 

alternatives that would be very fertile for further research in view or the ten Icncv for 

"climate defiance" building design in contempornry practice in Main sia. The f llowing 

suggestions should be studied on several design configurations via empirical as well as 

num · erical techniques. 

Ceiling: There is a need to study dynamic ceiling systems whereby they are 

required during the day, but can be removed or opened at night. Further research would 

involve the practicality and reliability of any such mechanism. In addition, the roof 

a) 

configuration has to be reconsidered to accommodate to the 'no-ceiling' situation at 

night. 

b) Roof ventilation: The advantage for naturally ventilated spaces with conventional 

des· · · · hni ign for ceiling is questionable but it reveals a prom1smg tee ique for an EE 

11leasure. More detailed empirical studies would be needed to verify the benefits for 

naturally ventilated spaces in view of the increasing interest for the roof ventilation 

devices. This includes the architectural design as well as a mechanism that would 

respond to the local climatic conditions. 

224 



c) Material and construction: 

• Surface characteristics: Only solar absorptivity was investigated in this study. 

Further studies should include the individual and combined effect of rcflccti ity and 

emmissivity. 

• New technology: New materials as well as new construction tc .hniqu 'S should l , 

used to ascertain their climatic and cultural suitability. 

Climatic design of buildings via appropriate thermal design techniques w uld 

Pave a way for sustainable built environment. Building designs for sustainable 

development is paramount in current global concerns on the reduction of greenhouse 

gasses and pollutants as well as energy resources for our future generations. Reduced 

energy consumption in the domestic sector can play a significant role even if the actual 

reduction per unit is small. Where such gains can be achieved in the context of 

conventional design at little or no cost it is beholden on designers to convince clients of 

the desirability, both from a personal standpoint and the national good. 
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Table C2.l 

Summary of thermal and energy performances for RV models 

Bed2 Ocd3 Family ·- ·- Model Bed I RS pace Annual Cl, l 'I lndc 

-- kWh) k~ h111 ll ') 

RVOO T...,. (°C) 34.8 34.5 34.9 i.-.11:.2 4 .4 7'- 
T .i.(°C) 

-i-~ 
27.2- (BASE; 26.7 27.7 c-11:!. 21! 0 -: RV=O ach) T,....{"C\ 31.3 31.6 31.4 1.L. 

TC hrs 2 2 2 I t.> CL(kWh) 1933 1398 1399 3Rl7- K. <> -- 
RV05 Taax(°C) 34.7 34.3 ~34.R 34 I 40.6 .> (RV=5 ach) Tm1n(°C) 26.6 27.6 27.7 27.1- 26.9 I/ T.,...(°C) 31.2 31.4 31.3 31 4 

TC hrs 2 2 2 '-'- I~ CL(kWh) 1851 1324 1312 - 3712 8199 137 

RVIO Tm,. (°C) 34.7 34.2 34.7 34.0 39.1 I/ I/ (RV=IO ach) Tmm(°C) 26.6 27.6 27.6 27.1 26.J 
T....,.(oq 31.1 31.3 31.2 31.3 
TC hrs 2 2 2 I 

~ CL(kWh) 1806 1283 1263 3649 8000 133 

RVl5 T ... x (°C) 34.6 34.2 34.7 34.0 38.2 I/ I/ . (RV=l5 ach) Tmin(0C) 26.5 27.5 27.6 27.1 26.0 
T,....(°C) 3 l.l 31.3 31.2 31.3 
TC hrs 2 2 2 I 

CL(kWh) 1778 1257 1232 3609 7875 131 

RV20 T ... , (oC) 34.6 34.2 34.6 34.0 37.5 I/ -: (RV= 20 ach) Tmiu(°C) 26.5 27.5 27.6 27.0 25.8 
T.,...(0C) 31.0 31.2 31.1 31.2 
TC hrs 2 2 2 2 i~ CL(kWh) 1758 1239 1210 3581 7788 130 

RV25 Tmax(0C) 34.6 34.1 34.6 34.0 37.I I/ I/ (RV= 25 ach) Tm;,.(°C) 26.5 27.5 27.6 27.0 25.6 

Tuiean(°C) 31.0 31.2 3 l.l 31.2 

TC hrs 2 2 2 I ~/ 

CL(kWh) 1744 1225 1194 3560 / 7723 129 - 

RV30 T ... x (°C) 34.6 34.1 34.6 34.0 36.7 I/ I/ (RV= 30 ach) Tmiu(0C) 26.5 27.5 27.6 27.0 25.5 

T.,...(•C) 31.0 31.2 31.1 31.2 

TC hrs 2 2 2 I -: CL (kWh) 1733 1215 1182 3543 7674 128 

RV35 T ... x (OC) 34.6 34.1 34.6 34.0 36.5 1/ I/ (RV=35 ach) T ... (0C) 26.5 27.5 27.6 27.0 25.4 

,._.(•C) 31.0 31.2 31.l 31.2 

TC hrs 2 2 2 I .> CL<kWh) 1724 1207 ll72 3530 7634 127 
RV40 T.,.x (°C) 34.5 34.1 34.6 34.0 36.2 1/ I/ (RV =40 ach) T.u.(°C) 26.5 27.5 27.5 27.0 25.3 

T,....,(•C) 31.0 31.2 31.1 31.2 

TC hrs 2 2 2 I I~ CL(kWh) 1717 1200 1164 3519 7601 127 
RV45 T "''" c0ci 34.5 34.1 34.6 34.0 )6.1 1/ I/ (RV=45ach) Tmon(0C) 26.5 27.5 27.5 27.0 25.2 

Tmcan(°C) 31.0 31.2 31.l 31.2 
TC hrs 2 2 2 I -> CL (kWh) 1712 1195 1158 3511 7575 126 

RV50 T ... , c0ci 34.5 34.1 34.6 34.0 "' 1/ I/ (RV= 50 ach) T.u.(°C) 26.5 27.5 27.5 27.0 25.2 
T..,.,.(°C) 31.0 31.1 31.1 J 1.2 
TC hrs 2 2 2 I 

·~ 7552 CL (kWh) 1707 1190 - IT52 3501 126 



Table C2.2 

Summary of thermal and energy performance for Cln models 

Model Bcdl Bed2 Bed3 Family R.'ipn·· An1111:1ll'I - t 'I I 

- 1..Wh) k \\ 1\11\ \ ,II 1) 

ClnOO (BASE; T .,.,,(°C) 34.8 34.5 34.9 14.2 4'.4 ;; 
t=() mm) T • .i.(°C) 26.7 27.7 27.8 27.2 110 - -: / T...,..(°Cl 3T.3' 31.6 31.4 11.6 - ·- TC hrs 2 2 2 I 

~ 
/ - 

CL (kWh) 1933 1398 "1399 38 7 ~ .... ,{\ 1 .. n 
T oux(°C) - 34.9 3'12 .1) 8 . ·- .;' ClnOl 34.8 34.5 

// - - (t=lO mm) T ••• (°C) 26.7 27.7 27.11 27 2 27.6 v/ T mean (°C) 31.3 31.6 31.4 JI 6 . 
TC hrs 2 2 2 I r.> CL(kWh) 1941 1400 1402 3821 - 8565 1-B 

Cln02 T ... ,(°C) 34.8 34.4 34.8 34.1 44.3 v i-: (t=20 mm) T mm(0C) 26.7 27.7 27.8 27.2 27.3 
Tnic;ou(°C) 31.4 31.6 31.4 JI 6 
TC hrs 2 2 I I 

CL (kWhl 1951 1401 1405 3791 8548 142 
CinOJ T .... (°C) 34.7 34.4 34.8 34.I 44.5 v i-: '(t=30 mm) T,.;.(°C) 26.7 27.7 27.8 27.2 27.2 

T..,.. (OC) 31.4 31.7 J 1.4 J 1.6 
TC hrs 2 2 I. I 

CL (kWh) 1957 1401 1408 3772 8538 142 
Cln04 T • .,ox(0C) 34.7 34.3 34.8 34.' 44.7 v -: (t=40 mm) r.; (°C} 26.7 27.7 27.8 27.2 27.1 

T ..... (OC} 31.4 31.7 31.5 31.6 
TC hrs 2 2 I I -> CL (kWh) 1962 1402 1409 3758 8531 l42 

CinOS T, ua ,(oC) 34.7 34.3 34.8 34.l 44.8 v I/ (t=50 mm) Tm;n(0C) 26.7 27.7 27.8 27.2 27.0 
T mcau(°C} 31.4 31.7 31.5 31.6 
TC hrs 2 2 I l »> 

CL (kWh) 1965 1402 1411 3747 8525 142 
Cln06 T mae (OC) 34.7 34.3 34.8 34.1 44.9 -: 7 (t=60 mm) T..,..,(°C) 26.7 27.7 27.8 27.2 27.0 

Tu>e:1u(°C) 31.4 31.7 31.5 31.6 
TC hrs 2 2 I I / CL(kWh) 1968 1402 1412 3739 8522 142 

Cl.1107 T,.,,, (oC) 34.7 34.3 34.8 34.1 45.0 -: / (t=70 mm) Tru(0C) 26.7 27.7 27.8 27.2 26.9 
Tmcaa(0C) 31.4 31.7 31.5 31.6 
TC hrs 2 2 I I -> CL(kWh) 1970 1403 1413 3732 8519 142 

Cln08 T ... ,(oC} 34.7 34.2 34.8 34.l 45.1 .: i: (t=80 mm) T nun (°C) 26.7 27.7 27.8 27.2 26.9 
True- •• (OC) 31.4 31.7 31.5 J 1.6 / TC hrs 2 2 I I 
CL(kWh) 1972 1403 1414 3727 8516 142 

Cln09 T ... ,(oq 34.7 34.2 34.8 34.1 45.1 v i-: (t=90 mm) T.,..,(°C) 26.7 27.7 27.8 27.2 26.9 
T.,...(°C) 31.4 31.7 31.5 31.6 
TC hrs 2 2 I l 

~ CL(kWh) 1974 1403 1415 3722 8514 142 
ClnlO T0,.,(°C) 34.7 34.2 34.8 34.1 45 2 v 

~ 

(t=IOO mm) Tmu1(°C) 26.7 27.7 27.8 27.2 26 8 
T,..,..(oC) 31.4 31.7 31.5 31 6 
TC hrs 2 2 I I 

~ .- 
CL (kWh) 1976 1404 1416 3717 8512 -~ 




